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It XRXUCTION 

LKW temperature (5 ~OOOC) coal oxidation processes are kncwn to have a pro- 
nomced effect on important mal properties such as coking and caking behavior 
(1,2,3), heat of ccrmbustion ( 3 ) ,  flotability (2) slurry pH (Z), tar yield and ex- 
tractability (3) .  However ,  the mcharu 'mi and kinetics of the chemical reactions 
underlying such "eathering" processes in coals are f a r  f m  w e l l  understood. Among 
the most p d s i n g  analytical methcds for elucidating the structural and cam- 
positional changes during coal weaulering are Fourier Transform i n f d  (FTiR) 
spectmscopy (4!5) and pyrolysis IMSS spectm+q (Py-?) (6,7). FTIR studies 
performed by Pamter et al .  (8)  shaw a strong mcrease 111 cazt3onyl as w e l l  as ester 
moieties. Recent ~~-WZj&mnts by JW et  al .  (9) have danonstrated a pro- 
noun& decrease i n  the pyrolysis yields of phenolic and naphthalenic wnpnents 
zL.-.-2d >. L-,=-=* pr-.Gb&iGr, oz ;-&.$iy- pia. (zwxyiiG and &@iC) 
short chain aliphatic moieties. 
paint pyrolysis, l o w  voltage mass spctmmetry and conputerized multivariate data 
analysis methcds were  found to be sensitive enmp to detect changes i n  bituminous 
and lower rank coals af ter  exposure to  a i r  a t  80 C for  d y  1 or 2 days (9 ) .  More- 
over, time-resolved Fy-E techniques ca 
second a t  heating rates of appmx. 100%~ were shown to pmvide valuable inform- 
ation about the med.lanisms and kinetics of vacuum pyrolysis processes in fresh and 
weathered coal (9) .  Meuzelaar e t  a l .  (3) interpreted the pronounced decrease in 
extradable al&lnaphthalene mieties in hi% volatile B bituminous Hiawatha mal as 
a loss of 9nobile phasetq wnpnents by attaclnnent to the "network phasev*. under the 
conditions employed i n  those experiments, such f'graftingf' processes appear to be 
more prevalent than the often hypothesized crosslinking reactions between ma- 
molecular camponents. These interpretations find support in recent studies by 
Larsen et al. (lo) on the influence of weathering processes on coal swelling prop- 
erties in solvents. 

I n  the present article new Py-W data on low tapratwe oxidation effects in 
several U.S. coals of different rank and origin w i l l  be discussed with special 
-is on the role of different coal mcerals. 

m m m  

Fy-MS techniques based on the ocrmbination of Curie- 

le of recording up to 10 spedra per 

'~hree separate experiments were performed: (a) oxidation under dynamic reactor 
f low conditions; (b) oxidation under static conditions; and (c) pyridine extraction 
of fresh and oxidized coal. 

Mer dynamic conditions, 20-24 g aliquots (-60 mesh) of four 4 s  (Wyddlc, 
Maville $6, Hiawatha, Upper Fmeprt) Were exposed to an a i r  flaw of 5.10 lnl/ini.n in 
a 100 ml glass reactor, at  100°C for  170-212 hours (11). Under static conditions, 
f- m-1 concentrates w e r e  Oxidized with a i r ,  viz. vi t r ini ta  and d - f u s i r d t e  
fractions prepared by density gradient centrifugation of Dakota seam coal (New 
Mexico, psoc 858), sporinite prepared by density gradient centrifugation, f m  
Brazil block seam, Indiana Fastern (FSCC 107) and a hand-picked resinit.e sample f m  
the wattis seam (Utah). 
a i r  a t  100°C for 100 hours in sealed 2 1 flasks. 

tractor for 24 hours a t  rooon temperature. 

five ng aliquots of these mcerdls were to 

pvridFne extraction was  performea on Hiawatha coal in a m a r  m e t  ex- 
A weathered coal sample for midine 
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extraction was prepared by exposing a 15 g aliquot (-60 mesh) to a i r  a t  100°C for 
212 h- (12) under dynamic flow ocoditions. 

~ l i  whole codl samples as w e l l  as insoluble extraction residue were hand ground 
d e r  nitrogen a m e r e  into a fine, uniform suspension in spectrpsraae methanol 

inamucture of benzene and methanol (3:1, v/v) a t  a mnoentratim of 2 mg/ml. Five 
microliter drops of the above suspensions and the solution were coated on.the ferm- 
magnetic filaments used i n  curie-point pyrolysis and ajr-dried un3.e.r amtmwus 
rotation, d t i r q  in approximately 20 q of dry sample on the filamerrt. 

pyrolysis MS runs were performed under the same d t i o n s  for a l l  samples, 
i.e., electron ~ e r g y  1 2  eV, mass range 20-260 m/z, scannbq0rate 1000 amu,/s, 
temperature r ise  time about 6 s, equilibrium V t w e  610 C, total heating time 
10  s (13,14).  In O r d e r  t0 WalUa- Weathering-XdUCd differences, ccanputerized 
d t i v a r i a t e  analysis techniques such as factor analysis and discriminant analysis 
were applied t o  the Ms data (14,15). 

(5 mg of -le per ml of methanol). ’Ibe pyri- cted fractlon was dissolved 

T(EsuLTs AND DISCUSSION 

LDJ voltage pyrolysis mass spectra of fresh and weathered coals are Shawn i n  
Ccqyison of the spectra of the four fresh coal samples in FirJ”” 

the obvious effects of rank differences between the two subbhmunous 
Figures 1-4. 
la-4a 
coals (Adaville #6 and ylodak) and the two high volatile bi- coals (Uppr 
Freeport and Hiamtha) . Whereas the spectra of the former (figs. la and 2a) are 
daninated by dihydmxybenzenes and phenols of various degrees of alkylsubstitutim, 
the spectra of the l a t t e r  ( f igs  3a and 4a) show a dramtic decrease i n  d@dmxy- 
benzene signals coupled w i t h  a markedly higher abudame of ammatic hy&xc&xm 
series such as naphthalenes and benzenes. m i s  trend appears t o  be most proolcunced 
in the Upper Freeport sample, perhaps due to its slightly higher rank (bozderline 
hvAb/mvb) than the Hiawatha coal (hvEb/hvAb). Howwer, Ure,ma-jor differences in age 
and origin between the two samples (vpper Freeport - carbom femus, Interior 
province; Hiamtha - Qretaceous, Rocky Mountain province) should also be kept i n  
mind. 
content than Interior d K t e r n  province coals of ocmrparable rank. 
discussion of rank effects on the l aw  voltage pyrolysis mass spectra of 102 Western 
U.S. coals the interested reader is referred to previous p b + i a t i o n s  ( 6 , 7 ) .  

and 2a) are far less pmnounced. On the 
basis of equilibrium moisture content - wyodak coal sanples could classified 
as lignites (17) whereas  the rank of the Adaville #6 coal is subbitumvmus B. 
Although the pyrolysis mass spectra of western lignites and SuhbitLmLincrus coals do 
not shm markd differences (7) , the slightly higher relative abundance of the 
naphthalene series i n  the Adaville coal (Figure 2a) is rather typical as is the 
sanewhat different distribution of phenols. 

It should be pointed out here that chemical identification of the different 
peak series in the low voltage pyrolysis mass spectra of coals is tentative only and 
is based laxyely on supporting data obtained by GC/MS (18,19), m/MS (20) and NMR 
(21) studies of similar coal pymlyzates. ~ ~ w e r ,  since every mass peak is likely 
to contain m n t r i h t i a n s  f r m  more than one chemical ccanpomd, the use of chemical 
labels is only meant to identify those conpnents thought to contribute mcst 
strongly to the respective peak series. 

The effects of lm tenperatwe oxidation on the four coals can be examined by 
llsubtractingll the spectra of the weathered coal ~ l e s  in Fi- Ur4b frcw those 
of the correqom3irg fresh samples using a *murant analysis pruodure (9) 
(Figures la-4a). This results in the discrlrmnant spectra shown in Figures l c 4 c .  
ccrmparisun of the latter reveals an intriguing, generalized trend. ‘Ibe -tic 

As noted by Given e t  al. (16) Western coals tend t o  have 1- hydmxyl 
For a detailed 

The differences between the spectra of the two subbitmumus coals (figs. la 
Again a snall rank effect. m y  be present. 

difference in susceptibility to weathering effects between those structural moieties 
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prOaUcing the abarementioned aliphatic peak series and those mieties giving rise t o  
the annnatic hydrocarbon and hydmxyaromtic peak series. 

t la r i ty  between the low m o l d a r  wei@t ion signals found to increase upon weather- 
W. 
chain aliphatic ccanpounds such as a+* (m/z 281, a2+* (m/z 441, and CH COOH+* (m/z 
60). 
to represent increased retention of the methanol solvent (wed to prepare mal 
suspensions for  Fy-hE analysis) in the more polar, weathered coals. 

pyrolyzate cconponents. 
possible differences in the susceptibility of the different coal m a d  mnpnents.  
As evident fnnn the averaged pyrolysis mass spectra of mceral concentrates in 
Figure 5, marked differences exist between the relative aliphaticity and annnaticity 
of pyrolyzates from fusinites (highly ammatic), vi t r ini tes  and sporinites 
( p r k i l y  aliphatic). Other l ip t in i t ic  m a d s  such as alginite and c u t h i t e  
provide even stronger aliphatic Fy-MS patterns than sporinite (22) ,  whereas 
resinites f m m  Western U.S. coals are characterized by alicyclic and hydrmmnatic 
series (23). Thus, in principle it would be possible that lw temperature oxidation 
could effect primarily the more  highly aromatic v i t r in i t ic  w o r  fusini t ic  mcerals 
while leaving the more aliphatic mcerals relatively unaffected. 

This brings up the interesting question which of the various liptinites are 
primarily responsible for  the renarkably similar aliphatic patterns observed i n  a l l  
four coals i n  Figures 1-4. Althougfi sporinite is likely to contribute t o  the Fy-MS 
pattern of the carboniferous Upper mrt coal, cretaceaus (Adaville, Hiawatha) 
and Tertiary (Wycdak) Western coals generally contain only minor amounts of 
sporinite. Many Western coals, h-er, are knmn t o  contain marked ammnts (e.g., 
5-10%) of resinite (23) .  Nevertheless, typical Fy-IS patterns of resinites are 
quite different from the prcnninent aliphatic h v n  patterns i n  Figures  1-4. 
Consequently, the authors believe that two ubiquitous l ip t in i t ic  macerals, namely 
alginite (or de t r i ta l  forms such as b i M t e )  and cutinite are primarily respon- 
sible  for the observed aliphatic Py-m patterns and may w e l l  be present in much 
larger quantities than estimated by m.iQppetrographic techniques. 
supporting the potentially important contributions of algal coal ocnnponents has been 
presented (thou@ not capletely interpreted) i n  previous ~y-m studies of over 130 
U.S. d s  (7,17), whereas the grossly underestimated mle of cut ini t ic  mcerals has 
recently been highlighted in several studies by De Leeuw and mrkers (24) .  

Fyridine extraction of Hiawatha coal before and af ter  low temperature oxidation 
(Figure 6) not only shcm a dramtic decrease i n  extraction yield (22%. 4%) but also 
reveals a nearly ccnnplete separation between arcmatic peak series (donurant i n  the 
extract) a d  aliphatic peak series (retained in the residue). Althou@ it should be 
pointed aut that the residue is likely to contain mre or less h i m y  cca7densed 
aromatic ocmponents as w e l l  (wh ich  m y  w e l l  have remained I1invisible1' to  the Py-m 
procedure), the apparent insolubility of the aliphatic hykccarbn conpnents is in 
line w i t h  the previous contention that alginite and/or cutinite derived macerals are 
likely to be responsible for the bulk of the obsenreed aliphatic h-n s+gnals 
in ~y-m patterns of whole d. 
t o  dissolve (cutinites and algal kercgens can be purified by means of strong 
acids!). 

the possible fa te  of the disappearing ammatic moieties during law temperature 
weathering. 
reveals a clear series of allylnapthalenes, apparently liberated by the vacuum 
mlysis wnditions. 
became 1- (l'grafted") to the mcrmnoldar network during the weathering 
p m .  

m o l d e s  alone cannot fully explain the markd loss of aromatic and h-tic 
moieties but that s ~ m e  arcrmatic rbgs are destruyed by the oxidation process (in 
spite of the relatively law temperatures used), resulting i n  the formation of the 

A second, intriguing observation fnnn Figures lc-4c is the qualitative sim- 

In all four coals these peak series appear to rep-t highly polar short 

Furthermore, it is interesting to note the high intensity of m/z 32, thought 

First, let us colloentrate on the differential loss of aram3tic % aliphatic 
It is ten@- to try to explain this on the basis of 

Evidence 

Both types of macerdls are notoriously difficult 

careful &tion of Figure 6 also provides an impOrtant clue with regard to 

Fy-MS analysis of the pyridine residue of the weatherd coal sample 

It is tarpsting to speculate that these arcmatic moieties 

~ o ~ a r e r ,  the possibility of physical e n t r a m t  (clathration) cannot be 
present indications are that the grafted (or trappea) arcnnatic out either. 
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short chain aliphatic acids and ketones seen i n  Figures lc-4c. Further 
this exp1anation is fcrund in the remilts of law tanperature oxidation s u e s  on 
selected m a d  ccmcentrah of similar rank shayn in Figures 7 and 8. 

mcenmtes underwent more swere oxidative changes, which resulted i n  the forma- 
tion of oxygen contajning aliphatic moieties, than the v i t r in i te  mamtxate. The 
sporinite concentrate showed the least severe weathezing-- degrada?~. m s  
sugyests that the abundant hydroammtic and aromatic moieties rn the resmte and 
semifusinite samples respectively, prnvi.de the most likely source for the short 
chain, carboxyl- and carkunyl-containing, aliphatic caqmn~% observed in the FY-MS 
patterns of weathered mdl. 

rived. fmn cut ini t ic  o r  algal sources show l i t t l e  or  no chemical changes under law 
temperature oxidation corditions whereas vi t r in i te  and sprinite &aw a moderate 
oxidation tendency. 
trates f m  different saurces will have to be carrid out in order t o  deterrmne 
general validity of the obsenred phemaneM for coals of different rank and aeposi- 
tional history. 

Am- 

for 

!Ihe factor score plot i n  Figure 7 meals that the resinite and semifusinite 

conclusion, aliphatic, hydmxabn-rich coal s t ~ ~ c t u r e s  -t to be de- 

oxidation experiments with d s  and m a d  "OM;, 
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CHARACTERIZATION OF SURFACE FUNCTIONALITY OF COALS BY 

PHOTOACOUSTIC FTlR (PAIFT) SPECTROSCOPY, REFLECTANCE INFRARED 

MICROSPECTROMETRY, AND X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

Brian M. byllEll , Lal-lm Lancaster, 

and J. Anthony MacPhee' 

Department of Chemlstty, St. Francis Xavier University, 

Antlgonlsh, Nova Scotla B2G 1C0, Canada 

This paper illustrates detection by the technique of PhotoAcoustic Infrared Fourier Transform 
(PAIFT) spectroscopy of new carbonyl-type functionality at the surfaces of powdered bituminous 
coals, generated by both base-promoted and by thermal decomposition of precursor peroxide 
species, postulated as ubiquitous constituents at the surfaces of all except the most freshly 
prepared samples. In artificially oxidized coals, there are quantitative associations between the 
level of carbonyl content revealed by PAIFT spectra and plastic properties of the coals. In 
additional, related studies, we have derivatized and quantified the hydroxyl group content of the 
oxidized coals by trifluoroacetylation, followed by hydrolysis and anion-chromatographic analyses 
for trifluoroacetate. PAIFT and Fluorine-XPS spectra of the trifluoroacetylated species are 
discussed. Maceral components and mineral inclusions have been identified and characterized in 
sectioned, polished surfaces of Canadian bituminous coals using reflection FTlR 
microspectrometry; this direct examination shows promise for real-time monitoring of various 
reactions at surfaces. 
INTRODUCTION 

Sensitivity enhancements in spectroscopy show promise of specific characterization 
of functional groups in coals and their chemical transformations. We have applied one of the newer 
techniques (PhotoAcoustic Infrared Fourier Transform spectroscopy (PAIFT spectroscopy) ) to 
generate a data base of coal samples amounting to several thousand spectra. Various preliminary 
reports of our results have been published or presented (1-7). 

Among the manifold advantages possessed by PAIFT spectroscopy for the study of 
coals are minimal sample preparation, insensitivity of signal to degree of subdivision, and the ability 
to observe W a c e  featu res generated by chemical transformations. PAlFT spectra of coals do not 
exhibit the sloping baselines characteristic of alkali halide pellet spectra (contrast a recent report of 
such FTlR spectra of Canadian coals (e)) ,  and subtraction to yield difference spectra revealing 
introduced features is straightfolward and avoids arbitrary scaling procedures. The first paper of this 
series (7) reported detection by PAIFT spectroscopy of new carbonyl oxygen functions at the 
surfaces of powdered bituminous coals, derived from base-promoted or thermal decompositions of 
precursor peroxide species, which we suggested were present ubiquitously as surface entities for 
all except the most freshly prepared samples. In more recent work, we have discovered that thermal 
decompositions accompany a standard vacuum drying procedure. 

~ ~~ 

Energy Research Laboratories. CANMET. Energy, Mines and Resources Canada, Ottawa. Canada K1 A OG 

138 



EXPERIMENTAL 
PhotoAcoustic Infrared Fourier Transform (PAIW Spectra 

Spectra were obtained using a Bruker lFS l l0  purge-type Infrared Fourier System with 
a Ge on KBr beamsplitter. The interferometer compartment of the spectrometer was acoustically 
insulated from the sample compartment using a box fabricated from expanded polystyrene. The 
modulated source radiation was reflected into a E G 8. G Princeton Applied Research Model 6003 
Photoacoustic accessory fitted with a zinc selenide window and the amplified photoacoustic output 
was transmitted to the data system of the IFS110. The nitrogen purge flow was interrupted during 
scanning. 
In the standard operating mode, 10-50 mg of the dried coal were placed in the sample cup, and 128 
photoacoustic interferograms were collected at 8 cm." resolution with a zero-filling factor of 2, 
corresponding to a final transformed spectrum encoded every 4 cm.-' . The photoacoustic spectra 
were obtained by ratioing against the energy output (black-body response) from a similarly dried 
sample of Fisher Carbon Lampblack C-198. The interferometer mirror velocity was 0.08333 cm s -' , 
and spectra were acquired from 4000 to 400 cm.-l. The difference spectra illustrated in Figures 1 
through 6 were obtained by least-squares subtraction over the range 2000-1400 cm.-l. 
Preparation of Coal Samples for Spectroscopy 

The coals were ground to the range 50-60 mesh under liquid nitrogen using a 
Brinkmann Pulverizer, and were dried at 100°C under vacuum for 6 h before transfer to the sample 
cup of the photoacoustic accessory. 
High-pressure Oxidations of Coal Samples 

The coals were ground and sized to 50 mesh and were subjected to oxidation by air at 
55OC and 9 MPa for periods ranging from 3 to 196 h. All samples were subjected to the standard 
drying procedure before PAIFT spectroscopic examination. 
Analytical and fluidity data on the as-received coal samples are presented in Table 1. 
FT/R Microspectrometry 

Spectra were acquired (250-500 scans) using a Spectra-Tech IR-PLAN accessory 
and a Nicolet 20SX Spectrometer, at a resolution of 4 cm.-l; spectra are referenced against an 
equivalent area of a gold-surfaced mirror. 
DISCUSSION AND RESULTS 
(a) Generation of Carbonyl Functionalities from Thermal Decompositions of Peroxides at Surfaces of 
Coals Subjected to "Accelerated Oxidations" at High Pressure 

The recorded sensitivity of FTlR spectroscopy in detecting oxidative change in coals 
is significantly less than that of standard plasticity tests; thus, Painter and his colleagues (9) , 
employing standard KBr pellet "transmission" FTlR spectroscop , found less than a 1 % increase 

to decrease Gieseler fluidity by over 90 %. 
We have compressed the time scale of oxidative changes by subjecting powdered coals to 
pressurized air at slightly elevated temperatures. With such samples, we observe distinct, readily 
differentiated types of carbonyl absorptions (around 1750, 1720, 1690. and 1650 cm.'') whose 
relative proportions are different for different coals, and we propose that the carbonyl species are 
generated by the standard vacuum drying procedure from thermal decomposition of the assumed 
peroxide species. Representative difference spectra taken for the six coals of Table 1 at the stage 
of 48 hours oxidation are reproduced in Figures 1 through 6. 
We suggest that these peaks arise from different, specific decompositions of peroxides occupying 
different structural sites in the coals. The 1750 cm.-l and 1720 cm:' peaks are attributed to 
decompositions of a-hydroperoxyethers to yield cyclic or open-chain esters; the 1750 cm.-l 
(lactone species) from a cyclic ether precursor, and the 1720 cm.-l from an open-chain precursor, 
that is: 

. 

in the ratioed intensity of carbonyl bands for coals oxidized at 60 B C or 14OoC for periods sufficient 

Ar.0.CH2.R ----(02, 55OC, 9 MPa)--> Ar. O.CH(O.O.H).R 

Ar. O.CH(O.O.H).R -(1 OOOC, vacuum)--> Ar.CO.0.R 

139 



Stock and Wang (IO) have recently postulated generation of lactone species from the ruthenium 
(VIII)-catalyzed oxidation of Illinois No. 6 bituminous coal by sodium periodate. 
The 1690 and 1650 ern.-' peaks are attributed to decompositions of a-hydroperoxy aralkanes or 
of hydroperoxy diarylalkanes, that is: 

Ar.CH2.R ---(02, 55OC. 9 MPa)--> Ar.CH(O.OH)R 

Ar.CH(O.OH)R ----(lOO°C, vacuum)--> Ar.CO.R 

Ar.CH2.Ar ---(02, 55OC, 9 MPa)--> Ar.CH(O.OH)Ar 

Ar.CH(O.OH)Ar ----(lOO°C, vacuum)--> Ar.CO.Ar 

(b) Associations of Carbonyl Absorption Intensities with Other Coal Properties 
The relative intensities of the four carbonyl absorptions for the six coals examined are 

dependent in a complex manner upon oxygen content, carboWhydrogen ratio, and the progress 
of oxidation, but there are general quantitative associations of increasing carbonyl intensities with 
many characteristics of the behavior of the sequences of oxidized samples for a given coal. These 
include relationships between carbonyl intensity and oxygen content for the Greenhills coal 
(Western Canadian: bituminous high-volatile 'A) ,  carbonyl intensity and Gieseler fluidity for the 
Greenhills and Fording (Western Canadian: bituminous high-volatile 'A') coals, and for the Barton 
and McClure coals (U.S.A., bituminous high-volatile 'A' and medium-high volatile 'A'), illustrated in 
Figures7 through 13. However, the coals are behaving in sufficiently different fashions (both in the 
quantitative distribution of the various introduced carbonyl species, in the their qualitative rates of 
generation, and in the nature of the influence of changed functionality on the technical properties) 
that genera lized t reamnt  as a s inale -ure W the individual correlatim. In view of 
our findings, we suggest that caution would be appropriate in using the approaches adopted by 
Fredericks and his co-workers (11). where attempts are made to make generalized predictions of 
technological properties using principal factor analyses of FTlR spectra of a wide range of coals. 
(d) Trfluoroacetylation as a Derivatization Technique for Hydroxyl Content of Coals 

Acetylation via acetic anhydridelpyridine is a standard derivatization method for 
analysis of hydroxyl content of coals, but the quantitative nature and the selectivity of these 
reactions are not established; there are significant difficulties in using FTlR difference spectroscopy 
and the acetate carbonyl intensity to define the nature of hydroxyl groups (that is, phenolic or 
alcoholic? Since these differences arise in part from peak overlap of acetate carbonyl with the 
1600 cm.- absorption of coals, we have employed trifluoroacetylation (where the trifluoroacetate 
carbonyl absorbs around 1800 cm.-') as an alternate technique. The trifluoroacetate ion may be 
analyzed readily by anion chromatography after hydrolysis of the trifluoroacetylated coal, and 
quantitation of the trifluoroacetyl group is also possible by calibration against the intensity of the 
fluorine and trifluoromethylcarbon signals in the X-ray photoelectron spectra of such samples. 
(e) Reflecfion FTlR Microspectrometry of Coals 

We have conducted preliminary examinations of sectioned, polished surfaces of 
samples of Eastern and Western Canadian bituminous coals using the IR-PLAN accessory in the 
reflectance mode, referenced against a gold mirror. Representative spectra are reproduced as 
Figures 14 through 17. The significant differences among the microscopically distinguishable 
components, and the ease of detection and identification of mineral inclusions, suggest that direct 
examinations of coals undergoing chemical transformations (such as the base-promoted and 
thermal transformations discussed in this paper and our earlier work) could be profitably examined 
using this accessory FTlR device. 

CONCLUSIONS 
We have indicated the potential for surface characterization of several techniques 

under study in our laboratory. We suggest that the evidence for previously unquantified and 
undetected peroxide species on coal surfaces presented above and in an earlier Symposium (7) 
reqUireS reconsideration of the influence of the proportion of surface peroxides upon the course(s) 
Of coal pyrolyses, and provides strong support to recent proposals (12) recommending storage of 
laboratory samples of coals in sealed ampoules. 

1 . '  . 
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Table 1 

Coal Samples Subjected to High-pressure Oxidations 

Analytical and Fluldlty Data on Fresh Coals 

Coal Designatbn Classification C,% H,% 0,% Geselerfluidty 

(dd/min) 

Greenhills (westem Canadian) HV'A' 81.56 4.75 4.79 24 

Fording (Western Canadian) HV 'A' 80.49 5.07 5.60 365 

Barton (U. S. A.) Hv 'A' 81.81 5.08 4.34 20350 

McChrre (U. S. A.) MV-HV 'A' 83.07 4.74 3.82 79W 
Alto (Appalachian, U. S. A.) W'A' 79.69 5.20 7.47 1580 

Basset L-MV 85.01 4.42 3.20 32 
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EFFECT OF VIEATHERIN; ON SOLVENT EXTRACTION OF COALS 

David H. Buchanan. L inda C. Warfel. Wanping Mal. and Douglas Lucas 

Chemistry Department 
Eastern I l l i n o i s  Un ive rs i t y  

Charleston. I L  61920 

Ambient temperature a i r  o x i d a t i o n  o f  coa l  (weathering) i s  a problem i n  storage, 
u t i 1  izat ion,  and c h a r a c t e r i z a t i o n .  
to luene insoluble.  p y r l d i n e  s o l u b l e  (TIPS) f r a c t i o n s  of I l l i n o i s  coa ls  i so la ted  by 
conventional Soxhlet ex t rac t i on  d i f f e r e d  i n  number average molecular weights, phenol 
contents, and elemental analyses from the  TIPS f r a c t i o n s  i so la ted  by t h e  s l u r r y /  
cen t r i f uga t ion  method. Several Soxhlet f r a c t i o n s  would no t  completely red isso lve  i n  
t h e  ex t rac t i on  so lvent  and phenol and oxygen contents were unreproducible. 
problems have been t r a c e d  t o  o x i d a t i o n  dur ing  ex t rac t i on  and subsequent work-up. 
unremoved e x t r a c t i o n  solvents. and contaminat ion o f  Soxhlet  ex t rac ts  by co l l o ids .  
The procedure descr ibed below avoids these problems and g ives  reproducible y l e l d s  o f  
so lub le  ex t rac ts  w i t h  good mate r ia l  balances. Sequential ex t rac t i on  o f  coal w i t h  
to luene fol lowed by M F .  OMF. and py r id ine  shows t h a t  weathering lowers the  t o t a l  
ex t rac t  y ie ld .  s h i f t s  t h e  d i s t r i b u t i o n  from p o l a r  so lub le  toward non-polar solubles. 
and increases t h e  amount o f  c o l l o i d s  i n  t h e  crude ex t rac ts .  

Th is  work grew o u t  o f  our observations t h a t  

The 

Coal samples were s to red  i n  argon f lushed desiccators and handled i n  n i t rogen 
Szmples groung t o  -100 mesh i n  a n i t rogen 

C and 0.05 T o r r  (%tandard 
flushed g love  bags as  much as possible.  
f lushed b a l l  m i l l  were d r ied  t o  constant weight a t  100 
condi t ions")  i n  a l a r g e  Abderhalden apparatus(1) be fore  use. Soxhlet thimbles were 
washed w i t h  t h e  so lvents  t o  be used and d r ied  t o  constant weight under standard 
condi t ions.  Solvents were d r i e d  and d i s t i l l e d  under an A r  atmosphere before use. 

Soxhlet e x t r a c t i o n  o f  an 6-10 g sample o f  t h e  coa ls  described i n  Table 1 w i t h  
approximately 120 mL o f  A r  purged solvent.  under an A r  atmosphere. was continued f o r  
two t o  seven days w i t h  each so lvent  (Scheme). Two, 3 L RB f l a s k s  were attached t o  
t h e  i n e r t  gas system as b a l l a s t  tanks; otherwise when t h e  Soxhlet  apparatus cycled, 
a i r  was sucked back i n t o  t h e  system through t h e  o i l  bubbler a t  t h e  gas e x i t .  
inso lub le  res idue was washed f r e e  o f  so lvents  w i t h  two or t h r e e  cyc les  o f  00% 
methanol/water f o r  t h r e e  hours each i n  t h e  Soxhlet  apparatus, fo l lowed by dry lng  o f  
t h e  residue i n  t h e  t h i m b l e  t o  cons tan t  weight under standard condi t lons.  

Soluble f r a c t i o n s  were f i l t e r e d ,  under an A r  blanket. through a Nylon M i l l i p o r e  
AP p r e - f i l t e r  and a 0.45 fim M i l l i p o r e  f i l t e r .  fo l lowed by removal o f  bu lk  solvent on 
t h e  ro ta ry  evaporator and d ry ing  t o  constant welght under standard condi t lons.  Col- 
l o i d a l  ma te r ia l  c o l l e c t e d  on t h e  f i l t e r  was counted as p a r t  o f  t h e  residue. DClF and 
py r ld ine  so lub le  f r a c t i o n s  were washed t h r e e  o r  four  t imes w l t h  808 methanollwater 
and recovered by c e n t r i f u g a t i o n  a t  2800 G p r i o r  t o  Abderhalden drying. RFova l  o f  
solvents was monitored by t h e  l o s s  o f  shaip I R  bands a t  1661 and 1386 cm- f o r  OMF 
and a t  1537, 1485, 1253. 750, and 650 cm- 

on a N ico le t  PO-DXB spectrometer a t  2 cm- Argon purged py r id ine  so l -  
u t i ons  o f  coa l  f r a c t i o n s  were spun f o r  5 - 12 hrs a t  24.000 rpm I n  a Beckman L3-50 
U l t racen t r i f uge  us ing  s ta ln less  s tee l  sample tubes I n  t h e  SW27 rotor.  

The 

f o r  pyr ld ine .  F i g u r e  1. 

reso lu t ion .  
F T - I R  spectra o f  coal  f rac t ions ,  as fBr  p e l l e t s  (3.0 mg/300 mg). were recorded 

The c lea r ing  
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f a c t o r  ( k )  f o r  t h i s  experiment was 136; average Re la t i ve  Cen t r i f uga l  F i e l d  ( K F )  = 
76,000 G; maximum RCF = 104,000 G.(2) GPC analyses o f  coal  f r a c t i o n s  a t  6.0 ng/nL 
i n  p y r i d i n e  were perform d on a three-column t r a i n  o f  AS1 U l t rage l  s i z e  exc lus ion 
columns (100. 500. 1000 8) using HPLC Srade p y r i d i n e  a t  1.0 n i l h i i n  as mobi le  phase 
w i t h  Re f rac t i ve  Index detection. The system has an e f f i c i e n c y  o f  7.150 f o r  t o luene  
and i s  c u r r e n t l y  c a l i b r a t e d  w i t h  po lystyrene ( l i n e a r  i n  t h e  20,000 t o  100 da l ton  
reg ion) .  A 'boots t rap '  c a l i b r a t i o n  using narrow molecular weight d i s t r i b u t i o n  coal  
f r a c t i o n s  i s  i n  progress. M W  values were determined on a Knauer Model 11-00 Vapor 
Pressure Osmometer us ing p y r i a i n e  a t  90' C. 
concentrat ions were ext rapolated t o  i n f i n i t e  d i l u t i o n .  

Experimental values a t  t h r e e  o r  f ou r  

I power (A) and coal swe l l i ng  a b i l i t y  o f  t he  l a t e r  solvent.(8a. 9) 
f r ac t i ons  l ack  t h e  low molecular t a i l s  apparent i n  p y r i d i n e  f r a c t i o n s  from sequen- 
t i a l  ext ract ion,  F igures 3 - 6. TIPS i s  i s o l a t e d  by p r e c i p i t a t i o n  from t h e  t o t a l  
p y r i d i n e  e x t r a c t  w i t h  excess to luene so t h a t  a l l  to luene so lub las a r e  removed. 
However, dur ing sequential ex t rac t i on  some small  molecules a re  no t  ext racted by 

t h i s  ma te r ia l  remains t o  be ext racted by OMF o r  py r id ine .  Re-extraction of res idue 

GPC t races  o f  TIPS 

i 
\ I to luene o r  M F  because coal i s  n o t  swollen enough f o r  e f f i c i e n t  mass t ranspor t  and 



R600 (Table 2) w i t h  p y r i d i n e  produced 0.8; new e x t r a c t  and 97% recovery o f  residue, 
suggesting t h a t  l i t t l e  s o l u b l e  mater ia l  remains a f t e r  sequent ia l  extract ion.  

GPC analyses o f  each s o l u b l e  f rac t ion .  redissolved i n  pyr id ine ,  a re  p lo t ted  
together as a Molecular Size P r o f i l e .  Figures 3 - 6. The s o l i d  v e r t i c a l  bars repre- 
sent t h e  f r a c t i o n  o f  t o t a l  ex t rac t  so lub le  i n  t h e  ind ica ted  solvent.  
molecular mass sca le  cannot ye t  be used f o r  q u a n t i t a t i v e  ana lys is  o f  these coal 
f rac t ions ,  t h e  changes i n  molecular s i z e  w i t h  e x t r a c t i o n  solvent. coal rank, and 
ox ida t ion  a re  apparent. Weathered coal g ives  lower y i e l d s  i n  sequent ia l  ex t rac t i on  
(Table 2), or  s i n g l e  so lvent  ex t rac t ion .  (10) A f t e r  a p y r i d i n e  so lu t i on  o f  KW 1530 
TIPS from coal  450 (13.71 t o t a l  soluble. 8.44; TIPS) was exposed t o  a i r  f o r  4 gays, 
86% by weight remained p y r i d i n e  soluble.  Th is  mater ia l  had a t4W o f  1498 and 
produced no f u r t h e r  p r e c i p i t a t e  upon add i t i ona l  a i r  exposure. P y r i d i n e  ex t rac ts  o f  
weathered coa ls  a r e  l e s s  prone t o  ox ida t i on  induced p rec ip i t a t i on .  as i f  ox ida t ion  
causes c ross- l ink ing  which renders a p o r t i o n  o f  t h e  coal  lnsoluble.  e i t h e r  w i t h i n  
t h e  coal  ma t r i x  b e f o r e  ex t rac t i on ,  or  i n  so lu t i ons  o f  ex t rac ts  l a t e r .  - 
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TABLE 1 

ELEMENTAL ANALYSES (DAF) OF COALS STUDIED 

0500 I L L  5 ISGS 76.55 5.33 1.60 4.96 11.56 

0501 0 x 1 ~ ~  0500 

0600 I L L  6 ISGS 74.09 5.18 1.39 5.51 13.84 

0700 I L L  6 ISGS 78.19 5.58 1.38 5.12 9.73 

0701 OXIDb 0700 76.55 5.45 1.39 4.99 11.59 

0910 MVBi tC APCS 86d  5.3 1.9 2.8 4.0 

........................................................... 
a I l l i n o i s  S t a t e  G e o l o g i c a l  S u r v e y  
b A i r  o x i d i z e d ,  -100 mesh c o a l .  room t e m p e r a t u r e ,  6 m o n t h s  
c U p p e r  F r e e p o r t .  A g r o n n e  Premium C o a l  Sample  # 1 
d A p p r o x i m a t e ,  f i n a l  d a t a  n o t  a v a i l a b l e  f r o m  A r g o n n e  

05 00 0.82 

0501 3.57 

0600 8.47 

R600b 0.18 

0700 3.30 

0701 6.54 

0910 0.52 

7.33 

3.72 

6.16 

0.01 

6.73 

5.69 

0.14 

5.94 1.42 15.5 75.77 91.3 

4.23 2.18 13.7 86.16 99.9 

6.09 1.72 22.4 75.52 98.0 

0.43 22.17 22.8 74.85 97.6 

7.32 2.10 19.4 71.96 91.4 

4.70 1.81 18.7 72.39 91.4 

8.97 11.24 20.9 78.16 99.1 
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SCHEME 

SEQUENTIAL SOXHLET E X T R A C T I O N  

COAL 1 0 6 0 0  8 . 3 9 9 9  g 
I 
I TOLUENE 120 mL 3 0 
I 

I 

c 
TOLUENE SOL+ 8 . 4 7  % 

i 
TOLUENE I N S O L  

I 
I T H F  1 2 0  mL 3 D 
I 

--I-- 
I 

.). 
THF SOL 

I 
I DMF 120 mL 7 D 
I 

i 
T H F  I N S O L  

---I- 
I I 

+6.16 X 

I 

I 80% MeOH 
1 2 * 2 H r  
I 

--I- 

I I 

RESIDUE MeOH SOL ( < 0 . 2  X ) 

7 5 . 5 2  70 
TOTAL SOLUBLE: 2 2 . 4 4  % 

TOTAL RECOVERED: 9 7 . 9 6  % 
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FIGURE 1. ( a )  FT-IR spectrum of residue from coal 0700 conta in lng DMF and PY. 
-= Solvent absorption bands. ( b )  Spectrum o f  same residue a f t e r  80% methanol/ 
water wash and standard drying. 

FIGURE 2. 
extract  frcm coal 0701. * =  Features discussed i n  t e x t .  

FT-IR spectrum of c o l l o i d  i s o l a t e d  from M l l l i p o r e  f i l t r a t i o n  of MF 
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MOLECULAR SIZE PROFILE 
GPC IN  PYRIDINE 
Coal 0600 

Y Y Y Y  Y Y Y  Y 

FIGURE 3. Combined WC t races  o f  sequential ex t rac ts  from coal 0600 (Table 2 ) .  
Concentration = 6.0 mg/mL I n  pyridine.  flow r a t e  1.8 mL/min. 

MOLECULAR SIZE PROFILE 
GPC IN PYRIDINE 
Coal 0910 

FIGURE 4. 
Concentratlon = 6.0 mg/mL i n  pyridine, flow r a t e  1.8 mL/mln. 

Canbined GPC traces of sequential extracts from coal 0910 (Table 2). 
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MOLECULAR SIZE PROFILE 
GPC IN PYRIDINE 

Coal 0700 

FIGURE 5. Combined (PC traces of sequential extracts from coal 0700 (Table 2 ) .  
Concentration = 6.0 mg/mL i n  pyridine,  flow r a t e  1.8 mL/min. 

I MOLECULAR SIZE PROFILE 
GPC IN PYRIDINE 

FIGURE 6. 
concentration = 6.0 mg/mL i n  pyr idine.  flow r a t e  1.8 mL/min. 

Comblned B C  traces o f  sequential ex t rac ts  from coal 0701 (Table 2 ) .  
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SECONDARY ION MASS SPECTROMETRY AND X-RAY 
PHOTOELECTRON SPECTROSCOPY OF DERIVITIZED COAL SURFACES. 

R.R. Martin, N.S. McIntyre, J.A. MacPhee. K.T. Aye 

Department of Chemistry, University of Western Ontario 
London, Ontario, Canada. NbA 5B7 

ABSTRACT 

Secondary Ion Mass Spectrometry (SIMS) and X-ray 
Photoelectron Spectroscopy (XPS) have been used to study the low 
temperature oxidation of coal. l 8 0  has been used to trace the oxygen 
distribution on the coal surface. Several chemical derivatizations 
have been observed on the oxidized coal surface and the reactivity of 
specific regions have been monitored. 

INTRODUCTION 

The low temperature oxidation of coal leads both to loss of 
coking ability(l) and autoignition(2) of coal stock piles. 
study we report the use of secondary ion mass spectrometry (SIMS) and 
X-ray photoelectron spectroscopy (XPS) in conjunction with 1802 
oxidation to examine the oxygen distribution on a coal surface in 
relation to specific other elements. The use of both XPS and SIMS in 
coal studies have been described elsewhere. ( 3 )  

In this 

EXPEEIIMENTAL 

The coal used in this study was a pyrite-rich fusinite 
supplied by the Canadian Center for Mineral and Energy Technology 
(CANMET). The coal was cut with a diamond saw, and polished on a 
silk wheel using diamond grit as abrasive and water as lubricant. 
The resulting coal surfaces were exposed to 0.1 atm of 1802 for 10 
days at room temperature. 

Cs+ primary beam rastered over a (400 lrm)2 area. 
collected froma central area 170 um in diameter, these images were 
obtained at a mass resolution as high as one part in 3500, though for 
certain ions the secondary ion yield was insufficient to permit 
imaging. In most cases where SIMS images were taken mass spectral 
scans were also obtained. 

those studied by SIMS using a Surface Science Laboratory Model 
SSX-100 spectrometer with monochromatized AIKa radiation with a spot 
size of approximately 150 ym. The l 8 0  was used as an isotopic trace 
to distinguish between oxygen added to the coal as a result of this 
procedure and that already present. ( 4 )  
selected because it provides remarkably well defined secondary ion 
images and pyrite is re orted to play an important role in the 
self-heating of coal. (8 

The SIMS measurements were made on a Cameca IMS 3 f using a 
lon images were 

XPS studies were also carried out on regions adjacent to 

The pyrite-rich coal was 
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BESULTS AND DISCUSSION 

The assignment of ionic species to the secondary ion images 
obtained during high mass resolution imaging was achieved using two 
criteria. First the accompanying mass spectrum at a given nominal 
mass was analyzed to achieve a fit between the mass separation 
observed and that expected from the species assigned to the 
spectrum. Thus at mass 28 two peaks were observed separated by 
.019 f .003 daltons, only 28Si and CO are likely to produce this 
pattern. In addition successive ion images may be used to eliminate 
some assignments, for example silicon molecular ions would not be 
expected in regions where silicon could not be detected. Finally, in 
one case at mass 30- high mass resolution was not used to distinguish 
between 30Si- and Cleo- since the yield of Cl80- was too low for 
effective imaging. 

C2--, C 4 - ,  CO-, S- and CS-. The images for C2-' and C4- define the 
organic region of the coal surface while that of S'- outlines the 
pyrite region. The image for CO- is confined entirely to the organic 
region and originates from a set of sources having a very small 
area. These represent oxidized areas on the coal surface and 
although the oxygen functional groups cannot be identified with 
certainty they may well be aldehydes or phenols. 

The CS- image is of particular interest since it is confined 
to the organic region of the coal. The XPS spectra from this area, 
figure 2, confirm the presence of organic s u l f u r .  The suite of peaks 
associated with binding energies between 157 and 160 eV are assigned 
to iron sulfides while those between 163 and 165 eV are assigned to 
organic compounds probably dominated by sulfates. Thus the coal 
adjacent to the pryite appears to have undergone a reaction which has 
tended to enrich the area in sulfur. It has been proposed elsewhere 
that pyrite oxidizes readily to form a series of hydrated ion 
sulfates and sulfuric acid.(6) Since these reactions are 
exothermic ( 7, the surrounding organic material would be exposed to 
sulfuric acid and simultaneously heated. Under these conditions 
sulfonation reactions would be expected. Accordingly we suggest that 
oxidation of pyrite is accompanied by sulfonation of the surrounding 
coal. 

Figure 3 displays a series of oxygen-related images. The 
l60- image which is coincident with OH- is seen to be widely 
distributed in the coal, however there is oxygen enrichment in the 
organic region and in silicate regions identified in 
figure 4. A recurrent feature associated with silicate materials is 
identified.by an arrow in figures 3 and 4. 
oxygen-related species in this area (particularly l80- and lnOH-) 
provides evidence that the silicate serves as a catalyst during 
oxidation. The presence of l60-, lSO- and the molecular ions OH- and 
18OH- indicate that oxidation of the coal has taken place and that 
1 8 0  reacted with the coal surface under very mild conditions. The F' 
image is diffuse within the organic region suggesting the presence of 
carbon monofluoride(4) while other sources are clearly associated 
with the silicate material. The latter source represents fluoride 
replacement of OH- in the mineral matter. The image obtained for H,O 
indicates that traces of water are present in the sample. 

The ion images displayed in figure 1 are assigned to ions 

The persistence of 

Figure 4 serves t o  outline the silicate enriched regions as 
defined by the image at mass 28-, which is a mixture of 28Si- and 
A1K- AinCe the m a A R  resolution used cannot distinguish between theat: 
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species, by comparison with that obtained at mass 30- (30Si- with 
traces of C 1 8 0 - ) .  A representative silicate mineral region is 
identified with an arrow in Figure 4(a). The images assigned to 0,- 
and 03- also show some enhancement in the silicate region. The 0,- 
originates from adsorbed oxygen while 0,- may represent ozone on the 
coal surface. 

oxidation of coal proceeds by a free radical chain reaction(8). 
Minerals would be expected to act as catalysts in such reactions(5). 
Figure 3 shows the present of l 8 0  in molecular ions after mild 
oxidation while Figure 4 shows reactive oxygen species on the coal 
surface associated with mineral matter. These results would be 
expected if a free radical mechanism is involved in low temperature 
oxidation. 

It has been repeatedly suggested that the low temperature 

CONCLUSIONS 

Detailed SIMS images can be obtained for ions differing in 

The uptake of 1 8 0  and molecular ions containg l 80  can be 

mass by as little as 1:3500. 

successfully studied using SIMS after exposure of coal surfaces to an 
le0, atmosphere at room temperature. 

The presence of organic sulfur in regions adjacent to pyrite 
probably result from sufonation of the coal by the products of pyrite 
oxidation. 

Molecular ions originating from oxidized regions of the coal 
surface are readily identified and reactive oxygen species have been 
imaged associated with mineral matter. These results support the 
suggestion that the low temperature oxidation of coal proceeds by a 
free radical chain mechanism. 
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SELF-HEATING OF COAL IN BARGJS 

J. T. R i l ey ,  J. W. Reasoner, S. M. Fatemi,  and G. S. Yates 

Department of Chemistry and Center  f o r  Coal Science 
Western Kentucky Unive r s i ty ,  Bowling Green, Kentucky 42101 

I. INTRODUCTION 

Self-heat ing,  o r  spontaneous hea t ing ,  i s  a process  which r e s u l t s  i n  an  i n c r e a s e  
i n  temperature of a t he rma l ly - i so l a t ed  mass of c o a l  o r  o t h e r  combustible ma te r i a l .  
Th i s  phenomenon i s  caused by t h e  heat-generat ing chemical r e a c t i o n s  between t h e  
ox idan t  (oxygen) and t h e  f u e l  ( c o a l ) .  I f  t h e  generated hea t  i s  removed o r  absorbed 
by t h e  surrounding environment,  then only low temperature ox ida t ion  w i l l  occur .  
However, i f  nothing is done t o  change the cond i t ion  of the coa l  undergoing a 
se l f -hea t ing  process ,  spontaneous combustion w i l l  even tua l ly  occur .  

Self-heat ing i n  c o a l  has  been observed f o r  more then 100 yea r s  f o r  many c o a l s  
around the world. It is a problem t h a t  a f f e c t s  t h e  mining, t r a n s p o r t a t i o n ,  and 
s t o r a g e  of coa l  and c o n t r i b u t e s  t o  the  d e t e r i o r a t i o n  i n  its q u a l i t y .  Seve ra l  
comprehensive reviews have been w r i t t e n  on the f a c t o r s  t h a t  may c o n t r i b u t e  t o  the  
se l f -hea t ing  i n  c o a l  (1-8). These f a c t o r s  a r e  numerous and inc lude  i n t r i n s i c  
p r o p e r t i e s  such as rank,  hea t  o f  we t t ing ,  po ros i ty ,  exposed s u r f a c e  a r e a ,  a s h  
c o n t e n t ,  content  of p y r i t e s  and o the r  s u l f u r  con ta in ing  spec ie s ,  hardness ,  methane 
c o n t e n t ,  and thermal c o n d u c t i v i t y  of the c o a l .  Handling cond i t ions  t h a t  may 
c o n t r i b u t e  t o  c o a l  s e l f - h e a t i n g  inc lude  changes i n  moisture  con ten t  of t he  
surrounding environment,  l a r g e  v a r i a t i o n s  i n  the temperature when t h e  c o a l  i s  
shipped,  and t o  the movement of a i r  through the coa l .  

The purpose of t h i s  r e s e a r c h  w a s  t o  examine the  f a c t o r s  which may c o n t r i b u t e  t o  
the  se l f -hea t ing  of c o a l  i n  barges .  
barging information on 2283 barges  was used t o  he lp  i d e n t i f y  the  p r i n c i p a l  f a c t o r s  
con t r ibu t ing  t o  the  s e l f - h e a t i n g  of barged coa l .  
handl ing and barging t echn iques  designed t o  minimize the occurrence of s e l f -hea t ing  
were conducted. 

11. m-AL 

A d a t a  bank con ta in ing  a n a l y t i c a l  d a t a  and 

Barging s t u d i e s  t o  examine c o a l  

Two s e p a r a t e  ba rg ing  s t u d i e s  were c a r r i e d  ou t  over  a per iod of two summers. The 
s t u d i e s  took p l ace  on t h e  Ohio and Miss i s s ipp i  r i v e r s  and involved 15 barges  o f  coa l  
i n  t h e  f i r s t  s tudy  and 10 barges  i n  t h e  second tow. The work performed and t h e  
number of r e s e a r c h e r s  that  could accompany the tows were r e s t r i c t e d  by the  room 
a v a i l a b l e  on the  towboats,  t he  s a f e t y  cons ide ra t ions  du r ing  tow work by the  boat  
crew, and the  a v a i l a b i l i t y  of barges  f i l l e d  wi th  a p a r t i c u l a r  type o f  c o a l  and 
loaded i n  a p a r t i c u l a r  manner. 

The c o a l  s t u d i e d  i n  t h e  barging experiments was steam coa l  (h igh  v o l a t i l e  
bituminous) loaded a t  f o u r  d i f f e r e n t  r i v e r  po r t s .  
been mined i n  t h e  same g e n e r a l  a r e a  and had been crushed, s tockp i l ed ,  and handled by 
the same equipment. Consequently,  t he  c o a l  loaded a t  each po r t  had t h e  same gene ra l  
phys i ca l  and chemical p r o p e r t i e s ,  and exh ib i t ed  the  same gene ra l  behavior  toward 
self-hea t i n g  . 

The c o a l  loaded a t  each p o r t  had 

TWO d i f f e r e n t  l oad ing  schemes were used i n  the  s t u d i e s ,  s i n g l e  chu te  load ing  
and loading wi th  a " d i f f u s e r . "  The d i f f u s e r  i s  a device added t o  a normal c o a l  
chu te  which s p l i t s  t h e  f a l l i n g  s t ream of c o a l  i n t o  f i v e  s t reams.  
c o a l  i n  a p a t t e r n  of f i v e  rows of "cones" i n s t e a d  of a s i n g l e  row i n  the  c e n t e r  of 
t he  barge. The d i f f u s e r  was much more e f f e c t i v e  i n  prevent ing s i z e  seg rega t ion  o f  
t he  c o a l  which would minimize t h e  formation of channels  f o r  uneven a i r  f low through 
the c o a l  i n  t h e  barge.  

Th i s  l o a d s  t h e  
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A second v a r i a b l e  monitored dur ing  the  s tudy  was the  e f f e c t  of  compacting c o a l  
Three methods of compacting c o a l  i n  barges  were s t u d i e d .  t o  minimize se l f -hea t ing .  

huo barges were l i g h t l y  compacted us ing  a "clam s h e l l "  bucket from a loading  crane  
and t h i s  l i g h t  compacting l e f t  vo ids  i n  the  ends of t h e  barges .  
s t u d i e d  d i d  not  compact the  c o a l  very  much but  simply l e v e l e d  the  t o p s  of the  cones 
of c o a l  produced dur ing  loading.  
leaves  l a r g e  voids  (3-10 f t . )  i n  t h e  ends of the barges .  Five barges  were prepared 
i n  t h i s  manner. 
e f f i c i e n t  method used. A smal l  "Bobcat" f ront-end l o a d e r  was h o i s t e d  i n t o  the  
barges  and used t o  move t h e  c o a l  around t o  f i l l  vo ids  i n  the corners  and s i d e s  of  
the barges. 
loader  i t s e l f  compacted the  c o a l  under the  rubber  t i res  of t h e  loader .  
were compacted wi th  the  front-end loader .  A s  a n  i l l u s t r a t i o n  of t h e  d i f f e r e n c e  i n  
compacting, t h e  c o a l  i n  barges  compacted w i t h  the  front-end l o a d e r  had a depth  of  
about  13.5 f t . ,  whereas t h e  c o a l  i n  "trimmed barges" had a depth  of about  15.5 f t .  
A l l  barges  i n  a tow had approximately the  same tonnage. 

A second method 

This  method i s  o f t e n  r e f e r r e d  t o  a s  "trimming" and 

The t h i r d  method of compacting s t u d i e d  i n  t h i s  p r o j e c t  was t h e  most 

The weight  of t h e  c o a l  i n  the  l o a d e r  bucket p l u s  the  weight  of t h e  
Eight  barges  

Daily temperature  measurements of the c o a l  i n  t h e  barges  were recorded  i n  order  
t o  have a record  of s e l f - h e a t i n g  r a t e s  f o r  d i f f e r e n t  c o a l s  and a t  d i f f e r e n t  
p o s i t i o n s  i n  a barge. Care w a s  taken t h a t  a r e p r e s e n t a t i v e  temperature  p r o f i l e  of  
the  barges  was obtained and recommendations f o r  temperature  measurements as 
presented i n  a r e p o r t  by the  Coal Expor te rs  Assoc ia t ionINat iona l  Coal A s s o c i a t i o n  
Task Force on Coal Handling, S torage  and T r a n s p o r t a t i o n  were used ( 9 ) .  Twenty-seven 
p o s i t i o n s  uniformly spaced down the  s i d e s  and c e n t e r  of  each barge were chosen f o r  
temperature  measurements and temperatures  were measured a t  depths  of 3 ,  6 ,  and 9 f t .  
a t  each p o s i t i o n .  The temperature  probes used were cons t ruc ted  from 114 i n .  I . D .  
galvanized s t e e l  pipe and f i t t e d  wi th  a metal  t i p  machined t o  a p o i n t  so that t h e  
probe could be pushed i n t o  the  c o a l .  
epoxy cement a t  t h r e e  114 i n .  h o l e s  d r i l l e d  a t  1 i n . ,  3 f t .  and 6 f t .  from the probe 
t i p .  The thermocouple wires were a t tached  t o  a n  Atk ins  Model 396585 D i g i t a l  Readout 
Meter with a th ree-pos i t ion  swi tch  f o r  reading  the  temperatures  a t  t h e  t h r e e  depths .  
The grobes were c a r e f u l l y  c a l i b r a t e d  before  u s e  and found t o  be a c c u r a t e  t o  w i t h i n  
+I-1 F. 
f o r  a minimum of 3 minutes before  any temperature  readings  were made. 

Type J thermocouple wires were a t t a c h e d  w i t h  

A f t e r  i n s e r t i n g  t h e  probes i n  the c o a l  they were al lowed t o  e q u i l i b r a t e  

The movement of a i r  through t h e  c o a l  i n  t h e  barges  loaded and compacted by 
d i f f e r e n t  methods i s  c l o s e l y  r e l a t e d  t o  the  s e l f - h e a t i n g  t h a t  occurs .  
movement of a i r  through t h e  c o a l  a tracer gas ,  s u l f u r  hexaf luor ide ,  was r e l e a s e d  a t  
a depth  of 10 f t .  i n  some of  t h e  barges  and i ts  movement through the  c o a l  was 
monitored by measuring the concent ra t ion  of SF6 i n  gas  samples c o l l e c t e d  a t  
r e g u l a r  i n t e r v a l s .  
from the  bottom of t h e  barges  through 114 i n .  I . D .  s t e e l  p ipes  wi th  h o l e s  d r i l l e d  
near  the  bottom end of the  pipe. 
gas  c o l l e c t i o n  bulbs and immediately analyzed us ing  a gas  chromatograph s e t  up i n  
the  towboat. 
alumina (80-200 mesh) column connected t o  a Hewlett-Packasd Model 3390A Report ing 
I n t e g r a t o r  w a s  used f o r  the  a n a l y s i s .  

To fo l low the  

Bendix Model 44 A i r  Sampling Pumps were used t o  draw g a s  samples 

Gas samples  were c o l l e c t e d  i n  250 cc polypropylene 

A Carle Model 6500 gas  chromatograph w i t h  a n  8 f t .  x 1 / 8  i n .  a c t i v a t e d  

During t h e  course of  t h e  p r o j e c t ,  230 samples of c o a l  being t r a n s p o r t e d  by 
barge t o  p o r t s  i n  the  New Orleans area were obta ined  f o r  a n a l y s i s  a t  t h e  Western 
Kentucky Univers i ty  l a b o r a t o r y .  Moisture ,  a s h ,  v o l a t i l e  mat te r ,  carbon,  hydrogen, 
n i t rogen ,  s u l f u r  and c a l o r i f i c  va lues  were determined us ing  microcomputer-control led 
ins t rumenta t ion  from LECO Corporat ion i n  S t .  Joseph,  M I .  Forms of  s u l f u r ,  f r e e -  
swel l ing  index and Hardgrove g r i n d a b i l i t i e s  were determined u s i n g  ASTM methods D 
2492, D 720 and D 409, r e s p e c t i v e l y .  Fixed carbon and oxygen v a l u e s  were c a l c u l a t e d  
by d i f fe rence .  Transpor ta t ion  h i s t o r i e s  of t h e  barged c o a l s  were a l s o  obta ined .  
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111. BESULTS AND DISCUSSION 

I 

The se l f -hea t ing  of c o a l  i s  brought about  through ox ida t ion  of c o a l  su r f aces ,  
and the  amount of a i r  a v a i l a b l e  t o  the,  c o a l  i s  important .  
t he  c o a l  i s  a complex f a c t o r  t o  cons ide r  s i n c e  a i r  both provides  oxygen f o r  
ox ida t ion  of t he  c o a l  and d i s s i p a t e s  t he  h e a t  generated by the ox ida t ion  process .  
Condi t ions which permit  o n l y  a sma l l  amount o f  a i r  t o  come i n t o  c o n t a c t  w i th  t h e  
c o a l  w i l l  keep ox ida t ion  a t  a minimum and l i t t l e  o r  no se l f -hea t ing  w i l l  occu r .  A 
ve ry  h igh  flow r a t e  of a i r  provides  s u f f i c i e n t  oxygen f o r  t h e  ox ida t ion  process ,  but  
d i s s i p a t e s  heat  e f f i c i e n t l y .  In  between t h e s e  two l i m i t s  i s  a s t a t e  where t h e  a i r  
f low i s  s u f f i c i e n t  t o  promote ox ida t ion  o f  t he  c o a l  s u r f a c e s  but i s  not  s u f f i c i e n t  
t o  d i s s i p a t e  t h e  h e a t  produced by t h e  exothermic r e a c t i o n .  
produced w i l l  raise the temperature  of the  c o a l  and a c c e l e r a t e  t he  r a t e  of ox ida t ion  
u n t i l ,  u l t i m a t e l y ,  i g n i t i o n  of t he  c o a l  w i l l  occur (5 ,6 ,10,11) .  

The a i r  f low r a t e  through 

I n  t h i s  case t h e  heat  

A. Barge Loading and Compacting Methods 

The techniques employed i n  loading barges  wi th  c o a l  w i l l  a f f e c t  t he  a i r  flow 
r a t e  through t h e  coa l .  When coa l  i s  loaded from a s i n g l e  chute ,  t h e  r e s u l t i n g  
c o n i c a l  p i l e s  tend t o  have t h e  f i n e s  concentrated a t  t h e  c e n t e r  of t he  cone with 
l a r g e r  p a r t i c l e s  s eg rega ted  around the s u r f a c e  a t  t h e  base.  Quite o f t e n  a t  a point  
somewhere between the  o u t e r  edges o f  the cone and t h e  c e n t e r  t he  a i r  flow r a t e  i s  
s u f f i c i e n t  t o  i n i t i a t e  and support  heat ing.  The cone then a c t s  as a "chimney" t o  
draw a i r  from around t h e  base i n t o  the c e n t e r  t o  maintain the  hea t ing .  The simple 
process  of l e v e l i n g  the  cones  s e a l s  the c o a r s e r  c o a l  w i th  the  f i n e s  and r e s t r i c t s  
a i r  f low through t h e  c o a l .  Compacting t h e  l eve led  c o a l  f u r t h e r  l i m i t s  i t s  access  t o  
a i r  by reducing i n t e r p a r t i c l e  vo ids .  The r educ t ion  of t hese  voids  a l s o  r e s u l t s  i n  
a n  i n c r e a s e  i n  thermal c o n d u c t i v i t y  which h e l p s  d i s s i p a t e  any h e a t  produced. 

A comparison of t h e  temperatures  o f  c o a l  i n  ba rges  compacted by two d i f f e r e n t  
methods i s  given i n  Tab le  1. The barge number used i n  t h e  t a b l e  r e p r e s e n t s  the 
o r d e r  i n  which t h e  ba rges  were loaded.  A l l  t he  barges  were loaded a t  the  sane p o r t  
and w i t h  the same type of c o a l .  The temperatures  r epor t ed  a r e  those of t h e  coal  i n  
the  barges  p r i o r  t o  unloading when the ambient temperature  was 90°F. The average 
temperature  i s  t h e  ave rage  of 81 i n d i v i d u a l  readings f o r  each barge ( 2 7  p o s i t i o n s  
and depths  of 3,  6 ,  and 9 f t . ) .  A t  p o r t s  i n  the New Orleans a r e a ,  t he  temperature  
of c o a l  being exported h a s  t o  be below 105'F before  i t  can be loaded onto 
ocean-going v e s s e l s .  A s  can  be seen  from t h e  d a t a  the re  i s  a dramatic  d i f f e r e n c e  
between the r e s u l t s  ob ta ined  f o r  t he  two methods of compacting c o a l ,  w i th  nea r ly  
one-third of t h e  temperature  r ead ings  above 105'F f o r  t h e  l i g h t l y  compacted coal .  
From these  examples one can conclude t h a t  compacting c o a l  i n  barges  o f f e r s  
cons ide rab le  p r o t e c t i o n  a g a i n s t  s e l f -hea t ing .  

Table 2 shows temperatures  o f  c o a l  i n  barges  loaded by two d i f f e r e n t  methods. 
A l l  t h e  barges were loaded  a t  t h e  same p o r t  and wi th  t h e  same type of c o a l .  
barge numbers a g a i n  refer t o  t h e  order  of l oad ing  t h e  barges and the  average 
temperatures  a r e  the  a v e r a  e of t h e  81 readings taken p r i o r  t o  unloading when t h e  
ambient temperature w a s  90 F. 
loaded by two d i f f e r e n t  methods shows a n  avcrage of 91.3'F f o r  t h e  barges  loaded 
with t h e  d i f f u s e r ,  whereas  the  barges  loaded wi th  the  s i n g l e  chu te  have a n  average 
temperature of 95.2'F. The d i f f e r e n c e  i n  average temperatures  can be a t t r i b u t e d  
t o  t h e  f a c t  t h a t  l oad ing  wi th  t h e  d i f f u s e r  produces an  even d i s t r i b u t i o n  of coa l  
p a r t i c l e s ,  whereas t h e  s i n g l e  chu te  load ing  method y i e l d s  a segregated mass of c o a l  
p a r t i c l e s .  
through the  c o a l  which r e s u l t s  i n  l e s s  s e l f -hea t ing .  

The 

B 
A comparison of t h e  temperatures  f o r  t he  barges  

The even d i s t r i b u t i o n  of p a r t i c l e s  y i e l d s  a more uniform a i r  flow 

The h e a t i n g  t h a t  took p l ace  i n  s e v e r a l  of the barges  was " t r igge red"  by the 
occurrence of a heavy r a i n  on t h e  n i n t h  day a f t e r  t he  i n i t i a l  barges  were loaded. 
t he  morning fo l lowing  t h e  r a i n  a uniform l a y e r  of warm coa l  was noted i n  the barges  

On 
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whi le  making temperature and gas  f low measurements. 
a t  a dep th  of about  6 i nches ,  but  l a t e r  moved t o  a depth of 3 f e e t  by t h e  end o f  t h e  
day. It i s  be l i eved  t h a t  t h e  l a y e r  of w a r m  c o a l  was caused by the  water from t h e  
r a i n  pe rco la t ing  down through t h e  coa l .  
which was obvious by the h ighe r  temperature  readings obtained on the  days fo l lowing  
t h e  r a i n .  
p re sen t  and the  r a i n f a l l  simply i n i t i a t e d  se l f -hea t ing  i n  the  barges .  

This  l a y e r  was f i r s t  apparent  

T h i s  t r i g g e r e d  se l f -hea t ing  i n  t h e  c o a l ,  

It should be noted t h a t  t h e  cond i t ions  f o r  s e l f -hea t ing  were a l r e a d y  

Barge 
No. 

1 

- 

2 

3 

4 

5 

TABLE 1 

Coal Temperatures i n  Barges Compacted by Di f f e ren t  Methods 

Method of Loading Days i n  Average Maximum Number o f  Temp 
and Compacting* Barge Temp (OF) Temp (OF) Readings >105OF 

d i f f u s e r  loaded and 11 105 133 23 
l i g h t l y  compacted 

d i f f u s e r  loaded and 11 102 126 25 
l i g h t l y  compacted 

d i f f u s e r  loaded and 11 92 115 1 
wel l  compacted 

d i f f u s e r  loaded and 10 91 104 0 
w e l l  compacted 

d i f f u s e r  loaded and 10 91 102 0 
w e l l  compacted 

--------_-_--___--______________________----------------------------------------_ 
* Ligh t ly  compacted - wi th  a clam s h e l l  bucket.  
Well compacted - with a Bobcat l o a d e r .  

TABLE 2 

Coal Temperatures i n  Barges Loaded by D i f f e r e n t  Methods 

Barge Days i n  Average Maximum Number of Temp 
- No. Method o f  Loading* Barge Temp ( F) Temp (OF) Readings >105'F 

3 d i f f u s e r  loaded 11 92 115 1 

4 d i f f u s e r  loaded 10 91 104 0 

5 d i f f u s e r  loaded 10 91 102 0 

6 s i n g l e  chu te  loaded 10 97 112 1 1  

7 s i n g l e  chu te  loaded 9 97 111 12 

a s i n g l e  chu te  loaded 9 95 111 3 

9 s i n g l e  chu te  loaded 9 97 119 9 

10 s i n g l e  chu te  loaded 9 90 102 0 

____________-___________________________----------------------------------------- 
* A l l  barges  were w e l l  compacted wi th  a Bobcat l oade r .  
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B. Air Flow S t u d i e s  

Sondreal and Ellman ( 1 2 )  s t u d i e d  a i r  f low through p i l e s  o f  North Dakota l i g n i t e  
and assumed t h a t  a i r  convec t ion  through t h e  l i g n i t e  was u n i d i r e c t i o n a l  and only due 
t o  p re s su re  g r a d i e n t s  induced by t h e  wind. 
convect ion r e s u l t i n g  from thermal g r a d i e n t s  were n e g l i g i b l e .  
a l s o  assumed t h a t  a i r  movement through barges  was p r imar i ly  due t o  p re s su re  
g r a d i e n t s  induced by t h e  appa ren t  wind c rea t ed  by t h e  moving barges  and t h a t  n a t u r a l  
convect ion was minimal.  The raw d a t a  from the  gas  flow s t u d i e s  i n d i c a t e d  the re  were 
d e f i n i t e  flow p a t t e r n s  i n  the  barges  s tud ied .  
concen t r a t ions  t aken  a t  d i f f e r e n t  t imes and a t  d i f f e r e n t  d i s t a n c e s  away from the  
po in t  of i n j e c t i o n ,  and w a s  too complicated t o  present  and t r y  t o  exp la in  i n  raw 
form. 
percent  r educ t ion  i n  SF6 concen t r a t ion  a t  each po in t  i n  t h e  barges  where mul t ip l e  
sampling was  done. Two, and sometimes t h r e e ,  samples were withdrawn from each of 
t h e  sampling p o s i t i o n s  down t h e  middle of each barge.  
SF was then p l o t t e d  a g a i n s t  t ime i n t e r v a l s  between sampling and t h e  bes t  
f i t t i n g  l i n e  was  used t o  determine a co r rec t ion  f a c t o r  f o r  SF6 f low r a t e s  a t  
va r ious  time i n t e r v a l s .  The r a w  d a t a  were then m u l t i p l i e d  by t h e  c o r r e c t i o n  
f a c t o r s  t o  produce a d i s t r i b u t i o n  p a t t e r n  r ep resen ted  by t h e  contour  maps shown 
i n  Figures  1 and 2 .  
concen t r a t ion  of SF a r e  r e l a t i v e .  

They a l s o  assumed t h a t  n a t u r a l  
I n  t h i s  work i t  was 

However, t h e  d a t a  r ep resen ted  

A c o r r e c t i o n  f o r  t h e  t r a c e r  gas  f low r a t e  was determined by c a l c u l a t i n g  the  

The percent  reduct ion i n  

The numbers used i n  each of t h e  f i g u r e s  t o  r ep resen t  t he  

6 
The contour maps shown i n  F igu res  1 and 2 i l l u s t r a t e  va r ious  a i r  f low p a t t e r n s  

i n  the barges .  
from a s i n g l e  chu te .  
f l ow of t r a c e r  g a s ,  whereas the  contour  map f o r  barge 6 shows an uneven l a t e r a l  
f low. 
s i z e  than the c o a l  i n  barge 6. 
i nc rease  i n  t h e  r a t e  o f  s e l f - h e a t i n g  i n  t h e  c o a l  a s  was i l l u s t r a t e d  i n  Table 2 .  

Barge 3 w a s  loaded with the  d i f f u s e r ,  whereas barge 6 was loaded 
The contour  map f o r  barge 3 shows a r e l a t i v e l y  even l a t e r a l  

The c o a l  i n  barge 3 w a s  more evenly d i spe r sed  and less segregated by p a r t i c l e  
The uneven a i r  f l ow i n  barge 6 r e s u l t e d  i n  an 

The movement o f  t h e  t r a c e r  gas  away from t h e  po in t  of i n j e c t i o n  i n  each of t h e  
barges  p r e s e n t s  a n  i n t e r e s t i n g  p a t t e r n .  
decreased between the  i n j e c t i o n  po in t  and the  s t e r n  (back) of each barge,  while  i t  
i nc reased  between the  i n j e c t i o n  po in t  and the  bow ( f r o n t )  of t he  barges.  
p rev ious ly  mentioned, i t  w a s  assumed t h a t  a i r  movement through the  coal  i n  barges 
w a s  pr imari ly  due t o  p r e s s u r e  g r a d i e n t s  induced by the appa ren t  wind c rea t ed  by the 
moving barges .  The con tour  maps given i n  Figures  1 and 2 i l l u s t r a t e  the h o r i z o n t a l  
movement o f  t h e  t r a c e r  g a s  and support  t h i s  assumption. 
would push the t r a c e r  g a s  r a p i d l y  away from the p o i n t  of i n j e c t i o n  and toward the  
back of t h e  barge.  
t h e  coal  was  compacted i n  the  barges .  

The r e l a t i v e  concen t r a t ion  of SF6 
, 

A s  

A i r  f low through t h e  c o a l  

The r a t e  of d i s s i p a t i o n  of t h e  t r a c e r  gas depended on how w e l l  

S u l f u r  hexa f luo r ide  has  a d e n s i t y  approximately f i v e  t imes a s  g r e a t  a s  t h a t  of 
a i r .  Because of t h i s ,  SF w i l l  f low to,  and accumulate i n ,  a r e a s  where t h e  a i r  
f low is  minimal. 6 t he re  is l i t t l e  a i r  f low through t h e  f i r s t  25 o r  so f e e t  o f  each barge.  
s t r o n g  evidence t h a t  shows the most f r equen t  a rea  o f  t he  barge i n  which se l f -hea t ing  
begins  i s  the f irst  25 f e e t  of t h e  barge. 
examinat ion of d a t a  from over  600 barges (8). 
t h e  Same s e c t i o n  of t h e  barge where se l f -hea t ing  begins  i s  a very important  
obse rva t ion .  
t h e r e  i s  a s u f f i c i e n t  supp ly  of a i r  t o  provide enough oxygen f o r  t h e  slow ox ida t ion  
of the c o a l ,  but  n o t  enough a i r  t o  c a r r y  away the  hea t  produced i n  t h i s  ox ida t ion .  
More impor t an t ly ,  i t  i s  probably t h e  uneven a i r  f low throughout t h e  barge t h a t  
provides  the  c o n d i t i o n s  f o r  t he  i n i t i a t i o n  of s e l f -hea t ing .  

6 The accumulat ion of SF i n  the f r o n t  of t he  barges  i n d i c a t e s  
There is 

This has  been observed during t h e  
The f a c t  t h a t  SF6 accumulated i n  

This  i n d i c a t e s  t h a t  s e l f -hea t ing  i n  barges  is l i k e l y  t o  begin where 

The da ta  from the  g a s  flow s t u d i e s  w a s  used t o  determine the  r e l a t i v e  gas  flow 
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t h e  t ime i n t e r v a l  between sampling f o r  t h e  p o i n t s  i n  t h e  barges  where m u l t i p l e  
sampling was done. 
s lopes  t h a t  a r e  equa l  t o  t h e  r e l a t i v e  gas  f low r a t e s  i n  each of t h e  barges .  
l i s t s  t h e  r e l a t i v e  gas  f low r a t e s  obtained f o r  t h e  va r ious  loading and compacting 
methods used i n  t h i s  s tudy.  

A l i n e a r  r eg res s ion  of t h e  d a t a  i n  each of t hese  p l o t s  y i e lded  
Table 3 

TABLE 3 

R e l a t i v e  Gas Flow Rates  i n  Barges 

Loading Method Compacting Method 
R e l a t i v e  Gas 

Flow Rate 

Di f fuse r  loaded Well compacted wi th  Bobcat l oade r  0.096 

S ing le  chute  loaded Well compacted wi th  Bobcat l oade r  0.39 

Di f fuse r  loaded L igh t ly  compacted wi th  clam s h e l l  bucket 0.66 

S ing le  chute  loaded Trimmed wi th  small  dozer  1.39 

C. Chemical and Phys ica l  P r o p e r t i e s  of Barged Coals 

A comparison o f  t he  mean values  o f  t h e  va r ious  chemical and phys ica l  p r o p e r t i e s  
of two types of c o a l  s t u d i e d  i n  the barging experiments i s  g iven  i n  Table  4 .  
barges of c o a l  were loaded a t  one r i v e r  p o r t  and had a low p o t e n t i a l  f o r  
s e l f -hea t ing  a s  i s  i l l u s t r a t e d  i n  t h e  t a b l e .  
r i v e r  p o r t  and had a r e l a t i v e l y  high p o t e n t i a l  f o r  s e l f -hea t ing .  
i n t e r e s t i n g  d i f f e r e n c e s  between the two types  of c o a l  can  be noted.  The type  of 
c o a l  w i th  the  h ighe r  p o t e n t i a l  f o r  s e l f -hea t ing  e x h i b i t s  a lower carbon c o n t e n t ,  a 
lower hydrogen con ten t ,  and h ighe r  n i t r o g e n ,  s u l f u r ,  and oxygen con ten t s .  The c o a l  
type wi th  the  h ighe r  s e l f - h e a t i n g  p o t e n t i a l  has  a h ighe r  s u l f a t e  s u l f u r  c o n t e n t ,  a 
lower f r ee - swe l l ing  index,  and a lower hea t ing  va lue .  
a r e  i n d i c a t o r s  t h a t  t h e  c o a l  has  undergone "weathering" (13).  What is no t  known 
about  t hese  p a r t i c u l a r  barges  of coa l ,  however, i s  whether t he  apparent  weather ing 
of the c o a l  i s  due t o  a long s t o c k p i l e  s t o r a g e  o r  t o  t h e  inhe ren t  p rope r ty  of t h e  
c o a l  t o  undergo weather ing (ox ida t ion )  r a p i d l y .  

Five 

Ten barges  were loaded a t  a d i f f e r e n t  
A number of 

These l a t t e r  t h r e e  p r o p e r t i e s  

The computer-based d a t a  bank e s t a b l i s h e d  a s  p a r t  o f  t h i s  p r o j e c t  has  made i t  
p o s s i b l e  t o  examine the  behavior  of c o a l s  du r ing  barging ope ra t ions .  
information i n  t h e  d a t a  bank has  been used t o  determine t h e  g e n e r a l  c h a r a c t e r i s t i c s  
of c o a l  t h a t  undergoes se l f -hea t ing  and t h e  average r a t e  of s e l f -hea t ing  du r ing  
barging,  t he  d e t e r i o r a t i o n  i n  rhe q u a l i t y  of barged c o a l ,  and t h e  r e l a t i v e  
importance of va r ious  f a c t o r s  t h a t  c o n t r i b u t e  t o  s e l f - h e a t i n g  i n  barged c o a l  (8). 
S t a t i s t i c a l  a n a l y s i s  of t h e  information i n  the  d a t a  bank has  been c a r r i e d  o u t  using 
t h e  SAS package developed by the  SAS I n s t i t u t e ,  Inc . ,  Cary,  North Caro l ina .  

In  p a r t i c u l a r ,  

Most of t h e  barges  of expor t  c o a l  included i n  the  d a t a  bank have temperature  
measurements t h a t  were taken a t  the time t h e  c o a l  was unloaded from t h e  barges .  
This information along wi th  t h e  ex tens ive  a n a l y t i c a l  d a t a  c o l l e c t e d  on samples of 
t h e  barged coa l  makes i t  p o s s i b l e  f o r  one t o  compare t h e  chemical and phys ica l  
c h a r a c t e r i s t i c s  of c o a l s  t h a t  do,  and do n o t ,  undergo s e l f - h e a t i n g  du r ing  barging.  
For t h i s  p a r t i c u l a r  comparison, i t  was a r b i t r a r i l y  decided t o  compare ba rges  of c o a l  
w i th  a maximum temperature  r ead ing  l e s s  t han  10°F above ambient temperature  (low 
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p o t e n t i a l )  w i th  ba rges  that  had a maximum temperature  r ead ing  200F or more above 
ambient temperature  (h igh  p o t e n t i a l ) .  
t o  gene ra t e  the  l a s t  two columns of d a t a  l i s t e d  i n  Table 4 .  
w e l l  w i th  t h a t  ob ta ined  i n  t h e  barging s tudy .  
f o r  s e l f -hea t ing  had lower carbon and hydrogen c o n t e n t s ,  lower f r ee - swe l l ing  
indexes,  and lower h e a t i n g  values .  These c o a l s  a l s o  had h ighe r  n i t rogen ,  s u l f u r ,  
oxygen, and s u l f a t e  s u l f u r  con ten t s .  Th i s  information i n d i c a t e s  that c o a l s  w i th  
c h a r a c t e r i s t i c s  of weathered c o a l s  have h ighe r  p o t e n t i a l s  for se l f -hea t ing .  

With these  g u i d e l i n e s  the  d a t a  bank was used 
These d a t a  compare very 

The c o a l s  w i th  the  h ighe r  p o t e n t i a l  

TABLE 4 

C h a r a c t e r i s t i c s  of Coals i n  Barging Study and Data Bank 
With Low and High P o t e n t i a l s  f o r  Self-Heating 

Parameter* 

Moisture,  as-received (%)  
Ash, dry (%) 
Vola tile Matter (%) 
Fixed Carbon ( % I  
Heating Value ( B t u / l b )  
Carbon (%)  
Hydrogen (%) 
Nitrogen (%) 
Sul fu r  (%)  
Oxygen (%)  
P y r i t i c  Su l fu r  ( X )  
S u l f a t e  Su l fu r  (%) 
Organic Su l fu r  (%) 
H / C  A t o m  Rat io  
O / C  A t o m  Ra t io  
Free-Swelling Index 
Hardgrove G r i n d a b i l i t y  
Average Barge Temp (OF) 
Average Barge Temp (OF) 

Barging Study** 
Low Po ten t .  High Po ten t .  

14.16 13.43 
9.04 11.94 

39.49 39.13 
60.45 60.72 
14,650 14,309 
81.65 80.24 
5.41 5.31 
1.70 1.82 
2.07 2.31 
9.17 10.32 
1.57 1.48 
0.03 0.16 
0.45 0.66 
0.794 0.797 
0.082 0.095 
3.3 1.7 

39.0 44.1 
87 96 
95 114 

Data Bank*** 
Low Potent .  High Potent .  

14.16 
8.38 

41.96 
58.05 
14,582 
81.09 
5.43 
1.69 
1.62 
9.18 
1.12 
0.14 
0.95 
0.798 
0.084 
2.38 

43.6 
74.5 
81.4 

14.05 
9.23 

41.55 
58.48 
14,562 
80.27 
5.26 
1.73 
1.86 
9.54 
1.14 
0.22 
0.67 
0.782 
0.091 
1.88 

47.9 
84.9 
108 

................................................................................... 
* A l l  values  a r e  r e p o r t e d  on a d ry ,  ash-free b a s i s  un le s s  otherwise noted and a l l  

temperatures  r e f e r  t o  t h e  temperature  o f  t h e  c o a l  a t  t h e  time of unloading. 

** Barging Study -- a f i f t e e n  barge tow wi th  f i v e  ba rges  having a low p o t e n t i a l  f o r  
self-heat ing (maximum barge temperature  l e s s  t han  10°F above t h e  ambient 
temperature)  and t e n  barges  having a h igh  p o t e n t i a l  f o r  s e l f -hea t ing  (maximum 
temperature g r e a t e r  t han  10°F above t h e  ambient temperature) .  

temperature  l e s s  t h a n  10°F above the  ambient temperature)  and 100 barges  wi th  
a high p o t e n t i a l  f o r  s e l f -hea t ing  (maximum barge temperature  g r e a t e r  than 20°F 
above ambient t empera tu re ) .  

*** Data Bank -- 127 barges w i t h  a low p o t e n t i a l  f o r  s e l f -hea t ing  (maximum barge 

IV. CONCLUSIONS 

I n  conclusion,  t h e r e  a r e  s e v e r a l  recommendations t h a t  can be made wi th  regard 
t o  p ro tec t ing  c o a l  from se l f -hea t ing  du r ing  barging.  
t h e  barge is impor t an t ,  and a method t h a t  d i s p e r s e s  t h e  c o a l  more evenly through the 
barge and minimizes s e g r e g a t i o n  of the p a r t i c l e s  of c o a l  w i l l  reduce the amount of 
s e l f -hea t ing .  

The method o f  l oad ing  c o a l  i n  

Level ing and thoroughly compacting t h e  c o a l  i n  the  barge reduces 
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self-heat ing.  F i n a l l y ,  c o a l s  w i t h  c h a r a c t e r i s t i c s  similar t o  those  of weathered 
c o a l s  appear t o  undergo se l f -hea t ing  more r e a d i l y  than c o a l s  without  t h e s e  
c h a r a c t e r i s t i c s .  

v. ACKNoldLEmG- 

The au tho r s  a r e  g r a t e f u l  t o  former s t u d e n t s  P. E. P f a n n e r s t i l l ,  K. J. Thrasher  
and S. M. W i l l i a m s  f o r  a s s i s t i n g  i n  the  c o l l e c t i o n  of some of t h e  da t a  used i n  t h i s  
paper. 
Transportat ion under Contract  No. DRRS 5683-C-00052 i s  g r a t e f u l l y  acknowledged. 

VI. luwJBmcEs 

The f i n a n c i a l  support  f o r  t h e  p r o j e c t  r ece ived  from t h e  U . S .  Department o f  

1. J. D. Davis and D. R .  Reynolds, "Spontaneous Heating i n  Coal ,"  
U. S. Bureau of Mines Tech. Paper No. 409, (1928). 

2. G. R. Yohe, "Oxidation of Coal," I l l i n o i s  S t a t e  Geol. Survey Rept. 
Inves t .  No. 207, (1958). 

3. M. Guney, "Oxidation and Spontaneous Combustion of Coal: Review of I n d i v i d u a l  
Fac to r s , "  Co l l .  Guard., 217, 105-110, Jan. 26; 137-143, Feb. 2 (1969). 

4. J. P. L. Bacharach, E. A. C. Chamberlain, D. A. Hall, S. B. Lord, 
and D. J. S t e e l e ,  "A Review of Spontaneous Combustion Problems and Con t ro l s  
w i th  App l i ca t ions  t o  U.S. Coal Mines," F i n a l  Technical  Report  t o  t he  
U.S.D.O.E., Contract  No. ET-77-C-01- 8965, (1978). 

5. E. A. C. Chamberlain and D. A. Hall, "The L i a b i l i t y  of Coals t o  
Spontaneous Combustion," Co l l .  Guard., 221, No. 2, 65-72 (1973). 

6. A. G. K i m ,  "Laboratory S tud ie s  on Spontaneous Heating of Coal:  A Summary of 
Information i n  t h e  L i t e r a t u r e , "  U.S. Bureau of Mines I n f .  C i r c .  No. 8756 
(1977). 

7. C. S. Daw, "Self-Heating of Coal and Char: A L i t e r a t u r e  Review," 
OWL-TM 8273, June 1982. 

8. J .  T. R i l ey ,  J .  W. Reasoner,  N. L. Holy, S. M. Fatemi,  G. S. Yates,  
D. D. Watson, P. E. P f a n n e r s t i l l ,  A. Parvez,  K. J. Thrasher ,  S. M. Wil l iams,  
K. L. Diedrich,  and T. B. Taylor ,  J r . ,  "Establishment of Data Bank on t h e  
Self-Heating of Coal", F i n a l  Technical  Report  t o  t h e  U. S. Department of 
T ranspor t a t ion ,  Contract  No. DRRS 5683-C-00052, July 1986. 

9. ----_ , Draf t  Report  of t h e  Coal Exporters  Assoc ia t ion lNa t iona l  Coal 
Associat ion Task Force on Coal Handling, S to rage  and Transpor t a t ion ,  
February 1983, pp. 15-16. 

10. K. K. Feng, R. N. Chakravorty,  and T.  S. Cochrane "Spontaneous Combustion: 
A Coal Mining Hazard," Can. Min. Metl. Bu l l . ,  66, No. 738, pp. 75-84 
(1973). 

11. J. L. Elder ,  L. D. Schmidt,  W. A. S t e i n e r ,  and J. D. Davis, "Re la t ive  
Spontaneous Heating Tendencies of Coals," U.  S. Bureau of Mines Tech. Paper 
681, (1945). 

12. E. A. Sondreal and R. C. Ellman, Rep. Inves t .  U. S. Bureau o f  Mines 
No. 7887 (1974). 

13. F. J. Beafore,  K. E. Cawiezel, and C. T. Montgomery, J. Coal Qual i ty ,  
- 3, 17 (1984). 

169 



Relative Concentration of Tracer Gas 

a = 1-10 p = 10-20 = 20-30 = 30-130 

(- marks ind ica te  sampling points;  0 ind ica tes  gas in jec t lon  point) 

Figure 1. Gas f l o w  pattern i n  barge No. 3. 

Relative Concentration of Tracer Gas 

0-5 = 5-15 a = 15-30 = 30-58 = 50-380 

(- marks ind ica te  sampling points;  0 k d i c a t e s  gas in jec t ion  point) 

Figure 2. Gas f l o w  pattern i n  barge No. 6 .  
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A comparative study of the re la t ive  reac t iv i t ies  of Run-of-the-Mine (ROM)  Blair 
Athol coal and constituent maceral l i thotypes.  fusain and v i t r a i n t o  laboratory 
oxidation conditions a t  100°C is reported using a surface reflectance ETIR technique 
(DRIFT). The DRIFT spectra of pure maceral i so la tes  established the  a l ipha t ic  
content t o  be i n  the order of ex in i te  > >  v i t r i n i t e  > iner t in i te .  The difference 
spectra of the maceral lithotypes fusain and v i t r a i n  show the ready loss  of 
aliphatic groups in the former as an early oxidation step. Oxygen uptake by vitrain 
is i n i t i a l l y  slow compared with ROM and fusain coals. Carbonyl formation is a 
primary reaction in  the earliest stages for a l l  coal samples studied, and on more 
extended oxidation, leads t o  a range of oxygen functionalities including a sh i f t  of 
carbonyl absorptions t o  higher wavenumbers consistent with anhydride and lactone 
fomt ion .  

IrammxmoN 

Atmospheric oxidation or weathering of coal can result in t he  deterioration of many 
of its technologically important properties thereby s ignif icant ly  a l te r ing  the 
u t i l i za t ion  potent ia l  of coal.We a r e  engaged i n  a longer term study of the 
chemistry of Blair Athol coal and the chemical effects of weathering has been one 
topic of major in te res t  (1). Blair Athol coal  from Cueensland has an ASTM 
classif icat ion of high vola t i le  bituminous C and is typical of many Gmdwanaland 
coals in  t h a t  it has a high i n e r t i n i t e  maceral content. The porous nature, high 
moisture holding capcity. and very good steaming coal properties place Blair A t h o l  
towards one end of the range of Australian inertinite-rich coals. 

The main seam of Blair Athol is best described a s  a durain coal but within the 
deposit samples of the  maceral l i thotypes fusain and v i t r a i n  occur, and t h i s  has 
allowed a chemical study to  be undertaken of the effect of prolonged oxidation of 
each mceral lithotype and a comparison with Run-of-the-Mine coal (mM) t o  be made. 
More recently we have been able to  separate Blair ~ t h o l  coal by the Density Gradient 
Separation technique (2,3) into high purity maceral isolates of exinite. vi t r ini te  
and iner t in i te .  Their study. primarily by infrared spectroscopy, has fur ther  
refined our understanding of the chemically react ive centres involved i n  coal 
oxidation and the relative reactivities of the macerals. 

EmmmmmL 

The coal used w a s  from the Blair A t h o l  coal-field located in €heensland. Australia 
and was received a s  -4Ommpieces i n  sealed containers. The natural ly  occurring 
maceral lithotypes were chosen with the  assis tance of the mine geologist and 
ident i f icat ion was based on t h e i r  physical appearance (4).  The 'pure' maceral 
isolates were obtained from a sample of € O M  coal with the assistance of G.R. Dyrkacz 
and cAA. Bloomquist a t  the Argonne National Laboratories (U.S.A.) according t o  
their published Density Gradient Centrifugation O W  procedure (2.3). 
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The naturally occurring maceral concentrates and a samp e of RDM coal were oxidized 
a t  100°C under a continous flow of moist a i r  (3  m l  sec-') in a modified Kugel Oven. 
A run was also performed under a nitrogen atmosphere. Samples were taken a t  regular 
intervals and stored i n  nitrogen flushed vials to  prevent further oxidation before 
analysis. 

Diffuse Reflectance FTIR (DRIFT) Spectra were obtained on a Nicolet 6 0 s  FTIR 
equipped with a nitrogen cooled, high sens i t iv i ty  mercury : cadmium : t e l l u r i u m  
detector. Each sample resulted in a single sided interferogram of 4096 data points 
which provided a resolution of 4 cm-'. 500 scans per sample were obtained. 

RPSJM!S ANI DISXSSICN 

The naturally occurring maceral lithotypes were readily distinguished by t h e i r  
physical appearance. The v i t ra in  sample was black, of very bright l u s t r e  and 
b r i t t l e .  The fusain sample was black in  colour and very s o f t  and fr iable .  Its 
physical s t ruc ture  appeared t o  be more porous and open and usually had a higher 
water content than t h e  other samples investigated. The high proportion of t h i s  
maceral lithotype in Blair A t h o l  coal would appear to  be the  cause of the  high water 
content of t h e  'as mined' coal (typically -16%). 

194BLg 1. glemental and Petrographic Analyses of nlair Athol cwls 

Elemmtdlhalyses C H N S 0' Ash HIC OIC 
(DAF) (ator?ic ) 

of Mine (KM) 82.55 4 . 7 2  1 . 8 8  0 . 2 6  10 .59  6 . 5  0 .658  0 .102  
Vitrain 80.97 4 . 9 2  1 . 7 9  0 . 4 8  1 1 . 8 4  4 . 4  0.724 0 .084  
m a i n  80.27 4 . 0 6  1 .78  1 . 3 0  1 2 . 5 9  9 . 4  0 . 6 0 2  0 . 1 1 8  

By difference 

-0sraPhic Analyses 

Exinite Vitrinite Inertinite 
( w t  %, nnnf) 

Run of the Mine 4 . 1  2 8 . 4  67 .5  
Vitrain 8.2  7 8 . 9  1 2 . 9  
m a i n  3 . 1  15 .7  8 1 . 2  

Table 1 reports the elemental and petrographic analysis of the samples. Although 
these samples are  petrographically and physically qui te  d i f fe ren t ,  t h i s  is less  
obvious from their elemental analysis with the main difference being the  hydrogen 
content of the samples. A variation in  sulphur content is also seen. 

Vitrain has t h e  highest HIC value of the  samples studied while fusain has a 
relatively low H/C value. The 11013 and durain coal samples have similiar HIC values 
and these lie between those for  fusain and v i t ra in .  These observations a re  
strikingly reinforced by the DRIFT spectra of the C-H region (Fig. 1 )  which reveals 
that the aliphatic content of the macer& isolates is exinite>>vitrinite>kertinite. 

Figure 1 reports f o r  the f i r s t  time DRIFT spectra  of Gondwanaland coal maceral 
isolates of very high p l r i ty  (98.58 and better). In addition t o  its high aliphatic 
component. the other distinguishing f ture of the exinite fraction is the strong 
C=O absorption centred a t  -1700 cm-Fwhich has a l s o  been reported for  Northern 
Hemisphere exinites (5.6). fie broad 1100-1300 0-1  stretch which can be assigned 
to C-0 type stretches together with the strong carbonyl peak and apparent lack of a 
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strong -OH band (3200-3600 cm-l) suggest esters (especially a lkyl  e s t e r s  i n  t h i s  
case) may strongly contribute t o  the exinite fraction. The carbonyl absorption is 
much less marked in  the  spectra of the  other two macerals. The DRIFT Spectra 
suggest a strong aromatic contribution t o  both the v i t r i n i t e  and iner t in i te .  
Pyrolysis-GC/MS also indicates tha t  t h e v i t r i n i t e  sample contains more phenolic 
material than either of the other two macerals. The unusually high, inherent water 
content of Blair Athol coal can be associated with the  hydrophilic propert ies  of 
these hydroxyl-containing residues a s  revealed by t h e  release of the  phenolic 
components on pyrolysis. Water is considered t o  be a factor  i n  the,weathering of 
coal. 

Figure 2 gives further insights  to  the  type of C-H bonding i n  t h e  macerals. the 
changes in which are noticeable during coal oxidation. Fourier Self Deconvolution 
(FSD) has been used to  enhance the resolution of the aliphatic region and give more 
specific structural information (7). The aliphatic symme r ic  and asymmetric bands 
resolve into asym. a2 and asym. cH3 (2920 and 2960 
-CH2and sym. -CH st re tches  (2853 and 2870 cm-l respectively). The deconvoluted 
ex in i te  spectra &ow extremely strong methylene stjretches (2853 and 2920 c m - l )  
r e la t ive  t o  methyl s t re tches  (2870 and 2960 cm- ). This suggests a strong 
contribution of long chain aliphatic material t o  this  maceral and is consistent with 
the  release of n-Cl0 t o  n-C27 hydrocarbons by thermal d i s t i l l a t i o n  from R O M  coal  
(8 ) .  By comparison, the deconvoluted v i t r i n i t e  and i n e r t i n i t e  spectra  suggest a 
greater methyl contribution t o  their aliphatic compnent. The technique, however. 
w a s  not successful in further improving the  resolution of the carbonyl region due t o  
complications with moisture variations. 

Oxidation in  a stock-pile is i n i t i a l l y  a surface phenomenon and we have used the 
DRIFT technique t o  observe s i t e s  of oxygen incorporation a s  revealed by IR.  The 
oxidation prof i les  reported here a re  a f t e r  oxidation a t  100°C for  convenience of 
study, although s imilar  changes do occur a t  lower temperatures (i.e.. 50°C) b u t  
observable only after extended periods of time. 

Figure 3 shows the variation i n  atomic O/C r a t i o  with time of oxidation for  the 
natural maceral concentrates and the ROM coal. The ROM coal treated a t  100°C but i n  
nitrogen, showed only a small increase in  O/C. Although a small amount of 
adventitious oxygen may have reacted with the  coal, the  increase i n  OIC is more 
likely due t o  the loss of volatile hydrocarbons through the thermal disruption of 
the  coal (8).  The ROM coal t reated a t  100°C in  a constant a i r  flow showed an 
increase in  O/C value from 0.102 t o  0.200 over a period of 2 0  days. The O/C 
increase is ini t ia l ly  rapid but  after 2 days the rate of increase slows. Although 
fusain has a higher i n i t i a l  O/C value (c.a., 0.118) it also shows a rapid i n i t i a l  
increase. After 20 days the Fusain sample reached an O/C value of (0.248).  The 
Vitrain sample. however. displayed a contrasting behaviour. From a relatively low 
O/c value of 0.084 it showed a slow in i t ia l  increase in OIC over the f i r s t  two days 
a t  ioo°C, followed by a strong increase i n  O/C so  t h a t  a f t e r  2 0  days it reaches an 
O/C value of 0.22. 

It is evident that there is a difference in  the mechanism or rate of oxygen reaction 
between the ROM coal and fusain sample when compared with the vitrain sample. This 
difference is undoubtedly due t o  the differences in the  chemical composition of the 
coal maceral lithotypes and reflects the structural differences seen i n  the DFUET 
spectra of the pure macerals (Fig. 1). 

The structural changes occurring during the lO@c oxidation of the coal samples are 
seen i n  the DRIFT spectra of the 4000-800 c m - l  region (Fig. 4) .  The loss  of 
a l i  hatic material indicated by the decrease in  the aliphatic stretches (2800-3000 

with oxidation is common t o  a l l  the coal samples examined but is especially 
Severe for  the  fusain sample which is 81% Iner t in i te .  Fusain, although having 
l i t t le  aliphatic material initially, is almost devoid of aliphatic material after 10 
days oxidation. 

respectively) and sym. 
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Accompanying this decrease in aliphatic material is an increase in  the C 4  regions 
(centred a t  1700 cm-l). The formation of th is  peak begins early in a l l  samples but 
for the fusain sample is resolved after 1 day of oxidation. Although the C 4  peak 
fi complex and consists of many overlapping it can be replved into a t  least 
three major bands a t  1840, 1770 and 1 7 1 5  cm . The 1840 cm- peak appears a f t e r  
prolonged oxidation and has been assigned t o  anhydrides ( 9 ) .  The appearance of this 
peak was not observed f o r  the coal oxidized under nitrogen and hence is a genuine 
oxidation product. Careful examination of the spectra also reveals that the vitrain 
sample shows the greatest increase in  the carbonyl region. This increase together 
with the greater aliphatic content of vitrain is consistent with benzylic sites as 
possible centres of  oxidative attack. This is a lso  supporteaby the observation 
tha t  the pyrolytic yield of alkylated aromatics (including phenols) decreases more 
rapidly relative to  their non-alkylated analogues as determined by P y a / M S .  

The difference spectra  (Fig. 4d) a r e  useful i n  i l l u s t r a t i n g  the changes in  
functionality consequent upon oxidation. The strong posi t ive absorptions i n  the 
carbonyl region confirms earlier observations but further analysis reveals that the 
nature of the carbonyl group; formed changes in the  la t ter  stages of oxidation. For 
both the fusain and the vitrain samples a sh i f t  t o  higher wavenumber is seen for the 
carbonyl peaks in  t h e  lat ter stages of oxidation (Le.. 20-10 days). While fusain 
shows an early and continual loss of aliphatic material. vitrain shows l i t t l e  i f  any 
loss during the early stages (1-0 days). Fusain also displays a strong increase i n  
the C-0 region (1100-1300 cm% in the la t ter  stages of oxidation but which is not 
so significant as  for  the vitrain sample. 

These observations are  consistent with views that multiple pathways of oxidation are 
operative. The chemical nature of the  coal  and hence its maceral composition 
appears to  influence the nature of the  oxidative processes occurring. However. the 
resolving l i m i t s  of IR spectroscopy allow u s  t o  observe only the broader effects. 
Even so the data  suggest the  inser t ion of oxygen into carbon centres t h a t  yield a 
varietyofcarbonylcontaining structures. Someof these w i l l  be  precursors for 
more complex products such as anhydrides. The data suggest that esters including 
lactones rather thancarboxyl ic  acid centres a r e  formed. Small changes a r e  a l so  
seen i n  the hydroxyl region. These changes are consistent with the i n i t i a l  formation 
of peroxides (10) which are known to show instability a t  100°C and can be expected 
t o  lead t o  carbonyl as w e l l  as hydroxyl functionalities. 

Figures 3 and 4 demonstrate clear differences of reactivity t o  oxidation between IIDM 
coal and its constitutent maceral lithotypes fusain and vitrain. The differences 
between IIDM and fusain coals do not seem explicable i n  terms of Inertinite content 
only. suggesting that the physical properties of the fusain play a significant role. 
Since Coal measures a r e  by no means homogenous in t h e i r  maceral composition, the 
data presented exemplify the  predictive value of knowing re la t ive  chemical 
reac t iv i t ies  of const i tuent  macerals, which could then be applied t o  minimizing 
handing problems where autoxidation can cause difficulties. - 
The authors thank Pac i f ic  Coal Pty. Ltd. for  f inancial  support. John Sangster 
(Pacific Coal) is thanked for providing the  coal  samples. G.R. Dyrkacz and C.A.A. 
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assistance with the isolation of the pure maceral isolates. 
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THE MEASUREMENT OF WATER TIGHTLY BOUND BY LOW RANK COALS 

E, J. Hippa, Southern I l l i n o i s  U n i v e r s i t y ,  Carbondale, I l l i n o i s  

Company, Baytown, Texas 
R. N. M i l l e r ,  A i r  Products  

S c h a f e r l  has suggested t h a t  l ow  rank c o a l s  r e t a i n  water  a f t e r  be ing  n o m i n a l l y  
d r i e d  a t  110'C. This  paper d iscusses the  r e s u l t s  o f  d i r e c t  d e t e r m i n a t i o n s  o f  
w a t e r  p r e s e n t  i n  " d r y "  c o a l s  and t h e  p o s s i h l e  e f f e c t s  o f  t i g h t l y  bound water  
on t h e  measured phys i ca l ,  chemical, and convers ion p r o p e r t i e s  of  coals. 

A c o a l  c h a r a c t e r i z a t i o n  program a t  t h e  Raytown, Texas Labs o f  Exxon Research 
and Engineer ing Company employed a sample l i b r a r y  o f  66 samples r a n g i n g  f r o m  
l i g n i t e s  t o  low v o l a t i l e  b i tuminous c 0 a l s . 2 9 ~  Apparent d e n s i t i e s  o f  t h e  sam- 
p l e s  measured i n  p o l a r  o rgan ic  prohes (methanol, i sop ropano l ,  and methyl e t h y l  
k e t o n e )  were much h i g h e r  than d e n s i t i e s  determined i n  he l ium.  These d i f f e r -  
ences appeared t o  be r e l a t e d  t o  coa l  rank and t h e  p o l a r i t y  o f  t h e  s o l v e n t s .  
However, d e n s i t i e s  determined i n  water  (more p o l a r  t han  t h e  o rgan ic  s o l v e n t s )  
were w i t h i n  exper imenta l  e r r o r  equal t o  d e n s i t y  de te rm ina t ions  i n  hel ium. 

F r a n k l i n 4 . 5  r e p o r t e d  t h a t  t h e  d i f f e r e n c e s  be tween  d e n s i t i e s  determined i n  
methanol and he l i um were p r o p o r t i o n a l  t o  t h e  h e a t  o f  w e t t i n g  o f  m e t h a n o l  on 
c o a l  and t o  t h e  s u r f a c e  a rea  o f  t he  coa l .  Walker, e t .  a1.6 repo r ted  t h a t  a 
s i g n i f i c a n t  f r a c t i o n  o f  t h e  su r face  area o f  low rank coalc  may be covered w i t h  
ca rboxy l  groups. Thus, apparent heat  o f  w e t t i n g  m igh t  r e f l e c t  i n t e r a c t i o n s  o f  
methanol and carboxy l  groups. I n  a d d i t i o n ,  Schafer  r e p o r t e d  t h a t  d r i e d  c o a l s  
d e c a r b o x y l a t e  under m i l d  p y r o l y s i s  (175OC) t o  y i e l d  COz and H20.l I t  i s  a l s o  
kmown t h a t  smal l  amounts o f  water  can be i n c o r p o r a t e d  i n t o  l a r g e  excess,es o f  
m e t h a n o l  w i t h o u t  a p p a r e n t  vo lume ~ h a n g e . ~  These o b s e r v a t i o n s  l e a d  us t o  
fo rmu la te  t h e  f o l l o w i n g  hypotheses: (1) w a t e r  i s  bound t i g h t l y  b y  l o w  r a n k  
c o a l s  and i s  not  removed b y  d r y i n g  ove rn igh t  i n  a vacuum; ( 2 )  t h e  bound water  
i s  e x t r a c t e d  b y  methanol r e f l u x i n g ,  and ( 3 )  t h e  bound w a t e r  a f f e c t s  d e n s i t y  
measurements. 

R. C. Neavel S. E. Smith, R. J. Lang, Exxon Research and Eng ineer ing  

Exper imenta l  

C a r b o x y l  group contents  were determined f o r  t he  l i b r a r y  samples u s i n g  a modi- 
f i c a t i o n  o f  Schafer 's  i o n  exchange.B Samples o f  -325 M coa l  were washed w i t h  
c i t r i c  a c i d  t o  remove m e t a l l i c  ca t i ons .  Samples o f  0.5 g were  t h e n  r e f l u x e d  
i n  0.5 N b a r i u m  a c e t a t e  a t  50°C f o r  24 h r s  under N2. S o l u t i o n s  were back- 
t i t r a t e d  w i t h  BaOH t o  8.5 pH. 

To s t u d y  t h e  amount o f  t i g h t l y  h e l d  water  i n  d r i e d  coa ls ,  a ten-sample suhset 
o f  t h e  Exxon Coal L i b r a r y  was chosen on t h e  bas i s  o f  c a r b o x y l  g r o u p  c o n t e n t .  
A l i q u o t s  o f  t h e  raw and c i t r i c  a c i d  washed c o a l s  f rom t h e  subset were d r i e d  
o v e r n i g h t  i n  a vacuum oven a t  l l O ° C .  Vacitum was broken w i t h  N2 and t h e  sam- 
p l e s  t r a n s f e r r e d  immed ia te l y  i n t o  a g love box. A f t e r  c o o l i n g ,  t h r e e  grams o f  
each sample were t r a n s f e r r e d  t o  b o i l i n g  f l a s k s ,  150 m l  o f  methanol was added 
t o  the  samples, and t h e  m i x t u r e s  r e f l u x e d  f o r  one hour. P r i o r  t o  m i x i n g ,  t h e  
me thano l  had  been d r i e d  over 3A t ype  mo lecu la r  s ieves and b lank  r e f l u x  t e s t s  
were conducted. A l l  t r a n s f e r s  and subsequent r e f l u x i n g  were  p e r f o r m e d  under  
n i t r o g e n .  F o l l o w i n g  r e f l u x ,  t h e  methanol e x t r a c t  was decanted. The res idue  
was d r i e d  and weighed t o  determine t h e  t o t a l  weight  e x t r a c t e d  d u r i n g  r e f l u x -  
i n g .  The d e n s i t y  of t h e  methanol e x t r a c t s  were determined a t  30°C by pycnom- 
e t r y ,  and t h e  water  con ten t  i n  t h e  methanol e x t r a c t  was determined b y  a F i s h e r  
Aquatest .g 
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I n  e v e r y  case, t h e  weight  o f  t h e  s o l i d  res idue  a f t e r  r e f l u x i n g  and removal of 
methanol was within one percent  o f  t h e  s t a r t i n g  weight  o f  c o a l  m inus  c o r r e c -  
t l o n  f o r  t h e  e x t r a c t e d  "bound" wa te r  assayed b y  t h e  Aquatest i n  t h e  methanol. 

Resu l t s  and D iscuss ion  

A s  i l l u s t r a t e d  b; F igu re  1, one mole o f  water  can be removed by CH30H r e f l u x -  
i n g  of t h e  " d r i e d  , raw* coa l  f o r  each molar  e q u i v a l e n t  o f  carboxy l  g roups  as 
d e t e r m i n e d  b y  h a r i  um exchange o f  acid-washed coa l .  For "d r i ed " ,  a c i d  washed 
coals ,  app rox ima te l y  one -ha l f  as many wa te r  molecules are he ld  a f t e r  d r y i n g  as 
t h e r e  a r e  c a r b o x y l  g r o u p s .  Approx ima te l y  0.2 m i l l i e q u i v a l e n t s  of water  per 
gram o f  coal  i s  r e t a i n e d  b y  t h e  coa ls  which c o n t a i n  v e r y  l i t t l e  o r  no carboxy l  
groups. 

The r e s u l t s  i n d i c a t e  t h a t  w a t e r  i s  h e l d  b y  l ow  rank coa ls  even a f t e r  d r y i n g  
o v e r n i g h t  i n  a vacuum oven. R e f l u x i n g  i n  excess methanol removes t h i s  w a t e r .  
A l s o ,  when some c a r b o x y l  g r o u p s  are i n  a s a l t  form, more water  i s  h e l d  than 
when a l l  t he  groups are i n  an a c i d  form. Assuming t h a t  o t h e r  t y p i c a l  c o a l s  
c o n t a i n  ca rboxy l  groups wi th s i m i l a r  p r o p o r t i o n s  o f  ca t i ons  exchanged t o  them, 
t h e  amount o f  w a t e r  h e l d  b y  raw c o a l s  can be a p p r o x i m a t e d  b y  t h e  number o f  
c a r b o x y l  g roups  p r e s e n t  i n  t h e  ( a c i d  washed)  c o a l .  The c a r b o x y l  g roups  
present  i n  coa ls  can be es t ima ted  b y  t h e  f o l l o w i n g  e q u a t i o n  d e r i v e d  f r o m  t h e  
Exxon l i b r a r y  da ta  base: 

COOHdmf = 19.4 - 0.222*Cdmmf - 0.0173*VITvo~ ( 1 )  

C d m f  = Carbon con ten t  o f  coa l  (%)  ( d r y  m ine ra l  f ree )  
where COOHd,,,,,,f = Carboxy l  con ten t  (meq/g) ( d r y  m ine ra l  f r e e )  

VITVOL = V i t r i n i t e  con ten t  (VOL. X ,  m i n e r a l - f r e e )  

The c o r r e l a t i o n  c o e f f i c i e n t  squared ( r 2 )  i s  0.94, and t h e  equat ion p r e d i c t s  
COOH t o  w i t h i n  2 0.1 meq/gram ( d r y  m i n e r a l  f r e e  coa l  b a s i s ) .  

D e n s i t i e s  o f  t h e  w a t e r - c o n t a i n i n g  methanol s o l u t i o n s  were determined b y  pyc- 
nometry. The d e n s i t i e s  o f  these s o l u t i o n s  were p r o p o r t i o n a l  t o  t h e  amount o f  
bound w a t e r  e x t r a c t e d ;  a p p a r e n t l y  no measurable volume change occu r red  when 
t h e  water was i n c o r p o r a t e d  i n t o  a l a r g e  excess  o f  m e t h a n o l .  D e n s i t i e s  o f  
e x t r a c t s  from methanol r e f l u x  measured a t  30°C ranged f rom 0.783 g/ml t o  0.789 
g/ml with a mean o f  0.786 g/ml f o r  t h e  20 samples t e s t e d .  D e n s i t i e s  o f  t h e  
me thano l  b l a n k s  d r i e d  o v e r  3A mo lecu la r  s ieves averaged 0.783 g/ml. Repro- 
d u c i b i l i t y  o f  t h e  d e n s i t y  measurements was b e t t e r  t han  + 0.0005 g/ml. The 
measured d e n s i t i e s  o f  t h e  m i x t u r e ,  w i t h i n  exper imenta l  e r r o r .  r e s u l t s  from the  
a d d i t i o n  o f  t h e  w a t e r  t o  t h e  m i x t u r e  w i t h o u t  c h a n g i n g  t h e  vo lume o f  t h e  
a i  x ture.  

Water bound t o  t h e  oven-d r ied  coa l  would be e x t r a c t e d  i n t o  t h e  l a r g e  volume of 
any Po la r  l i q u i d  d u r i n g  d e n s i t y  de te rm ina t ions ;  t he re fo re ,  apparent d e n s i t i e s  
measured i n  these  p o l a r  l i q u i d s  would be s p u r i o u s l y  h igh .  Water bound i n  t h e  
coa l  would be weighed, b u t  i t s  volume would no t  be measured. When t h e  d e n s i t y  
o f  Coal 4s determined i n  hel ium, water, n-hexane, o r  t o luene ,  t h e  bound water 
would be weighed and i t s  volume would be measured. However, s i n c e  t h e  d e n s i t y  
of t i g h t l y  h e l d  w a t e r  i s  lower  than  t h e  d e n s i t i e s  o f  c o a l s  (assuming t h a t  t h e  

*Raw r e f e r s  t o  s t a t e  o f  t h e  coa l  a f t e r  p r e p a r a t i o n  such as g r i n d i n g  and wash- 
i n g  bu t  p r i o r  t o  any  chemical t reatment  such as a c i d  washing. 
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d e n s i t y  o f  t h e  t i g h t l y  h e l d  water  i s  t h a t  o f  b u l k  wa te r ) ,  t h e  d e n s i t y  o f  t h e  
s o l i d  m a t e r i a l  measured i n  these probes i s  lower than  i t s  t r u e  d e n s i t y .  Also, 
s i n c e  water  w i l l  r e p e l  hydrophobic  hexane and t o l u e n e ,  complete f i l l i n g  of t h e  
po re  s t r u c t u r e  w i l l  n o t  occur. D e n s i t i e s  o f  t h e  l i b r a r y  c o a l s  d e t e r m i n e d  i n  
hexane and t o l u e n e  a r e  l e s s  than  d e n s i t i e s  measured i n  hel ium. 

F i g u r e  2 demonstrates t h e  e f f e c t s  o f  t i g h t l y  bound w a t e r  on t h e  d e n s i t y  o f  
c o a l s  measured i n  methanol and i n  hel ium. I n  F i g u r e  2. methanol d e n s i t i e s  are 
p l o t t e d  as a f u n c t i o n  o f  h e l i u m  d e n s i t i e s .  A p a r i t y  l i n e  i s  i n c l u d e d  f o r  
r e f e r e n c e .  A p p a r e n t  d e n s i t i e s  determined i n  methanol (squares)  a r e  based on 
t h e  assumption t h a t  t h e  d e n s i t y  o f  t h e  b u l k  m e t h a n o l  does n o t  change  d u r i n g  
t h e  d e n s i t y  d e t e r m i n a t i o n .  The open c i r c l e s  rep resen t  c o r r e c t e d  h e l i u m  and 
methanol d e n s i t i e s  c a l c u l a t e d  f rom apparent d e n s i t i e s .  assuming t h a t  w a t e r  i s  
i n c o r p o r a t e d  i n t o  b u l k  m e t h a n o l  w i t h o u t  c h a n g i n g  t h e  vo lume o f  t h e  b u l k  
l i q u i d ,  t h a t  t h e  moles o f  t i g h t l y  bound water  p resen t  i n  t h e  coal  a r e  equal t o  
t h e  moles of ca rboxy l  groups i n  t h e  c o a l ,  and t h a t  c h e m i c a l l y  h e l d  wa te r  has a 
d e n s i t y  o f  b u l k  water .  C o r r e c t i n g  a p p a r e n t  d e n s i t i e s  f o r  t h e  t i g h t l y  h e l d  
w a t e r  does n o t  b r i n g  t h e  c o r r e c t e d  d e n s i t i e s  t o  t h e  p a r i t y  l i n e ,  b u t  d i f f e r -  
ences between the  c o r r e c t e d  d e n s i t i e s  d e t e r m i n e d  i n  t h e  t w o  m e d i a  a r e  much 
sma l le r .  

Numerous e x p l a n a t i o n s  have  been p r e s e n t e d  i n  t h e  l i t e r a t u r e  t o  account f o r  
d i f f e rences  i n  d e n s i t i e s  measured i n  v a r i o u s  media. These are summarized as: 
(1) o p e n i n g  of  pores b y  rem Val o f  va r ious  o rgan ic  components causes methanol 
d e n s i t i e s  t o  be gceater;1°,1P*13 ( 2 )  t h e  d i f f e rences .  i n  average mo lecu la r  s i z e  
of t h e  p robe  causes d i f f e r e n c e s  i n  apparent densities;11*12 ( 3 )  Vander Waals 
c o n t r a c t 1  n of methanol occurs on t h e  coa l  su r face  d u r i n g  t h e  d e n s i t y  d e t e r m -  
i n a t i ~ n ; ~ ~ ~  ( 4 )  i n c o r p o r a t i o n  o f  so l ven t  i n t o  t h e  g e l - l i k e  s t r u c t u r e  o f  c o a l s  
o c c u r s ,  caus ing  an i n c r e a s e  i n  d e n s i t y  due t o  so lvent-po lymer i n t e r a c t i o n s . l *  
These f a c t o r s  can now be more s a t i s f a c t o r i l y  a p p l i e d  because t h e  d i f f e r e n c e s  
w h i c h  need t o  be e x p l a i n e d  range f rom 0.01 g/ml t o  0.05 g/ml on t h e  c o r r e c t e d  
bas i s  i n s t e a d  o f  t h e  0.03 g/ml t o  0.15 g/ml range f o r  apparent d e n s i t i e s  where 
t i g h t l y  h e l d  water  i s  no t  t aken  i n t o  account. 

I n  a d d i t i o n  t o  t h e  e f f e c t s  of t i g h t l y  h e l d  w a t e r  on a p p a r e n t  d e n s i t i e s ,  t h e  
t i g h t l y  h e l d  water  may a f f e c t  o t h e r  p h y s i c a l  p r o p e r t i e s ,  I f  p o l a r  f u n c t i o n a l  
groups p r o j e c t  f rom t h e  po re  w a l l s ,  s i g n i f i c a n t  i n t e r a c t i o n s  between t h e  func-  
t i o n a l  g r o u p s  and p o l a r  probes b y  vapor a d s o r p t i o n  cou ld  r e s u l t  i n  increases 
i n  t h e  c o a l  s w e l l i n g  t h r o u g h  t h e  d i s r u p t i o n  o f  i n t e r m o l e c u l a r  hyd rogen  
b o n d i n g .  Because bound  w a t e r  he lps  spread t h e  charge d e n s i t y  over  a longer  
d i s tance ,  i t s  presence cou ld  enhance these i n t e r a c t i o n s .  A l s o ,  because  p o r e  
volume c a l c u l a t e d  f rom e q u i l i b r i u m  m o i s t u r e  volume i s  g r e a t e r  t han  po re  volume 
c a l c u l a t e d  from p a r t i c l e  and r e a l  d e n s i t i e s ,  wa te r  s w e l l s  t h e  coals .  Thus, t h e  
s w e l l i y g  vo lume a t t r i b u t e d  b y  some w o r k e r s  t o  " p l a s t i c  s w e l l i n  
v a p o r s  i s ,  i n  p a r t ,  due t o  d i s r u p t i o n  o f  s e c o n d a r y  b o n d i n g l a * l g * l ~ ' ~ %  
re leases  compression s t r a i n  and c r e a t e s  l a r g e r  p o r e s .  Second, i f  w a t e r  i s  
i n c o r p o r a t e d  n o n v o l u m e t r i c a l l y  i n t o  t h e  s w e l l i n g  s o l v e n t ,  so l ven t  uptake on a 
we igh t  percent  bas i s  w i l l  be a f fec ted  because t h e  wa te r  i n c o r p o r a t e d  i n t o  t h e  
s o l v e n t  l eaves  a v o i d  volume t o  be f i l l e d  b y  t h e  so l ven t .  The we igh t  g a i n  i s  
i n t e r p r e t e d  as a s o l v e n t - s o l i d  i n t e r a c t i o n  i n s t e a d  o f  t h e  wa te r -so l ven t  i n t e r -  
a c t i o n .  T h i r d ,  hydrophobic  so l ven ts  a r e  r e p e l l e d  b y  t h e  presence o f  water  on 
t h e  s u r f a c e  of t h e  pores. Thus, t h e  s o l v e n t  i s  no t  i n c o r p o r a t e d  i n t o  t h e  bu lk  
c o a l ,  w h i c h  i n  t h e  absence  o f  bound w a t e r ,  t h e  s o l v e n t  m i g h t  o t h e r w i s e  
pene t ra te .  

b 
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The presence o f  w a t e r  might  a f f e c t  su r face  p r o p e r t i e s .  For example, i f  s o l -  
vent  i nco rpo ra tes  w a t e r  i n t o  i t s  b u l k  n o n v o l u m e t r i c a l l y .  a heat r e l e a s e  w o u l d  
o c c u r .  C o r r e c t i o n s  f o r  t h i s  heat  r e l e a s e  should be considered when s t u d y i n g  
t h e  heat of w e t t i n g  o f  s o l v e n t s  on c o a l  s u r f a c e s .  The p resence  o f  t i g h t l y  
h e l d  w a t e r  may a f f e c t  t h e  con tac t  angle between t h e  coal  and a w e t t i n g  agent. 
Because p a r t i c l e  d e n s i t i e s  and pore volumes a r e  determined b y  m e r c u r y  i n t r u -  
s i o n  and c a l c u l a t e d  on t h e  b a s i s  o f  con tac t  angle,  t h e y  could be i n  e r r o r .  

T i g h t l y  h e l d  water  i s  no t  measured i n  s tandard procedures t h a t  c a l l  f o r  m o i s -  
t u r e  d e t e r m i n a t i o n  b y  d r y i n g  a t  110°C f o r  one hour. Therefore, any procedure 
t h a t  c a l l s  f o r  c o r r e c t i o n  o f  r e s u l t s  based on determined mois ture con ten t  does 
n o t  a d j u s t  d a t a  p r o p e r l y .  ASTM t e s t s ,  such  as t h e  B t u  c o n t e n t ,  v o l a t i l e  
m a t t e r  y i e l d s  and e lemen ta l  analyses are c o r r e c t e d  f o r  ASTM water  o n l y  and a r e  
n o t  c o r r e c t e d  f o r  t h e  t i g h t l y  h e l d  w a t e r  w h i c h  i s  present  i n  t h e  s t a r t i n g  
coa l .  I n  e lementa l  a n a l y s i s ,  water  i s  weighed as p a r t  o f  t h e  a c t u a l  sample,  
t h e n  t h e  sample i s  burned and t h e  products  o f  t h e  combustion (water  and CO2) 
are  t rapped and measured. T i g h t l y  h e l d  w a t e r  as w e l l  as ASTM m o i s t u r e  and 
w a t e r  o f  combustion a r e  a l s o  trapped. Th is  procedure c a l l s  f o r  an adjustment  
o f  t h e  hydrogen con ten t  based on t h e  ASTM water ,  b u t  no adjustment i s  made f o r  
t . i g h t l y  h e l d  w a t e r .  , T h e r e f o r e ,  t h e  h y d r o g e n  i n  t h e  t i g h t l y  h e l d  water  i s  
assigned as o rgan ic  hydrogen i n  t h e  coal .  The s t a r t i n g  weight  i n c l u d e s  oxygen 
f r o m  t h e  t i g h t l y  h e l d  w a t e r  w h i c h  i s  i n c o r p o r a t e d  i n  t h e  c a l c u l a t i o n s  as 
oxygen b y  d i f f e r e n c e  and ass igned t o  t h e  o rgan ic  content  o f  t h e  coal. 

C o r r e c t i n g  t h e  chemical  analyses f o r  t i g h t l y  h e l d  water  r e s u l t s  i n  a change o f  
as much as 0.5% i n  hydrogen con ten t .  The hydrogen t o  carbon r a t i o  changes  b y  
as much as 0.075, and t h e  oxygen t o  carbon r a t i o  changes by as much as 0.03. 
The net  r e s u l t  i s  t h a t  t h e  r e l a t i v e  p o s i t i o n s  o f  c o m p o s i t i o n s  o f  c o a l s  on a 
van K r e v e l e n  d i a g r a m  change. These changes i n  r e l a t i v e  p o s i t i o n  a f f e c t  t h e  
concepts o f  coal metamorphism and average mo lecu la r  s t ruc tu res .  

The presence o f  t i g h t l y  h e l d  water  may a f f e c t  chemical a c t i v i t y  o f  t h e  coa l  i n  
t h r e e  ways. F i r s t ,  wa te r  w i l l  r e a c t  w i t h  c e r t a i n  r e a g e n t s  t h a t  r e a c t  w i t h  
c o a l  s t r u c t u r e .  F o r  examp le ,  w a t e r  w i  11 h y d r o l y z e  Gr ignard reagents t h a t  
would otherwise a t t a c k  e s t e r s  and ketones i n  the  c o a l s  f o r m i n g  a l c o h o l s .  I t  
w i l l  a l s o  r e a c t  w i t h  t r i f l u o r o a c e t i c  a n h y d r i d e  t o  form a c e t i c  a c i d  d u r i n g  
t i t r a t i o n s  f o r  OH groups i n  t h e  coals .  Second, w a t e r  w i l l  a f f e c t  d i f f u s i o n  
p r o p e r t i e s .  F o r  examp le ,  w a t e r  bound t o  p o r e  w a l l s  w i l l  r e s t r i c t  p o r e  
aper tu res  and thus i n c r e a s e  d i f f u s i o n a l  r e s i s t a n c e  o f  c e r t a i n  c h e m i c a l  r e a c -  
t i o n s .  Thi rd ,  b y  b e i n g  c l o s e l y  assoc ia ted  w i t h  t h e  ca rboxy l  groups, t h e  wa te r  
may e f f e c t i  v e l y  b lock  r e a c t i o n s  such as e s t e r i  f i  c a t i  on. 

F i n a l l y ,  q u a n t i t a t i v e  r e s u l t s  f rom a n a l y t i c a l  spec t roscop ic  methods such as 
F o u r i e r  Transform I n f r a r e d  Spectroscopy (FTIR)  a re  c a l c u l a t e d  on t h e  we igh t  o f  
t h e  sample i n  t h e  ana lyzed  p e l l e t s .  Because t i g h t l y  bound water  i s  p resen t  i n  
v a r y i n g  amounts i n  each coal ,  each sample's spect rum s h o u l d  be c o r r e c t e d  f o r  
t h a t  bound water. A t  p resen t ,  s tandard techniques do not .  Also, because t h e  
OH s t r e t c h  o f  t h e  bound water  would absorb i n  t h e  same regions o f  t h e  spectrum 
as do a c i d  f u n c t i o n a l i t i e s ,  t h e  a c i d  (OH) con ten t  o f  t h e  coal  i s  ove res t ima ted  
b y  t h i s  technique. 

M a t e r i a l  and heat ba lances o f  convers ion processes should account f o r  t i g h t l y  
h e l d  water. F o r  example, some water  present  i n  l i q u e f a c t i o n  p r o d u c t s  w i l l  be 
fo rmed  f rom bound w a t e r :  t h e r e f o r e ,  heats  o f  l i q u e f a c t i o n  should be ad jus ted  
acco rd ing l y .  A l s o ,  t h e  bound w a t e r  may i n f l u e n c e  t o t a l  y i e l d s  and y i e l d  
p a t t e r n  i n  l i q u e f a c t i o n ,  p y r o l y s i s ,  and h y d r o p y r o l y s i s .  Other processes such 
as g r ind ing ,  d i s p e r s i o n  o f  c a t a l y s t s ,  c lean ing ,  and cok ing may be a f f e c t e d  b y  
t h e  presence o f  t h e  t i g h t l y  h e l d  water .  
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Concl u s i  ons 

C o a l s  d r i e d  b y  c o n v e n t i o n a l  techn iques  c o n t a i n  water t h a t  can be removed by 
p o l a r  o rgan ic  s o l v e n t s  d u r i n g  r e f l u x i n g .  The i n c o r p o r a t i o n  o f  w a t e r  i n t o  t h e  
s o l v e n t s  can l e a d  t o  e r r o n e o u s  d e n s i t y  de terminat ions  i n  p o l a r  o rgan ic  sol-  
vents. The bound water  i s  p r o p o r t i o n a l  t o  t h e  carboxy l  g r o u p  c o n t e n t  o f  t h e  
c o a l .  Because lower rank coa ls  c o n t a i n  more carboxy l  groups than h igher  rank 
coals,  t h e  e f f e c t s  o f  bound water  are more profound i n  lower rank c o a l s .  The 
presence o f  water on c o a l s  assumed t o  be d r y  cou ld  have f a r  reach ing  s i g n i f i -  
cance i n  o ther  areas o f  coa l  science such as s o l v e n t  coal  swe l l ing ,  e l e m e n t a l  
a n a l y s i s ,  coal  c l a s s i f i c a t i o n ,  chemical a c t i v i t y ,  p rocess ing  y i e l d s ,  and heat 
balances. We would recommend t h a t  such p o s s i b l e  e f f e c t s  be kept i n  mind  when 
t r e a t i n g  data on presumably d r y  coals.  
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I~KII~AI~I ’ I I~S  OF DESOIIITION OF WA’I‘ER VROM COAL SURFACIS 

J.E. Callanan, BJ. Filla, K.M. McDermott and S.A. Sullivan 

Center for Chemical Engineering, National Bureau of Standards* 
h u l d e r ,  CO 80303 

Introduction 

During our 
heat capacity of coal and to develop a model that  would facilitate the prediction 
of the thermal properties of coal, several series of nieasurenients of the heat 
capncity of a single coal were made. 
to be related to weathering of the coal and to i t s  inherent moisture content were 
observed. This paper deals with t w o  facets of the interaction of nioisr.ure with 
coal surfaces.that are related to our study of these changes. 

‘flie first was the observation of significant qualitative and quantitative 
differences in the initial heat capacity scans as the coal under study became 
more oxidized (1,2). Particularly significant was the progressive development of 
an exotherm. As the projected heat halance of any process would he seriously 
affected by an unanticipated generation of heat, i t  is important to determine the 
magnitude of the enthalpy. 

Second, our adaptation of a model which permits the prediction of the heat 
cayicity of coal from parameters such as heating rate, ultimate antilysis, and 
moisture content (3) requires a value for the heat of \*aporij.;tion of water. 
Since the water interacted with the coal surface, it was not clear that the niwt 
suitable value \vas in fact an enthalpy of vaprization. 
the energy 
nature of the process might be. 

‘Illis paper descrihes the nieasurenients and data reduction techniques used to 
evaluate the energy difference between initial and subsequent runs, a simple 
technique developed for heat of desorption measurements, and presents results 
obtained with both procedures. 

Experimental 

efforts to develop transferable techniques for the measurement of the 

Changes in thermal properties which appear 

\\.‘e wished to determine 
involved in removing water from the coal e.upc!rinientally, whatever the 

Materials 

Two  different coals were used for these studies. The first was a high-volatile 
bituminous coal (I’SoC-854), obtained from the Coal Sample Dank at Pennsylvania 
State University. The second, a preniiuni medium-volatile bituminous coal, was 
obtained from the Premium Coal Sample Bank a t  Argonne National laboratories (4). 

*Contribution of the National lhreau of Standards. Not subject to copyright. 
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Procedures - heat capacity measurements 

Specimen preparation followed our established procedures (5). All  preparation 
was done in a controlled atmospliere, either in a controlled-atmosphere chamber 
for the specimens sealed in nitrogen (6). or in a glove bag for specimens sealed 
in argon, helium and carbon monoxide. Representative fractions. obtained by 
riffling, were heated to 383 K in a stream of d ry  nitrogen and dried to constant 
weight. The specimens were pelleti7.ed lxlore sealing. Pellet masses, accurate 
to O.OSpg, varied f rom 5.33-21.53 nig. The temperatures are accurate to 0.1 K. 

lleat capacity nieasurenients were niade wi th  a scanning calorimeter at  
300-520 K. Colorimetry Conference sappliire was  used its a standard (7). The 
running order for tlie nieasurenients was empty, st;indiird, coal 1 ,  coal 1 repeat, 
standard, etc. The specimen mass was determined before the initial scan; 
following each scan of coal, tlie specimen was  cooled and rea.eiglied. The 
measurements, i n  air, made early in our development of recommended procedures, 
involved slightly different running procedures. 

Data analysis - heat capacity and entlialpy 

A fitting program was  applied to tlie heat capacity data using algoritlinis 
developed in these laboratories. 
repeat argon, tlie area beta.een the curves was determined by numerical 
integration. This area co r re sp ids  to tlie entlialpy difference between the 
initial and repeat runs. 

Procedures - ent1i;ilpy of desorption 

The specimens used for the enthalpy of desorption 
with ivater in atniozplieres of tlie desired huniitlity. weighed and transferred 
quickly to the calorimeter. 'Ihe calorimeter temperature \vas set initially a few 
degrees above the melting point of water. An enthalpic nieiisiirenient teclinique \vas 
used (8,9). This technique for scanning c;ilorimetric measurements of heat 
capacities and enthalpies meiisures the total entlielpy in a step cliange in 
tenilierature. Ilivision by the teniperature change gives the heat capacity at  the 
midpoint of tlie temperature step. The temperature w a s  raised rapidly to tlie 
desired final temperature and held constant for an hour; data were taken until 
the trace returned to the baseline. l'lie repeat scan followed tlie initial scan 
iminedintely, without intermediate weighing. The m a s  loss, determined by 
\veighing arter tlie repeat run. v.'as used to calculate the enthalpy. We had 
observed in other studies tliat mass losses rarely occurred in scans suhsequent to 
the initial scan. 

Data analysis - enthalpy of desorption 

In the 
the dry coal) was  used as the baseline in the determination of the heat input 
required by 
from that for the nioist coal yielded a heat input versus time plot, from lvliich 
the enthalpy of desorption could be determined. The enthalpy was obtained by 
integrating heat input versus time and dividing by the mass loss of the specimen. 
Fig. 1 represents a typical plot for the endothermic desorption of water from 
moist coal at  temperatures around 400 K. 

5 K/min from 

For each pair of fitted data, e.g.. argon and 

measurements were equilihrated 

deterniination of the enthalpy using this procedure, the repeat scan, (for 

The subtraction of tlie dry  coal scan the moist coal (initial scan). 

A t  higher temperatures (400-500 K). the 
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coal exhibits the exotherm illustrated in Fig. 2. 

Results 

Enthalpy differences 

l'he results 
854 made over a period of three years and on an initial study of the premium 
coal. 
studies. 'l'he A specimens were prepared and sealed in air; the 13, C, and premium 
specimens were prepared and sealed in nitrogen. 
of the I'SOC-854 initial scans; it is not observed in the initial scan of the 
premium coal. 
pair is given in Table 1. 

A comparison, of heat capacity data from specimens sealed in different atmo$ieres 
is given in Fig. 4. 'Hie heat capacity of the coal sealed in air is lower than 
the others. Values obtained in helium are highest. As the heat c;ipiicity of the 
speciniens sealed in argon is similar to that for specimens sealed in carbon 
monoxide and nitrogen, the latter are omitted from Fig. 2. The entlialpy 
differences for the data obtained in various atmospheres are included in Table 1 
also. 
curves used for air were not obtained with the same running sequence as the other 
data: The scan used as the initial run was made approximately one year after the 
repeat run depicted. Thus the figure given in 'Ihble 1 for tlie enthalpy 
difference in air is influenced both by the varying oxidation levels of the 
specimens and by tlie effect of the different atniosphere. I3ec;iiise of the 
difficulty in comparing this with the other enthalpies, this figure is given in 
paren theses. 

lleat of desorption 

Representative data obtained using the methods descrilied here for d-terniining 
heats of desorption are presented in Table 2. The values are slightly higher 
than tlie isosteric heats of desorption reported by Allardice and ]:vans for 
Yallourn brown coals (10). The heat of vaporization of water as a real gas is 
2.26 kJ/g at atniospheric pressure (11). The scatter in tlie data \vas less than 10 
percent. A furtl iur study of repeated desorption and adsorption from tlie coal 
surface, not discussed in detail here, showed comparable precision. 
applied the method described here to n.ater-calciuni sulfate and ~vater-molecular 
sieve systems successfully. 

presented for tlie enthalpy differences are based on studies on I'SOC- 

fig. 3 is a composite of the fitted heat capacity data from each of these 

'llie exoiherni is apparent i n  each 

The enthalpy difference between initial and repeat scans for each 

As we were not aware of the exotherm in the initial studies ( in  air), the 

We have also 
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T A B L E  1 : AH1 - A H R  VALUES FOR SEVERAL COALS 

YERR OF SPECIMEN RTMOSilI!ERE AH1 - A H R  
STUDY FIGURE REF. (J/g K )  

1983 A AIR (6 0) 

1984 B N2 18 

1985 C N2 34 

1986 PREM N2 6 

1985 ARGON AR 37 

1985 HELIUM HE 29 

TRBLE 2 : DSC CORL-MOISTURE D E S O R P T I O N  D A T A  

RUN I TEMP. RRNGE ( K 1  SRMP.MASS (mg. )  X WT. LOSS ENTHALPY ( k J / g )  

C L W ~  273-400 11.519 6 . 4 1  3 . 2 2  

CLHQS 273-400 10 .952  6 . 1 5  3 . 3 2  

CLW06 273-370 11 .207  6 . 8 2  3 . 1 4  

CLW07 273-370 14.304 6 . 0 1  2 . 7 9  

CLW08 273-430 14.393 6 . 9 1  4 . 9 1  

CLWW 273-430 I I . 5 0 8  6 . 2 1  4 . 3 0  
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The E f f e c t  of Carbon Sur face  Oxides on t h e  Enthalpy of Immersion i n  Water and 
t h e  Adsorpt ion of  Water Vapour 

S t u a r t  S .  Ba r ton  

Department o f  Chemistry and Chemical Eng inee r ing  
Royal M i l i t a r y  Co l l ege  of Canada 

Kingston,  O n t a r i o ,  K7K 5LO 

I t  has been known f o r  a long t i m e  t h a t  carbon s u r f a c e s  which have been exposed 
t o  even mild o x i d a t i o n ,  become covered t o  a g r e a t e r  or l e s s e r  e x t e n t  by chemica l ly  
bonded oxide groups. Depending on t h e  t empera tu re  a t  which the  o x i d a t i o n  i s  
c a r r i e d  o u t ,  t h e  carbon s u r f a c e  can  e x h i b i t  e i t h e r  a c i d i c  or b a s i c  
c h a r a c t e r i s t i c s .  I t  i s  l i k e l y  t h a t  t h e  s u r f a c e  b a s i s i t y  developed on h i g h  
temperature  o x i d a t i o n  i s  r e l a t e d  to  u n s a t u r a t e d  "cen t r e s"  produced by t h e  thermal  
removal of oxides .  These oxide s t r u c t u r e s  a r e  the rma l ly  uns t ab le  and may be 
d e t e c t e d  by t h e  method exempl i f i ed  by F ig .  1.  I n  t h i s  f i g u r e  t h e  d i f f e r e n t i a l  
amount of C q  and CO desorbed per  gram of Spheron 6 a r e  shown a s  a funct ioi i  of 
temperature .  The oxide s t r u c t u r e s  which produce COz are less s t a b l e  t h a n  t h e  
s t r u c t u r e s  which produce CO. S i m i l a r  r e s u l t s  have been ob ta ined  f o r  o t h e r  
carbons.  

Those ox ides  which a r e  a c i d i c  can n e u t r a l i z e  aqueous or e t h a n o l i c  bases .  I n  
F ig .  2 i s  shown t h e  dec rease  i n  t h e  s u r f a c e  a c i d i t y  of Speron 6 wi th  i n c r e a s i n g  
thermal  d e s t r u c t i o n  of t h e  s u r f a c e  ox ides .  I t  is appa ren t  t h a t  a c i d i c  groups of 
d i f f e r e n t  s t r e n g t h s  a r e  p re sen t .  However, a f t e r  t r ea tmen t  a t  800°C i t  appea r s  t h a t  
a l l  a c i d i c  s u r f a c e  ox ide  has  been removed. The t empera tu re  i n t e r v a l  o v e r  which t h e  
drop i n  a c i d i t y  occur s  is t h e  same i n t e r v a l  over  which C q  i s  desorbed. WDen t h e  
CO e v o l u t i o n  has reached a maximum, however, t h e  a c i d i t y  has a lmost  d i sappea red .  
The CO producing ox ide  s t r u c t u r e s  c o n t r i b u t e  v e r y  l i t t l e  t o  the s u r f a c e  a c i d i t y .  
The r e l a t i o n s h i p  between t h e  b a s i c  up take  and t h e  amount of  C q  desorbed i s  shoxm 
i n  F ig .  3. The sodium e thox ide  d a t a  f a l l  on t w o  i n t e r s e c t i n g  s t r a i g h t  l i n e s .  The 
i n i t i a l  l i n e  corresponds t o  the  decomposi t ion of  t h e  C q  producing oxide which is 
e s s e n t i a l l y  complete a t  600'C. Th i s  l i n e  has  a s l o p e  of  two i n d i c a t i n g  t h a t  t h e  
s u r f a c e  oxide be ing  des t royed  is d i b a s i c .  The second l i n e a r  p o r t i o n  has  a s l o p e  o f  
one demonstrat ing t h a t  t h e  les the rma l ly  s t a b l e  oxide which decomposes around 250°C 
i s  monobasic. The a c i d i c  complex decomposing a t  250" i s  not n e u t r a l i z e d  by aqueous 
OH- i on  whereas the  600'C deso rb ing  s p e c i e s  is  n e u t r a l i z e d  by t h i s  base  on a one t o  
one r a t i o .  Data of  t h i s  t ype  have been r a t i o n a l i z e d  t h a t  t he  a c i d  oxide group i s  a 
l a c t o n e  or some s i m i l a r  f u n c t i o n a l  group which i s  monobasic towards aqueous OH- ion 
bu t  can be opened i n t o  a d i b a s i c  s t r u c t u r e  by t h e  s t r o n g e r  e thox ide  ion.  Such a 
s t r u c t u r e  was proposed by Gar+-n and Weiss i n  1957 i.e. 

Treatment  with s p e c i f i c  chemical  r e a g e n t s  can  a l s o  p rov ide  information about  t h e  
oxide s t r u c t u r e .  Diazomethane r e a c t s  qu ick ly  and smoothly with p ro tona ted  s i tes  
which a r e  ca rboxy la t e  i n  n a t u r e  to  produce methyl  e s t e r s .  I f  t h e  p ro tona ted  s i t e  
i s  pheno l i c  then e t h e r  l i nkages  w i l l  be formed. S ince  methyl  e s t e r s  a r e  e a s i l y  
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hydrolysed  w h i l e  methyl  e t h e r s  are r e s i s t a n t  t o  h y d r o l y s i s ,  it i s  p o s s i b l e  t o  
d i s c r i m i n a t e  between t h e  two pro ton  t y p e s .  
Spheron 6 .  
t h a t  a t  l e a s t  two g r o u p s  a r e  b e i n g  methyla ted .  
t o  twenty hours  produces a c o n s t a n t  methoxyl c o n t e n t .  
i n c r e a s e s  s lowly  and becomes c o n s t a n t  a g a i n  a t  about  120 hours .  
c o n s i s t e n t  wi th  t h e  G a r t e n  and Weiss model which i m p l i e s  the  e x i s t e n c e  of a 
t a u t e r m e r i z a t i o n  s t e p  which may be v e r y  slow and r a t e  determining.  

F ig .  4 shows d a t a  o b t a i n i n g  wi th  
It is  s e e n  t h a t  t h e  methoxyl c o n t e n t  can be decreased by h y d r o l y s i s  and 

Treatment  w i t h  diazomethane f o r  up 
A f t e r  t h i n  t i m e  m e t h y l a t i o n  

These r e s u l t s  a r e  

Carbon s u r f a c e s  may a l s o  be probed f o r  pro tona ted  s p e c i e s  by t rea tment  w i t h  
e t h e r e a l  Grignard r e a g e n t  (methylmagnesium i o d i d e ) .  
r e l e a s e d  can be measured. 

A l l  t h e  chemical  techniques  o u t l i n e d  above were used  t o  produce t h e  d a t e  of 

The gaseous hydrogen 

F i g .  5 .  There  i s ,  i n i t i a l l y ,  at  low desorb ing  tempera tures  a c o n s i d e r a b l e  
d i f f e r e n c e  between t h e  two methoxyl d e t e r m i n a t i o n s  ( i . e .  a f t e r  20 hours  and 140 
hours  methyla t ion)  b u t  t h i s  d i f f e r e n c e  becomes s m a l l e r  as degass ing  tempera ture  is 
increased .  The oxide  s t r u c t u r e  which i s  decomposed around 250'C i s  a p p a r e n t l y  not 
methyla ted  by diazomethane s i n c e  no change i n  methoxyl c o n t e n t  takes  p l a c e  over  t h e  
range  20O0-4O0'C. Also inc luded  i n  F ig .  5 a r e  t h e  v a r i a t i o n s  of " a c t i v e "  hydrogen 
c o n t e n t  measured by r e a c t i o n  w i t h  methylmagnesium i o d i d e  and t h e  uptake of aqueous 
OH- i o n .  The Grignard d a t a  f a l l  on t o p  of t h e  20 h r .  r e a c t i o n  time r e s u l t s  w h i l e  
t h e  OH- ion  uptake d a t a  f a l l  on top of t h e  140 h r .  r e s u l t s .  One mst conclude t h a t  
t h e  s low s t e p  which r e t a r d s  t h e  m e t h y l a t i o n  r e a c t i o n  is absent  dur ing  r e a c t i o n  with 
aqueous base. 

A c e r t a i n  m o u n t  of in format ion  about  t h e  I R  s p e c t r a  of carbon s u r f a c e  o,xides 
i s  a l s o  a v a i l a b l e .  I t  h a s  been shown i n  s s t u d y  t h a t  a s e r i e s  of a c t i v a t e d  
c a r b o n s ,  oxided t o  d i f f e r e n t  e x t e n t s ,  gave I R  s p e c t r a  which were q u a l i t a t i v e l y  
similar (3  d i s t i n c t  bands  i n  t h e  1800 1100 cm- r e g i o n ) .  Peak a r e a s  could be 
q u a n t i t a t i v e l y  r e l a t e d  t o  t h e  m o u n t  of o x i d a t i o n  and, i n  p a r t i c u l a r ,  h e a t  
t r e a t m e n t  st 1000°C produced a marked (a l though not  complete)  e l i m i n a t i o n  of t h e  
s p e c t r a l  f e a t u r e s .  

These chemical  s t u d i e s  and o t h e r s  l i k e  them, r e s u l t  i n  t h e  conclus ion  t h a t  t h e  
a c i d  s u r f a c e  oxides  have  a complex s t r u c t u r e  probably  i n c l u d i n g  carboxyl ,  phenol ic  
and l a c t o n i c  f e a t u r e s .  Sur face  oxides  which desorb  as CO a r e  a l s o  p r e s e n t  b u t  do 
not  c o n t r i b u t e  t o  t h e  s u r f a c e  a c i d i t y .  

Acidic  or n o t ,  a l l  t h e s e  p o s s i b l e  s t r u c t u r e s  can c o n t r i b u t e  via hydrogen 
bonding and o t h e r  h y d r a t i o n  i n t e r a c t i o n s  t o  t h e  e n e r g e t i c s  of the  r e a c t i o n  of a 
carbon s u r f a c e  w i t h  l i q u i d  and vapour w a t e r .  The measurement of t h e  e n t h a l p y  of 
immersion i s  a convenient  method f o r  t h e  i n v e s t i g a t i o n  of t h e  s t a t e  of s carbon 
s u r f a c e .  
F i g .  6 g i v e s  a , s c h e m a t i c  diagram at  a s imple ,  e a s i l y  c o n s t r u c t e d  but  e f f e c t i v e  
c a l o r i m e t e r  based on an o r i g i n a l  des ign  by Zet t lemoyer .  The tempera ture  s e n s i n g  
t h e r m i s t o r  i s  p a r t  of a Wheatstone br idge .  
f u n c t i o n  of t h e  hea t  s u p p l i e d  by a c a l i b r a t i o n  h e a t e r  g i v e s  s measure of t h e  h e a t  
c a p a c i t y  of t h e  c a l o r i m e t e r  and i t s  c o n t e n t s .  
c a r e f u l l y  i n  th in-wal led  g l a s s  b u l b s  which a r e  s e a l e d  under  vacuum. 
carbon samples are immersed i n  water  (by breaking  t h e  submerged bulb) and t h e  s l o p e  
of t h e  yst evolved 2 mass of carbon g i v e s  t h e  e n t h a l p y  of immersion 
(hi1J-g ). 
i . e .  t h e  i n t e r c e p t  on t h e  h e a t  a x i s .  

E i t h e r  commercial c a l o r i m e t e r s  or a "home-made'' ins t rument  may be used. 

The imbalance of t h e  b r i d g e  as a 

Samples of carbon a r e  outgassed  
Three  or more 

This  procedure  a u t o m a t i c a l l y  c o r r e c t s  f o r  t h e  "heat  of breaking" 
T y p i c a l  d a t a  a r e  shown i n  F ig .  7.  

The change i n  h i  i n  water  wi th  o u t g a s s i n g  tempera ture  €or g r a p h i t e  and 
Spheron 6 and g iven  i n  F i g s .  8,9. For both t h e s e  subs tances  h i  decreases  w i t h  
i n c r e a s i n g  tempera ture ,  a f t e r  an i n i t i a l  s l i g h t  i n c r e a s e  due presumably t o  t h e  
removal of adsorbed water at t h e  lower tempera tures .  On t h e  o t h e r  hand, h i  €or 
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g r a p h i t e  i n  t h e  organic  l i q u i d ,  benzene,  s t a y s  reasonably  c o n s t a n t  a s  degass ing  
tempera ture  is increased  ( F i g .  10).  I t  should be nent ioned  t h a t  t h e  BET, N2 a r e a s  
of  both of t h e s e  adsorbents  do not change a p p r e c i a b l y  with h e a t i n g ,  
v a l u e s  obta ined  r e f e r s  t o  a cons tan t  s u r f a c e  a r e a .  
i n  Water and t h e  t o t a l  amount of C@ and CO desorbed per  gram (expressed  a s  m o l e s  
O f  oxygen) i s  shown €or Spheron 6 and g r a p h i t e  i n  F i g s .  11,12. The l i n e a r  decrease  
i n d i c a t e s  e i t h e r  t h a t  t h e  energy of i n t e r a c t i o n  between t h e  two types  of s u r f a c e  
oxide ( C q  producing and CO producing)  a r e  of t h e  same magnitude or t h e  CO 
producing s i t e  has  a f a r  s t r o n g e r  i n t e r a c t i o n .  Probably it is  t h e  l a t te r  c a s e  
which o b t a i n s .  

Thus t h e  h i  
The r e l a t i o n s h i p  between h i  

Both g r a p h i t e  and Spheron 6 a r e  not h i g h l y  porous.  Act iva ted  c a r b o n s ,  on t h e  
o t h e r  hand a r e  extremely porous. F i g .  13 shows t h e  v a r i a t i o n  of h i  i n  w a t e r  w i t h  
o u t g a s s i n g  temperature  f o r  t h e  microporous carbon obta ined  by t h e  vacuum p y r o l y s i s  
of t h e  polymer, po lyvinyl idene  c h l o r i d e  (PVDC carbon) .  The s u r f a c e  oxide  on t h i s  
carbon had formed, a f t e r  c a r b o n i z a t i o n  of t h e  polymer, by s t o r a g e  in a i r  for about  
s i x  months. 
thermal ly  desorbed a s  Co;! and CO. For PVDC carbon t h e  r e l a t i o n s h i p  i s  n o t  l i n e a r  
and a very l a r g e  drop i n  h i  va lue  t a k e s  p l a c e  when t h e  i n i t i a l  amounts of oxide 
a r e  removed. It is obvious t h a t  u n l i k e  t h e  c a s e  with t h e  non-porous carbons ,  t h e r e  
i s  a s o u r c e  of i n t e r a c t i o n  w i t h  water  o t h e r  t h a n  t h e  s u r f a c e  oxides .  T h i s  s o u r c e  
must involve  t h e  pore s t r u c t u r e .  It is i n t e r e s t i n g  to compare t h e  r a t e a  of 
d e c r e a s e  of h i  with s u r f a c e  oxide removal ,  g iven  i n  Table  I. The second column 
of t h i s  t a b l e  is simply t h e  s l o p e  of t h e  l i n e a r  p o r t i o n s  of t h e  h i  vs  oxygen 
removed curves  of F igs .  11 and 12. For PVDC carbon l i n e a r i t y  is not s t r i c t l y  
fol lowed and then only  a f t e r  most of t h e  oxide  has been removed. 

F ig .  14 g i v e s  the  v a r i a t i o n  i n  h i  with t o t a l  amount of oxygen 

TABLE I 

BET 
2 -1 

Slope  h .  Oxide 

J-mol-' J-g" mmol-g-' J -g-' J-g-' m -g 

Graphi te  -10 13 .O 0.569 5.7 7 . 3  160 

h O  h O  

Spheron 6 - 9 . 2  11.6 0.703 6.5 5.1 120 

--- PVDC carbon ---- 50.2 1.45 21.7 28.5 

For g r a p h i t e  and Spheron 6 ,  where l i n e a r i t y  is  found, t h e  s l o p e  g i v e s  t h e  
water-oxide i n t e r a c t i o n  energy per mole of ox ide  s i t e .  For g r a p h i t e  and Spheron 6 ,  
t h e  product  of t h e  s l o p e  and t h e  oxygen desorbed a t  1OOO'C g i v e s  t h e  c o n t r i b u t i o n  
t o  t h e  o v e r a l l  h i  from oxide water  i n t e r a c t i o n s  (ho).  
s u b t r a c t e d  from t h e  i n i t i a l  h i  v a l u e s  g i v e  t h e  c o n t r i b u t i o n  from the  "bare"  
carbon s u r f a c e  (hc) .  
1OOO'C degassed samples and a r e  p r o p o r t i o n a l  t o  t h e  BET s u r f a c e  a r e a s  of t h e  
non-porous carbons.  
where t h e r e  appears  t o  be some s y n e r g e t i c  e f f e c t  involv ing  pore and oxide  s i t e s  
which c o n t r i b u t e s  d i s p o r p o r t i o n a l l y  t o  h i .  T h i s  behaviour  may be explored  by a 
d i f f e r e n t  method i n  which h i  is measured f o r  a s e r i e s  of PVDC carbon samples 
pre-covered wi th  known amounts of water .  The r e s u l t s  of such a s t u d y  a r e  shown i n  
F ig .  15. 
The d a t a  i n d i c a t e  t h a t  t h e r e  a r e  two d i s t i n c t  A: v a l u e s .  
mol-g-' a d s o r p t i o n  AE is  24 kJ-mol-' . 
AH = 1.7 W-mol-' . A t h e  p o i n t  of the  change from t h e  h igh  AE t o  t h e  low AH, t h e  
h i  va lue  i s  28.5 J-g- . 
carbon degassed a t  1000°C. This  va lue  then ,  r e p r e s e n t s  t h e  c o n t r i b u t i o n  from pore 

These q u a n t i t i e s  when 

N a t u r a l l y ,  t h e s e  l a t t e r  a r e  very c l o s e  t o  t h e  h i  of  t h e  

This  s imple a n a l y s i s  cannot  be a p p l i e d  t o  t h e  porous  carbon 

The s lope  of t h e  curve is  t h e  n e t  molar  en tha lpy  of a d s o r p t i o n  (AE). 
Up to about  0 .6  

F u r t h e r  a d s o r p t i o n  proceeds w i t h  

f This  f i g u r e  is  very c l o s e  t o  t h e  h i  ob ta ined  wi th  PVDC 
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f i l l i n g  and h e n  i t  is s u b t r a c t e d  from !he i n i t i o 1  h i  produces t h e  c o n t r i b u t i o n  
f o r  water-oxide i n t e r a c t i o n s  (21 .7  J-g- ). 
i n t e r a c t i o n  of water  p r mole of o x i d e  si te f o r  PVDC carbon may now be computed as 
21.7/1.65 15 J-mole- . T h i s  l a r g e r  v a l u e  must r e f l e c t  t h e  s y n e r g e t i c  e f f e c t  
r e e e r r e d  t o  e a r l i e r .  

A v a l u e  for  t h e  energy of 

f 

The prpceeding  a n a l y s + s  p u r p o r t s  t o  show t h a t  it is p o s s i b l e  t o  o b t a i n  from 
a p p r o p r i a t e  exper iments  t h e  c o n t r i b u t i o n  t o t h e o v e r a l l  i n t e r a c t i o n  from oxide  
s i t e s ,  bare  open carbon s u r f a c e  and pore f i l l i n g .  
done b e f o r e  t h e  v a l i d i t y  of such an a n a l y s i s  can be e s t a b l i s h e d .  

Obviously much more work must be 

The d r a m a t i c  changes i n  water  vapour a d s o r p t i o n  which can r e s u l t  from the  
p r e s e n c e  of s u r f a c e  o x i d e s  is  i l l u s t r a t e d  i n  F ig .  16. The f i g u r e  shows t h e  
i so therms obta ined  a f t e r  e v a c u a t i o n  a t  40'C of carbon c l o t h  which had been 
p r o g r e s s i v e l y  o x i d i z e d  in 6n H N h .  
s igmoid (Type V) i so therm.  The oxid ized  samples ,  on t h e  o t h e r  hand, show Type I 
o r  Langmuir behaviour .  a l s o  i n c r e a s e  g r e a t l y  on o x i d a t i o n .  
A f t e r  evacuat ion  a t  400'6, when much of t h e  oxide  h a s  been d e s t r o y e d ,  t h e  water  
vapour  i so therms a r e  a l l  Type V. 

The "as rece ived"  m a t e r i a l  produces a t y p i c a l  

Values  of h i  and Ai 

I f  t ime p e r m i t s  a p p l i c a t i o n  of i m e r s i o n a l  e n t h a l p y  measurement t o  complex s o l i d s  
such as c o a l  w i l l  be examined. 
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Flci./&Absolule water isotherms at 2S°C on the rollowing air-activated carbons: 0. as received: 0 .  
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HEATS OF IMMERSION OF BITUMINOUS COALS I N  LIQUIDS 

J. P. Wiqhtman. J. 0. G lanv i l l e ,  J. B. Hollenhead. K. M. P h i l l i p s  and K. N. Tisa 

Chemistry Department, V i r g i n i a  Tech, Blacksburg, VA 24061 

INTRODUCTION 

The i n t e r a c t i o n  o f  l i q u i d s  w i t h  s o l i d  surfaces may be s tud ied  by a v a r i e t y  o f  
experimental methods i nc lud ing  both thermodynamic and spectroscopic ones. 
Immersional ca lo r ime t ry  as a thermodynamic t o o l  has proven p a r t i c u l a r l y  useful i n  
probing t h i s  i n te rac t i on .  A dated bu t  nonetheless excel l e n t  review o f  immersional 
ca lo r ime t ry  has been given by Zettlemoyer (1). Although coal has a complex pore 
s t ruc tu re  [2], a number o f  researchers have repor ted the  heats o f  immersion o f  a 
v a r i e t y  o f  coals i n  a number o f  d i f f e r e n t  l i q u i d s  [3-131. Indeed, Callanan has 
summarized [14] the case f o r  a d d i t i o n a l  s tud ies o f  heats o f  immersion i n  a r e p o r t  
descr ib ing measurement needs f o r  coal. The ob jec t i ve  o f  the present work was t o  
assess the e f f e c t s  o f  we t t i ng  l i q u i d  chain length and coal surface o x i d a t i o n  on the 
heat o f  immersion o f  bituminous coals  i n  both n-alkanes and n-alcohols and i n  water. 

EXPERIMENTAL 

Two bituminous coals  were used i n  t h i s  study, V i rg in ia-C and Pocahontas No. 3 
obtained respec t i ve l y  from Buchanan County, V i r g i n i a  and McDowell County, West 
V i rg in ia .  The ash 
content o f  V i rg in ia-C and Pocahontas No. 3 coals  was 5.22 and L O % ,  respect ive ly ;  
the moisture content was 0.15 and 1.04%. resp. The u l t ima te  ana lys i s  o f  the two 
coals i s  l i s t e d  i n  Table I. 
No. 3 coal was 1.9 and 2.0 m2/g, respect ive ly ,  as determined by low temperature gas 
adsorption. Some Pocahontas No. 3 coal was ext racted w i t h  methanol i n  a Soxhlet 
apparatus f o r  24 hours. 

The coals were crushed and sieved t o  -325 mesh (<44 microns). 

The surface area o f  the Vi rg in ia-C and the  Pocahontas 

Table I. Ult imate Analys is  o f  Coals 

E I ement 

Carbon 
Oxygen (by d i f ference)  
Hydrogen 
Ni t rogen 
S u l f u r  
Chlor ine 

Weight Percent (MF basis)  
V i  rd nia-C Pocahontas No. 3 

87.0 
6.9 

4.25 
0.97 
0.64 
0.20 

84.8 
8.9 
4.6 
0.97 
0.61 
0.08 

Heats o f  immersion were determined i n  a Setaram Calvet  MS 70 microcalor imeter  

t o r r  f o r  2 hours a t  room temperature i n  a custom Pyrex bu lb  was 
using a prev ious11 repor ted procedure [ll]. A known weight o f  coal (20-50 mg) 
outgassed a t  <lo- 
immersed i n  5 m l  of t h e  we t t i ng  l i q u i d .  
immersion was about 10%. 
and applied. 

per iods (10 - 1440 minutes) i n  a thermostatted forced a i r  oven over a range o f  
temperatures (110 - 320°C). 

The p rec i s ion  o f  a t y p i c a l  heat o f  
A heat o f  empty bu lb  break ing c o r r e c t i o n  was determined 

Oxidat ion o f  the coal samples was achieved by heat ing the coal f o r  vary ing t ime 
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The XPS (x - ray  photoelectron spectroscopy) spectra o f  the powdered coal  samples 
were obtained us ing  e i t h e r  a Kratos XSAM-800 e lec t ron  spectrometer o r  a Perk in  Elmer 
PHI 5300 e lec t ron  spectrometer. 
(1254 eV) and a hemispher ical  analyzer. Coal powder was mounted on the  sample probe 
w i t h  doub les t ick  tape. The atomic f rac t i on  o f  each element was determined from the  
corrected area o f  t h e  elemental photopeak. 

Both spectrometers use a magnesium x-ray source 

RESULTS AN0 DISCUSSION 

The heats o f  immersion o f  V i r g i n i a 4  coal determined i n  a ser ies  o f  n-alcohols 
a re  l i s t e d  i n  Table 11. A decrease i n  t h e  heat o f  immersion i s  noted as the  carbon 
number o f  the a lcoho l  increases. This decrease i n  the heat o f  immersion fo r  coal i s  
i n  cont ras t  t o  the  inc rease i n  the  heat o f  immersion observed f o r  g raph i t i zed  carbon 
black [15]. Th is  marked d i f f e r e n c e  i n  behavior i s  due t o  d i f fe rences  i n  the 
s t ruc tu re  o f  coal  and carbon black. Larsen. e t  a l .  [16] have suggested t h a t  coal be 
t rea ted  as a c ross- l inked macromolecule. The swe l l i ng  o f  coal by methanol i s  we l l  
known and t h i s  swe l l i ng  phenomenon i s  t y p i c a l  o f  c ross- l inked polymers. Thus, the 
decreasing heat o f  immersion f o r  coal  undoubtedly r e f l e c t s  the i n a b i l i t y  o f  the 

another measure o f  t h i s  diminished penet ra t ion  by wet t ing  l i q u i d s  o f  inc reas ing  
bulkiness. The t ime requ i red  f o r  complete l i b e r a t i o n  o f  the  heat o f  immersion can 
be fol lowed conven ien t ly  i n  the microcalor imeter and i s  termed the immersion t ime. 
Th is  t ime o f  immersion i s  shor t  f o r  methanol and n-dodecanol bu t  i s  a maximum for n- 
butanol. The heats and times o f  immersion are  cons is ten t  w i t h  a r a p i d  and complete 
penet ra t ion  o f  coal b y  methanol and a s t i l l  rapid, bu t  complete exclusion, o f  n- 
dodecanol by coal. Immersion i n  n-butanol g ives  in te rmed ia te  heat and t ime resul ts.  
The e f f e c t  o f  outgassing temperature on heat o f  immersion i s  on l y  modest. 
example, the  heat o f  inunersion i n  methanol o f  V i r g i n i a 4  coal  outgassed a t  room 
temperature and a t  120°C was 24 and 28 J/g, respect ively.  

' l a rge r  a lcoho ls  t o  penet ra te  coal. M ic roca lo r imet r i c  measurements a f f o r d  y e t  

For 

Table 11. Heats o f  Immersion o f  Coals i n  n-Alcohols and n-Alkanes 

L!quid 

Methanol 
n-Propanol 
n-Butanol 
n-Hexanol 
n-Dodecanol 

n-Octane 
n-Nonane 
n-Decane 
n-Undecane 
n-Dodecane 
N-Tridecane 
N-Tetradecane 
N-Pentadecane 
N-Hexadecane 
n-Heptadecane 
n-Octadecane 
n-Nonadecane 

Carbon No. 

1 
3 
4 
6 

12 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Heat o f  Immersion (J/q) 
Virqinia-C Pocahontas No. 3 

24. 
19. 
15. 

4.6 
4.6 

6.9 
5.5 
5.1 
4.3 
5.3 
4.1 
3.7 .. 

3.7 
3.7 
3.7 
3.7 
3.2 
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c The heats o f  immersion i n  water o f  V i rg in ia-C coal  heated f o r  24 hours a t  
d i f f e r e n t  temperatures are shown i n  Table 111. There i s  nea r l y  a f i f t y - f o l d  
increase i n  the heat o f  immersion f o r  coal heated a t  320°C compared t o  unheated 
coal. 
150'C. The sur face composit ion o f  unheated coal and o f  coal heated t o  d i f f e r e n t  
temperatures can be determined by XPS analysis. The oxygenlcarbon atomic r a t i o s  
ca lcu lated from the XPS spectra o f  the unheated and heated coals  a re  l i s t e d  i n  Table 
111. The O/C r a t i o  increases as the temperature t o  which the  coal i s  heated 
increases. Indeed, the heat o f  immersion and XPS r e s u l t s  are complementary, and the 
agreement r e f l e c t s  increas ing numbers o f  surface p o l a r  (oxygen-containing) groups. 

The change i n  the heat o f  immersion i s  modest u n t i l  t he  coal  i s  heated above 

Table 111. Heats o f  Immersion i n  Water and XPS Resul ts  f o r  the Oxidat ion o f  
V i rg in ia-C Coal 

Oxidat ion Temperature ("C) Heat o f  Immersion (J/ql Surface [ O / C l  Rat io  

110 
150 
175 
210 
225 
250 
300 
320 

2.5 
3.0 
4.5 
9.0 
23.5 
34.0 
59.0 
75.0 
99.0 

0.053 
0.065 
0.087 
0.11 
0.16 
0.18 
0.22 
0.27 
0.28 

The heats o f  immersion o f  Pocahontas No. 3 coal determined f o r  a se r ies  o f  n- 
alkanes are l i s t e d  i n  Table 11. An i n i t i a l  decrease i n  the heat o f  immersion i s  
noted as the carbon number o f  the alkane increases. Again, the exc lus ion o f  the 
longer alkane molecules by coal i s  demonstrated. The heats o f  immersion i n  water o f  
Pocahontas No. 3 coal heated a t  320'C f o r  d i f f e r e n t  t imes are shown i n  Table I V .  An 
i n i t i a l  r a p i d  increase i n  the heat o f  immersion w i t h  ox ida t i on  t ime i s  fo l lowed by a 
slower increase i n  the heat o f  immersion. For example, t he re  i s  about a ten - fo ld  
increase i n  the heat o f  immersion f o r  coal heated f o r  on l y  2.5 hours compared t o  a 
two-fold increase over the next  20 hours. The oxygen/carbon r a t i o s  ca l cu la ted  from 
XPS spectra o f  t he  heated coals are l i s t e d  i n  Table I V .  The O / C  r a t i o  increases as 
the time o f  heat ing o f  the coal increases. Again, the heat o f  immersion and XPS 
r e s u l t s  are q u i t e  complementary. 
methanol has no s i g n i f i c a n t  e f f e c t  on e i t h e r  the heat o f  immersion o r  the 
oxygenlcarbon ra t i o .  

P r i o r  e x t r a c t i o n  o f  Pocahontas No. 3 coal by 

SUMlr24RY 

Dif ferences i n  the heats of immersion o f  bituminous coals  i n  a homologous 
ser ies o f  n-alcohols and n-alkanes r e l a t e  d i r e c t l y  t o  the a b i l i t y  o f  these l i q u i d s  
t o  penetrate the coals. Heats o f  immersion o f  ox id i zed  coals  i n  water can be used 
t o  f o l l o w  the ex ten t  o f  ox idat ion.  Changes i n  the  surface oxygen composit ion o f  
ox id ized coa ls  determined by XPS p a r a l l e l  changes i n  the heats o f  immersion i n  
water. 
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Table I V .  Heats o f  Imnersion i n  Water and XPS Resul ts on the Oxidat ion o f  
Pocahontas No. 3 Coal 

Oxidat ion Time (min) 

0.0 
0.0 
10 
20 
30 
60 
120 
180 
300 
360 
600 
720 
1080 
1080 
1440 
1440 

Heat o f  Immersion (J/q) 

3.6 * 
3.8 
28. 
30. 
41. 
45.5 
51. 
52. 
69. 
75. * 
75.5 
80. * 
84. 
83. 
88. 

- value f o r  methanol ex t rac ted  coal  

Surface [O/C] Rat io  

0.071 * 
0.086 
0.30 
0.33 
0.33 
0.1 
0.38 

0.46 * 
0.37 * 
0.43 * 
0.46 
0.43 * 
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ABSTRACT 

To assess f a c t o r s  t h a t  a f f e c t  t h e  sur face behavior  o f  coals,  f l o w  
m ic roca lo r ime t ry  s tud ies  were c a r r i e d  ou t  t o  measure t h e  heat evolved when 
methanol i s  d isp laced by water. Th is  heat appears t o  be a f u n c t i o n  o f  coa l  
rank and coa l  ox ida t i on .  I n  general, ox id i zed  coa ls  evolve l e s s  heat, which 
i s  ascr ibed t o  t h e  increase o f  p o l a r  s i t e s  and t h e  p r e f e r e n t i a l  adsorpt ion o f  
methanol over water on t h e  coa l .  However, coa ls  having a h i g h  mois ture con- 
t e n t  behave o p p o s i t e l y  i n  t h a t  d u r i n g  t h e  i n i t i a l  stages o f  o x i d a t i o n  t h e  c o a l  
becomes more hydrophobic. These f a c t o r s  a re  de l i nea ted  through f low c a l o r i  - 
metry, f unc t i ona l  group ana lys is ,  and w e t t a b i l i t y  s tud ies .  

INTRODUCTION 

I n t e r f a c i a l  p r o p e r t i e s  of coa l  a re  impor tant  i n  a number o f  coa l  
process ing and u t i l i z a t i o n  technologies.  Al though severa l  exper imental  
methods such as e l e c t r o k i n e t i c  p o t e n t i a l s ,  adsorpt ion,  con tac t  angle, etc., 
a r e  a v a i l a b l e  t o  assess i n t e r f a c i a l  behavior,  each method measures a somewhat 
d i f f e r e n t  aspect o f  i n t e r f a c i a l  behavior.  I n  t h i s  i n v e s t i g a t i o n ,  f l o w  
m ic roca lo r ime t ry  s tud ies  were c a r r i e d  ou t  t o  study t h e  na tu re  o f  s u r f a c e  
groups on t h e  su r face  o f  coal .  The f l o w  c a l o r i m e t r y  r e s u l t s  have been 
compared wi th  func t i ona l  group ana lys i s  and w e t t a b i l i t y  measurements. 

Coal sur faces a re  pos tu la ted  t o  c o n s i s t  of severa l  oxygen c o n t a i n i n g  
f u n c t i o n a l  groups, which i n c l u d e  -COOH, =CO, -0CH3 and -OH (bo th  a l c o h o l i c  and 
pheno l i c )  (1). Since these f u n c t i o n a l  groups a re  expected t o  i n t e r a c t  w i t h  
water molecules, f l o w  m ic roca lo r ime t ry  has been used t o  measure t h e  heat  
evolved when methanol, used as a c a r r i e r  f l u i d ,  i s  d i sp laced  by water.  
Func t iona l  groups i n  coal  samples were a l s o  determined by chemical  a n a l y s i s  
methods ( 2 )  and i n f r a r e d  spectroscopy (3). 

Charac te r i za t i on  o f  coa l  w e t t a b i l i t y  by c l a s s i c a l  con tac t  ang le  
measurements requ i res  c a r e f u l  sample s e l e c t i o n  t o  avo id  cracks and o the r  
phys i ca l  imper fec t i ons  and a p roper  p o l i s h i n g  procedure t o  avo id  
contaminat ion.  Furthermore, t h e  l a r g e  he te rogene i t y  o f  coa l  may r e s u l t  i n  
s i g n i f i c a n t  v a r i a t i o n  o f  measured con tac t  angles f rom sample t o  sample. 
Therefore,  i n  o rder  t o  assess t h e  w e t t a b i l i t y  of f i n e  coa l  p a r t i c l e s  and how 
i t  i s  i n f l u e n c e d  by coal  rank and t h e  degree o f  su r face  ox ida t i on ,  t h e  
immersion t ime measurement technique has been employed (4 ,5) .  

Coal Samples: 

The chemical ana lys i s  and su r face  areas o f  t h e  f o u r  coal  samples used i n  
t h i s  i n v e s t i g a t i o n  a re  g iven i n  Table 1. Four w ide ly  d i f f e r e n t  samples were 
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Table 1 - C h a r a c t e r i s t i c s  o f  Coal Samples 

PROPERTY 

Proximate Ana lys i s  

Mois ture 
Ash 
Vol a t i  1 e 
F ixed Carbon 
C a l o r i f i c  Value ( B t u / l b )  

U l t ima te  Ana lys i s  
( X ,  as-received)  

Mo is tu re  
Carbon 
Hydrogen 
Ni t rogen 
Ch lo r ine  
S u l f u r  
Ash 
Oxygen (by d i f f . )  

Sur f  ace Area ,m2/g 
(as-received)  

Ni t rogen (B.E.T. a n a l y s i s )  

Carbon d i o x i d e  
(0-P a n a l y s i s )  

COAL 

BMC-A - 
3.56 
5.06 
2.84 

13,270 
88.54 

3.56 
87.16 

1.45 
0.82 
0.80 
0.51 
5.06 
1.36 

274.42 

BMC-B 

2.31 
5.99 

17.98 
73.72 

14,290 

2.31 
82.07 

4.19 
1.52 
0.07 
0.73 
5.99 
3.12 

GMC-6 OJM-SB - -  
2.67 
8.22 

38.96 
50.15 

13,030 

2.67 
73.16 

4.98 
1.50 

" 0.02 
0.86 
8.22 
8.59 

7.50 3.60 

130.00 132.00 

27.65 
6.26 

34.02 
32.07 
8,230 

27.65 
48.1 7 

3.56 
0.60 
0.00 
0.54 
6.26 

13.22 

2.90 

219.00 

BMC-A: Pennsylvania A n t h r a c i t e  
BMC-B: Pennsylvania Bi tuminous 

GMC-B: Geneva Mine Coal, Utah, Bi tuminous 
DJC-SB: Dave Johnston Coal, Wyoming, Subbituminous 

se lec ted  t o  determine t h e  e f f e c t  o f  coal  rank and genesis on t h e  i n t e r f a c i a l  
c h a r a c t e r i s t i c s .  Dave Johnston coal  i s  p a r t i c u l a r l y  h i g h  i n  mois ture - a 
f a c t o r  t h a t  markedly a f f e c t s  t h e  i n t e r f a c i a l  behavior  as shown l a t e r  i n  t h i s  
paper. As can be seen f rom t h e  r e s u l t s  i n  Table 1, t h e r e  i s  a considerable 
d i f f e r e n c e  between t h e  su r face  areas obta ined by n i t r o g e n  adsorpt ion and those 
obta ined by carbon d i o x i d e  adsorpt ion.  Since micropores are e s s e n t i a l l y  
i n a c c e s s i b l e  t o  n i t r o g e n  molecules a t  l i q u i d  n i t r o g e n  temperatures, t h e  
sur face areas obta ined by n i t r o g e n  may be taken as a measure o f  t h e  ex te rna l  
surface. On t h e  o t h e r  hand, carbon d i o x i d e  molecules can adsorb i n  t h e  
micropores w i t h  no a c t i v a t i o n  energy needed a t  room temperature (6). The 
carbon d i o x i d e  su r face  areas, t he re fo re ,  represent  t h e  t o t a l  su r face  area. 

Y 
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I 
RESULTS AND D I S C U S S I O N  

Immersion Time Measurements: 

I n  a p rev ious  study (5),  t h e  technique o f  immersion t i m e  measurements was 
employed t o  cha rac te r i ze  coa ls  o f  d i f f e r e n t  rank and o r i g i n .  I n  t h i s  
technique, a smal l  mass o f  150 x 200 mesh coal i s  p laced on t h e  sur face o f  
aqueous methanol s o l u t i o n s  i n  a t e s t  tube and t h e  t i m e  f o r  t h e  p a r t i c l e s  t o  
s ink  i n t o  t h e  l i q u i d  i s  measured. The t ime, r e f e r r e d  t o  as t h e  immersion 
t ime, i s  a measure o f  t h e  r e l a t i v e  w e t t a b i l i t y .  The immersion t imes f o r  t h e  
Pennsylvania bi tuminous coal  a re  g iven as a f u n c t i o n  o f  methanol concen t ra t i on  
i n  F igure  1. The na tu re  o f  t h e  immersion t i m e  - vs - methanol concen t ra t i on  
p l o t s  i s  t y p i c a l  o f  t h e  var ious  coa ls  i nves t i ga ted .  The sur face tens ion  o f  
t he  methanol so lu t i ons  i s  a l s o  g iven i n  F igure  1. The- concen t ra t i on  o f  
methanol where w e t t i n g  behavior  changes ab rup t l y  f rom w e t t i n g  ( s h o r t  immersion 
t ime)  t o  non-wett ing ( l ong  immersion t ime)  i s  de f i ned  as t h e  c r i t i c a l  w e t t i n g  
concentrat ion,  CWC, and t h e  su r face  tens ion  corresponding t o  t h e  CWC i s  
def ined as t h e  c r i t i c a l  sur face tens ion  o f  t h e  coa l .  

The e f f e c t  of  su r face  o x i d a t i o n  on t h e  c r i t i c a l  su r face  tens ion  o f  
w e t t i n g  o f  t h e  var ious  coa ls  was determined by t h e  above procedure and t h e  
r e s u l t s  a re  p l o t t e d  i n  F igu re  2. For t h e  "as-received" samples, a minimum i s  
observed i n  the  c r i t i c a l  su r face  t e n s i o n  vs. t h e  carbon content  a t  about 80% 
carbon. These r e s u l t s  a re  i n  general  agreement w i t h  t h e  con tac t  ang le  
measurements o f  Gut ierrez-Rodriguez e t  a l .  (7) .  Brown (8) had a l s o  observed a 
s i m i l a r  v a r i a t i o n  of con tac t  ang le  w i t h  carbon conten t ,  bu t  t h e  maximum i n  
con tac t  ang le  occurred a t  somewhat h ighe r  values o f  t h e  carbon con ten t .  The 
e f f e c t  o f  coa l  rank on immersion t ime  can, therefore,  be exp la ined  i n  terms o f  
t h e  v a r i a t i o n  of t h e  hydrophobic s i t e s  ( p a r a f f i n i c  and g r a p h i t i c )  and t h e  
h y d r o p h i l i c  s i t e s  (oxygen c o n t a i n i n g  f u n c t i o n a l  groups), as has been done t o  
e x p l a i n  con tac t  angle r e s u l t s  (9).  Except f o r  t h e  Dave Johnston coal ,  
o x i d a t i o n  increases t h e  c r i t i c a l  su r face  tens ion  o f  we t t i ng ,  which i s  expected 
because o x i d a t i o n  i s  l i k e l y  t o  i nc rease  t h e  number o f  h y d r o p h i l i c  oxygen 
c o n t a i n i n g  func t i ona l  groups, thereby, i nc reas ing  w e t t a b i l i t y  o f  coa ls .  The 
increase i n  oxygen f u n c t i o n a l  groups i s c o n f i r m e d  by t h e  r e s u l t s  g i ven  i n  Table 
2. The concen t ra t i on  o f  oxygen f u n c t i o n a l  groups was determined by chemical 
t i t r a t i o n  methods (2)  and i n f r a r e d  spectroscopy (which g ives  on ly  a r e l a t i v e  
measure. The c r i t i c a l  su r face  tens ion  o f  w e t t i n g  o f  t h e  "as-received" Sam l e  
o f  Dave Johnston coa l  i s  g rea te r  than t h e  same coa l  ox id i zed  a t  150 C. 
Al though t h e  r e s u l t s  appear t o  be p u z z l i n g  a t  f i r s t ,  they  may be exp la ined  i n  
terms o f  t h e  h ighe r  mo is tu re  con ten t  o f  t h i s  coa l .  When t h e  coa l  i s  heated t o  
15OoC, t h e  mois ture content  i s  decreased and t h e  u n f i l l e d  pore  s i t e s  a c t  as 
hydrophobic s i t e s .  I n  t h e  "as-received' '  sample, t h e  pores f i l l e d  w i t h  water  
would behave as h y d r o p h i l i c  s i t es .  A t  h ighe r  o x i d a t i o n  temperatures,  t h i s  
coa l  a l s o  becomes more h y d r o p h i l i c  as expected on t h e  bas i s  o f  t h e  i nc rease  i n  
oxygen-containing f u n c t i o n a l  groups. The e f f e c t  o f  h igh  mo is tu re  content  on 
coa l  i s  a l s o  observed i n  t h e  f l o w  m ic roca lo r ime te r  r e s u l t s ,  as discussed i n  a 
l a t e r  sec t ion .  F igu re  2 a l s o  shows t h a t  t h e  c r i t i c a l  surface t e n s i o n  i s  
lowered when an o x i d i z e d  coa l  sample i s  washed w i t h  water,  t h a t  i s ,  t h e  coa l  
becomes more hydrophobic. Th i s  obse rva t i on  i s  i n  agreement wi th  p r e v i o u s l y  
repo r ted  s tud ies  t h a t  s o l u b l e  components a r e  formed when coa ls  o x i d i z e  (10). 
A f t e r  t h e  removal o f  wa te r -so lub le  products  f rom t h e  o x i d i z e d  sur face ,  t h e  
coa l  becomes more hydrophobic. The increase i n  hyd rophob ic i t y  o f  coa l  a f t e r  
t h e  ox idat ion-washing t reatment  i s  g rea te r  f o r  h ighe r  rank coals.  I n  f a c t ,  
t h e  a n t h r a c i t e  became considerably  more hydrophobic than t h e  "as- rece i  ved" 
sample a f t e r  such a t reatment .  

1 
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Table 2 - Concentrat ion o f  Oxygen Funct ional  Groups i n  Two Penn- 
sy l van ia  Coals by T i t r a t i o n  and I n f r a r e d  Spectroscopy 

WEIGHT % OXYGEN f- I 1690) 

PRETREATMENT 

An th rac i te  (BMC-A) 

None 
Oxid ized 

a t  15OoC i n  a i r  
a t  2 0 0 ~ ~  i n  a i r  
a t  244OC i n  a i r  
i n  30% H202 

Bituminous (BMC-B) 

None 
Oxidized 

a t  ~ O O O C  i n  a i r  
a t  15OoC i n  a i r  
a t  2 0 0 ~ ~  i n  a i r  
a t  244OC i n  a i r  
i n  30% H202 

Carboxy l ic  

0.023 

0.031 
0.073 
0.073 
0.015 

0.012 

--- 
0.016 
0.100 
5.074 
0.024 

Phenolic To ta l  \ I  16OOJ - - -  

0.029 0.052 -_- 
0.075 0.106 --- 
0.109 0.182 --- 
0.393 0.466 --- 
0.075 0.090 __-  

0.047 

--- 
0.065 
1.905 
6.185 
0.156 

0.059 0.11 

--- 0.13 
0.081 0.71 
2.005 0.91 

11.259 1 .oo 
0.180 --_ 

Flow M i c r o c a l o r i m e t r i c  Measurements: 

Ca lo r ime t ry  has been used i n  t h e  pas t  t o  study coal  chemist ry  and t o  
e l u c i d a t e  t h e  s t r u c t u r e  o f  coal  (11). T r a d i t i o n a l l y ,  c a l o r i m e t r i c  measure- 
ments i n v o l v e  heat  o f  immersion measurements. I n fo rma t ion  about the  
a p p l i c a t i o n  o f  f l o w  c a l o r i m e t r y  on coal chemist ry  i s  meager (12). I n  t h i s  
i n v e s t i g a t i o n ,  and a d i a b a t i c  f l ow  m ic roca lo r ime te r  (Microscal  Ltd., London) 
was used t o  measure t h e  heat o f  d isplacement of a c a r r i e r  f l u i d  (methanol) by 
water. A water-methanol system was se lec ted  because t h e  r e s u l t s  could then be 
c o r r e l a t e d  w i t h  t h e  w e t t a b i l i t y  r e s u l t s .  A known amount of aqueous methanol 
s o l u t i o n  was i n j e c t e d  i n t o  a bed o f  150 x 200 mesh coal  p a r t i c l e s  and the  heat 
evolved was measured. The heat  evolved increased l i n e a r l y  w i t h  t h e  amount of 
water  i n j e c t e d  as shown i n  F igu re  3 and i s  independent o f  t h e  composi t ion of 
t he  i n j e c t e d  s o l u t i o n .  The s lope o f  t h e  l i n e  i s  a measure o f  t h e  heat evolved 
i n  u n i t s  o f  m i l l i c a l o r i e s  p e r  gram coal per m i c r o l i t e r  water. The heat 
evolved f o r  t h e  va r ious  coa ls  and t h e i r  pret reatment  i s  g iven i n  Table 3. 
Except f o r  Dave Johnston coal ,  t he  heat evolved i s  l e s s  when t h e  coal i s  
ox id ized.  A t  t h e  s t a r t  o f  t h e  experiment, t h e  s t r o n g l y  h y d r o p h i l i c  ox id i zed  
S i t e s  are a l ready covered by water molecules and methanol as a c a r r i e r  f l u i d  
does not d i s p l a c e  them. Therefore, t he  c o n t r i b u t i o n  from s t r o n g l y  h y d r o p h i l i c  
s i t e s  t o  t h e  measured heat i s  n i l .  The heat o f  d i s s o l u t i o n  o f  so lub le 
o x i d a t i o n  products  cou ld  be endothermic, which would a l s o  c o n t r i b u t e  t o  an 
o v e r a l l  decrease i n  t h e  amount o f  heat evolved. The c a l o r i m e t r i c  behavior of 
Dave Johnston, which a l so  behaved d i f f e r e n t l y  i n  immersion t i m e  measurements, 
i s  d i f f e r e n t  because o f  i t s  h i g h  mois ture content. When t h i s  coal  i s  heated, 
the mois ture i s  d r i v e n  o f f ,  making the  coal e f f e c t i v e l y  more hydrophobic. 
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Table 3 - Heat Evolved i n  M i l l i c a l o r i e s / g u l  Water f o r  Displacement of  
Methanol by Water i n  a Flow M ic roca lo r ime te r  

PRETREATMENT COAL SAMPLE 
PROCEDURE 

RMC-A BMC-B GMC-R DJC-SB - - - -  
None 42 41 44 17 
Oxid ized a t  200°C 33 15 23 48 
Oxid ized a t  200°C 

and leached i n  H20 51 42 57 64 

This i s . t h e  reason f o r  t h e  e v o l u t i o n  o f  more heat when t h i s  p a r t i c u l a r  coa l  i s  
ox id ized.  As pos tu la ted  above, water  s o l u b l e  products  form when coa ls  
ox id ize .  Th is  i s  observed i n  the  m i c r o c a l o r i m e t r i c  r e s u l t s  a lso .  From t h e  
r e s u l t s  summarized i n  Table 3, i t  i s  c l e a r  t h a t  more heat i s  evolved when the  
coal i s  ox id i zed  a t  20OoC and i s  leached w i t h  water ( t he  washed coa l  was d r i e d  
i n  vacuum a t  36OC p r i o r  t o  m i c r o c a l o r i m e t r i c  measurements). The oxygen groups 
present on the  surface of ox id i zed  and washed coal c o n t r i b u t e  s u b s t a n t i a l l y  t o  
t h e  heat evolved when water  molecules d i sp lace  methanol molecules, as shown i n  
l a s t  row o f  Table 3. 

SUMMARY 

The immersion t ime measurement technique was used t o  determine t h e  e f f e c t  
o f  coa l  rank and t h e  degree of o x i d a t i o n  on t h e  c r i t i c a l  surface tens ion  o f  
wet t ing .  Heat o f  d isplacement o f  methanol by water molecules,  measured by 
f l ow  ca lo r ime t ry ,  genera l l y  c o r r e l a t e s  very w e l l  w i t h  t h e  w e t t i n g  measure- 
ments. The coa l  su r face  i s  considered t o  c o n s i s t  of hydrophobic s i t e s  
( p a r a f f i n i c  and g r a p h i t i c )  and h y d r o p h i l i c  s i t e s  (oxygen f u n c t i o n a l  groups). 
A l l  oxygen f u n c t i o n a l  groups a re  no t  s i m i l a r ,  however. Methanol i s  ab le  t o  
d i sp lace  water molecules f rom weakly h y d r o p h i l i c  groups, bu t  no t  f rom t h e  
s t r o n g l y  h y d r o p h i l i c  groups. I n  add i t i on ,  t h e  s t a t e  of f i l l i n g  of micropores 
s t r o n g l y  i n f l uences  bo th  t h e  immersion t ime  and heat measurements. E y t y  
pores behave as hydrophobic s i t e s  ( o r  patches), whereas pores f i l l e d  w i t h  
water as h y d r o p h i l i c  s i t e s  (or  patches).  The above model o f  coa l  sur face  can 
be used t o  e x p l a i n  t h e  e f f e c t  o f  coa l  rank and s t a t e  o f  o x i d a t i o n  on the  
i n t e r f a c i a l  p r o p e r t i e s  o f  var ious  coals. 
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SURFACE TENSION OF rYXlEOUS METHANOL ( d y W m )  
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I I I I 

B M C - 0  C O A L  
1501200 MESH 

I S P  

Fig. 1 - Representat ive immersion-time curves f o r  Pennsylvania 
bituminous coal t h a t  had been ox id i zed  i n  a i r  a t  d i f f e r e n t  
temperatures along with t h e  behavior  o f  as-received coal .  
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F i g .  2 - The c r i t i c a l  su r face  tens ion  o f  w e t t i n g  as a 
f u n c t i o n  o f  coa l  rank and o x i d a t i o n  t reatment .  
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F ig .  3 - Heat o f  d isplacement o f  methanol by water  on BMC-A 
c o a l  as determined by a f l o w  m ic roca lo r ime te r .  
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n 
L 5.0 
T 
4.0 s 

3.(1 

Cycle 2 - adsorption exotherm 
area is  571  V-secs 

Cycle 2 - UV absorption 
Empty bed 201 V-sec 
Coal bed 165 V-sec 

Cycle 3 - adsorption exotherm 
area i s  596 V-sec 

Cycle 3 - desorpt<on endotherm 
area i s  647 V-sec 

t 5.7 

4.7 

3.7/ 

Figure 2 .  Flow microcalorimeter records of adsorption-desorption c y c l e s  for  
2 5 . 4  mM 4-t-butylpyridine i n  iso-octane interacting with bed of heat-treated 
170-230 mesh low-ash bituminous coal  (PSOC # l l ) .  
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c h l o r o f o r m  and i t s  s h i f t  
The s p e c t r a l  s h i f t s  

i n  t h e  t r ansmiss ion  mode, 
and CD s h i f t s ,  and a b o u t  

upon complexa t ion  w i t h  b a s e s  (12). 
were de te rmined  wi th  a Elattson FTIR spec t romete r  used i n  
o p e r a t e d  t o  p r o v i d e  r e s o l u t i o n s  o f  one  wave-number f o r  OH 
0.3 wave-numbers f o r  ca rbony l  s h i f t s .  

S u r f a c e  Areas by Gas Adsorp t ion  

The specific s u r f a c e  a r e a s  of a l l  c o a l  s a m p l e s  were determined by n i t r o g e n  
a d s o r p t i o n  w i t h  t h e  BET a n a l y s i s ,  u s i n g  t h e  g a s  chromatography method wi th  a 
Quant ichrome Monosorb S u r f a c e  Area Ana lyze r  and  t h e  c l a s s i c a l  s t a t i c  e q u i l i b r i u m  
method with a Numinco-Orr S u r f a c e  Area-Pore Volume Analyzer .  The Numinco-Orr 
Ana lyze r  was a l s o  used f o r  a d s o r p t i o n  s t u d i e s  w i t h  2,2'-dimcthylbutane and wi th  
ca rbon  d iox ide ,  both a t  25 C. The a d s o r p t i o n  d a t a  f o r  d ime thy lhu tane  were a n a l y z e d  
w i t h  t h e  BET method, and  t h e  ca rbon  d i o x i d e  d a t a  were a n a l y z e d  by both t h e  GET and 
t h e  Dubinin-Polanyi  method (13). 

M a t e r i a l s  Used i n  t h i s  I n v e s t i g a t i o n  

Coa l  povders  p r e p a r e d  from f i v e  d i f f e r e n t  c o a l  s amples  were i n v e s t i g a t e d .  Four 
came from t h e  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  c o a l  bank, and we a l s o  t e s t e d  a more 
r e c e n t l y  mined b i tuminous  c o a l  from a e t h l e h e m  S t e e l  Company (Van-131). 
p r o p e r t i e s  of t h e s e  c o a l s  were a s  fo l lows :  

The 

pl, Carbon 9, ? lo i s tu re  X Ash 7, Volatiles -- -- -_  -- I d e n t i f i c a t i o n  P,ank 
PSOC # l l  A i tuminous  61.62 1.50 2.04 35.62 
PSOC 8213 B i tuminous  65.12 8 . 9 3  8 .52  35.91 
PSOC 8870 A n t h r a c i t e  89.52 3.84 2.66 2.93 
PSOC 1868 A n t h r a c i t e  63.34 3.62 25.00 4.06 
Van- 131 B i tuminous  60.4 5.00 39.60 

The c o a l s  were o b t a i n e d  a s  c o a r s e  powders, were r i f f l e d  t o  p r o v i d e  more uniform 
s a m p l e s  and were s t o r e d  i n  t h e  d a r k  i n  a r g o n - f i l l e d  glass  d e s s i c a t o r s .  
s u b s e q u e n t l y  ground t o  enhance  t h e  amount of s u r f a c e  a v a i l a b l e  i n  t h e  a d s o r p t i o n  
bed. 
t h e  c o a l  was m i c r o - m i l l e d  i n  a i r  f o r  two minute: i n  t h e  water-cooled chamber. 
s a m p l e s  were b a l l - m i l l e d ,  and some Van-131 s a m p l e s  were ? - m i l l e d  t o  much h i g h e r  
s p e c i f i c  s u r f a c e  areas 

a c i d s  and b a s e s  was t h e i r  t endency  t o  p e n e t r a t e  i n t o  t h e  b u l k  r e g i o n  of t h e  c o a l  
p a r t i c l e s :  we wished t o  sample  o n l y  t h e  s u r f a c e  region.  T h i s  p o i n t  w i l l  be 
d i s c u s s e d  i n  more d e t a i l ,  b u t  we h a v e  chosen t o  u s e  i so -oc tane  a s  c a . r r i e r  s o l v e n t  
and t - b u t y l a t e d  a c i d s  a n d  b a s e s  a s  " l i m i t e d  p e n e t r a t i o n "  test  probes f o r  s u r f a c e  
a c i d i t y  and b a s i c i t y .  
and phenol  were ACS Reagen t  g r a d e  from F i s h e r ,  and t h e  t - b u t y l a t e d  ac id -base  probes 
(4 - t -bu ty lpheno l ,  3 ,5 -d i - t -bu ty lpheno l ,  2 .6-di- t -butylphenol ,  4- t -butylpyridiAe,  
2 .6-di- t -butylpyridine a n d  4 - t -bu ty l cyc lohexanone)  were a l l  A l d r i c h  Reagent  grade.  
Some g a s  a d s o r p t i o n  s t u d i e s  were made w i t h  2,2 ' -dimethylbutane (96X) which w e  
o b t a i n e d  from A l d r i c h  Chemica l  Co. 

They were 

blost of t h e  g r i n d i n g  was done w i t h  a mic ro -mi l l  from T e c h n i l a b  Ins t rumen t s :  
O the r  

P. major c o n s i d e r a t i o n  i n  t h e  s e l e c t i o n  o f  t h e  carrier s o l v e n t  and of t h e  tes t  

T h e  i so -oc tane  was P u r i f i e d  g r a d e  from F i s h e r ,  t h e  p y r i d i n e  

Results and D i s c u s s i o n  

L imi t ed -Pene t r a t ion  Acid-Base P robes .  

Py r i r l i nc  i s  known t o  swell c o a l  ve ry  c o n s i d e r a b l y ,  but  i n  s t u d i e s  o f  t h e  
e q u i l i b r i u m  s w e l l i n g  o f  c o a l  by p y r i d i n e  and i t s  d e r i v a t i v e s ,  Larsen and co-workers 
f o u n d  t h a t  t h e  d e r i v a t i v e s  w i t h  s i d e  c h a i n s  c a u s e  less swellin: and t h a t  t - b u t y l  
d e r i v a t i v e s  c a u s e  t h e  least  s w e l l i n g ,  a h o u t  1 O I  o f  t h a t  obse rved  wi th  p y r i d i n e  (1). 
P e r h a p s  t h e  most i m p o r t a n t  e f f e c t  o f  t h e  t - b u t y l  groups is on t h e  r a t e s  of s w e l l i n g ;  
Aida. S q u i r e s  and  [{ansen found t h a t  t h e  t - b u t y l  groups r e t a r d e d  t h e  rates o f  
p e n e t r a t i o n  h y  a f a c t o r  o f  a thousand o r  more (14). 
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An i m p o r t a n t  c o n s i d e r a t i o n  is t h e  e f f e c t  o f  t - b u t y l  s u b s t i t u t i o n  on  t h e  
s t r e n g t h  of t h e  a c i d i t y  or b a s i c i t y  o f  a test  m o l e c u l e ,  so we i n v e s t i g a t e d  t h e  h e a t s  
o f  ac id -base  complexa t ion  o f  t h e  c a n d i d a t e  test  a c i d s  and b a s e s  i n  a n e u t r a l  o r g a n i c  
s o l v e n t ,  u s i n g  i n f r a r e d  s p e c t r a l  peak s h i f t s  measured i n  t h e  p re sence  o f  v a r i o u s  
e x c e s s  c o n c e n t r a t i o n s  o f  r e a c t a n t .  Fo r  example,  t h e  peak s h i f t  o f  3,5-di-t- 
b u t y l p h e n o l  was measured w i t h  a 17.5 mN s o l u t i o n  i n  cyc lohexane ,  and i n  t h e  p re sence  
o f  a ?.-fold, 10 - fo ld  and 30-fold e x c e s s  o f  p y r i d i n e  t h e  s p e c t r a l  s h i f t  was -434 cm-l 
i n  each  c a s e ,  showing none o f  t h e  concen t r a t ion -dependence  r e p o r t e d  by Drago and 
co-workers (4). The d e t a i l s  o f  t h e s e  measurements w i l l  be shown i n  t h e  for thcoming 
p u b l i c a t i o n .  It was found t h a t  s u b s t i t u t i o n  o f  t - b u t y l  groups i n  t h e  2-, 4-, o r  
3,5- p o s i t i o n s  do n o t  a f f e c t  t h e  a c i d  o r  base  s t r e n g t h  of pheno l  o r  p y r i d i n e  
a p p r e c i a b l y ,  b u t  i n  t h e  2.6- p o s i t i o n s  t h e  t - b u t y l  g roups  c o m p l e t e l y  b locked  any 
r e a c t i o n s  o f  t h e  phenol  o r  p y r i d i n e  si tes.  

I n  o u r  f l o w  m i c r o c a l o r i m e t r y  measurements t h e  bed of powdered c o a l  is  exposed 
t o  test  a c i d  o r  base  s o l u t i o n s  f o r  o n l y  a b o u t  5 t o  10 minutes .  
minu te s  pu re  s o l v e n t  is pumped th rough  t h e  bed t o  deso rb  t h e  adsorbed prohe. I f  t h e  
probe is p y r i d i n e  o r  phenol  some of i t  t e n d s  t o  p e n e t r a t e  i n t o  t h e  c o a l  d u r i n g  t h e  5 
t o  10 m i n u t e s  o f  exposure,  b u t  with t - b u t y l  d e r i v a t i v e s  t h e  d e a r e e  o f  p e n e t r a t i o n  is 
n e g l i g i b l e .  
d e s o r p t i o n  i n  s e v e r a l  s u c c e s s i v e  a d s o r p t i o n - d e s o r p t i o n  c y c l e s  wi th  p h e n o l ,  p y r i d i n e ,  
and t h e i r  t - b u t y l  d e r i v a t i v e s  a d s o r b i n g  from i so -oc tane  a t  40 C o n t o  low-ash 
a n t h r a c i t e  (TSOC 6870) and o n t o  low-ash b i tuminous  c o a l  (Van-131) povders. 

i n  F i g u r e  1. 
went way o f f  scale on t h e  f irst  a d s o r p t i o n  c y c l e ,  and t h e  subsequen t  h e a t  of 
d e s o r p t i o n  was s t i l l  q u i t e  l a r g e  (+213O J o u l e s / k g ) ;  i n  t h e  subsequen t  c y c l e s  o n l y  
a b o u t  h a l f  as much h e a t  was e v o l v e d ,  w i t h  t h e  h e a t s  of a d s o r p t i o n  exceed ing  t h e  
h e a t s  o f  d e s o r p t i o n  by a b o u t  1OZ. On t h e  same a n t h r a c i t e  powder 4 - t - b u t y l p y r i d i n e  
i s  seen  t o  deso rb  q u a n t i t a t i v e l y ,  w i t h  a n  a v e r a g e  h e a t  o f  a d s o r p t i o n  o f  -825 
Joules/!:g and a n  ave rage  h e a t  o f  d e s o r p t i o n  of 4 . 2 7  J o u l e s / k g .  

p e n e t r a t i o n  i n t o  a n t h r a c i t e .  
d e s o r p t i o n ,  and t h e  h e a t s  f o r  t h e  second adso rp t ion -deso rp t ion  c y c l e  a r e  much less 
than  f o r  t h e  f i r s t  c y c l e .  
s u b s t i t u t i o n  is q u i t e  r emarkab le ;  t h e  i n i t i a l  h e a t  o f  a d s o r p t i o n  (-237 J o u l e d k g )  is 
e x a c t l y  e q u a l  t o  t h e  a v e r a g e  o f  t h e  f i v e  c y c l e s ,  and t h e  s t a n d a r d  d e v i a t i o n  f o r  t h e  
f i v e  h e a t s  o f  a d s o r p t i o n  and f i v e  h e a t s  o f  d e s o r p t i o n  is o n l y  3.6Z. 

i n t e r a c t i o n s  (-4 t o  -6.6 kJou le s /mole )  w i t h  t h e  s u r f a c e  of c o a l ,  e v e n  though F T I R  
s t u d i e s  showed t h a t  t h e  p h e n o l i c  g roup  canno t  i n t e r a c t  w i t h  py r id ine .  
weakly b a s i c  a r o m a t i c  r i n g  is t h e  s i t e  o f  exo the rmic  ac id -base  i n t e r a c t i o n  wi th  a c i d  
sites o f  c o a l .  

The b a s i c  probes used i n  t h i s  s t u d y  i n c l u d e d  two oxygen bases ,  e t h y l a c e t a t e  and 
4- t -butylcyclohexanone;  t h e i r  h e a t s  o f  ac id -base  i n t e r a c t i o n  a r e  -5.0 and  -5.7, 
k c a l s / m o l e  wi th  pheno l ,  as compared t o  t h e  -8.1 k c a l s / m o l e  f o r  4 - t -bu ty lpy r id ine .  
The 4 - t -bu ty l cyc lohexanone  performed w e l l  a s  a l i m i t e d - p e n e t r a t i o n  p robe  f o r  a c i d i c  
s i tes  on  Van-131 c o a l  powders. 

S t a t i s t i c a l  S i g n i f i c a n c e  of t h e  Flow Microcalorimetric Measurements 

I n  a n o t h e r  few 

T a b l e  1 i l l u s t r a t e s  t h i s  e f f e c t  by comparing h e a t s  of a d s o r p t i o n  and 

The p e n e t r a t i o n  o f  p y r i d i n e  i n t o  low-ash a n t h r a c i t e  (PSOC K 7 0 )  i s  i l l u s t r a t e d  
The h e a t  o f  a d s o r p t i o n  o f  p y r i d i n e  v a s  so e x c e s s i v e  t h a t  t h e  r e c o r d e r  

The f l o w  m i c r o c a l o r i m e t r y  r e s u l t s  f o r  phenol  i n  T a b l e  1 a l s o  shows much 
The h e a t s  o f  a d s o r p t i o n  a r e  abou t  d o u b l e  t h e  h e a t s  o f  

The l i m i t e d  p e n e t r a t i o n  o f  phenol  w i t h  3.5-di- t -butyl  

I n  T a b l e  1 i t  i s  shown t h a t  2 ,6-di- t -butylphenol  h a s  weak exo the rmic  

Pe rhaps  t h e  

The d a t a  i n  T a b l e  1 i l l u s t r a t e  t h e  s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  flow 
m i c r o c a l o r i m e t r i c  measurements. With t h e  l i m i t e d - p e n e t r a t i o n  p robes  t h e  h e a t s  o f  
d e s o r p t i o n  a r e  seen  t o  b e  v e r y  c l o s e  t o  t h e  h e a t s  o f  d e s o r p t i o n ;  t h e  a v e r a g e  
d i f f e r e n c e  is o n l y  2.72. The s t a n d a r d  d e v i a t i o n s  i n  t h e  h e a t s  o f  a d s o r p t i o n  and 
d e s o r p t i o n  (measured i n  J o u l e s / k g )  i n  r e p e a t  r u n s  were found t o  be abou t  5% i n  a l l  
c a s e s  for  t h e  low-ash a n t h r a c i t e  and a b o u t  15X i n  a l l  c a s e s  f o r  t h e  low-ash 
b i tuminous  c o a l .  

much less r e p e a t a b l e ,  and t h e  mola r  h e a t s  of a d s o r p t i o n  d e r i v e d  t h e r e f r o m  were a l s o  
less r e p e a t a b l e .  

The measurements o f  amounts  adso rbed  de te rmined  from t h e  UV a b s o r p t i o n  were 

With t h e  low-ash a n t h r a c i t e  (PSOC 1370) and w i t h  t h e  low-ash 
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Table 1. Adsorption and Desorption of Acid-Ease Probes on Low-Ash Coal Powders. 

- Coal (n?/c) 

PSOC $870 

PSOC $11 

Van-131 

I .85 

1.81 

0.62 

1.57 

Acid-Base Probe 

Phenol 1 
2 

3,5-di-t-Butylphenol 1 
2 
3 
4 
5 

2,6-di-t-Rutylphenol 1 
2 
3 
4 
5 

Pyridine 1 
2 
3 
4 

4-t-autylpyridine 1 
2 
3 
4 
5 

3,5-di-t-Butylphenol 1 
2 
3 
4 

4-t-Butylpyridine 1 
2 
3 
4 
5 

Pyridine 1 
2 
3 

3.5-di-t-Butylphenol 1 
2 

4-t-Eutplphenol 

3 
4 
5 
6 

1 
2 
3 
4 
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rnnoles/kg 
adsorbed 

37.2 
27.8 

7.8 
6.8 
6.5 
8.1 
7.3 

16.9 
26.2 
26.4 
26.3 
20.5 

34.6 
38.1 
37.0 

37.4 
28.7 
27.0 
31.1 
37.5 

13.4 
22.0 
24.0 
20.2 

35.6 
40.5 
44.3 
39.4 
44.5 

12.1 
9.9 
4 . 2  
4.7 

15.4 
15.0 

Joulcsfke 
adsorbed desorbed ~- 
-2438 +I205 
-1806 +1100 

-232 +242 

-237 +243 
-242 +229 
-236 +249 

-238 +265 

-111, +I10 
-112 +129 
-135 t114 
-123 t139 
-91 +125 

-???? +2130 
-1477 t1375 
-1392 +1270 
-1432 +1242 

-871 +363 
-815 +36L 
-709 +817 
-S62 +782 
-363 +809 

-391 +365 
-431 +487 
-570 +559 
-617 +556 

-393 +a64 
-1081 +lo25 
-1096 +11359 

-1130 +1130 

-536 +334 
-668 4 6 0  

-1194 +I232 

-572 +390 

-158 +le4 
-162 +155 

-122 +127 

-117 t105 

-161 +162 

-129 +128 

-176 t221 
-257 +253 
-260 +259 
-250 +263 

kJ/nole 

-65.5 
-65.0 

-29.9 
-35.2 
-36.5 
-30.0 
-32.2 

-6.0 
-4.3 
-5.1 
4.7 
-4.5 

-42.7 
-36.5 
-38.7 

-23.3 
-28.4 
-26.3 
-27.7 
-23.1 

-29.2 
-21.9 

-30.5 

-25.1 

-23.8 

-26.7 
-24.7 
-20.3 
-25.4 

-13.0 
-16.4 
-38 
-26 

-16.9 
-16.7 



bituminous c o a l  ( P S K  t l l )  t h e  s t a n d a r d  d e v i a t i o n s  f o r  r e p e a t  runs i n  t h e  number of 
m i c r o n o l e s  adsorbed per square meter v a r i e d  from 10 t o  202, b u t  w i th  t h e  Van-131 
b i t u a i n o u s  c o a l  t h e s e  d e v i a t i o n s  were much g r e a t e r .  
s t u d i e s  w i t h  t h i s  same ins t rumen t  (15)  we have  a c h i e v e d  s t a n d a r d  d e v i a t i o n s  between 
t h e  h e a t s  of a d s o r p t i o n  i n  s u c c e s s i v e  r e p e a t  r u n s  of about  2Z, so we are 
e n c o u n t e r i n g  c o a l - r e l a t e d  a n a l y t i c a l  d i f f i c u l t i e s  i n  de t e rmin ing  t h e  c o n c e n t r a t i o n  
o f  t h e  ac id -base  probes i n  t h e  e l u e n t .  
a i r  b u b b l e s ,  and a s  t h e  s o l u t i o n  f l o w s  th rouzh  t h e  c a l o r i n e t e r  bed a t  40 C, t h e r e  i s  
a tendency f o r  bubble-formation;  we have  swi t ched  t o  30 C, and t h i s  h e l p s .  The re  i s  
a l s o  a tendency f o r  small coal p a r t i c l e s  t o  be c a r r i e d  o u t  of the bed and through 
t h e  UV d e t e c t o r  c e l l ;  we have  in t roduced  a micro-pore f i l t e r  a t  t h e  base of t h e  bed, 
and t h i s  a l s o  h e l p s .  i f e v e r t h e l e s s ,  t h e r e  is a tendency f o r  some a r o m a t i c  conponents  
of  c o a l  t o  be l eached  o u t  d e s p i t e  ou r  u s e  of i so -oc tane  as  a c a r r i e r  l i q u i d  w i t h  of 
minimal s o l u b i l i t y  f o r  a romat i c s .  Pe rhaps  a branched s a t u r a t e d  hydrocarbon of 
h ighe r  m o l e c u l a r  i i e iSht  or some Freon-tyye s o l v e n t  would g i v e  a c l e a n e r  e l u e n t .  

D i f f e r e n c e s  in t h e  S u r f a c e  P r o p e r t i e s  of Coa l s  

I n  o t h e r  f l o w  m i c r o c a l o r i m e t r i c  

The U'I f l o w  d e t e c t o r  is ve ry  s e n s i t i v e  t o  

I n  t h e  s t u j i e s  w i th  lo!+ash c o a l s ,  t h e  h e a t s  of a d s o r p t i o n  of l i n i t e d -  
p e n e t r a t i o n  acid-base probes a r e  a p p r e c i a b l y  g r e a t e r  f o r  t h e  p y r i d i n e  d e r i v a t i v e s  
than  f o r  t h e  phenol  d e r i v a t i v e s ,  and t h i s  is shown t o  r e s u l t  f r o 3  hi:ner s u f a c e  
c o n c e n t r a t i o n s  of a c i d i c  s u r f a c e  s i t e s  i n  t h e  t h r e e  low-ash c o a l s  i n v e s t i g a t e d ,  
whether  a n t h r a c i t e  or b i tuminocs  c o a l .  

T a b l e  2. Hea t s  of Adsorpt ion of T e s t  P robes  on High-Ash Coa l  Powders 
Coa l  P ! i l  l e d  k i d - B a s e  Probz  nmoles/!ro Joules/!:: ! d o u  les/mo l e  - 

adsorbed edsorbed d e s o r k d  ~-~ 
25.3 -535 +522 PSOC $213 no 

yes  

no 

Yes 

PSOC C363 no 

Yes 

no 

Yes 

3,5-di- t -Butylphenol  1 
2 
5 

1 
2 
3 
4 

4- t -Bu ty lpy r id ine  1 
2 
3 

1 t 

2 
3 

3,5-di- t -Eutylphenol  1 
2 
3 

4-t-l!utylpyridine 1 
2 
3 

1 
2 
3 
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26.9 
31.4 

35.6 
35.4 
29.9 
32.7 

46.1 
35.6 
43.3 

34.0 
58.9 
60.3 

41 . s  
43.6 
45.7 

26.0 
37.5 
30.6 

51.3 
33.5 
16.4 

80.9 
53.1 
71.0 

-54? 
-5h9 

-1351 
-1021 
-1067 
-1092 

-1221 
-732 
-703 

-1745 
-1251 
-1318 

-540 
-494 
-439 

-916 
-607 
-619 

-2330 
-602 
-436 

-1975 
-736 
-619 

4 3 2  
t 6 1 5  

t 9 3 3  
4.874 
t o 2 4  

t1096  

t 6 3 5  
4 1 9  
t 6 7 3  

+1163 
t1276  

t > 3 9 9  
+406 
t 4 3 9  

t 3 6 5  
t 5 2 3  
4 4 4  

t1325  
t 4 3 1  

t5'34 
t 5 9 0  
t 5 4 0  

-23.1 
-2h. 1 
-20.7 

-37.9 
-23.3 
-35.3 
-33.4 

-26.9 
-22.0 
-16.2 

-51.5 
-21.3 
-?1.8 

-12.9 

-9.6 

-35.2 
-16.2 

-11.3 

-20.3 

-45.6 
-18.0 
-24.8 

-24.2 
-13.8 
-3.6 



The p r e s e n c e  of a s h  i n  t h e  a n t h r a c i t e  (PSOC 6868) or  b i tuminous  c o a l  (PSOC 
6213) made much d i f f e r e n c e  i n  t h e  h c a t s  o f  a d s o r p t i o n ,  e s p e c i a l l y  i n  t h e  
r e p e a t a b i l i t y  o f  t h e  h c a t s  of a d s o r p t i o n  i n  a series of  r e p e t i t i v e  a d s o r p t i o n -  
d e s o r p t i o n  cycles. 
s t r o n g e r  a d s o r p t i o n  t n a n  d e s o r p t i o n ,  e s p e c i a l l y  i n  t h e  f i r s t  c y c l e ,  and t h a t  t h e  
h e a t s  of a d s o r p t i o n  d e c r e a s e d  i n  s u c c e s s i v e  cycles. Those f i n d i n g s  s u g g e s t  tha t  t h e  
a s h  p r e s e n t  i n  t h e s e  powders b i n d s  t h e  a c i d - b a s e  prohes  n o r e  s t r o n g l y  t h a n  t h e  c o a l .  
In T a b l e  2 r e s u l t s  a r e  compared f o r  c o a l  powders a s  r e c e i v e d  v e r s u s  f r e s h l y  micro- 
m i l l e d  powders. and i t  a p p e a r s  t h a t  t h e  molar h e a t s  o f  a d s o r p t i o n  i n  t h e  i n i t i a l  
c y c l e  are a l v a y s  h i z h e r  w i t h  f r e s h - m i l l e d  c o a l  powders. 

S u r f a c e  Area D e t e r m i n a t i o n  with L i m i t e d - P e n e t r a t i o n  Adsorbents  

T a b l e  2 shows t r e n d s  i n d i c a t i n g  t h a t  t h e  p r e s e n c e  of  a s h  caused  

There  h a s  been s o n e  d i s c u s s i o n  i n  t h e  l i t e r a t u r e  (16) of  d i s c r e p a n c i e s  i n  

So much more carbon d i o x i d e  t h a n  
s p e c i f i c  areas d e t e r n i n e d  by gas a d s o r p t i o n  w i t h  n i t r o g e n  a t  l i q u i d  n i t r o g e n  
te f i ipera tu ies  v e r s u s  c a r b o n  d i o x i d e  a t  25 C. 
n i t r o g m  i s  p icked  up hy the coal t h a t  i t  v a s  proposed t h a t  hundreds  o f  s q u a r e  
m e t e r s  p e r  gran of  s u r f a c e  i s  a c c e s s i b l e  t o  carbon d i o x i d e  but  n o t  t o  n i t r o g e n .  
However, i n  nodern  s t u d i e s  i t  i s  becoming q u i t e  c l e a r  t h a t  carbon d i o x i d e  ( l i k e  
o t h e r  s m a l l  r e a c t i v e  o r g a n i c  n o l e c u l e s )  ( ! i s s o l v e s  i n t o  t h e  c o a l ,  c a u s i n g  some 
s w l l i n g  and a l l o w i n g  access t o  i n n e r  s u r f a c e s  by a s o l u t i o n  r o u t e .  
is a s e l f - a s s o c i a t e d  a c i d - b a s e  complex which r e a d i l y  d i s s o l v e s  i n t o  and s w e l l s  any 
a c i d i c  or b a s i c  polymer. Coal i s  j u s t  one  of t h e  nany p o l y n e r s  t h a t  p i c k s  up c a r h o n  
d i o x i d e  vapors a p p r e c i a h l y  a t  one  a tmosphere  and  a t  room tempera ture .  I f  one  uses 
t h e  Polanyi -Dubin in  e q u a t i o n  t o  e l u c i d a t e  t h a  " s p e c i f i c  s u r f a c e  a r e a s "  f r o a  such  g a s  
a b s o r p t i o n  n e a s u r e n e n t s  t h e  p l o t s  a i v e  v e r y  s a t i s f y i n g  s t r a i g h t  l i n e s  and h i g h  
c o r r e l a t i o n  c o e f f i c i e n t s ,  p red ic t<-ng  o v e r  a hundred s q u a r e  n e t e r s  of  s u r f a c z  
p e r  g r a s  f o r  o p t i c a l l y  clear p o l y n e r s  s u c h  as p o l y m e t h y l m e t h a c r y l a t e .  

poiwders h a s  m e r i t ,  f o r  t h e  t - b u t y l  groups  bloc!< p e n e t r a t i o n  i n t o  t h e  c o a l  ar.d no 
s o l u t i o n  occurs .  
d i n e t h y l b u t a n e ,  which h a s  a t - b u t y l  group,  and measured t h e  a d s o r p t i o n  of t h i s  vapor  
a t  25 C, and  c a l c u l a t e d  t h e  s p e c i f i c  s u r f a c e  a r e a s  w i t h  t h e  BET metho?, v s i n g  0.40 
nm2 f o r  t h e  area per  m o l e c u l e .  
a r e a s  measurzd w i t h  2 , 2 - d i n e t h y l b u t a n c  a g r e e  q u i t c  vel1 w i t h  t h o s e  determine.' f r o 3  
n i t r o g e n  a d s o r p t i o n  i s o t 5 e r n s  measured a t  -195 C. I n  T a b l e  3 we c o z p a r e  s p e c i f i c  
s u r f a c e  a r e a s  f o r  f i v e  l o t s  of povdered Van-131 c o a l  v h i c h  tiere ground t o  v a r i o u s  
p a r t i c l e  s i z s s .  
o r  2.2-dimethylbutane i n c r e a s e d  upon g r i n d i n 2  t o  snaller p a r t i c l e  sizes, 3 u t  t h e  
"areas" de terc l ined  v i t h  c a r b o n  d i o x i d e  r e s s i n e d  a t  a b o u t  100 m2/g. 'Tne s p e c i f i c  
s u r f a c e  a r e a  o f  t S e  c o a r s e s t  po:ider vas measured t o  be 0.50-0.52 m2/g by n i t r o g e n  
a d s o r p t i o n  and 1.49 m2/9 b y  2,2-dimsthylbutane.  
h a v e  2.76-2.52 d / p ,  by n i t r o g e n  a d s o r p t i o n  and 3.52 m2/g by 2 ,2-d ine thylbutand  
a d s o r p t i o n ,  and t h e  f i n e s t  powder vas found t o  h a v e  14.0-20.5 m2/g by n i t r o g e n  
a d s o r p t i o n  and 14.7 n2/g  by 2,2-dLz1ethylbutane a d s o r p t i o n .  
agrcemcnt is found f o r  t h e  f i n e r  powders. 

t h e  amounts of a d s o r p t i o n  de te rn i ined  i n  t h e  € l o t i  m i c r o c a l o r i m e t r i c  measurements w i t h  
t - b u t y l  d e r i v a t i v e s  of p y r i d i n e ,  phenol  and  cyc lohexanone  a d s o r b i n g  f r o n  s o l u t i o n  i n  
i so-oc tanc .  The estimates shown i n  T a b l e  3 were c a l c u l a t e d  from t h e  assumpt ion  t h a t  
t h e  ina:tinum s u r f a c e  c o n c e n t r a t i o n s  a t t a i n e d  i n  f low m i c r o c a l o r i m e t r y  c o r r e s p o n d  t o  
t igh t -packed  i::onolayers (4.1 microcioles/mZ); h o v c v e r ,  t h c  r e s u l t s  v i t h  t h e  f i n e r  
powders s q g e s t  t h a t  t h e  f i l m  are n o t  tight-pac!ced. 

Carbon d i o x i d e  

The use of  t - b u t y l  d e r i v a t i v e s  t o  d e t e r m i n e  s p e c i f i c  s u r f a c e  a r e a s  o f  c o a l  

!.le h a v e  t r i e d  t h i s  approach  w i t h  gas a d s o r p t i o n ,  u s i n g  2.2- 

As can  be s e e n  i n  T a b l e  3, t h e  s p e c i f i c  s u r f a c e  

?he s p e c i f i c  s u r f a c e  areas de termined  from a d s o r p t i o n  o f  n i t r o g e n  

Bn i n t e r m e d i a t e  porrder was found t o  

It a p p e a r s  t h a t  t h e  b e s t  

S p e c i f i c  s u r f a c e  areas were a l s o  a s t i m t e d  f o r  t h e  same Van-131 powders, u s i n g  
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T a b l e  3. S u r f a c e  Areas ( d g )  Versus  P a r t i c l e  Size of Ground Van-131 Coal 

Coal  L o t  I!esh S i z e  Adsorbent --- 
V2n-13lC 

Van-131F 

Van-131T 

50-100 i,!itrogen -196 
-196 !. i i trogen 

2,2-Dimethylbutane 25 
4-t-Butylphenol 40 
4- t -Sutp lcyc lohcranone  40 
Carbon dio:ti?e 25 
Carbon d i o x i d e  25 

C32.5 N i t r o g e n  -196 
f!i troaen -196 
2.2-4ioeth71Sutane 25 
4-t-”,tylcyclohe:tanonc 40 
3,5-di-t-Butylphenol 40 
Carbon d i o x i d e  25 
Carbon d i o x i d e  25 

<<325 K i t r o g e n  -196 
X i t r o g e n  -195 
2 ,2-Dine thylhutane  25 
4-t-Butylcyclohc::anone L;O 
4-t-Butylphenol 40 
3,5-di-t-Butylphenol 40 
Carbon d i o x i d e  25 
Carbon d i o x i d e  2 5  

. r .  

R e f e r e n c e s  

!lethod A n a l y s i s  I 

Dynemic 
S t a t i c  
S t a t i c  
Flow-Cal 
F1 ow-Ca1 
S t a t i c  
S t a t i c  

Dynamic 
S t a t i c  
S t a t i c  
Flov-Pal 
Flov-Cal 
S t n t i c  
S t a t i c  

Dynamic 
S t a t i c  
S t a t i c  
F1o:i-Pal 
F l o w - a 1  
Flox-Cal 
S t a t i c  
S t a t i c  

BET 
E T  
BET 

X T  
3-P 

8F.T 
B6T 
BET 

BET 
D-? 

B5T 
E CT 
3zT 

BET 
D-? 

0.50 
0.52 
1.49 
3.5 
2 .8  

85 
117 

2.82 
2.75 
5.52 
1 . 9  
2.2 

56.G 
94.6 

1k.0 
20.5 
14.7 
5.5 
5.3 
4 . 6  

57.E 
49.3  
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2.- W.A.Peppas and L.X.Lucht, Chen. En:. C o m u n . z ,  291 (1984) 
3.- J . E . : k t c a l f e  III, M.Xavahat 2nd P.L.\!al!:er, Jr . ,  F u e l  2. 233 1963) 
4 . -  B.S.Drago, G.C.Voge1 2nd T.T?.Pleedhan, J.Am.Chem.Soc. 9 5 ,  6014 1971) 
5.- R.S.Drago, L.R.Parr an[! C.S .Chanbcr la in ,  J.hm.Chem.SoF 2, 32 3 (1977) 
6.- V.Gutmann, & Donor-Acceptor Amroach  t o  E l o l e c u l a r  I n t e r a c t i o n s ,  Plenum P r e s s ,  

7.- I4.S.Nozari and R.S.Drago, J.An.Chein.Soc. 92, 7086 (1970) 
2.- F.tI.Fowlces, D.O.Tischler, J .A.Kolfe,  L.h.Lannigan, C.!~f.Ademo-John a n d  

9.- D.C.?lcCarthy and F.iK.Fowkes, 4 0 t h  Ann.Conf.ReinTorced P l a s t i c s / C o m p o s i t e s ,  SOC. 

10.-S.T.Joslin and  F.M.Fov!ces, IEC P r o d u c t  R:D 2, 369 (1955) 
ll.-l?.S.Drago, HX’Eryan  and G.C.Voge1, J.Am.Chem.Soc. 92. 3924 (1970) 
12.-!I.F.Shurvell and J.T.Eulmer, V i b r a t i o n a l  S p e c t r a  and S t r u c t u r e  5, 91. 

13.-!I.EI.Dubinin, C!icm.Rev. g, 235 (1960) 
14.-T.Aida ana T.G.Squires,  Prepr. ACS Div. F u e l  Chcn. 30. 95 (1955) 
15.-F.t.!.Fovltes, Y.C.!luang, E.A.Shah, X.J.Culp and T.E.Lloyd, s u b n i t t c d  t o  C o l l o i d s  

lG.-T.J.ReucroEt and K.B.Pate1, F u e l  GZ, 279 (1983) 

(Academic P r e s s ,  1982) 

t!Y, 1378 

+ i . J . H a l l i w l l ,  J .Polyc .Sc i . ,  Folyn.Chen.Ed. 22 ,  547 (1984) 

P l a s t i c s  I n d u s t r y  ( J a n . ,  1935),  P a p e r  17-D 

J.R.Duri:, e d i t o r  ( E l s e v i e r ,  i\msterdam, 1977) 

and  S u r f a c e s  

225 



SURFACE STRUCTURE OF COALS STUDIED BY I O D I N E  
AND WATER ADSORPTION 

N . H .  Rodriguez and H. Harsh 

Nor the rn  Carbon Resea rch  L a b o r a t o r i e s .  Schoo l  of  Chemis t ry .  
U n i v e r s i t y  o f  Newcast le  upon Tyne. Newcas t l e  upon Tyne. 
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1. I n t r o d u c t i o n  
1.1 Iod ine  and ca rbon  

The i n t e r a c t i o n  o f  
c o a l s  has  been s t u d i e d  

i o d i n e  w i t h  such  ca rbonaceous  m a t e r i a l s  a s  c a r b o n s  and 
by a d s o r p t i o n  bo th  from t h e  vapour  phase  (1-3) and from 

aqueous po ta s s ium i o d i d e  s o l u t i o n  (1.3-6). Hechanisms o f  i n t e r a c t i o n s  have been 
s t u d i e d  u s i n g  ESR ( 2 . 7 )  and r e l a t e d  t o  t h e  w e l l - c h a r a c t e r i z e d  f o r m a t i o n  of  c h a r g e -  
t r a n s f e r  complexes of i o d i n e  w i t h  o r g a n i c  compounds ( 2 ) .  Thus,  b o t h  c l a s s i c a l  
p h y s i c a l  a d s o r p t i o n  t h e o r y  and more s p e c i f i c  chemica l  i n t e r a c t i o n s  have been 
proposed t o  model t h e  a d s o r p t i o n  o f  i o d i n e  by ca rbonaceous  m a t e r i a l s .  Assessments  
of s u r f a c e  a r e a  and p o r o s i t y  i n  s o l i d  a d s o r b e n t s  a r e  t r a d i t i o n a l l y  made from 
d a t a  of  vapour  phase a d s o r p t i o n  ( 8 ) .  Although t h e  t e c h n i q u e  is  r e l a t i v e l y  
e l a b o r a t e ,  i n v o l v i n g  u s e  of vacuum equipment ,  i n t e r p r e t a t i o n  o f  a s i n g l e  component 
a d s o r b a t e  i s  s t r a i g h t - f o r w a r d .  The a l t e r n a t i v e  approach  of a d s o r p t i o n  from 
s o l u t i o n ,  a r e l a t i v e l y  s imple  expe r imen ta l  t e c h n i q u e .  is  however much more 
d i f f i c u l t  t o  i n t e r p r e t  because  o f  mult i -component  c o m p e t i t i v e  a d s o r p t i o n  p r o c e s s e s  
( 9 ) .  Adsorpt ion o f  i o d i n e  from aqueous po ta s s ium i o d i d e  s o l u t i o n  by c a r b o n s  
does  however appea r  t o  be b o t h  r e l a t i v e l y  e a s y  e x p e r i m e n t a l l y  and t o  i n t e r p r e t .  
T h i s  s tudy  i s  conce rned  w i t h  t h e  e x t e n s i o n  o f  t h e  u s e  of i o d i n e  a s  a n  a d s o r b a t e  
from ca rbons  t o  c o a l s .  K ip l ing  et. ( 1 )  s t u d i e d  t h e  a d s o r p t i o n  o f  i o d i n e ,  
b o t h  from t h e  vapour phase and o r g a n i c  s o l u t i o n s  a t  2O'C on g r a p h i t i z e d  ca rbon  
b l a c k s .  Adsorp t ion  of i o d i n e  from o rgan ic  s o l u t i o n s  v a s  s o l v e n t  dependen t  and 
c a n  be used t o  d e t e r m i n e  s u r f a c e  a r e a s  o n l y  under  c e r t a i n  c o n d i t i o n s  mainly when 
s o l v e n t  c o m p e t i t i o n  f o r  t h e  s u r f a c e  i s  minimized.  S t u d i e s  o f  t h e  a d s o r p t i o n  o f  
i o d i n e  from aqueous po ta s s ium i o d i d e  s o l u t i o n  on s e v e r a l  po rous  c a r b o n s  were 
c a r r i e d  ou t  by H i l l  2nd Marsh ( 5 ) .  Iod ine  was no t  r e s t r i c t e d  t o  monolayer  
cove rage  and f i l l i n g  or' meso-porosi ty  o c c u r r e d .  The a d s o r p t i o n  i s o t h e r m  r e q u i r e d  
t h e  c a l c u l a t i o n  of t h e  c o n c e n t r a t i o n  of  f r e e  i o d i n e  (12) i n  e q c i l i b r i u m  w i t h  t h e  
c a r b o n  s u r f a c e .  S u r f a c e  a r e a  v a l u e s  were comparab le  t o  t h o s e  from i s o t h e r m s  of 
n i t r o g e n  and ca rbon  d i o x i d e  ( 5 ) .  R a d i o a c t i v e  s t u d i e s  demons t r a t ed  t h a t  mo lecu la r  
i o d i n e  was p h y s i c a l l y  adso rbed .  L a t e r ,  J u h o l a  ( 3 )  u s i n g  a c t i v a t e d  c a r b o n  r e p o r t e d  
s i m i l a r l y  t o  Hill and Marsh ( 5 ) .  Meguro et. ( 6 )  s t u d i e d  i o d i n e  a d s o r p t i o n  or 
c a r b o n s  f r o m  aqueous s o l u t i o n  and concluded t h a t  i o d i n e  m o l e c u l e s  were t h e  o n l y  
s p e c i e s  adso rbed  p h y s i c a l l y ,  i n  agreement  w i t h  H i l l  and Marsh ( 5 ) .  A d s o r p t i o n  
I s o t h e r m s  f i t t e d  t h e  Langmuir e q u a t i o n  ove r  o n l y  p a r t  o f  t h e  c o n c e n t r a t i o n  r a n g e  
o f  f r e e  i o d i n e  whereas  t h e  Dubinin-Radushkevich ( D - R )  f i t t e d  t h e  d a t a  much b e t t e r  
o v e r  t h e  whole r ange  o f  c o n c e n t r a t i o n .  Meguro et. ( 6 )  t h e r e f o r e  conc luded  
t h a t  micropore f i l l i n g  r a t h e r  t h a n  monolayer  c o v e r a g e  o c c u r r e d .  To s u p p o r t  t h i s  
t h e y  showed t h a t  mic ropore  volumes c a l c u l a t e d  from a d s o r p t i o n  o f  c a r b o n  d i o x i d e  
were i n  good agreement  w i t h  v a l u e s  c a l c u l a t e d  from i o d i n e  a d s o r p t i o n  u s i n g  t h e  
D-R e q u a t i o n .  

1 . 2  I o d i n e  and c o a l s  

Although t h e  i n t e r a c t i o n s  o f  i o d i n e  w i t h  c a r b o n s  have been a d e q u a t e l y  
s t u d i e d ,  t h e  l i t e r a t u r e  of i n t e r a c t i o n s  w i t h  c o a l s  Is s c a n t .  Aronson et. ( 2 )  
s t u d i e d  a d s o r p t i o n  o f  i o d i n e  vapour  o n  g r a p h i t e .  a n t h r a c i t e  and b i tuminous  c o a l s  
a t  7 0 ' C .  Values  of e n t h a l p i e s  o f  a d s o r p t i o n  were i n  t h e  r a n g e  -44 t o  -60 kJ 
mol-', a v a l u e  c l o s e  t o  t h e  e n t h a l p i e s  o f  complex ing  between model o r g a n i c  
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compounds and i o d i n e  (LO). i n d i c a t i n g  a r e l a t i v e l y  s t r o n g  i n t e r a c t i o n  when 
compared w i t h ,  9. hydrogen bonding of -28 k J  mol-' (11 ) .  
more t h a n  t h e  g r a p h i t e  from t h e  vapour  phase a t  e q u i l i b r i u m :  t h e  t h r e e  bicuminous 
c o a l s  and l i g n i t e  a l l  showed s i m i l a r  a d s o r p t i o n  b e h a v i o u r .  The i o d i n e / c o a l  weight  
r a t i o s  had v a l u e s  o f  2 .5  (10 mmol 8-11 and 2.0 (8 m m o l  g- ' )  € o r  t h e  t h r e e  b i tuminous  
c o a l s  and l i g n i t e  r e s p e c t i v e l y .  Such l a r g e  e x t e n t s  of i o d i n e  a d s o r p t i o n  by c o a l s  
go f a r  beyond e x t e n t s  of i o d i n e  a d s o r p t i o n  by a c t i v a t e d  c a r b o n s  and s u g g e s t  a 
d i E f e r e n t  form of i o d i n e  i n  e q u i l i b r i u m  on c o a l  s u r f a c e s .  

A n t h r a c i t e  a d s o r b e d  

I t  is e s t a b l i s h e d  t h a t  i o d i n e  r e a c t s  r e v e r s i b l y  w i t h  p o l y n u c l e a r  a r o m a t i c  

Aronson et. ( 2 )  
hydrocarbons t o  form c h a r g e - t r a n s f e r  complexes i n  which s e v e r a l  m o l e c u l e s  oE 
i o d i n e  ace  comptexed w i t h  one hydrocarbon molecule  ( 7 , 1 2 ) .  
fo l lowed  t h e  r e a c t i o n  oE i o d i n e  w i t h  p o l y n u c l e a r  a r o m a t i c  h y d r o c a r b o n s  from 
changes i n  vapour p re s su re  and noted t h a t  t h e  molecu la r  r a t i o  oE i o d i n e  t o  hydro-  
ca rbon  ranged Erom one t o  t h r e e .  
Pe ( I2 )Z .g .  Picene d i d  not form a complex. K i m  and R e i s s  ( 1 3 )  have  s t u d i e d  
a d s o r p t i o n  o f  i o d i n e  vapour by f i l m s  oE po ly th iophene  and shown i t  t o  b e  
r e v e r s i b l e ,  e x h i b i t i n g  Henry 's  law behav iour  ove r  a wide p r e s s u r e  r a n g e .  They 
sugges t  t h a t  t h e  number oE i o d i n e  molecu le s  adsorbed i s  c o m p a r a b l e  w i t h  t h e  
e s t i m a t e d  number of thiophene monomer u n i t s  i n  t h e  polymer f i l m .  

Pe ry lene  formed two complexes Pe (12)1 .5  and 

1 . 3  Water vapour and c o a l s  

The i n t e r p r e t a t i o n  O P  wa te r  vapour  a d s o r p t i o n  i s o t h e r m s  o f  c o a l s  is  complex 
( 1 4 , 1 5 1 .  Watet w i th in  c o a l ,  p r i o r  t o  t h e  i n i t i a l  degassing, c a n  form p a r t  of 
t h e  s t r u c t u r e  of c o a l ,  i n  p a r t i c u l a r  t h e  low rank  c o a l s .  H e r e ,  t h e i r  s i g n i f i c a n t  
oxygen c o n t e n t s  bond water  t o  c o a l  m a t e r i a l .  The i n i t i a l  o u t g a s s i n g  o f  cmLs 
can  c a u s e  s t r u c t u r a l  changes r e s u l t i n g  i n  s h r i n k a g e ,  t h e  coaL s w e l l i n g  o n  r e -  
a d s o r p t i o n  o f  w a t e r .  Isotherms may not  be r e p r o d u c i b l e .  E x t e n t s  of w a t e r  
a d s o r p t i o n  can  be a s  high a s  80 rJt% (45 mmol g-l) Ear i n  e x c e s s  oE e x t e n t s  o f  
a d s o r p t i o n  of ca rbon  d i o x i d e  a t  195 o r  273 K and r e su l t i n : ;   fro^. vo1.ume f i l l i n #  
and c o a l  s w e l l i n g .  Water i s o t h e r m s  a r e  u s u a l l y  of Type [ [ I  BET classification 
b u t  e x t e n t s  o f  a d s o r p t i o n  a r e  critically dependent  upon chn o x y j e n  c o n t e n t  o f  
s u r f a c e s  (8). Adsorpt ion of wa te r  i s  r e l a t i v e l y  h igh  f o r  low r a n k  c o a l s  ( h i g h  
oxygen c o n t e n t ) .  pas s ing  through a minimum f o r  t h e  cok ing  b i t u m i n o u s  c o a l s  beco i i i :  
oE development o f  c losed  p o r o s i t y  and r i s i n g  a g a i n  f o r  t h e  a n t h r a c i t e s  oE snhanced 
microporous c o n t e n t  ( 1 5 ) .  

1.4 Placromolecular s t r u c t u r e  oE c o a l  

Although c o a l  is ex t r eme ly  he te rogeneous  i n  c o m p o s i t i o n  ( 1 6 )  a t t e m p t s  have 
been made t o  t r e a t  t he  v i t r i n i t e  components of c o a l s  i n  t e r m s  oE a macromolecular  
s t r u c t u r e  (17 -19 ) .  A s  c o a l s  i n c r e a s e  i n  r a n k  so carbon-oxygen c r o s s - l i n k s  a r e  
r e p l a c e d  by hydrogen bonding ( c o k i n g  c o a l s )  and ca rbon-ca rbon  c r o s s - l i n k s  i n  
a n t h r a c i t e s ,  a minimum i n  c r o s s - l i n k  d e n s i t y  o c c u r r i n g  a t  a b o u t  87  w t %  o f  ca rbon  
(17 ) .  Aromat i c i ty  i n  c o a l s  i n c r e a s e s  p r o g r e s s i v e l y  w i t h  r a n k .  O x i d a t i o n  oE 
c o a l ,  i n  a i r .  is thought  t o  remove b o t h  hydrogen Erom t h e  s u r E a c e  a n d  t o  chemi-  
s o r b  oxygen ( 2 0 ) .  b o t h  e f f e c t s  c o n t r i b u t i n g  t o  t h e  loss of p l a s t i c i t y  o f  
b i tuminous  c o a l s  on hea t ing .  The t h e r m o l y s i s  of t h e  f u s i n g  b i t u m i n o u s  c o a l s  
b r i n g s  abou t  breakage of c r o s s - l i n k s  i n  t h e  i n i t i a l  coa l .  

The o b j e c t i v e s  of t h i s  s t u d y  in g e n e r a l  terms a r e  t o  a d v a n c e  a n  u n d e r s t a n d i n g  
oE c o a l  subs t ance  and i n  s p e c i f i c  terms to  examine ( a )  t h e  a d s o r p t i o n  oE i o d i n e  
b o t h  from t h e  vapour  phase and from aqueous po ta s s ium i o d i d e  s o l u t i o n  Erom a 
r a n k  r a n g e  of f r e s h  c o a l s ,  ( b )  t h e  behav iour  of o x i d i s e d  coals,  ( c )  t h e  
behav iour  of c o a l s  a f t e r  t h e r m o l y s i s  p y r o l y s i s .  
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2. Exper imen ta l  
2.1 M a t e r i a l s  u sed  

E leven  c o a l s  o f  a r a n k  r a n g e  were used  and from t h e s e  c o a l s  t h r e e  were 
s e l e c t e d  f o r  f u r t h e r  o x i d a t i o n  s t u d i e s ,  e. Gedl ing  (NCB r ank  801).  Cortonwood 
(501)  a n d  Cwn (301) .  A n a l y s e s  of t h e  c o a l s  a r e  i n  Tab le  1 .  An a c t i v a t e d  c a r b o n  
c l o t h ,  No. 005 manufac tu red  by Charcoal  C l o t h  L t d . ,  U.K. was u s e d  a s  a compar i son  
( n i t r o g e n  BET s u r f a c e  a r e a  1300 m2g-1, p o r e  volume -0.45 cm3g-1). 

2.2 Techn iques  used  

C o a l s  were o x i d i s e d  i n  a n  a i r  oven a t  100'. 150'.  200' and  2 5 0 ' C  for 1 and 
2 d a y s .  I o d i n e  and  w a t e r  were adsorbed by d r y  c o a l s  from t h e  vapour  phase  (no  
a i r )  a t  25'C o v e r  a two-week p e r i o d .  The amount o f  i o d i n e  and wa te r  adso rbed  
were d e t e r m i n e d  g r a v i m e t r i c a l l y  us ing  t h e  s i l i c a  s p r i n g s  o f  a FlcBain-type 
equipment  (8). The c o a l s  were degassed a t  1OO'C p r i o r  t o  an a d s o r p t i o n  run .  
I n  d e t e r m i n a t i o n s  of e x t e n t s  o f  a d s o r p t i o n  of  i o d i n e  from aqueous s o l u t i o n ,  
100 mg of  each  f r e s h ,  o x i d i s e d  and pyrolyzed c o a l  was s e a l e d  w i t h  50 m l  of 
aqueous  s o l u t i o n  of i o d i n e  and i o d i d e  ( 0 . 0 7  mol of  12 p l u s  0 . 1 5  n:ol of KI 1 - I )  
a t  25°C i n  a f l a s k .  w i t h  o c c a s i o n a l  shak ing .  A f t e r  f o u r  weeks .In a l i quo t .  of  
t h e  s o l u t i o n  was t a k e n  and  t h e  i o d i n e  c o n c e n t r a t i o n  de te rmined  !;ith a s r a n d a r d  
s o l u t i o n  of s o d i u n  t h i o s u l p h a t e  ( 5 ) .  Samples o f  f r e s h  and o x i d i s c d  c h a r c o a l  
c l o t h  were s i m i l a r l y  t r e a t e d  and ana lysed  a f L e r  seven  d a y s .  E x t e n t s  o f  
a d s o r p t i o n  c o r r e s p o n d e d  t o  an  e q u i l i b r i u m  r e l a t i v e  c o n c e n t r a t i o n  of 0.45. 

F r e s h  and  o x i d i s e d  c o a l s  were kept  i n  i o d i n e  ( aqueous )  so1:ltion (0.056 
mol 1 2  P I U S  0 . 1 5  mol K I  per  l i t r e )  f o r  p e r i o d s  r ang ing  from 1 t o  23  d a y s .  
\'slues of  k i n e t i c  c o n s t a n t s  were determined from t h e  v a r i a t i o n  o f  e x t e n t s  o f  
i o d i n e  a d s o r p t i o n  w i t h  t ime .  To s tudy  t h e  s w e l l i n g  of c o a l s  by warer and  
i o d i n r  s o l u t i o n .  g round  f r e s h  and o x i d i s e d  c o a l s  (..IO0 mesh) t icre  p l aced  i n  a 
3.5 mm ( i n t .  d i am)  P y r e x  g l a s s  t ube  a x !  i'ackcd c a r e f u l l y  a c c o r d i ~ i s  t o  t h e  
p roccdurc  used by L a r s e n  ( 2 1 ) .  The h e l s h t  o f  t h e  c o a l  bed i i a s  measured 
( a v e r a g c  of f o u r  measu remen t s  a f t e r  r o t a t i n g  t h e  t u b e )  b e f o r e  and a f t e r  a d d i t i o n  
o f  1 2 / K I . ' U 2 0  (0.056 no1 1 2 .  0 . 1 5  no1 KI per  l i t r e )  s o l u t i o n .  The sr . -e l l ing r a t i o ,  
Q .  was c a l c u l a t e d  a s  (Q = \ 'f/Vi = Hf/Hi)  where \'f and V i  a r e  t h e  f i n a l  and i n i t i a l  
volumes o f  t h e  c o a l  b e d  and Hf and H i  t h e  c o r r e s p o n d i n g  h e i g h t s .  To s t u d y  t h e  
e f f e c t s  o f  p y r o l y s i s  of c o a l s ,  f r e s h  and o x i d i s e d  c o a l s  liere c a r h o n i r e d  under  
f l o w i n g  n i t r o g e n  i n  a h o r i z o n t a l  fu rnace  t o  ZOO', 300'. 400 ' .  500". 600" and 
700'C w i t h  a h e a t i n g  r a t e  o f  3.C min-1 and a soak t ime  o f  0 . 5  h.  

3. R e s u l t s  
3.1 Adsorp t ion  of  i o d i n e  b y  f r e s h  c o a l s  

F igu re  1 shows t h e  v a r i a t i o n  of i o d i n e  a d s o r p t i o n  from aqueous  s o l u t i o n  
a s  a f u n c t i o n  of c o a l  r a n k  f o r  f r e s h  c o a l s  w i t h  ca rbon  c o n t e n t s  l y i n g  between 
80 w t %  C and 95 u t %  C.  I o d i n e  a d s o r p t i o n  i n c r e a s e d  from -4 mmol g - l  f o r  c o a l  
w i t h  ca rbon  c o n t e n t  of 80 wt% to  a maximum v a l u e  of 6 mmol g-l  f o r  c o a l s  o f  
-04 ut% c a r b o n  c o n t e n t  (dmmf). I o d i n e  a d s o r p t i o n  t h e n  f e l l  w i t h  i n c r e a s i n g  
c a r b o n  c o n t e n t  t o  -2.3 mmol g-' for  a c o a l  w i t h  a ca rbon  c o n t e n t  o f  95  wt%.  

3 .2  Adsorp t ion  of i o d i n e  b y  o x i d i s e d  c o a l s  

F i g u r e s  2-4 i l l u s t r a t e  t h e  i s o t h e r m s  f o r  a d s o r p t i o n  of i o d i n e  by f r e s h  

Changes I n  t h e  s h a p e  
The i s o t h e r m s  

and  o x i d i s e d  c o a l s  a t  25'C. In a l l  t h e  c o a l s  a d e c r e a s e  i n  t h e  amount o f  
i o d i n e  u p t a k e  w i t h  extents o f  o x i d a t i o n  was obse rved .  
o f  t h e  I s o t h e r m s  w e r e  a l so  o b s e r v e d  a s  o x i d a t i o n  p r o g r e s s e s .  
a r e  Type I a n d  11, (BET c l a s s i f i c a t i o n )  ( 8 ) .  E x t e n t s  of i o d i n e  u p t a k e  (mmol 
g-1) c a n  b e  c o n v e r t e d  t o  a n  e q u i v a l e n t  s u r f a c e  a r e a  by assuming a cross- 
s e c t i o n a l  a r e a  o f  a n  i o d i n e  molecu le  of 0.4 nm2 (5 ) .  F i g u r e  5 shows t h e  
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i so the rms  f o r  t h e  a d s o r p t i o n  of i o d i n e  by f r e s h  and o x i d i s e d  c h a r c o a l  c l o t h .  
An i n c r e a s e  i n  t h e  amount o f  i o d i n e  adso rbed  w i t h  e x t e n t s  o f  o x i d a t i o n  was 
observed .  The i s o t h e r m s  a r e  Type I .  The maximum of  i o d i n e  a d s o r p t i o n  was a t  
C/Co 0.4 (C/Co r e l a t i v e  f r e e  i o d i n e  c o n c e n t r a t i o n  ( 5 ) ;  CO is t a k e n  a s  
1 .2  mmol 1 - l ) .  E x t e n t s  o f  i o d i n e  a d s o r p t i o n  o b s e r v e d  f o r  c o a l s  were much 
h ighe r  t han  t h o s e  f o r  c h a r c o a l  c l o t h  a t  s i m i l a r  C / C o  v a l u e s .  
summarises t h e  c h a n g e s  i n  i o d i n e  a d s o r p t i o n  f o l l o w i n g  o x i d a t i o n  a t  d i f f e r e n t  
t empera tu res  and times f o r  t h e  t h r e e  c o a l s  a t  c o n s t a n t  C / C o  va lue  ( C l e o  = 0.6). 

3.3 Adsorp t ion  of i o d i n e  by py ro lysed  c o a l s  

F i g u r e  6 

The a d s o r p t i o n  o f  i o d i n e  a s  a f u n c t i o n  of hea t  t r e a t m e n t  t e m p e r a t u r e  (HTT) 
f o r  Cm (301) .  Cor tonvood ( 5 0 1 )  and Ged l ing  (801)  c o a l s  i s  i l l u s t r a t e d  i n  
F igu re  7 .  An i n i t i a l  i n c r e a s e  i n  amounts of a d s o r b e d  i o d i n e  was observed  a t  
t he  l o c e r  va lues  o f  HTT r e a c h i n g  a maximum a t  -0OO'C and d e c r e a s i n g  s h a r p l y  
t h e r e a f t e r  t o  lot? v a l u e s .  The e f f e c t  of p r e o x i d a t i o n  and hea t  t r e a t m e n t  on 
a d s o r p t i o n  of i o d i n e  f o r  t h e  t h r e e  c o a l s  i s  i l l u s t r a t e d  i n  F i g u r e s  8 -10 .  L i t t l r  
change was obse rved  when c o a l s  were o x i d i s c d  a t  I0O"C compared w i t h  t h e  non- 

ox id i sed  samples ,  bur a marked d e c r e a s e  was observed  !<lien t h e  c o a l s  vert 
o r i d i s e d  a t  t he  hipl ier  t e m p e r a t u r e  of 200'C. 

4 .  Discuss ion  
4 . 1  Adsorpt ion  of  i o d i n e  by f r e s h  c o a l s  

I 

Fis i i re  1 s h o w s  t h a t  for a r ank  r ange  of f r e s h  c o a l s ,  t h e r e  1s a c l e a r  
r a n k  dependence of i o d i n e  a d s o r p t i o n  from aqueous  s o l u t i o n .  A masill:uni 1:) iodinr 
uptake  ('6 mniol 8 - l )  o c c u r s  a t  0a wt f  C dmmf. The m i n i m u m  va lue  ( - 2 . 3  m ~ l  p - ] )  
i d a s  ob ta ined  f o r  coals w i t h  95 t ; t ' dC .  The v a r i a t i o n  of s u r f a c e  p r o p e r t i e s  a s  a 
func t ion  o f  coal  r ank  h a s  been s t u d i e d  previo::sly ( 2 2 - 2 s ) .  Carbon d i o x i d e  
s u r r a c c  ai-pas mcasurcd a t  195 L ( -78 'C)  and Z i 3  C (0°C) v a r i c d  from l lc l  :$> 

abc;it 3 1 0  d g - 1  a n d  f e l l  u i t h i n  a broad band n t h  t h e  minirum a t  about  65 tit?... 

c a r  1mn. 

The r e s u l t s  o b t a i n e d  i n  t h i s  p r e s e n t  s t u d ? ;  of i o d i n e  a d s o r p t i o n  a s  a 
f u n c t i o n  of coa l  r a n k  do  no t  r e l a t e  t o  chose  of c a r b o n  d i o x i d e  s u r f a c e  a r e a s .  
Thc c o a l  rank s e r i e s  shows a maximum i n  a d s o r p t i o n  of i o d i n e  a t  abou t  8 5  wt% 
ca rbon ;  w i th  carbon d i o x i d e  a m i n i m u m  i s  o b s e r v e d .  F u r t h e r ,  t h e  e q u i v a l e n t  
s u r f a c e  a r e a s  o f  c o a l s  w i t h  06 and 9 5  w t %  C .  based  on i o d i n e  a d s o r p t i o n  a r e  
1400 and 530 m2g-l r e s p e c t i v e l y .  
t h e  carbon d iox ide  s u r f a c e  a r e a s .  T h i s  i n d i c a t e s  t h a t  t h e  mechanism of 
a d s o r p t i o n  by i o d i n e  and c a r b o n  d i o x i d e  m u s t  be  d i f f e r e n t .  

These  v a l u e s  a r e  e x t r e m e l y  h igh  compared w i t h  

Although t h e  t e m p e r a t u r e  of a d s o r p t i o n  of i o d i n e  is high  enough (25'C) 
t o  e l i m i n a t e  a c t i v a t e d  d i f f u s i o n  e f f e c t s  r e s t r i c t i n g  a d s o r p t i o n  ( 2 2 - 2 4 )  t h e  
l a r g e r  s i z e  of t h e  i o d i n e  m o l e c u l e  would be  e x p e c t e d  t o  r e s u l t  i n  a d e c r e a s e d  
a d s o r p t i o n  compared w i t h  c a r b o n  d i o x i d e .  T h i s  d o e s  n o t  occur .  However, t h e  
i o d i n e  a d s o r p t i o n  from t h e  vapour  phase  is much less t h a n  from aqueous  i o d i d e  
s o l u t i o n  (Table  2 )  i n d i c a t i n g  a c o - o p e r a t i v e  e f f e c t  between t h e  w a t e r  and t h e  
i o d i n e .  W i t h  a d s o r p t i o n  from t h e  vapour  p h a s e ,  t h r e e  i n t e r a c t i n g  f a c t o r s  may 
c o n t r o l  t h e  u l t i m a t e  e x t e n t s  of i o d i n e  a d s o r p t i o n .  The h i g h e r  i n t e r n a l  p o r o s i t y  
and l a r g e r  pore  sizes of t h e  lower  r a n k  c o a l s  w i l l  promote a d s o r p t i o n ;  t h e  
i n c r e a s e  i n  a r o m a t i c i t y  of c o a l s  w i t h  i n c r e a s i n g  r a n k  w i l l  promote i n c r e a s e d  
a d s o r p t i o n  w i t h  r ank ;  o v e r a l l ,  e x t e n t s  o f  a d s o r p t i o n  w i l l  d e c r e a s e  a s  t h e  
s t r e n g t h  of c r o s s - l i n k s  and c r o s s - l i n k  d e n s i t y  i n c r e a s e .  For a d s o r p t i o n  Of 
i o d i n e  and wa te r  from t h e  v a p o u r  phase ,  t h e  h i g h e r  i n t e r n a l  p o r o s i t y  o f  t h e  
lower r a n k  c o a l  a p p e a r s  to  domina te .  
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E x t e n t s  of i o d i n e  a d s o r p t i o n  a r e  much h i g h e r  from a q u e o u s  s o l u t i o n  ( T a b l e  
2 .  Figure  1) .  I t  is p o s s i b l e  t h a t  t h e  w a t e r  when i n  t h e  c o a l ,  is a b l e  t o  
expand t h e  macromolecular  s t r u c t u r e  of  t h e  c o a l  s u f f i c i e n t l y  t o  a l l o w  a 
c o n s i d e r a b l y  l a r g e r  amount of  i o d i n e  to b e  adsorbed .  bu t  t h e  w a t e r  is n o t  
s i g n i f i c a n t l y  c o m p e t i t i v e  f o r  t h e  s u r f a c e .  The s w e l l i n g  d a t a  of  T a b l e  3 
i n d i c a t e  t h a t  t h e  Ged l ing  c o a l  can  r e s p o n d  most t o  t h e  c o - o p e r a t i v e  e f f e c t s  
of  t h e  w a t e r  and i o d i n e  a g r e e i n g  w i t h  t h e  h i g h e s t  u p t a k e  of i o d i n e  from t h e  
vapour phase .  Thus, a s  t h e  c r o s s - l i n k  d e n s i t y  of  t h e  c o a l s  d e c r e a s e s  w i t h  
i n c r e a s i n g  rank  t o  a b o u t  85  w t X  c a r b o n  and t h e n  i n c r e a s e s ,  so t h e  i o d i n e  
a d s o r p t i o n  w i l l  i n c r e a s e  t o  d e c r e a s e  s u b s e q u e n t l y  beyond t h e  85 w t X  c a r b o n  l e v e l .  
Thus ,  F i g u r e  1 is i n d i c a t i v e  of  t h e  c r o s s - l i n k  d e n s i t y  o f  t h e  c o a l s  of t h e  r a n k  
r a n g e .  

F i g u r e s  2-4 shows t h e  i s o t h e r m s  of t h e  f r e s h  c o a l s  and i n d i c a t e  a change 
i n  i so therm shape,  a lmost  Type I1 f o r  G e d l i n g  c o a l  and Type 111 f o r  Cortonwood 
and Cwm c o a l s  of h i g h e r  r a n k .  This  i s  i n d i c a t i v e  of  a l o w e r  e n t h a l p y  o f  
a d s o r p t i o n  between t h e  i o d i n e  a d s o r b a t e  and t h e  c o o l  a d s o r b e n t  f o r  t h e  l a t t e r  
two c o a l s .  

The charcoc l  c l o t h  behaves d i f f e r e n t l y  from t h e  c o a l s .  The s u r f a c e  a r e a s  
i a l s ~ i l a t c d  from i o d i n e  a d s o r p t i n n  a r e  commensurate  u i t h  n i t r o g e n  a r e a s .  i . e .  
about  L W O  d 9 - l .  
t h e  c o a l s .  P o s s i b l y  o x i d J t i o n  enhances  p o r e  volume and r J i t h  t h e  r i g i d  c a r b o n -  
i n r b o n  c r o s s e d - l i n k e d  s t ~ u c t i i r e  a l r e a d y  e s t a b l i s h e d ,  i t  c a n n o t  be enhanced  
f u r t h e r  end hence i o d i n e  a d s o r p t i o n  i s  not  d i m i n i s h e d .  Ca rbons  and c o a l s  
I-espond d i f f e r e n t l y  t o  i o d i n e  a d s o r p t i o n .  

b . ?  Adsorpt ion of i o d i n e  by o x i d i z e d  c o a l s  

- 
O x i d a t i o n  c a u s e s  an i n c r e a s e  i n  i o d i n e  a d s o r p t i o n  u n l i k e  

The e ir‘ects  of i n c r e a s i n g  d u r a t i o n  and t c e p e r a t u r e  of o s i d J t i u n  i n  . i i r  
cf t h e  Gedi ing ,  Cortonvood and Cwm c o a l s  a r e  t o  d e c r e a s e  e x t e n t s  of  i o d i n e  
n d s o r y t i n n  f r o n  both  t h e  vapour  and aqueous p h a s e s .  For c o a l s  of maxinum 
os ida i . ia i i  t rea tment  (2d  a t  200°C) e x t e n t s  o f  i o d i n e  a d s o r p t i o n  from t h e  vapour  
phase  a r e  e q u i v a l e n t  t o  about  25 m2p- l .  For t h e  same c o a l s  e x t e n t s  of w a t e r  
a d s o r p t i o i i  i n c r e a s e  w i t h  s e v e r i t y  of o x i d a t i o n ,  a s  a n t i c i p a t e d  ( 1 4 . 1 5 ) .  For 
a l l  t h r e e  c o a l s  p r o g r e s s i v e  o x i d a t i o n  p romotes  s w e l l i n g  of . t h e  c o a l s  by w a t e r  
a l o n e  and by the  i o d i n e - w a t e r  sys tem,  p r o b a b l y  t o  e q u a l  e x t e n t s .  The i s o t h e r m s  
of  F i g u r e s  2-4 shows t h a t  t h e  Gedl ing  o x i d i z e d  c o a l s  r e t a i n  t h e  Type I1 i s o t h e r m  
shape  of t h e  parent  c o a l ,  whereas  t h e  i s o t h e r m s  of t h e  Cortonwood and Cwm c o a l s  
change from Type 111 t o  Type I1 u i t h  p r o g r e s s i v e  o x i d a t i o n .  

In  i n t e r p r e t i n g  t h e s e  f i n d i n g s ,  t h e  i n f l u e n c e  of c o a l  o x i d a t i o n  on i o d i n e  
a d s o r p t i o n  from t h e  vapour  phase  o p e r a t e s  i n  p o s s i b l y  t h r e e  ways. Chemisorbed 
oxygen reduces  t h e  e f f e c t i v e  pore d i a m e t e r s  and  r e s t r i c t s  i o d i n e  p e n e t r a t i o n ;  
chemisorbed oxygen c r o s s - l i n k s  t h e  coal,  so p r e v e n t i n g  the i o d i n e  b e i n g  
accommodated by some r e l a x a t i o n  of  t h e  c r o s s - l i n k e d  ne twork;  c h e m i s o r b e d  oxygen 
i s  e l e c t r o n e g a t i v e  and t h i s  could  r e d u c e  e l e c t r o n  a v a i l a b i l i t y  f o r  c h a r g e  
t r a n s f e r  complexing ( 2 ) .  

The a d s o r p t i o n  of i o d i n e  from aqueous  s o l u t i o n  by o x i d i z e d  c o a l s  is much 
l e s s  a f f e c t e d  by t h e  o x i d a t i o n  p r o c e s s  t h a n  a d s o r p t i o n  f rom t h e  vapour  p h a s e .  
What is p o s s i b l y  happening h e r e  is t h a t  t h e  w a t e r .  by a s s o c i a t i o n  w i t h  t h e  
chemisorbed oxygen, c a u s e s  t h e  c o a l  t o  s w e l l  g i v i n g  g r e a t e r  a c c e s s  t o  t h e  i o d i n e ,  
and t h i s  e f f e c t  enhances  w i t h  p r o g r e s s i v e  o x i d a t i o n .  
i o d i n e , a n d  t h e  w a t e r  m o l e c u l e s  becomes s t r o n g e r  a n d  p resumab ly  t h e  hydrogen  
bonding and c l u s t e r i n g  of w a t e r  m o l e c u l e s  (14.15) in t h e  c o a l  materiel p r e v e n t s  
a c c e s s  of i o d i n e  t o  t h e  macromolecular  s t r u c t u r e  o f  c o a l  and  t h e  b a l a n c e  is 
a d i m i n i s h e d  a d s o r p t i o n  of  iodine w i t h  i n c r e a s e d  o x i d a t i o n  a t  h i g h  r e l a t i v e  
c o n c e n t r a t i o n s  of t h e  I s o t h e r m s  ( F i g u r e s  2-4). 

C o m p e t i t i o n  be tween  adsorbed  

For t h e  Cortonwood and  C m  coals ,  230 



t h e  e f f e c t s  of o x i d a t i o n  a r e  t o  enhance  i o d i n e  a d s o r p t i o n  a t  v a l u e s  o f  C/Co C 0.2. 
The Ged l ing  c o a l ,  w i t h  i t s  9 . 4  w t X  of oxygen has  a Type I1 i s o t h e r m  when f r e s h .  
O x i d a t i o n  of t h e  Cortonwood ( 5 . 9  w t X  0) and Cwm ( 3 . 2  w t X  0 )  c o a l s  c h a n g e s  t h e s e  
c o a l  s u r f a c e s  i n  a way comparab le  t o  t h e  Gedl ing  c o a l .  The l a r g e  e x t e n t s  Of 

i o d i n e  adso rbed  by t h e  f r e s h  c o a l s ,  i n  t h e  o r d e r  of 6 mmol g-’ ( e q u i v a l e n t  s u r f a c e  
a r e a  o f  1.500 m2g-l ( 2 5 ) )  may a l s o  i n v o l v e  c l u s t e r i n g  of i o d i n e  m o l e c u l e s  ( 7 ,  
12). The p r e s e n c e  of  oxygen i n  t h e  c o a l  ( e i t h e r  rank  o r  o x i d a t i o n  r e l a t e d )  
c r e a t e s  s i t e s  of  h igh  a d s o r p t i o n  p o t e n t i a l  which a r e  c o v e r e d  a t  t h e  lOr.’eK Values 
O f  r e l a t i v e  c o n c e n t r a t i o n .  Kar sne r  and P e r l m u t t e r  (26). i n  s t u d i e s  Of c o a l  
d r y i n g  and o x i d a t i o n ,  r e p o r t  changes  i n  t h e  macro-molecular  and m i c r o p o r o s i t y  
O f  c o a l s .  Hence f o r  t h e  Cortonwood and Cwm c o a l s  t h e  d r y i n g  p r o c e s s  a s s o c i a t e d  
With o x i d a t i o n  a t  %. 200‘C could  c a u s e  d e c r e a s e s  i n  s i z e  o f  m i c r o - p o r o s i t y  
So enhanc ing  t h e  a d s o r p t i o n  p o t e n t i a l  and s h i f t i n g  i s o t h e r m  s h a p e  t o  a Type 11. 
The s t u d i e s  of Oda et. ( 2 7 )  on methanol  and hexane d e n s i t i e s  of o x i d i s e d  
c o a l s  showed t h a t  c o a l  d e n s i t y  i n c r e a s e d  d u r i n g  t h e  i n i t i a l  s t a g e s  o f  o x i d a t i o n .  
HOW t h i s  a f f e c t s  pore s i z e s  remains  t o  be c l a r i f i e d .  

The v a r i a t i o n  o f  e x t e n t  of i o d i n e  a d s o r p t i o n  w i t h  t ime f o r  f r e s h  and 
o x i d i z e d  Cortonwood and C m  c o a l s  i s  i l l u s t r a t e d  i n  Table  4 .  The r a t e  d a t a  
approx ima te  t o  f i r s t - o r d e r  k i n e t i c s  and what i s  c l e a r  i s  t h a t  r a t e s  o f  i o d i n e  
a d s o r p t i o n  d e c r e a s e  w i t h  s e v e r i t y  of o x i d a t i o n .  more so  f o r  t h e  CortonriOOd c o a l .  
T h i s  s u g g e s t s  a d i f f u s i o n a l  l i m i t a t i o n  t o  a d s o r p t i o n  v i t h  a p o s s i b l e  p o r e  
nar rowing  a s  d r y i n g  and o x i d a t i o n  proceed .  

6.3 Adsorp t ion  of  i o d i n e  by pyro lyzed  c o a l s  

The f i n d i n x s  of t h i s  a s p e c t  ol t h e  s t u d y  ( F i x t i r e s  7 -10)  a r e  t h a t  f o r  t h c  
t h r e e  f r e s h  Gedl ing .  Cortonwood and Cwm c o a l s  t h e  e f f e c t  o f  i n c r e a s i n g  hea t  
t r e a t m e n t  t e m p e r a t u r e  ( H T T )  i s  t o  enhance i o d i n e  a d s o r p t i o n  t o  a minimum of  
HTT of 4 0 0 ° C  fo l lowed by a r a p i d  d e c r e a s e  t o  6 0 0 ’ C  ( F i g u r e  7). The c h a r s  
(HTT 7 0 0 ’ C )  o f  Ged l ing  and Cwm c o a l s  a r e  a b l e  tc ; idsrrb i o d i n e  ( e q u i \ , a l e n t  t o  
a h o u r  300 m2p- l  ) i$liecc.as t h e  Cortoc::oad coke ;Idsorl?s no i o d i n e .  

The e f f e c t s  of o x i d a t i o n  f o r ’ t h e  Gedl ing c o a l  ( F i p u r e  8 )  a r e  t o  reduce  
t h e  o v e r a l l  e x t e n t  o f  i o d i n e  a d s o r p t i o n .  t o  promote a m i n i m u m  in a d s o r p t i o n  
a t  a n  HTT of 300’C but  w i t h  s t i l l  a maximum a t  600°C and  t o  d e c r e a s e  t h e  HTT 
of c l o s u r e  of t h e  p o r o s i t y .  T h i s  l a t t e r  e f f e c t  i s  very  pronounced f o r  t h e  
Cortonwood and Cwm c o a l s  ( F i g u r e s  9 . 1 0 ) .  The r i s e  i n  a d s o r p t i o n  c a p a c i t y  wi th  
i n c r e a s i n g  HTT ( F i g u r e  8 )  i s  a l s o  found u s i n g  n i t r o g e n  and c a r b o n  d i o x i d e  a s  
a d s o r b a t e s  (28-30) but  t h e  magnitude of i o d i n e  a d s o r p t i o n  ( e q u i v a l e n t  t o  
1750 m2g-1) must not be o v e r l o o k e d .  The e f f e c t  of p y r o l y s i s  c o u l d  be t o  r e d u c e ,  
t h e r m a l l y .  t h e  c r o s s - l i n k  d e n s i t y  of c o a l s  and t h i s  a l l o w s  g r e a t e r  a c c e s s  Of 
i o d i n e  i n t o  t h e  macromolecu la r  sys tem.  
w i t h  c o n s i d e r a b l e  enhancement of c r o s s - l i n k  d e n s i t y  so r e d u c i n g  t h e  a b i l i t y  
of  i o d i n e  t o  a d s o r b  from a n  e q u i v a l e n t  of 1750 t o  300 m2g-1. The e f f e c t  of 
o x i d a t i o n  of  c o a l s  on t h e i r  c a r b o n i z a t i o n  behaviour  i s  t o  promote f u r t h e r  t h e  
development  of c r o s s - l i n k s  w i t h  i n c r e a s i n g  HTT ( F i g u r e s  8-10]. 
a v a i l a b l e  from t h e  w a t e r  a d s o r p t i o n  d a t a  i s  t o  s u g g e s t  t h a t  oxygen c r o s s - l i n k s  
a r e  not  formed d u r i n g  t h e  o x i d a t i o n  p r o c e s s .  

I n c r e a s i n g  HTT c a u s e s  l o s s  of v o l a t i l e  

The e v i d e n c e  

5. C o n c l u s i o n s  
5 .1  A d s o r p t i o n  o f  i o d i n e  by f r e s h  c o a l s  

A d s o r p t i o n  o f  i o d i n e  by c o a l s  d i f f e r s  i n  mechanism from a d s o r p t i o n  o f  
n i t r o g e n  and c a r b o n  d i o x i d e .  
o f  c o a l  t o  t h e  e x t e n t  of  an  e q u i v a l e n t  1750 m2g-l p r o b a b l y  i n v o l v e s  m o l e c u l a r  
c l u s t e r i n g  of i o d i n e .  I o d i n e  a d s o r p t i o n  by c o a l s ,  a t  c o n s t a n t  r e l a t i v e  
c o n c e n t r a t i o n s ,  i s  i n d i c a t i v e  of c r o s s - l i n k  d e n s i t y  of c o a l s  and is r a n k  
d e p e n d e n t .  

Complexing of i o d i n e  w i t h  t h e  m o l e c u l a r  components 

E x t e n t s  of  a d s o r p t i o n  of i o d i n e  from t h e  vapour  p h a s e  a r e  
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s i g n i f i c a n t l y  lower t h a n  from aqueous  s o l u t i o n .  The a d s o r p t i o n  o f  i o d i n e  from 
t h e  aqueous phase is dependent  upon a c o - o p e r a t i v e  e f f e c t  w i t h  a d s o r b e d  w a t e r .  

5 . 2  Adsorp t ion  of i o d i n e  by o x i d i z e d  c o a l s  

O x i d a t i o n  and a s s o c i a t e d  d r y i n g  of c o a l  changes c o a l  s t r u c t u r e ,  removes 

O x i d a t i o n  o f  c o a l  r e d u c e s  i t s  c a p a b i l i t y  f o r  i o d i n e  a d s o r p t i o n  
hydrogen,  i n t r o d u c e d  chemisorbed oxygen b u t  p robab ly  d o e s  n o t  c r e a t e  oxygen 
c r o s s - l i n k s .  
f rom vapour  and aqueous  phases  b u t  w a t e r  vapour  a d s o r p t i o n  1 s  enhanced .  I s o t h e r m  
s h a p e  is changed and is i n d i c a t i v e  o f  s t r u c t u r a l  change .  

5.3 Adsorp t ion  a f  i o d i n e  by p y r o l y s e d  c o a l s  

P y r o l y s i s  of f r e s h  c o a l s  t o  4OO'C enhances  e x t e n t s  o f  i o d i n e  a d s o r p t i o n  
p robab ly  b e c a u s e  o f  b reakage  o f  c r o s s - l i n k s .  F u r t h e r  p y r o l y s i s  s e v e r e l y  enhances  
c r o s s - l i n k  d e n s i t y .  For a l l  o s i d i s e d  c o a l s ,  i n  p a r t i c u l a r  Cortonvood and C m  
h e a t  t r e a t m e n t  c a u s e s  marked r e d u c t i o n s  i n  i o d i n e  adso rpLion .  p r o b a b l y  d u e  t o  
f o r m a t i o n  of oxygen c r o s s - l i n k s .  

-\c kttowl edgenen t  s 
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9 0 . 0  

9 1 . 7  

9 2 . 4  

9 5 . 2  

__ 

2H 

__ 

b . 7  

5 . 2  

L.6 

5 . 7  

5 . 6  

5 . 5  

5 , P  

5 . 0  

4 . 8  

4 . 2  

2 . 9  

- 
LO 

- 
1 2 . 1  

9.6 

10.1 

7.9 

5 . 9  

5 . 9  

4 . 1  

3 . 2  

2 .0  

1 . 6  

0 . 9  

9.6 1: i . 3  j 

1 . 5  

I . ?  

1 . 9  

1 . 8  

1 . 6  

1 . 6  

1 . 5  

1 .o  
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Table 2 

Adsorinion of l o d i n e  from Vapovr end Solutlon and of Water Vapour 

Coal 
Trcar nienc 

Oxld. i n  d a y s  ( d )  

:,:fit 

' rcsh  

Ixad. I d  IOO'C 

2d IOO'C 

I d  IOO'C 

Id 200.C 

2d ZOO'C 

- 

c t i v a r c d  Charcoal 
resh 

%id .  

Adsorpt ion of l o d i n e  
from Vopour 
P I Y O  - 1.0 

2 . 7  

? . S  

2 . 3  

1 . 1  

0.13 

0.U" 

I . 4  

1 . 2  

1 . 1  

0 .7  

0.07 

0 .  Ob 

1.5 

1 .2 

1 . 2  

0 . 8  

0 .16  

0.09 

- 

U.l0 

0.10 

0.09 

" . C8L 

t1.065 

11.003 

11.05 

,l.(G 

v .(I:. 

0.03 

n.oo3 

0.003 

0.06 

0 . 0 4  

0 .04  

0 . 0 3  

0 .006 

0.003 

Adsorption of Iodine  
from S o l u t i o n  
c/co I 0 . t  

- I  3 - 1  
m o l  g Cm L 

5 . b  

S . 6  

5.3 

5 . 0  

> . h  

3 . b  

1, . b 

(. . i 

L . i  

O . ?  

j . 4  

3 . 5  

4 . 6  

4 . 4  

3 . 9  

3 . 6  

3 . 3  

2.5 

3 .8  

4.3 

0.22 

0 . 2 1  

0 . 2 0  

0 . I L  

O . I L  

0 .  I 4  

0 . ? L  

0 . 2 3  

0 . 2 :  

0.23 

0.13  

0.  I 3  

0.17 

0 . 1 7  

0.15 

0 . 1 4  

0.11 

0.10 

0.15 

0.19 

Adsorpt lon of 
Vater Vapour 
PIPo - 1.0 

mmol g-'  cm3 

1 5  . 3 

7 . 0  

i , .n  

7.3 

8 . 4  

S.? 

0 . b  

1 . 1  

I .2  

2 .1  

5 . 1  

6 . 4  

0.n 

0 . 9  

1 . O  

I .4 

3.2 

4 . 5  

- 

0 . 1 1  

0 . 1 3  

0.12 

0 .13  

0 .1 ;  

n .  i s  

0 . 0 1 4  

0.CIZD 

0 . 0 2 1  

0.038 

0.09:' 

0.115 

0.014 

0.016 

0.018 

0.025 

0.058 

0.081 

- 
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Table 3 

Svelling Ratio for Coals in Water and Iodine Aqueous Solution 

Oxidation State 

Fresh 
Oxid. ID 1OO'C 

2D 100°C 
ID 150'C 
2D 150°C 
ID 200°C 
2D 20O'C 
ID 2 5 0 ' C  
2D 250'C 

Coal: H 2 0  

Q = V€/Vi 

Gedling Cortonvood Cwm 

1 .oo 
1.02 
1.04 
1.10 
1.11, 

1.17 
1.25 

1.00 1.00 
1.05 1.02 
1.07 1.02 
1.07 1.07 
1.07 1.03 
1.17 1.02 
1.17 1.03 
1 . 1 7  1.19 
1 . 3 1  1 . 1 7  

Coal: I ~ - / I ~ / H ~ o  

q = V € / V i  

Gedling Cortonwood Cwn 

1.06 1.00 1.00 
1 .OS r.01 1.01 
1.09 I .O@ 1 . 0 2  
1.10 1 .03 1.00 
1.12 1.03 1.02 
1.16 1 . o t  1 . oo  
1.17 1 .15  1 . 0 9  
I . ? 3  1 . 1 9  1.16 
1.20 1.23 1.16 

K i n e t i c s  o i  P.dsr.~ptjon of l o d ~ n e  Iron, 

+elution 

Oxidation State 

Fresh 

Oaid. 1D IOO'C 

Oxid. Z D  1OO'C 

Oxid. 1D 150'C 

Oaid. Z D  150'C 

Dxid. 1D 200'C 

Dxid.. Z D  ZOO'C 

Cor t onirood 

9.1 

8.1 

6 . 3  

6.3 

6.5 

3 . 8  

3 . 1  

1 3 . 5  

3 . 8  

1st order kinetics In (I2\ - -kt 



6 

82 86 90 94 

Carbon content I 8 dmmf 

Var ia t ion of iodine adsorpt ion With coal r a n k  from vapour and Figure 1. 

aqueous phases ( 1 3 - / l - l H 2 0 ) .  ( t e q  = 28 days) .  

Iodine adsorbed from the vapour phase. 

1 mmol I ,  = 250 m g of  surface. o = 0.40 nm . 2 - 1  2 

7 Cortonwood Coal 

'D6 

E 
- 
E 

c 4  
. 
.- 
c 

P 

m 2  

Lo 
U 

c 
U 
.- 
- 

0 . 2  0.4 0.6 0 . 2  0.4 0 . 6  

c / c o  ClC0 

Figures 2 and  3 .  

iodine re la t ive concentrat ion fo r  f r e s h  and oxidized Cedl ing a n d  Cortonwood 

coal ( T  = 298 K; t = 28 dhys ) .  

Variat ion o f  iodine adsorption from aqueous phase w i t h  

eq 
0 Fresh; A 1 day, 100OC; A 2 days, 100°C; V 1 day, 150OC; 

'I 2 days,  150OC; 0 1 day, 2OO0C; I 2 days, 2OO0C 
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I Charcoal Cloth 

0.2 0.4 0 .6  0 . 2  0.4 0.6 

C l C 0  C l C 0  

Figures 4 and 5. Var ia t ion o f  iodine adsorpt ion from aqueous phase with 

iodine relat ive concentrat ion for f resh  and  oxidized Cwm coal and activated 

charcoal cloth ( T  = 298 K; t = 28 days and 7 days respect ive ly) .  
eq 

0 Fresh; A 1 day ,  100OC; A 2 days, 100OC; V 1 day, 15OOC; 

V 2 days, 15OOC; 0 1 day, 200OC; I 2 days, 200OC 

- 1 day 

2 days 

100 200 

Oxidation temperature I OC 

Figure 6. 
temperature for  three coals. 

Variat ion o f  iodine adsorpt ion from aqueous phase w i th  oxidation 

A Cortonwood Coal V Gedl ing Coal 0 Cwm coal 
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- 
E 
E . - 

V Cedl ing Coal 

0 Cwm Coal 

- 
I  
0 6  

200 4 0 0  600 200 400 600 

Heat treatment temperature / "C 

Figure 7. Va r ia t i on  o f  iodine F igure 8. Variat ion o f  iodine 

adsorption from aqueous phase wi th  adsorption from aqueous phase wi th  

heat treatment temperature for t h ree  

fresh coals. 

Heat treatnient temperature / OC 

heat treatment temperature for f resh  

and oxidized Cedling coal. 

200 400 600 200 400 600 
Heat t reatment  tempers tu re  / OC Heat treatment temperature / OC 

Figures 9 and  10. 

wi th  heat t reatment  temperature for f resh  and oxidized Cortonwood 

and Cwm coal. 

Var ia t ion o f  iodine adsorpt ion from aqueous phase 

0 Fresh; A 2 days, 100OC; v 2 days, 200OC 
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Porosity ana Solvent-induced Pore Reconstruction in Coal as 
Determined by Neutron and Light Scattering Techniques 

Jon 8 .  Gethner 

Corporate Research Laboratories 
Exxon Research and Engineering Company 

Annandale NJ 08801 

Most naturally occurring coals are high surface area, 
microporous materials. Depending upon the rank of the coal, 
void volumes which range from as little as a few percent to 
as much as 50% are measured. Since the void dimensions 
extend to molecular size range, the corresponding surface 
areas are large (ranging to several hundred meters per cubic 
centimeter of solid). There are many consequences of the 
small void dimensions and large surface areas(1). The 
importance of porosity in determining internal mass 
transport characteristics of coals is widely accepted. 
Similarly, mass transport, and hence porosity, is assumed to 
be an important determinant of reactivity. 

The explicit connection between mass transport through 
the void volume and reactivity has never been convincingly 
demonstrated. Recently, Suuberg has demonstrated that mass 
transport control can be used to alter the products in a 
coal pyrolysis reaction(2). Even this leaves unanswered many 
fundamental questions involving porosity and reactivity. 

In this paper, we review some of the work carried out 
in this laboratory which was designed to Ilfingerprint" and 
semi-quantitatively characterize coal porosity and examine 
the effect of a variety of simple physical and solvent 
treatments on the coal. Commonly employed methods for 
porosity determination generally examine coal under 
specialized conditions and use specific solvents or 
gases(3). Such measurements do not directly permit one to 
answer the question of fundamental importance -- what is the 
void structure during the reaction or while a solvent is in 
contact with the coal. 

We have employed a variety of non-intrusive optical 
techniques to examine the pore structure of coal both dry 
and in the presence of solvents. We discuss results from 
two--small-angle neutron scattering and visible light 
scattering. To date our experiments have been performed at 
ambient temperature. However, there is no fundamental 
limitation to extending these techniques to elevated 
temperature regimes. Indeed, since many common metals are 
nearly "transparentll to neutrons and visible light can be 
coupled into closed systems with fiber-optic techniques, the 
usual problems associated with in-situ measurements of coal 
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under technologically interesting conditions can be 
overcome. 

Small-angle Neutron Scattering 

a large variety of structural studies of liquid and solid 
phase materials(4). The two radiation sources which have 
proven to be of importance for solid-state studies are 
x-rays and neutrons. We chose neutrons for two principal 
reasons: 1). The contrast, and hence the scattering 
efficiency, of included mineral matter with respect to 
organic components is small (by comparison to x-rays). 
Therefore, scattering due to mineral matter inclusions will 
not overwhelm the scattering due to the presence of voids. 
2). The pore-to-carbon (or mineral) matrix contrast can be 
controlled by the addition of organic liquids containing 
hydrogen and deuterium atoms. Thus, the "visibility" of the 
voids can be controlled thereby allowing the scattering from 
the voids to be isolated from other sources of scattering 
(e.g. matrix structure, mineral inclusions). The wavelength 
of neutrons employed are generally in the 4 to 8 Angstrom 
range. This allows void structures in the range of about 2 
to 40 nm to be examined and corresponds well with the micro 
pore and transitional pore regimes probed by nitrogen-BET 
and C 0 2  adsorption-desorption measurements(3). 

Light scattering 

Small angle scattering techniques have been applied to 

Scattering studies employing visible light have several 
advantages as compared to those utilizing neutrons. The 
equipment needed is more readily available. Additionally, 
the size range probed is larger (ca. 50 nm to 2 micrometers) 
and is probably more important in determining the overall 
internal mass transport than is the micro and transitional 
pore volume. However, studies employing visible light have 
been impeded by the high optical density of coal. We have 
employed sub-micron thickness wafers of coal to overcome the 
latter and permit the direct measurement of the scattering 
and absorption strengths of coal which is immersed in a 
series of common organic solvents(7,8). The wavelength 
dependence of the absorption gives, in principal, 
information about the molecular components. The wavelength 
dependence of the scattering provides information about the 
sizes and shapes of the voids. 

measurements. In early work, a microspectrophotometer 
operating in the near-UV to near-IR region of the spectrum 
was employed(8). This apparatus could not separate 
absorptivity changes from scattering changes. Hence data 
interpretation assumed that the absorptivity was unchanged 
upon solvent treatment. This assumption was confirmed in 
later work(9) in which a spectrometer was employed that was 

We have employed two different methods to perform these 
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capable of separately determining the scattering and 
absorptivity. 

Void volume Exhibits Adsorption Selectivity 

We have carried out studies in which dried coal was 
exposed to water vapor(5,9), the vapor of various organic 
liquids(6,9), and slurried with water and several common 
organic liquids(7,g). In the case of exposure to aqueous 
media (either vapor or liquid), penetration into the void 
volume followed by condensation was found to be difficult. 
This was first noted in early neutron scattering 
experiments(5) in which D 0 vapor was found to incompletely 
fill the smallest voids 03 a broad void distribution. 
Subsequently we observed penetrability difficulties with 
some of the non-aqueous solvents used in the light(9) and 
later neutron scattering(7) experiments. One experimental 
consequence of the difficulty of aqueous penetration into 
dry coal is that extra care had to be taken to insure 
complete (aqueous) liquid penetration into the powdered coal 
slurries used both in later neutron scattering(7) as well as 
light scattering(9) work. 

Reversible Deformation of Coal Thin-sections 

In the case of sample preparation for light scattering, 
fascinating physical effects could be observed when the coal 
thin-sections were first placed under vacuum and then 
exposed to a moderate pressure (50 Torr < P < 760 Torr) of 
ftnon-wettinglf liquids or vapors. Unlike particulate coal, a 
coal thin-section is easily deformed by tfwrapping-up81 on 
itself. Immersion in some vapors and liquids (esp. water) 
resulted in a non-penetrating llskinlt on the thin-section 
surface. When the system pressure was increased (either by 
allowing access to air or controllably introducing a 
sub-atmospheric pressure of helium), the thin-section 
~lcollapsed~~. If this process was carried out in a controlled 
manner, the thin-section could be 1frolled-up9f in a spiral 
fashion upon application of system pressure and “unrolled1I 
to its original shape and dimensions by removal of the 
higher system pressure. Our interpretation of this phenomena 
is that the non-wetting vapor or liquid skin prevents the 
system pressure from being equalized in the interior of the 
thin-section. The thin-section must then deform to relieve 
the resulting stress. The easiest physical transformation 
which will achieve the stress reduction is one which 
minimizes the lIsurface*l area. In view of the geometry of the 
thin-section (0.5 micron thick by 1 mm by 1 mm) and the fact 
that cutting-induced fractures are present in the tfplanell of 
the thin-section, the I1rolling-upt8 of the thin-section is a 
reasonable method to relieve the induced stress. What is 
surprising is that the structural integrity in the tlplaneft 
of the thin-section is so great that the thin-section can be 
reversibly compressed into a microscopic area and returned 
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to its original shape. We were able to repeat such 
reversible cycles at least 4 to 6 times before any 
noticeable physical damage to the thin-sections were 
evident. Even then, the resulting damage appeared to be 
confined to tearing along previously weakened boundaries. 
These observations, though qualitative and empirical, are 
the most graphic demonstration that this author has even 
seen in support of coal being an internally crosslinked, 
gel-like material. 

void-size Distribution is Continuous 

The void-size distribution was examined in dry coal as 
well as coal treated with liquids which are generally 
believed to have little or no effect on the internal pore 
structure (5,7,9). In our earliest neutron scattering work, 
power-law-like behavior was observed from coals both dry and 
exposed to the equilibrium vapor pressure of H 0 and D 0 
( 5 ) .  Such power-law behavior can arise from v o h  or ma?rix 
structures having different geometrical properties, 
including fractal. Similar behavior has been reported by 
Bale and Schmidt and interpretted as arising from an 
internal surface fractal structure (lo). In view of the 
limited range length scale range over which data is 
collected, the applicability of the fractal model as opposed 
to an unspecified broad and continuous distribution is 
questionable. 

In subsequent neutron scattering work we confirmed the 
presence of near power-law behavior and continuous void-size 
distributions(7). The extension of scattering curves to 
probe larger length scales was achieved by observing the 
visible light scattering(9). Though the interaction of the 
radiation with the coal is different, the principal light 
scattering mechanism is that of pore-to-void contrast. 
Therefore, the light and neutron scattering curves can be 
qqjoinedqq in order to observe the scattering function over a 
wider length scale. From such a curve analysis, it is clear 
that the existence of a broad, continuous distribution of 
void-sizes is confirmed. Clear power-law behavior indicating 
fractal behavior is not observed. Comparisons with computer 
generated scattering curves for reasonable fractal 
structures indicates that exact adherence to a fractal model 
is unlikely(l1). However, the near power-law behavior is 
evidence that a model incorporating an overall fractal 
structure with allowance for local deviations may be 
appropriate. 

Micro Pores A r e  Unchanged by Non-swelling solvents and 
Exhibit Penetrability Restrictions 

Neutron scattering measurements of coal slurried in 
cyclohexane indicates that the micro and transitional pore 
distribution is unchanged from that in dried coal. Some 
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difficulty in filling of the smallest pores was observed. 
Differential scattering measurements can be used to obtain 
information about the unfilled voids. They were found to be 
modeled well by long, needle-like voids having a 
cross-sectional diameter of about 2 nm. Contrast matching 
techniques employing a series of 
cYClohexane/perdeutero-cyclohexane and H O/D 0 slurries 
indicate that the overall void surface is la3gely comprised 
Of aliphatic and aliphatic carboxylic acid species. 
Therefore, the penetrability restrictions observed might 
indicate that intermolecular hydrogen-bonding interactions 
and a polar surface prevent complete penetration of the 
non-polar cyclohexane. This hypothesis contrasts with the 
usual restricted pore-entrance model. The polar-surface, 
hydrogen-bonding model implies that a large number of 
carboxylic acid dimers and multimers will be present on the 
surface of the void. Some confirmatory evidence that such 
species exist in large proportion is available from in-situ 
FT-i.r. experiments performed in this laboratory(l2). 

Transitional and Macro Pores A r e  Easily Deformed 

The structural upon solvent saturation which 
is observed in the small void-size regime is not observed in 
the larger size regime probed by light scattering. Though 
broad continuous distributions were observed in coal 
immersed in each of 7 liquids, significant changes in the 
details of the distribution after liquid immersion were 
observed with all liquids(9). Surprisingly, even those 
liquids which result in little or no swelling (e.¶. water, 
cyclohexane) show clear evidence for void-structure 
alterations. The void-structure alterations were 
accompanied, in all cases, by an increase of the total 
void-volume contributing to the light scattering. Though the 
size-range probed by light is broad, it does not encompass 
all sizes. Therefore, the mechanism for the volume increase 
is currently uncertain. One possibility is the 88swellingtt of 
voids which are smaller than the resolution limit of the 
light scattering measurement. Concomitant changes in the 
low-angle portion of the neutron scattering curves are 
ambiguous in this regard. 

Light-tyansmission Losses Through Coal Result From 
Light Scattering 

The origin of the high optical density of coal has long 
been the subject of study and debate(l2). Our early work 
indicated that the overall light-transmission through coal 
can be substantially increased by immersion in liquid(8). 
This was subsequently confirmed in studies in which we 
simultaneously measured both the absorptivity and the light 
scattering through coal immersed in 7 different liquids(9). 
The liquids were chosen to cover a range of interaction 
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properties from non-swelling to highly-swelling and optical 
properties from low to high index of refraction. 

In the mid-visible region of the spectrum, light 
scattering losses were found to account for over one half of 
the total light attenuation through coal. Additionally, 
negligible changes in the absorptivity were found upon 
immersion in the wide variety of solvents. The latter is not 
surprising since the molecular components leading to the 
absorptivity are unchanged. Significant contributions to the 
absorptivity due to aromatic-aromatic stacking interactions 
is unlikely in view of the observed insensitivity of the 
absorptivity to immersion in the variety of liquids cnosen. 

The large component due to light scattering and its 
significant wavelength dependence has important consequences 
on the interpretation of transmission and reflectivity data. 
Measurements made on coal undergoing any type of physical or 
chemical change will be accompanied by changes in pore 
geometry and possibly pore filling. Therefore, over most of 
the visible region of the spectrum, the dominant cause of 
light transmission changes will result from structural 
changes to the coal rather than chemical composition 
.changes. Such transmission changes are frequently assumed to 
arise from absorptivity, hence molecular structure changes, 
and are interpreted in terms of chemical alteration to the 
coal. This cannot be correct. One example is the 
interpretation of color changes which occur when 
thin-sections having a thickness of several microns are 
treated with solvent or subject to reaction. By virtue of 
the strong wavelength dependence of the scattering, small 
changes in thickness or pore geometry will substantially 
alter the transmission losses, in this case. A color change 
can easily arise by altering the spectrum of the light 
transmitted through a coal thin-section or reflected €rom 
its surface. 

While such light scattering effects have not been 
systematically dealt with in optical studies of coal, their 
quantification offers the possibility of preparing semi- 
transparent coal slurries in which the true changes to 
molecular absorption can be observed. In any such studies, 
it is critical that the wavelength dependence of the 
transmission and reflection spectrum be examined in order 
that the optical changes be properly assigned. A 
particularly interesting possibility is the measurement of 
internal network structure changes using polarized 
absorption and scattering measurements. 

sUllUlIElry 

Neutron small-angle scattering and light scattering 
measurements of low and medium rank (sub-bituminous and 
bituminous) coals indicate that the void structure of coal 
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is best modeled as a continuous distribution of voids rather 
than a well defined discrete pore distribution. Solvent 
permeation studies indicate that the smallest voids are 
difficult to fill with a liquid when the liquid does not 
easily wet the surface. Solvent penetration into the void 
structure reduces the overall optical density of the coal 
with respect to the transmission of visible light. Analysis 
of the transmitted and diffusely scattered light indicates 
that the solvent partially index matches the void to the 
Coal matrix with the resulting transmission increase. 
Analysis of the wavelength dependence shows that all imbibed 
liquids alter the internal pore and matrix geometries and 
generally results in an overall increase in the volume 
fraction of pores observed. 

These observations imply that the pore structure is not 
a uniquely defined volume even at ambient temperature. 
Rather it is quite fluid and easily deformed upon 
application of mechanical stress. The light and neutron 
scattering from coal can be used to provide a fingerprint of 
the pore (and complimentary matrix) structure. Changes in 
the scattering can provide considerable detail about induced 
changes to the structure. combined light scattering and 
absorption measurements, such as described herein, can be 
used to separate, uniquely, the chemical changes from the 
physical changes which occur during coal treatment and 
reactions. 
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Microstructurril Variations of Three American Coals 

and Their High Temperature Chars 
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Microstructure of a North Dakota lignite, a Washington subbituminous and 
a New Mexico bituminous coal and their chars  produced by devolatilization in 
nitrogen at 1000 to 1300OC waH investigated in this  work using the  C02  
adsorption method conducted a t  25'C. For each coal and char ,  specific 
surface area, micropore volume, micropore surface area, mean equivalent radius 
of micropores and characteristic energy of adsorption, as well  a s  micropore 
volume distribution, were determined and tabulated, and their variations with 
devolatilization temperature studied and interpreted. I t  was  found that ,  
overall, specific surface areas, micropore volumes and micropore surface areas  
of chars  decreased monotonically as  devolatilization temperature was raised 
from 1000 to 130OOC, although most of these values were much larger than that  
of their parent coals. The micropore volume distributions obtained were 
interpreted and found to provide an  interesting insight into the 
microstructural variations of coals and chars. 

I nhduction 

I t  i s  well known tha t  coals and their chars  possess a complex 
intraparticle pore s t ructure ,  similar to the s t ruc ture  of a t ree  111, with 
micropores (4-12R) expanding gradually into mesopores (12-300R) and 
eventually macropores 0300R) [Z]. For most coals and chars ,  surface areas 
and thus active sites for gasification a r e  provided mainly by micropores, 
although mesopores and macropores a r e  also needed to serve as feeder pores 
for transportation of reactant molecules to the micropores. Depending on the 
gasification condition and other factors, the intraparticle diffusional resistance 
caused by this complicate pore s t ruc ture  may become rate limiting. Hence the 
reactivity of coals and their chars  during gasification i s  closely related to 
their microstructures. 

Changes in surface areas of coals during devolatilization have been 
investigated by several research workers 13-51. They observed that specific 
surface area increased with increasing devolatilization temeprature, passed 
through a maximum a t  about 600-7OO'C and decreased thereafter. However, 
the heating rates  involved were less  than 2O'C/min, which were too slow to be 
of practical use for commercial gasifiers, particularly the entrained flow type. 

In the  present work, specific surface area, micropore volume distribution 
and other microstructural parameters of three American coals of different rank 
and their chars  were determined. The chars  w e r e  prepared by devolatilization 
in a nitrogen atmosphere a t  1000-1300OC. The heating ra tes  involved were 
Over 100'C/sec. The effects of devolatilization temperature on the 
microstructure of coals and chars  were studied and the resul ts  reported and 
interpreted. 
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Experimental 

Three coals obtained f r o m  the Penn State Coal Sample Bank were used in 
this work. They are lignite (PSOC-1423P) from North Dakota (Hagel seam), 
subbituminous coal (PSOC-240) from Washington (Big Dirty seam) and high 
volatile C bituminous coal (PSOC-309) from New Mexico (#8 s e a m ) .  The 
proximate and ultimate analysefi of these coals a r e  given in Table 1. 

A thermogravimetric analyzer (TGA), developed by Sears  e t  al. [ 6 ]  and 
fur ther  improved by Peng e t  al. 171, w a s  used to prepare chars  a t  atmospheric 
pressure and four different devolatilization temperatures, vie., 1000 to 1300'C 
a t  intervals of 1OO'C. The particle size range used in this  s tudy was -70 + 
100 U S .  mesh (average particle size 177.5 pm). Devolatilization w a s  carried 
out in  nitrogen environment at the desired temperature for  one minute. The 
chars  thus obtained are  called "N2 chars" to distinguish them from the 
"in-situ chars" [7] obtained by devolatilization in steam. Work associated with 
t h e  in-situ chars  will be reported elsewhere. 

O n e  of the unique features of this TGA is that the micromotor located 
inside the TGA i s  capable of lowering the sample from less than 1500'C to 
extreme high temperature (up  to 1700'C) in less than 10 seconds. The heating 
rates  of the coal particles were in the range of 100 to 1000'C/sec depending 
on the operating conditions and the samples used IS].  All the chars  produced 
were immediately put  into air-tight vials and stored in nitrogen environment. 
Experiments under various operating conditions were repeated several times to 
check reproducibility of datu. In all the  cases tested t h e  experimental errors 
were within *lo%, most being within '2%. 

Microstructural properties of the three coals and their high temperature 
chars  were determined by gravimetric adsorption method using CO2 as an 
adsorbate. Char samples produced in the TGA were used without fur ther  
classification by their  particle sizes, although they were outgassed overnight 
u t  l lO 'C and tor r  to remove moisture which might otherwise block 
entrances to some micropores. 

T h e  apparatus  f o r  measuring C02 adsorption gravimetrically consisted of 
a Cahn R-100 electronic microbalance, a mechanical vacuum pump, a U-tube 
manometer and two pressure detectors. For each series of adsorption runs, 
the system was maintained et 25'C and at preselected pressures  ranging from 
60-700 torr. At each C02 pressure, the weight-gain curve of the sample was 
continuously recorded in a strip-chart recorder until adsorption equilibrium 
w a s  reached. For e a c h  run,  the time required to reach equilibrium varied, 
depending on the type  of coal involved. For the  lignite and i t s  chars, 8-10 
hours were normally needed. On the other hand, it took about 24 hours for 
the subbituminous coal but  only 2-3 hours for i t s  chars  to reach equilbirium. 
For the bituminous coal, the times needed were only 4-5 hours for coal but 
about 24 hours for  chars. 

Specific surface areas were determined by means of the Dubinin-Polanyi 
(D-P) equation [8-101: 
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where W is the weight of CO2 adsorbed per  unit weight of sample at pressure 
P. Po i s  the vapor pressure of COz, whose value i s  63.5 atm at 25'C [lo], and 
the  corresponding W is designated as Wo. D and n a r e  constants determined 
from experimental data. For most of the cases, n is equal to 2.0. The 
molecular cross-sectional area of CO2 a t  25'C w a s  taken as 25.3 ( R ) 2  1101. The 
relative pressure employed in all measurements was  less than 0.015 to avoid 
capillary condensation [lll .  Properties related to micropore, such as 
micropore surface area, mean micropore volume, mean equivalent radius of 
micropore and adsorption characteristic energy [ 121, as well as micropore 
volume distribution, were calculated by the Medek's method [121. 

Results and Discussion 

The data obtained from the gravimetric adsorption experiments for the 
three coals used in this work and their high temperature chars  a re  presented 
as adsorption isotherms in Figures 1-3, and as linear plots of Equation (1) 
with n = 2 in Figures 4-6. All the data shown in Figures 4-6 fall on straight 
lines with correlation coefficients of each linear least squares  fit greater than 
0.99, thus reassuring the suitability of using the D-P equation for CO2 
adsorption on these coals and chars  a t  25'C and the choice of n = 2 [10,12]. 

The effect of devolatilization temperature on the intraparticle s t ructure  
of coals and chars  is vividly demonstrated by the eqhilibrium isotherms 
presented in Figures 1-3. For each conl, as tho devolatilization temperature i s  

' raised from 1000°C to 13OO0C, the amount of CO2 adsorbed per  gram of char 
decreases monotonically. Furthermore, with the exception of chars  produced 
from the caking coal (PSOC-309, bituminous) a t  temperatures above 12OoOC, all 
the other  chars  exhibit significantly higher capability to adsorb CO2 than 
their parent coals. 

Shown in Tables 2-4 a r e  specific surface areas, micropore surface areas, 
micropore volumes and mean equivalent radii of micropores of coals and chars  
calculated from the data presented in Figures 1-6 using the methods 
mentioned in the previous section. For each char, extent of devolatilization 
expressed in terms of percentage of coal (DAF basis) devolatilized w a s  also 
included in the tables. Micropore volume distributions of the three coal8 and 
their cham were also calculated and plotted in Figures 7-9. For convenience 
of comparison, some of the data given iri Tables 2-4 a r e  also plotted in Figure 
10. 

The plots in Figure 10 clearly illustrate that, for each coal, the  specific 
surface area of the char obtained by devolatilization a t  lOOOOC is larger than 
tha t  of its parent coal; whereas the  opposite is t rue  for the  mean equivalent 
radius of the micropores. This will be explained later. Furthermore, a s  the 
devolatilization temperature is raised from 1000°C to 130OOC, the overall trend 
for  each coal appears to be that of a reduction in specific surface area and 
an enlargement of micropore size. The only exception i s  Lhe reduction of pore 
size for chars  prepared from the caking coal (PSOC-309 bituminous) a t  1300OC. 
As expected, extent of devolatilization of each coal increases with increasing 
devolatilization temperature. The adsorption characteristic energy of 
micropores, on the  other hand, shows little variation, being in the  range of 
9-13 KJ/g-mole for the chars  and coals tested. 
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A close examination of the d a t a  on specific surface area, micropore 
volume and micropore surface area of chars  reveals a striking similarity in 
their dependence on devolatilization temperature. This i s  t rue  for  all the  
three coals used in this work. This similarity is obviously related to our 
observation mentioned hefore on adsorption isotherm and extent of 
devolatilization. 

Briefly speaking, coals a re  composed of aromatic and hydroaromatic layers 
terminated a t  their edges by various functional groups. Different functional 
groups a re  cross-linked to each other, causing poor alignment between layers 
and creating micropores of molecular dimensions. Some of them a r e  closed, 
while most are  open to mesopores and macropores, leading to a pore-tree 
s t ructure ,  When coals a r e  heated in an  inert atmosphere, volatile matter is 
released, dead pores  open up and the previously open pores enlarge in size, 
all leading to increased pore volume and surface area. Concurrent with these, 
some crosslinks between aromatic layers a r e  broken, thus allowing them to 
align in  a more orderly fashion and resulting in a loss of pore volume and 
surface area. 

In general, a t  lower devolatilization temperature, the release of volatiles 
predominates; while at higher temperature, s t ructure  alignment becomes 
dominant, as the  volatile release becomes small. Hence, i t  i s  expected that 
over a certain temperature range, the pore volume and surface area of coal 
chars  will go through a maximum. T h e  temperature at which the  maximum 
occurs depends mainly on the parent coals [131. As mentioned before, 
according to a number of studien conducted by several researchers t3-41 over 
a temperature range of 200 to 120OOC, the  maximum usually fall8 around 
600-7OOOC. Since the  range of devolatilization temperature in this work is well 
above 600-700OC, our obmrvation of decreasing specific surface area and 
micropore volume with increasing devolatilization temperature i s  thus 
consistent with those reported previously. 

The changes in micropore volume distributions during the course of 
devolatilization should reflect the major changes in the porosity of coals and 
chars, because m o s t  of their pore volumes a r e  contributed by micropores. 
Therefore, i t  i s  worthwhile to examine more closely the micropore volume 
distribution frequency curves presented in Figures 7-9. It i s  obvious that 
the area under each curve represents  total micropore volume per  gram of 
sample, whose dependence on devolatilization temperature, a s  mentioned before, 
i s  similar to tha t  of specific surface area. 

The significant increase in micropore volume from coal to char 
devolatilized at 1OOOOC i s  clearly demonstrated by comparing t h c  corresponding 
distribution curves  shown in Figures 7-9. For all the three coals involved, 
the  CurveR for chars  a r e  much higher and wider, suggesting the creation of 
new micropores, the enlargement of open pores and the opening up of 
previously closed pores. Of particular interest a re  the extension6 of the 
curves  for the 1000°C chars  beyond the lower limit of the curves  for  coals 
and their s teep ascents  in that region of extremely fine pores. The former 
implies t h e  generation of ncw, extremely small micropores, and both together 
account for the reason why the  1000°C chars  have smaller mean radii. 

As devolatilization temperature increases from 1000 to 13000C, the 
general trend is the reduction of the micropore volume of chars  produced. 
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Although this holds for all the three coals involved, the behavior of the  
bituminous coal, a caking coal, is strikingly different from that of the other 
two coalti, as mentioned before. While the  micropore VO~UIIIQ of the  bituminous 
coal chars  reduces rapidly down to a value well below that of the original 
coal, the values of the micropore volumes of the lignite and the subbituminous 
coal chars stay within the range of 0.12-0.17 cm3/g ,  which is well above that 
of their parent conls (see Tables 2-4). Furthermore, for the  latter two coals, 
most of the reduction in micropore volume is due to the decrease in the  
number of micropores at the lower end of the  distribution as shown clearly in 
Figures 7 and 8; whereas for the bituminous coal chars  the reduction appears 
to be quite uniform across the  whole range of micropores. The reason for 
this difference is worthy of fur ther  exploration. 

A s  titrong caking coal, such as the bituminous coal used in this work, is  
heated, i t  invariably passes through a softening stage. During that period, 
pa r t s  of the coal substance decomposo and prodrico metastable fluid material 
which acts as a plasticizer and softens the  m a s s .  This unstable material, 
known as metaplast [14,151, primary t a r  or thermobitunien [161, consists of 
mainly heavy hydrocarbons with high viscosity and tends to seal up tho 
micropores. The liberation of volatile matter against the sealing u p  leads to 
an initial expansion of micropores and thus an increase in the  micropore 
volume of the rcsultant char (semicoke). A s  the temperature rises further,  
the semicoke, the thermobitumen and the primary volatile products s t a r t  to 
decompose and/or polymerize. These secondary reactions eventually resolidify 
the plastic mass causing shrinkage of pores as well as pore blockage. The 
latter is due to the  production of cracked carbon which deposits on the 
entrance of the pores. The higher the temperature, the more cracked carbon 
is produced and deposited uniformly throughout the whole range of the  
micropores, thus  leading to a micropore volume smaller than that of i t s  parent 
coal. 

Afi for weak caking coal, such a s  tho subbituminous coal used here, the  
plastic range is not very noticeable and the  production of thermobitumen may 
not be significant. Hence the cracked carbon produced, though not sufficient 
to cover the whole range of micropores, does manage to deposit f i r s t  on a 
portion of the finer micropores leading to a gradual reduction of the number 
of ultrafine micropores (see Figure 8), as pyrolysis temeprature increases to 
1300OC. Ae a result, the  micropore volumes of chars  decrease, bu t  their  mean 
equivalent radii of micropores increase. This is exactly what the data in Table 
3 indicate. 

In  summary, the  microstructurnl data of the  three coals and their  high 
temperature chars  have been presented in this paper. In addition, the 
characteristics of the  data have also been investigated, particularly with 
respect to their relation with the devolatilization temperature, and the meaning 
of the data interpreted. 
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Table 1. Characteristics of Coals IJsed 

N.D. Ligniie Wash. Subbituminous N.M. Hituminous 
(PSOC-1423P) (PSOC-240) (PSOC-309) 

Proximate Analysis ( w t f ,  a s  received) 

Moisture 29.53 18.21 10.09 
Ash 5.75 18.39 18.32 
Volatile Matter 3 I .76 32.00 33.80 
Fixed Carbon 32.96 31.40 37.79 

Ultimate Analysis ( w t t ,  DAF) 

Carbon 69.80 
Hydrogen 4.41 
Nitrogen 1.35 
Sulfur 1.14 
Chlorine 0.00 
Oxygen ( d i f f . )  23.30 

72.59 
5.79 
1.41 
1.30 
0.01 

18.90 

77.08 
5.76 
1.70 
I .02 
0.00 

14.46 

Table 2. Microstructural Parameters of Lignite (PSOC-1423P)and I t s  Chars 

Sample Cor11 Char Char Char Char 

Devolatilizai ion NA 1000 1100 1200 1300 
Temperat urc (OC) 

% Devolatilization NA 53.5 61.7 69.1 71.7 
(DAF basis)  

Specific Surface 238 511 498 434 468 
Area (m2/g) 

Micropore Surface 223 496 462 399 421 
Area (m2/g) 

Micropore Volumc 7.7 16.6 16.2 14. I 15.2 
(x102 m?/g) 

Mean Equivalent 
Radius of  Micropore 0.69 0.67 0.70 0.71 0.72 
(4 

Adsorption Character is t ic  11.9 13.1 11.5 11.2 10.5 
Energy (KJ/g-mole) 
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Table 3. Microstructural Parameters of Subbituminous Coal (PSOC-240) and Its 
Chars 

Sample Coal Char Char Char Char 

Devol a t i l i  za t  i on NA 1000 1100 1200 1300 
Temperature (OC) 

% Devolntilization NA 58.3 60.4 65.6 69.3 
(DAF basis) 

Specific Surface 19x 499 472 451 3x2 

Micropore Surface 1 XI 470 445 415 341 

Area (m2/g) 

Area (m2/g) 

Micropore Volume 6.4 16.2 15.3 14.7 12.4 
( ~ 1 0 2  cm3/g) 

Mean Equi. Radius 
of Micropore (nm) 0.71 0.69 0.69 0.71 0.73 

Adsorption Character is t ic  11.0 12.0 12.1 11.2 10.2 
Energy (KJ/g--mole) 

Table 4. Microstructural Parameters of Bituminous Coal (PSOC-309) and Its 
Chars 

Sample Coal Char Char Char Char 

IJevo1 a t  i 1 .izati on NA 1000 1100 
Temperature (OC) 

% Devolati l ization NA 46.3 53.4 
(DAF basis) 

Specific: Surface 117 401 304 
Area (m2/g) 

M i  cropore Surface 106 373 272 
Area @/e) 

M i  cropore Volume 3.8 13.0 9.9 
(x102 tm3/g) 

Mean Equi. Radius 
of Micropore (nm) 0.72 0.70 0.73 
(nm) 

Adsorption Charact.erist ic 10.7 11.6 10.3 
Energy (KJ/g-.mole) 

1200 

52.3 

109 

95 

3.6 

0.75 

9.4 

1300 

59.0 

21 

19 

0.7 

0.69 

12.0 
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Abstract  
D i l a tome t r i c  s t u d i e s  have been c a r r i e d  out  on c o a l  samples exposed t o  carbon 

dioxide a t  5 ,  10 and 15 atmospheres and helium sa tu ra t ed  with acetone vapor. Coals  
i n v e s t i g a t e d  i n c l u d e d  K C E R  7463 (65.8W).  KCER 7122 (7R.qaC) and KCER 7259 
(83.8ZC). Coal  s ample  d imens ions  i n c r e a s e d  on e x p o s u r e  t o  b o t h  t y p e s  o f  e n v i r o n -  
ment. Carbon d i o x i d e  induced s w e l l i n g  i n c r e a s e d  a s  t h e  p r e s s u r e  i n c r e a s e d .  The 
s w e l l i n g  magnitude increased a s  the  carbon content  decreased,  i n d i c a t i n g  t h a t  the 
macromolecular c r o s s l i n k  dens i ty  i n  c o a l  increases  with inc reas ing  carbon content. 
The time t o  reach equ i l ib r ium s w e l l i n g  was s h o r t e r  a t  higher COP pressures .  The 
s w e l l i n g  e f f e c t  produced hy acetone vapor was g e n e r a l l y  g r e a t e r  than t h a t  produced 
by co2 a t  15 a tmosphe res .  I t  
was e s t i m a t e d  t h a t  t h e  s w e l l i n g  e f f e c t  can a c c o u n t  f o r  20 t o  50q of t h e  s u r f a c e  
a rea  determined by C02 BET adso rp t ion  methods. 

I n  t h e  c a s e  o f  KCER 7259, t h e  e f f e c t  was r e v e r s e d .  

Introduct ion 
Studies  on t h e  adsorpt ion of o rgan ic  vapors by coa l  ( 1 )  and t h e  e f f e c t  o f  COP 

on coa l  s w e l l i n g  (2) have been c a r r i e d  out  r e c e n t l y  i n  o rde r  t o  c l a r i f y  t h e  r o l e  of  
a d s o r b a t e  induced s w e l l i n g  i n  i n f l u e n c i n g  c o a l  s u r f a c e  a r e a s  de t e rmined  bv gas  
adsorpt ion methods. BET s u r f a c e  a r e a s  determined by CO? adsorpt ion a r e  g e n e r a l l y  
higher than N2 sur face  a r e a s  (3-6). D i l a tome t r i c  s t u d i e s  on c o a l  samples exposed 
t o  c02  a t  1 a tmosphe re  showed t h a t  volume i n c r e a s e s  of  up t o  1.319. c o u l d  be 
observed (2). I t  was concluded t h a t  s w e l l i n g  of t h i s  tyoe could account fo r  up t o  
14.5% of t h e  co2 su r face  area.  

The d i l a t o m e t r i c  r e s u l t s  a t  1 atmosphere indicated.  however, t h a t  e q u i l  ibrium 
s w e l l i n g  had n o t  been r e a c h e d  a t  t h e s e  C02 p r e s s u r e s .  even  a t  e x p o s u r e  times i n  
excess of 240 hours. I n  t h e  present  i n v e s t i g a t i o n ,  t h e  d i l a t o m e t r i c  s t u d i e s  have 
been extended t o  h i g h e r  Co2 p r e s s u r e s  and s t u d i e s  h a v e  a l s o  been c a r r i e d  o u t  on 
c o a l s  exposed t o  acetone vapor. The o b j e c t i v e  has been t o  e v a l u a t e  t h e  e f f e c t  of 
gas pressure on the  s w e l l i n g  behavior  of t y p i c a l  c o a l s ,  ob ta in  a b e t t e r  e s t ima te  Of 
the equ i l ib r ium parameters and compare the  s w e l l i n g  e f f e c t  of C02 wi th  t h a t  of a 
t y p i c a l  organic  vapor whose s o l u b i l i t y  parameter (7) is c l o s e r  t o  t h a t  of c o a l  (1) .  

Experimental 
The d i l a tome te r  system and the experimental  procedures have been descr ibed i n  

previous publ icat ions.  (2 ,R)  The c o a l s  i n v e s t i g a t e d  included KCER 7259 (sample 1 ,  
83.8%C), K C E R  7122 ( s a m p l e  2 ,  78.39.C) and KCER 7463 ( s a m p l e  3, 65.97C). The c o a l  
samples have been descr ibed p rev ious ly  in  more d e t a i l  (2). Samples were exposed t o  
helium sa tura ted  with acetone vapor ‘ (a t  room temperature) i n  t h e  acetone exposure 
experiments. 

R e s u l t s  and Discussion 
The KCER 7759 

sample  was an  e x c e p t i o n ,  however ,  i n  t h a t  C02 produced t h e  g r e a t e r  s w e l l i n g  
response. The s w e l l i n g  response of the  c o a l s  t o  acetone vapor and C02 a t  s e v e r a l  
p r e s s u r e s  is  i l l u s t r a t e d  i n  F i g u r e s  1 t o  3. F i g u r e  4 compares  t h e  e f f e c t  of 
acetone on these  Coals. I n  gene ra l  t h e  order  of s w e l l i n g  was : KCER 7259 (sample 
1 )  < K C E R  7122 ( s a m p l e  2)  < K C E R  7463 ( s a m p l e  3) .  A t  c o n s t a n t  p r e s s u r e  t h e  
response increased i n  magnitude a s  t h e  carbon content  decreased, in agreement with 

Acetone g e n e r a l l y  produced a g r e a t e r  s w e l l i n g  e f f e c t  than C02. 
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previous  r e s u l t s  (2). The s o l u h i l i t y  parameter o f  acetone (6 = 9.6 cal0.5cm-l-5) 
is g e n e r a l l y  c l o s e r  t o  t h a t  o f  c o a l  (1)  than t h e  C02 v a l u e  ( a  = 6.2 ~ a l n * ~ c m ' ~ * ~ ) .  
Thus a grea te r  s w e l l i n g  e f f e c t  is expected with acetone. The r e s u l t s  on KCER 7259 
are, however, anomalous and not  expla ined  by these cons idera t ions .  Table  1 sum- 
marizes t h e  s w e l l i n g  response o f  t h e  c o a l  samples af ter  200 hours of exposure t o  
acetone vapor. 

Table 1 Comparison of Swelling Rsponse o f  Coals a f t e r  200 h r s .  o f  
exposure t o  Acetone vapor 

Dimension Change 
--I 

Sample % C  Specimen 1 Specimen 2 
microns microns 

------ - - - - ~ - - - - - _ _ ~ -  
1 83. e 1 1 . 4  11.5 
2 78.3 219.4 192.3 
3 65.8 256.7 209.2 

. . . . . . . . . . . . . . . . . . . . . . . . .  
cop induced s w e l l i n g  was i n v e s t i g a t e d  by exposing t h e  c o a l  samples t o  C02 a t  

p r e s s u r e s  o f  5 ,  1 0  a n d  1 5  a tmospheres .  The r e s u l t s  showed a dependence  on t h e  
c a r b o n  c o n t e n t  and p r e s s u r e .  The  r e s u l t s  a r e  shown i n  F i g u r e s  1 t o  3. The 
r e s p o n s e  i n c r e a s e d  w i t h  i n c r e a s e  i n  CO2 p r e s s u r e  b u t  t h e  u l t i m a t e  r e s p o n s e  Was 
s t i l l  g e n e r a l l y  lower than t h e  v a l u e s  obtained from s w e l l i n g  due t o  Acetone. T h i s  
may b e  s e e n  i n  two o f  t h e  t h r e e  s a m p l e s .  The r e s p o n s e  due  t o  t h e  h i g h e s t  p r e s s u r e  
of co2  was g r e a t e r  t h a n  t h a t  o b t a i n e d  w i t h  Acetone v a p o r  i n  t h e  c a s e  o f  Sample 1. 
T h i s  r e s u l t  may p o s s i b l y  be due  t o  co2 m o l e c u l e s  c r e a t i n g  new p o r e s  a s  t h e  c o a l  
Swells or the  higher pressure  o f  the  gas  may be modifying the c r o s s l i n k  s t r u c t u r e  
i n  t h e  c o a l .  A more d e t a i l e d  d i s c u s s i o n  o f  t h e  Co2-induced S w e l l i n g  r e s u l t s  i s  
presented elsewhere (9). 

I t  is o f  i n t e r e s t  t o  e s t i m a t e  t h e  e f f e c t  t h a t  t h i s  measured s w e l l i n g  (volume 
increase)  may have  on t y p i c a l  s u r f a c e  a r e a  v a l u e s  t h a t  have  been repor ted  fo r  c o a l s  
Of t h e s e  carbon c o n t e n t s .  To f a c i l i t a t e  t h i s  a s s e s s m e n t  i t  can  be assumed 
i n i t i a l l y  t h a t  a l l  the adsorbed molecules which a r e  contained i n  t h e  'monolayer' 
a r e  c o n t r i b u t i n g  volume t o  a s w o l l e n  a d s o r b e n t - a d s o r b a t e  system. S u r f a c e  a r e a  
v a l u e s  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  c o a l s  o f  t h e  same c a r b o n  c o n t e n t  were 
employed. (5). The es t imated  s w e l l i n g  volume i n c r e a s e s  obtained i n  t h i s  way a r e  
compared with t h e  measured volume i n c r e a s e s  in  T a b l e s  2-4. 

The r e s u l t s  i n  T a b l e  7 i n d i c a t e  t h a t  t h e  measured s w e l l i n g  may account for 
13.R t o  242 o f  t h e  r e p o r t e d  s u r f a c e  area values.  A t  h igher  pressures  the  Swel l ing  
e f f e c t  may account f o r  higher f r a c t i o n s  o f  the  repor ted  s u r f a c e  a rea  v a l u e s  (Tables  
3 and  4). I t  s h o u l d  b e  n o t e d ,  however ,  t h a t  a d s o r p t i o n  e x p e r i m e n t s  t o  d e t e r m i n e  
s u r f a c e  a rea  a r e  u s u a l l y  c a r r i e d  out a t  low pressures  w i t h  an 'equilibrium' time of 
a p p r o x i m a t e l y  30 m i n u t e s  whereas  t h e  s w e l l i n g  volumes  were measured a f t e r  more 
prolonged contac t  times. The estimated cont r ibu t ions  o f  s w e l l i n g  t o  s u r f a c e  area 
a t  h igh  pressures  a r e  thus  more uncertain.  There 13 a l s o  some uncer ta in ty  because 
t h e  s u r f a c e  a r e a s  r e p o r t e d  i n  t h e  l i t e r a t u r e  may n o t  e x a c t l y  r e p r e s e n t  t h e  c o a l  
Samples employed i n  t h e  present study. I n  addi t ion ,  because t h e r e  is an inherent  
pore s t r u c t u r e  i n  Coal,  pore f i l l i n g  undoubtedly accounts for a l a r g e  f r a c t i o n  o f  
t h e  adsorption and n o t  a l l  adsorba te  c o n t r i b u t e s  t o  swel l ing .  The r e s u l t s  indl-  
c a t e ,  however,  t h a t  i n  low c a r b o n  c o n t e n t  c o a l s ,  t h e  s w e l l i n g  of c o a l  b y  COT may 
account f o r  a s i g n i f i c a n t  f r a c t i o n  of t h e  measured RET s u r f a c e  area. 
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Table 2 Estimated cont r ibu t ion  of swel l ing  t o  CO2 s u r f a c e  a rea  
( p r e s s u r e  = 5 atm). 

Estimatedb Measureda 
swel l ing  

CO2 
s u r f a c e  a rea  swel l ing  

Sample 5 C (m2g-l) vo1 ( X )  V O l  ( $ 1  

1 83.8 150 5.4 0.75(13.8) 
2 78.3 150 5. 1.2U22.9) 
3 65.9 250 9.0 2.16(24.0) 

E Expressed a s  a percentage of es t imated  swel l ing  i n  p a r e n t h e s i s  

'monolayer' a r e  c o n t r i b u t i n g  volume t o  a swollen adsorbent - adsorba te  system. 
Estimated assuming t h a t  a l l  the  adsorbed molecules which are contained in  t h e  

Table 3 Estimated c o n t r i b u t i o n  Of  Swelling t o  C02 sur face  a rea  
( p r e s s u r e  = 10 atm) 

Estimatedb Measureda 
swel l  i n g  

CO2 
s u r f a c e  a rea  swel l ing  

Sample % C ( m2g-l) V O l  ($1 V O l  ( I )  

1 03.9 150 5.4 0.85( 15.6 1 
2 78.3 150 5.4 2.23( 41.3) 
3 65.8 250 9.0 3.00( 33.2) 

---- 
a Expressed a s  a percentage of estimated swel l ing  in p a r e n t h e s i s  

Estimated assuming t h a t  a l l  the  adsorbed molecules which a r e  contained i n  t h e  
'monolayer' a r e  c o n t r i b u t i n g  volume t o  a swollen adsorbent- adsorba te  system. 

'Table 4 Estimated cont r ibu t ion  of swel l inu  t o  C02 sur face  a r e a  
( p r e s s u r e  = 15 atm) 

Estimatedb Measureda 
swel l ing  

co2 
s u r f a c e  a rea  swel l ing  

Sample I C (m2g-l) V O l  ( I )  v o l  ( % I  

1 83.8 150 5.4 1.33(24.5) 
2 78.3 150 5.4 3.11 (57.6) 
3 65.8 250 9.0 4.18( 46.5) 

a Expressed a s  a percentage of estimated swel l ing  i n  p a r e n t h e s i s  

'monolayer' a r e  c o n t r i b u t i n g  volume t o  swollen adsorbent - adsorba te  system. 
Estimated assuming t h a t  a l l  the  adsorbed molecules which a r e  contained in  t h e  
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The higher s u r f a c e  a r e a s  measured hy carbon d ioxide  adsorp t ion  can a l s o  r e s u l t  
from carbon d ioxide  d i s s o l v i n g  i n  the  c o a l ,  dur ing  t h e  s w e l l i n g  process ,  and reach- 
ing  i n n e r  p o r e s  which are  i n a c c e s s i b l e  t o  n i t r o g e n .  By t h i s  p r o c e s s ,  t h e  carbon 
d i o x i d e  h a s  s o l u t i o n  pa thways  t h r o u g h  t h e  c o a l  t o  t h e  i n n e r  p o r e s  t h a t  n i t r o g e n  
c a n n o t  reach. 

Summary and Conclusions 

S l g n i f i c a n t  s w e l l i n g  o r  volume i n c r e a s e s  r a n g i n g  from 0.75 t o  4.1Pp were 
o b s e r v e d  i n  a r a n g e  o f  c o a l  s a m p l e s  when t h e y  were exposed  t o  c a r b o n  d i o x i d e  a t  
p r e s s u r e s  up t o  1 5  a tmospheres .  I n c r e a s e  i n  p r e s s u r e  p r o d u c e d  an  i n c r e a s e  i n  
s w e l l i n g  response and a decrease i n  t h e  time requi red  t o  reach  maximum response. A 
lower  carbon c o n t e n t  c o r r e l a t e s  wi th  a h i g h e r  d e g r e e  of  s w e l l i n g .  The o r d e r  of  
s w e l l i n g  was sample  1 (%C = 83.8) < s a m p l e  2 ($C = 78.3) < s a m p l e  3 ( % C  - 65.8). 

S l g n i f i c a n t  s w e l l i n g  response was observed when t h e  samples were exposed t o  
Acetone vapor .  The v a l u e s  o f  t h e  f i n a l  s w e l l i n g  r e s p o n s e  were h i g h e r  t h a n  t h e  
equi l ibr ium response obtained by co2 s w e l l i n g  a t  15 atm f o r  samples 3 and 3. This 
is  probably due t o  t h e  f a c t  t h a t  t h e  s o l u b i l i t y  parameter of t h e  c o a l s  is c l o s e r  to 
t h a t  of t h e  ace tone  vapor. The order  of s w e l l i n g  was sample 1 < sample 2 < sample 
3. A lower carbon conten t  corresponded t o  a higher degree of swel l ing .  Samule 1 
showed anomalous  b e h a v i o r .  The e x p o s u r e  t o  h i g h e r  p r e s s u r e s  of C 0 2  produced a 
higher s w e l l i n g  response i n  comparison t o  the Acetone swel l ing .  This could not  be 
c o n c l u s i v e l y  expla ined  and f u r t h e r  s t u d i e s  a r e  r e q u i r e d  t o  understand the  behavior. 

CO induced  s w e l l i n g  may a c c o u n t  f o r  up t o  50% of t h e  r e p o r t e d  C02 S u r f a c e  
a r e a  va?ies i n  l i g n i t e  and subbituminous coals .  In  bituminous c o a l s ,  s w e l l i n g  may 
account for about 20% of t h e  s u r f a c e  a r e a  va lues .  Thus, p r e v i o u s l y  repor ted  s u r f a c e  
a rea  v a l u e s  of these  c o a l s  determined by co2 adsorp t ion  may be overestimated by TO 
t o  501, depending on t h e  coa l .  
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INFLUENCE OF THE SUPERCRITICAL TOLUENE EXTRACTION OF BROWN COALS ON THE 
DEVELOPMENT OF POROSITY DURING CARBONIZATION AND STEAM GASIFICATION 
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INTROOUCTION 

The s u p e r c r i t i c a l  gas e x t r a c t i o n  belongs t o  r e l a t i v e l y  new techno log ies  o f  
coa l  p rocess ing  (1-7). 
y i e l d  o f  ob ta ined  e x t r a c t s  and t h e i r  phys ico-chemical  na tu re .  Less a t t e n t i o n  
was g i v e n  t o  s t u d i e s  o f  t h e  p r o p e r t i e s  o f  t h e  e x t r a c t  res idues ,  which i n  t h i s  
process a r e  ob ta ined  i n  s i g n i f i c a n t  amounts and a r e  u s u a l l y  u t i l i z e d  f o r  
combustion o r  g a s i f i c a t i o n .  

The work presented i n  t h i s  paper i s  focused on t h e  e x t r a c t  res idue ,  w i t h  t h e  
aim t o  o b t a i n  some i n f o r m a t i o n  as t o  what e x t e n t  t h e  s u p e r c r i t i c a l  gas 
e x t r a c t i o n  o f  brown c o a l s  m i g h t  m o d i f y  t h e i r  a b i l i t y  t o  develop a g i v e n  
c a p i l l a r y  s t r u c t u r e  i n  t h e  processes o f  c a r b o n i z a t i o n  and steam g a s i f i c a t i o n .  

EXPERIMENTAL 

From P o l i s h  brown coa l  mines, f i v e  c o a l s  were chosen t o  r e p r e s e n t  samples 
w i t h  d i f f e r e n t  con ten t  o f  humode t r i n i t e .  
analyses o f  these c o a l s  a r e  p resen ted  i n  Tab le  1. 

I n  a separate research  p r o j e c t  (81, s u p e r c r i t i c a l  gas e x t r a c t i o n  o f  t hese  
c o a l s  was c a r r i e d  o u t  ( t o l u e n e  a t  410°C and 13 MP ; e x t r a c t  y i e l d s  a r e  g i v e n  
i n  Tab le  l ) ,  and t h e  e x t r a c t e d  res idues  were de l iGered  t o  t h e  au tho rs  o f  t h e  
p resen t  work f o r  f u r t h e r  i n v e s t i g a t i o n s .  
R, S ,  and T were designed as EL410, EB410, ER410, ES410 and ET410 
r e s p e c t i v e l y .  

In o r d e r  t o  ob ta in ,  f rom t h e  i n i t i a l  brown c o a l s  (BC),  such samples which 
would, as t o  t h e i r  hea t  t rea tmen t  temperature (HTT), correspond t o  t h e  
e x t r a c t  res idues  (ERC410), t h e  R C  samples were ca rbon ized  i n  an aluminum 
r e t o r t  (5"C/min, atmosphere o f  p y r o l y t i c  gases) t o  HTT=410°C. 
m a i n t a i n i n g  t h i s  temperature f o r  30 minutes,  t h e  ob ta ined  BC410 cha rs  were 
cooled t o  room temperature i n  a s t ream o f  argon. The cha rs  BC410 and EBC410 
were f u r t h e r  carbonized t o  HTT=900"C i n  a r o t a r y  fu rnace  (5"C/min, A r ) ,  
m a i n t a i n i n g  t h i s  temperature a l s o  f o r  30 minutes and c o o l i n g  t h e  cha rs  BC900 
and EBC900 i n  argon. 
shows Tab le  2. 

G a s i f i c a t i o n  o f  t h e  BC900 and EBC900 chars w i t h  wa te r  vapor was performed a t  
800°C i n  a the rmograv ime t r i c  apparatus,  t o  50% b u r n - o f f  o f  t h e  o r g a n i c  
substance o f  t h e  chars;  wa te r  vapor was generated i n  an elect5icaJl.v heated 
f l a s k  a t  cons tan t  wa te r  l e v e l ,  t o  ensure a f l o w  r a t e  o f  30 dm h t h e  
d iameter  o f  t h e  r e a c t o r  t ube  be ing  40 mm. 

On a l l  t h e  i n v e s t i g a t e d  carhonacous samples, s o r p t i o n  measurements o f  
benzene, carbon d i o x i d e  and wa te r  vapor  a t  25°C were c a r r i e d  o u t ,  u s i n g  a 
g r a v i m e t r i c  vacuum apparatus (McBain q u a r t z  sp r ings ) .  

I n  most cases t h e  research  was d i r e c t e d  towards t h e  

The p e t r o g r a p h i c  and chemical  

E x t r a c t e d  res idues  f rom c o a l s  L, B, 

A f t e r  

Resu l t s  o f  p rox ima te  and u l t i m a t e  analyses o f  t h e  cha rs  
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RESULTS AND DISCUSSION 

The i n f l u e n c e  o f  s u p e r c r i t i c a l  t o l u e n e  e x t r a c t i o n  o f  brown c o a l s  on t h e  
course o f  t h e i r  c a r b o n i z a t i o n  and g a s i f i c a t i o n  w i t h  wa te r  vapor (determined 
i n  a the rmograv ime t r i c  appara tus )  i s  shown i n  F i g u r e s  1 and 2 r e s p e c t i v e l y .  

As was t o  be expected, t h e  y i e l d s  o f  chars from e x t r a c t  res idues  a r e  
s i g n i f i c a n t l y  g r e a t e r  t han  those ob ta ined  f o r  t h e  non-ex t rac ted  c o a l s  ( F i g u r e  
1). 
s u p e r c r i t i c a l  e x t r a c t i o n  o f  brown c o a l s  on t h e  r e a c t i v i t y  o f  t h e i r  chars 
towards wa te r  vapor  was found. 
o f  Yuh and Wol f  (4) ,  conce rn ing  t h e  c a t a l y t i c  e f f e c t  o f  K CO 
g a s i f i c a t i o n  o f  cha rs  from a low rank  coa l  and i t s  s u p e r c k t j c a l  t o luene  
e x t r a c t  res idues .  

F igu re  3 shows and example o f  s o r p t i o n  isotherms o f  benzene, carbon d i o x i d e  
and wa te r  vapor  (on c h a r s  f rom i n i t i a l  and e x t r a c t e d  brown coa l  L); f o r  
r e s p e c t i v e  cha rs  f r o m  brown c o a l s  B, R ,  S and T, s i m i l a r  shapes o f  
corresponding i so the rms  were found. I n  a l l  cases t h e  same c h a r a c t e r i s t i c  
t rends  c o u l d  be n o t i c e d .  Benzene s o r p t i o n  i so the rms  a r e  c h a r a c t e r i z e d  by a 
pronounced d i f f e r e n t i a t i o n  o f  shapes and amounts absorbed, depending on t h e  
HTT o f  t h e  cha rs ,  t h e i r  g a s i f i c a t i o n  and, i n  case o f  HTT=410"C, on 
e x t r a c t i o n .  Fo r  t h e  i n i t i a l  coa ls  and t h e  n o n - g a s i f i e d  chars,  isotherms o f  
t ype  I a r e  obta ined,  w i t h  l ow  amounts adsorbed (a l t hough  benzene a d s o r p t i o n  
on the EBC410 samples d i s t i n c t l y  exceeds t h e  a d s o r p t i o n  on t h e  chars BC410); 
a low-pressure h y s t e r e s i s  occurs i n  a l l  cases. A f t e r  p a r t i a l  g a s i f i c a t i o n  
( a c t i v a t i o n )  w i t h  w a t e r  vapor, t h e  phenomenon of low-pressure changes i n t o  
t ype  11, and t h e  amounts adsorbed s t r o n g l y  i nc rease .  Con t ra ry  t o  what was 
observed w i th  benzene isotherms,  t h e  a d s o r p t i o n  o f  carbon d i o x i d e  i s  much 
l e s s  i n f l u e n c e d  by t h e  k i n d  o f  cons ide red  cha r .  
pass ing from i n i t i a l  c o a l s  t o  chars w i t h  i n c r e a s i n g  HTT and f u r t h e r  t o  
a c t i v a t e d  chars,  show - i n  t h e  low-pressure r e g i o n  - a sys temat i c  decrease o f  
amounts adsorbed; h e r e  no i n f l u e n c e  o f  e x t r a c t i o n  was noted. 

Basing on benzene s o r p t i o n  data,  t h e  po re  s i z e  d i s t r i b u t i o n  o f  mesopores was 
c a l c u l a t e d  (9,10), assuming a c y l i n d r i c a l  shape o f  t h e  pores ( F i g u r e  4 ) .  
r e s u l t i n g  m ic ropore  volumes ( i n  case o f  isotherms showing low-pressure 
h y s t e r e s i s  t h e  a d s o r p t i o n  brance o f  t h e  h y s t e r e s i s  l o o p  was cons ide red )  were 
i n  good agreement w i t h  t h e  va lues o f  Wo, c a l c u l a t e d  by means o f  t h e  
Dubinin-Radushkevich (DR) equa t ion  (11) - Tab le  3. I n  t h e  benzene micropore 
volumes, super and u l t r a m i c r o p o r e s  were d i s t i n g u i s h e d  ( 1 2 ) ,  e s t i m a t i n g  f rom 
t h e  course o f  t h e  isotherms,  t h e  r e g i o n s  of r e l a t i v e  pressures corresponding 
t o  the p r imary  and secondary process o f  adso rp t i on :  t h e  amounts adsorbed a t  
r e l a t i v e  p ressu re  o f  0.01 were a t t r i b u t e d  t o  p r imary  adso rp t i on .  The volumes 
of s t i l l  na r rower  u l t r a m i c r o p o r e s ,  i n d i c a t e d  i n  t h e  h is tograms shown i n  
F igu re  4, were e s t i m a t e d  bas ing  b o t h  on benzene and carbon d i o x i d e  adso rp t i on  
isotherms,  eva lua ted  a c c o r d i n g  t o  t h e  DR equat ion.  
u l t r a m i c r o p o r e s  a c c e s s i b l e  o n l y  f o r  t h e  CO molecules,  were c a l c u l a t e d  as t h e  
d i f f e rence  between t h e  Wo va lues  f rom c a r b i n  d i o x i d e  and benzene adso rp t i on .  

I n  these c a l c u l a t i o n 3  t h e  d e n s i t y  o f  t h e  adsorbed carbon d i o x i d e  a t  25°C was 
taken  as 1.038 g.cm- Be fo re  t h e  c a l c u l a t i o n  o f  t h e  Wo values from 
t h e  benzene and carbon d i o x i d e  a d s o r p t i o n  isotherms t h e  exper imenta l  
isotherms ( F i g u r e  3 )  were c o r r e c t e d  f o r  a d s o r p t i o n  i n  t h e  mesopores, bas ing 

The p l o t s  i n  F i g u r e  2 i n d i c a t e  t h a t  no d e f i n i t e  i n f l u e n c e  o f  

Th is  seems t o  be i n  accord w i t h  t h e  r e s u l t s  
i n  t h e  steam 

Water vapor isotherms,  when 

The 

The volumes o f  

(11,13). 
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on r e s p e c t i v e  s tandard isotherms on non-porous carbonaceous m a t e r i a l s  
(Spheron 6 and Vulcan 3).  

Table 4 shows s u r f a c e  area va lues co r respond ing  t o  benzene, carbon d i o x i d e  
and wa te r  vapor adso rp t i on .  The c r o s s - f e c t i o n a l  afeas o f  t h e  mojecules of 
these adsorbates were taken  as 0.437511111 , 0.185 nv and 0.106 nm 
co r respond ing ly .  The va lues o f  S ,C H were c a l c u l a t e d  f rom t h e  benzene 
a d s o r p t i o n  isotherms were calcula!b& f p o h  t h e  benzene a d s o r p t i o n  i so the rms  
acco rd ing  t o  t h e  BET equat ion.  
t h e  va lues o f  S ,C H , r e s u l t i n g  f rom t h e  amounts o f  benzene adsorbed a t  
p o i n t  B o f  t h e  !so$h$rms, ?nd were found t o  be u s u a l l y  a l i t t l e  l ower :  t h e  
s lope  o f  t h e  l i n e a r  r e g r e s s i o n  p l o t  p resen ted  i n  F i g u r e  5 i s  0.89 ( r=0.996) .  

Con t ra ry  t o  t h i s ,  a v e r y  good acco rd  i s  observed between t h e  va lues o f  t h e  
sur face areas S 
v i c r o p o r e  volum8; W 8  C H c a l c u l a t e d  f rom c o r r e c t e d  ( f o r  mesoporos i t y )  
benzene isotherms,  wg!; egppissed i n  s u r f a c e  area u n i t s ,  and t o  t h e  o b t a i n e d  
r e s u l t s :  S ,DR,C H t h e  va lues of t h e  s u r f a c e  areas o f  mesopores ( S  ) 
were added!' The !?18'e o f  t h e  co r respond ing  r e g r e s s i o n  p l o t  was now v a g  
c l o s e  t o  u n i t y  (1.04!, w i t h  r a l s o  equal 0.996. 
case o f  benzene adso rp t i on ,  t h e  p o i n t  a , r e s u l t i n g  from a p p l i c a t i o n  o f  t h e  
BET equat ion,  corresponds m a i n l y  t o  themvolume f i l l i n g  o f  micropores 
( s t r o n g l y  enhanced h e a t  o f  a d s o r p t i o n ) ,  and i s  n o t  i d e n t i c a l  w i th  t h e  p o i n t  6 
of t h e  isotherm,  where t h e  amounts adsorbed m i g h t  correspond n o t  o n l y  t o  t h e  
v o l u m e t r i c a l l y  f i l l e d  micropores,  b u t  a l s o  t o  t h e  f o r m a t i o n  o f  a monolayer i n  
t h e  mesopores ( t h i s  sum would correspond t o  a l e s s  enhanced hea t  o f  
adso rp t i on ) .  

The su r face  areas S were c a l c u l a t e d  as S + s  Fo r  i n i t i a l  
brown c o a l s  these s@?ace areas exceed signh?t&n@ them&&pective va lues 
ob ta ined  on t h e  b a s i s  o f  benzene adso rp t i on ,  p o i n t i n g  t o  an i m p o r t a n t  
mo lecu la r  s i e v e  e f f e c t  i n  these  samples ( t h i s  can a l s o  be seen f rom Tab le  3). 
T h i s  e f f e c t  a l s o  s t r o n g l y  pronounced i n  t h e  non-ac t i va ted  chars, seems t o  be 
t o  some e x t e n t  s t i l l  p resen t  even a f t e r  t h e i r  g a s i f i c a t i o n  t o  50% b u r n - o f f .  

The va lues o f  s u r f a c e  areas co r respond ing  t o  a d s o r p t i o n  of water  vapor, were 
obta ined,  exp ress ing  i n  terms o f  s u r f a c e  areas t h e  amounts o f  water  adsorbed 
a t  p/po = 0.6 (14 ) .  
su r face  o f  t h e  i n v e s t i g a t e d  samples, t h e  r a t i o  S /S was c a l c u l a t e d ;  here 

and a d s o r p t i o n  da ta  were t a k e n  (as  a parame!@ ah?*to desc r ibed  t h e  
:@$l s u r f a c e  area a c c e s s i b l e  f o r  t h e  H 0 molecules) ,  because of t h e  
mentioned mo lecu la r  s i e v e  e f f e c t  f o r  t h g  benzene molecules.  

F o r  a c l e a r e r  demonstrat ion o f  t h e  i n f l u e n c e  of s u p e r c r i t i c a l  e x t r a c t i o n  o f  
brown coa ls  on t h e  parameters o f  t h e i r  c a p i l l a r y  s t r u c t u r e  formed d u r i n g  
c a r b o n i z a t i o n  and steam a c t i v a t i o n ,  i n  F igu res  6 and 7 t h e  r a t i o s  o f  va lues 
of chosen parameters f o r  cha rs  f r o m  t h e  e x t r a c t e d  and non-ex t rac ted  c o a l s  a r e  
presented. 

CONCLUSIONS 

The r e s u l t s  ob ta ined  d u r i n g  t h i s  research,  seem t o  f u r n i s h  some i n d i c a t i o n s  
concern ing t h e  k i n d  o f  m o d i f i c a t i o n s ,  caused by s u p e r c r i t i c a l  t o l u e n e  
e x t r a c t i o n  of  brown coa ls ,  i n  t h e  course o f  development o f  t h e i r  p o r o s i t y  

The ob ta ined  s u r f a c e  areas were compared w i t h  

C H6 and those  c a l c u l a t e d  as fo lows :  t h e  va lues o f  

It seems p o s s i b l e  t h a t  i n  

To g a i n  some i n d i c a t i o n  concern ing  t h e  p o l a r i t y  o f  t h e  
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d u r i n g  c a r b o n i z a t i o n  and steam g a s i f i c a t i o n .  

The porous system o f  i n i t i a l  brown c o a l s  i s  composed m a i n l y  o f  v e r y  f i n e ,  
benzene i n a c c e s s i b l e ,  u l  t ram ic ropores  ( V  
oxygen c o n t e n t  i n  these  c o a l s  (Table 1) v t l hEg?es  a s i g n i f i c a n t  c o n c e n t r a t i o n  
o f  oxygen f u n c t i o n a l  groups and e x p l a i n s  a h i g h  r a t i o  o f  SH20/Sco2 (Table 4 ) .  

I n  case o f  cha rs  co r respond ing  t o  HTT=900"C, as w e l l  as i n  these chars a f t e r  
t h e i r  steam g a s i f i c a t i o n  ( t o  b u r n - o f f  o f  50%), t h e  i n f l u e n c e  o f  c o a l  
e x t r a c t i o n  i s  v e r y  sma l l :  t h e  r a t i o s  of a l l  t h e  cons ide red  parameters 
(F igu res  6 b, c and 7 b, c )  a r e  v e r y  c l o s e  t o  u n i t y .  
HTT=900°C a v e r y  s i m i l a r  k i n d  o f  p o r o s i t y  i s  b e i n g  formed as t h e  r e s u l t  o f  
removal o f  t h e  mnre v o l a t i l e  p a r t s  o f  t h e  o r g a n i c  substance o f  coa ls ,  no 
m a t t e r  i f  t h i s  was caused s o l e l y  by t h e  process o f  p y r o l y s i s ,  o r  a l s o  by 
s u p e r c r i t i c a l  gas e x t r a c t i o n  ( F i g u r e  4 c, d ) .  

However a t  a l ower  HTT (410°C) as can be noted,  t h a t  t h e  s u p e r c r i t i c a l  gas 
e x t r a c t i o n  o f  t h e  c o a l s  causes a d i s t i n c t l y  g r e a t e r  development o f  t h e  
p o r o s i t y  than  t h a t  which takes  p l a c e  on c a r b o n i z a t i o n  o n l y  ( F i g u r e  4 b ) .  The 
e x t r a c t i o n  f a v o r i z e s  a l l  t h e  cons ide red  k inds  of benzene a c c e s s i b l e  p o r o s i t y ,  
and t h i s  t r e n d  i s  t h e  more pronounced, t h e  narrnwer  t h e  pores.  
r a t i o s  o f  po re  volumes i n  t h e  HTT 410°C chars  f rom e x t r a c t e d  and 
non-ext racted c o a l s  were ob ta ined  f o r  t h e  benzene a c c e s s i b l e  u l t r a m i c r o p o r e s  
( V  )BC a r e  be low u n i t y .  These ex t reme ly  smal l  u l t r a m i c r o p o r e s ,  which 
d e b ~ h ~ O $ t r o n g l y  o n  h e a t i n g  o f  t h e  non-ex t rac ted  c o a l s  t o  410°C, p a r t l y  
d isappear  (compared w i t h  r e s p e c t i v e  i n i t i a l  c o a l s ) ,  when t h e  process o f  
s u p e r c r i t i c a l  t o l u e n e  e x t r a c t i o n  i s  c a r r i e d  ou t .  It i s  p o s s i b l e  t h a t  these 
u l t ram ic ropores ,  p r e s e n t  i n  t h e  i n i t i a l  coals ,  m i g h t  p l a y  t h e  r o l e  o f  
cent res,  f a c i l i t a t i n g  t h e  e x t r a c t i o n  process, i n  which benzene a c c e s s i b l e  
u l t r a -  and supermicropores a r e  formed, a t  t h e  expense o f  t h e  p r e - e x i s t i n g ,  
o n l y  C02 access ib le ,  u l t r a m i c r o p o r e s .  

Th is  would perhaps also p o i n t  t o  a s p e c i a l  s i g n i f i c a n c e  o f  t h e  CO su r face  
area:  a parameter a b l e  t o  d e t e c t  i n  a carbonaceous m a t e r i a l  t h e  p6esence o f  a 
v e r y  f i n e  porous system ( i n a c c e s s i b l e  f o r  o t h e r  adsorbates) ,  t h e  e x i s t e n c e  o f  

thermochemical processes. 
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Tab le  1. The C h a r a c t e r i s t i c s  o f  P o l i s h  brown c o a l s  

Symbol o f  brown c o a l :  L B  R S T 
Groups o f  macera ls  ( v o l .  %, m i n e r a l  m a t t e r  f r e e ) :  
- h u m o t e l i n i t e  3.0 12.6 12.7 20.6 30.4 
- humodetri  n i  t e  
- humocol 1 i n i  t e  
- l i p t i n i t e  - i n e r t i n i t e  

88.4 74.5 71.8 60.2 47.4 
1.5 1.4 6.5 16.9 10.5 
5.7 10.6 5.8 1.0 10.9 
1.4 0.9 3.2 1.3 0.8 

Group components o f  t h e  o r g a n i c  substance (%, d a f ) :  - bitumens 2.5 3.4 5.9 2.3 3.4 
- humic a c i d s  ( f r e e )  55.9 22.3 65.1 18.8 14.7 
- humic a c i d s  ( t o t a l )  
- res idue  

66.5 33.4 81.1 25.4 16.9 
31.0 63.2 13.0 72.3 79.7 

Y i e l d  o f  t o l u e n e  e x t r a c t  (%, d a f ) :  23.9 27.3 42.9 34.4 36.4 

Proximate a n a l y s i s :  - t o t a l  m o i s t u r e  (%, r a f )  60.3 59.3 55.0 53.5 52.0 - ash (%, d r y )  6.6 5.9 12.4 7.3 7.0 
- v o l a t i l e  m a t t e r  (%,daf)  55.0 56.1 62.1 55.2 58.1 

U l t i m a t e  a n a l y s i s  (%, d a f ) :  - carbon 65.8 65.7 66.9 67.5 69.5 
- hydrogen 5.7 6.1 5.9 5.2 5.8 
- n i t r o g e n  0.7 0.8 0.5 0.7 0.8 
- (0 + S )  b y  d i f f .  27.8 27.4 26.7 26.6 23.9 

T o t a l  s u l f u r  ( X ,  d r y ) :  0.7 0.6 7.2 2.0 2.1 

Table 2. Proximate and u l t i m a t e  analyses o f  cha rs  f rom i n i t a l  and t o l u e n e  

Symbol Chars from: 
o f  
i n i t i a l  brown c o a l s  e x t r a c t  res idues  
brown coa l  ,,,a Ad VMdaf Cda f  Hdaf  Wa Ad ",,,daf Cda f  ,,daf 

e x t r a c t e d  brown c o a l s  (%) 

HTT=41O0C 

L 1.5 7.5 37.1 70.5 4.5 3.2 9.0 30.3 76.7 4.0 
B 2.6 7.0 37.2 71.5 4.6 1.5 8.4 28.4 75.7 4.3 
R 1.8 16.7 31.9 79.0 4.5 2.3 19.8 33.8 79.3 4.3 
S 1.7 8.6 32.1 75.1 4.3 2.0 9.7 30.5 77.4 4.1 
T 2.6 8.1 34.5 74.2 4.7 1.7 10.4 24.5 78.9 4.1 

HTT=900"C 

L 1.6 10.5 5.7 89.7 1.2 1.8 12.7 6.2 90.0 1.4 
B 1.8 10.0 5.7 92.5 1.1 1.3 11.2 6.1 93.8 0.9 
R 3.0 20.6 4.2 97.5 1.0 2.8 25.0 5.5 98.8 1.1 
S 1.9 12.6 4.7 92.6 1.3 1.4 13.9 4.1 94.1 1.2 
T 2.4 11.7 4.9 93.4 0.9 1.9 13.6 5.1 93.2 1.1 
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I 3 1  Table 3. Parameters Wo (cm .g- ) and B o f  t h e  
carbon d i o x i d e  adsorp t ion  a t  25°C I DR equat ion for benzene and 

Adsorbate 
Symbol 

i n i t i a l  
brown Wo Bx106 Wo f3Bx106 Wo Bx106 Wo BBx106 
coal  Brown coa ls  E x t r a c t  residues 

o f  C,H, co, C,H, co, 
V "  v u  1 

L 0.006 4.05 0.086 3.59 
B 0.004 4.22 0.068 3.66 
R 0.006 6.50 0.066 3.01 
S 0.002 4.14 0.077 3.46 
T 0.003 5.57 0.061 3.46 

HTT=41O0 C 
L 0.021 4.39 0.128 3.97 0.081 1.35 0.144 3.38 
B 0.017 3.12 0.115 3.63 9.089 2.53 0.176 3.70 
R 0.017 3.49 0.111 3.80 0.076 1.60 0.149 3.59 
S 0.016 4.22 0.122 3.54 0.100 2.11 0.152 3.50 
T o .o i7  2.95 0.093 3.54 0.104 2.49 0.140 3.59 

L 
B 
R 
S 
T 

HTT=90O0C 
0.085 0.93 0.163 2.15 0.072 1.18 0.156 2.33 
0.081 1.10 0.177 2.53 0.076 1.35 0,167 2.58 
0.035 2.20 0.212 2.70 0.053 2.11 0.192 2.66 
0.042 2.91 0.200 2.62 0.044 2.45 0.187 2.66 
0.040 3.29 0.194 2.49 0.058 2.95 0.194 2.58 

Chars HTT=900"C steam a c t i v a t e d  a t  800°C (80=50%) 
0.096 1.31 0.102 2.70 0.085 1.31 0.095 2.87 
0.064 1.27 0.095 2.79 0.070 1.10 0.095 2.70 
Oi l45  0.50 0.173 3.14 0.143 0.56 0.169 3.19 
0.104 1.98 0.166 3.06 0.097 2.29 0.128 2.95 
0.174 2.07 0.207 3.26 0.166 2.01 0.189 3.17 

271 



2 1  Table 4 Surface areas (m .a- ) based on benzene, carbon d i o x i d e  and water 
vapor adsorp t ion  a t  25°C 

Symbol 0.6 0.6 
of 0.6 'H20 O e 6  :H20 

brown 
coal  Brown coa ls  E x t r a c t  residues 

i n i t i a l  SBET 'C02 'H20 scoz S~~~ sco2 s ~ 2 ~  coz 

L 24 2.13 
B 21 2.56 
R 26 174 422 2.43 
S 21 202 436 2.15 
T 29 160 333 2.08 

L 63 336 371 1.10 292 378 445 1.17 
B 55 302 362 1.20 274 462 416 0.90 
R 74 292 316 1.08 224 392 430 1.10 
S 47 . 321 34R 1.08 256 400 421 1.05 
T 55 244 273 1.12 266 368 505 1.37 

L 216 428 385 0.90 211 410 357 0.87 
B 211 465 389 0.84 192 439 338 0.77 

HTT= 4 10" C 

HTT=900"C 

R 108 557 479 0.86 161 505 466 0.92 
S 108 526 396 0.75 132 492 380 0.77 
T 84 510 419 0.82 148 510 413 0.81 

L 458 500 158 0.32 424 4 52 139 0.31 
B 390 455 135 0.30 387 453 131 0.29 
R 482 577 405 0.70 501 584 311 0.53 
S 477 669 237 0.35 432 554 198 0.36 
T 5 16 661 351 0.53 469 613 334 0.54 

Chars HTT=90O0C steam a c t i v a t e d  a t  800"C(BO=50%) 
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A TPD study on H 0-gasified and 0 -chemisorbed coal chars 

T. Kyotani, 2. G. Zhang, S. Hayashi and A. Tomita 

Chemical Research Institute of Non-Aqueous Solutions. 

2 2 

Tohoku University, Sendai 980, Japan 

INTRODUCTION 

Steam gasification reaction of coal char is a very important reaction in both 
theoretical aspects and industrial applications. 
surface oxygen complexes on carbon substrate function as intermediate in gasifica- 
tion reaction and that such surface complexes are formed only at active sites (1, 
2 ) .  Many investigators have studied oxygen chemisorption on a variety of carbons to 
estimate the amount of surface oxygen complexes ( 3 - 5 ) .  This amount is thought to 
correspond to the number of active sites or an active surface area. The reactivity 
of carbon was closely related to the active surface area on the carbon. However, 
the detailed feature of such surface complexes have not been well understood yet. 
Temperature-programed desorption (TPD) technique is very useful in yielding 
information on surface oxygen complexes (6-8). By using TPD technique, this paper 
intends to clarify the nature of surface complexes on coal char after H 0 gasifica- 
tion or after 0 chemisorption. In addition, the gasification reactivigy was 
discussed in relation to TPD patterns of H 0-gasified char or 0 -chemisorbed char. 
The effect of coal type and the mineral rnagter in coal on TPD pzttern was also 
investigated. 

EXPERIMENTAL 

Materials 

and proximate analyses are presented in Table 1. The metal content of coals is 
given in Table 2 .  
HC1 and HF solutions. Ash content of the demineralized coal was: MW, 0 . 2 ;  TH, 2 . 3 ;  
GV, 0.6 wt%(dry). The raw (Raw) and demineralized (Dem) coals were devolatized in 
N at 1100 K for 3 0  min in a small fluidized bed reactor as described in a previous 
piper (7). 

Apparatus and procedure 

apparatus. A quartz basket containing about 50 mg of char was hung by a quartz 
spring in a quartz tube which was placed in a vertical furnace. The sample was 
heated to 1100 K under N flow ( 4 0  ml(STP)/min) and then steam was introduced at the 
flow rate of 50 ml(STP)/iin with diluent N 
during gasification was followed by using 2 cathetometer. After the char conversion 
reached to 50 wt%(daf), the sample was cooled to 570 K in H 0, followed by cooling 
to 420  K in N . 
paper. 
linear heating rate of 10 K/min up to 1100 K. 
evacuated with a rotary pump and a slight portion of gas was introduced to a gas 
analysis system. The gases (CO , CO and H 0) were analyzed with a quadrupole mass 
spectrometer. 
and oxygen at 0.1 MPa was admitted into the system for 1 h. This 0 -chemisorbed 
char is referred to as 0 char. 
conditions as above. The results are expressed per unit weight (daf). Although 
they are presented in arbitrary units, the peak intensity can be reasonably compared 

It is generally accepted that 

Five coals (16x32 mesh) varying in rank were used in this study. The ultimate 

Some of the raw coals were demineralized by using a mixture of 

Steam gasification, oxygen chemisorption and TPD were carried out in the same 

(10 ml(STP)/min). The weight change 

This partially gasified char is referred ta as G char in this 
G cha? was outgassed to 0.1 Pa at 4 2 0  K and then subjected to TPD at a 

A large portion of evolved gas was 

After TPD experizent of G czar, the temperature was lowered to 420  K 

0 char was also subjected to TPD under the same 
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with each other, because it was corrected by considering the pattern coefficient and 
the ionization efficiency of each gas. 

RESULTS 

The TPD patterns of Raw-G chars are shown in Fig. l(a). MW Raw-G char yielded 
a sharp H 0-peak at 590 K, a broad CO desorption pattern in the range from 650 K to 
1000 K a d  a sharp CO-peak at 1040 K.2 TH Raw-G char gave H 0- and CO-peak at 
similar temperature ranges. 
peak. It is noteworhy that all sharp CO-peaks from the above chars were observed in 
a similar temperature range. On the other hand, GV Raw-G char exhibited no clear 
peak and only a small amount of CO and H 0 was evolved over a wide range of tempera- 

2 ture. 

YL Raw-G and WD Raw-G chars exgibited only a sharp CO- 

The TPD patterns of Raw-0 chars (Fig l(b)) are broad in comparison with those 
of Raw-G chars. All of Raw-0 chars evolved CO in the range from about 450 K to 
1050 K. In addition to this C02 desorption, Mi; Raw-0 gave a relatively sharp CO - 
peak at 770 K. 
lower temperature than that from Raw-G chars. The sharp CO-peak observed in Raw-G 
chars was not observed in Raw-0 chars, but a small CO-peak appeared in YL and MW 
Raw-0 chars. 

With respect of CO, the desorption from Raw-0 chars began at muck? 

In order to investigate the effect of mineral matter on the gas evolution, TPD 
were carried out with the chars prepared from the demineralized coals (Fig. 2). In 
the case of MW Dem-G char, the sharp peaks as observed in the Raw-G char completely 
disappeared as a result of the demineralization. A small amount of CO was evolved 
at a relatively high temperature. TH Dem-G char exhibited no sharp H 0-peak, but 
the sharp CO-peak was still present in spite of the demineralization.2 The TPD 
pattern of GV Dem-G char was almost the same as that of GV Raw-G char. Generally 
the patterns of Dem-0 chars resemble to those of Raw-0 chars, that is, broad CO and 
CO-desorptions were commonly observed in both chars. 
peak at 770 K in MW Raw-0 char was not observed in the pattern of MW Dew0 char. 2 An exception was that the2C0 

Table 3 shows the gasification rate in steam at a char conversion of 50 %(daf) 
for Raw- and Dem-chars. The demineralization caused a considerable reduction in 
reactivity of MW char. This fact clearly shows that the mineral matter in MW coal 
was catalytically active in the gasification. On the other hand, the reactivity of 
TH char increased slightly and that of GV char was unchanged as a result of the 
demineralization. 

DISCUSSION 

Since many relatively sharp peaks disappeared from TPD pattern as a result of 
demineralization, these peaks must be closely associated with the presence of 
mineral matter in char. For MW Raw-G char we have shown that the interaction 
between finely-dispersed Ca and carbon is respunsiblc for CO 
decomposition of Ca(OH) 
derived from exchangeabfe Ca cation on carboxyl groups in MW coal. 
TH Coals have a large amount of Ca as indicated in Table 2, their Raw-G and Raw-0 
chars did not exhibited such a CO This suggests that there is little finely- 
dispersed Ca in WD and TH chars, iecause of a smaller amount of carboxyl groups in 
the coals than in brown coal like MW coal. Many Raw-G chars exhibited a sharp CO- 
peak at around 1040 K. 
the sharp CO-peaks, but the peaks may possibly be ascribed to the same kind of 
Species (Fe and/or Na). Though TH Dem-G char exhibited the CO-peak, this may be due 
to incomplete demineralization. On the other hand, the broad CO desorption as 

peak and that the 
is responsible for H 0 evolution(7)t The dispersed Ca is 2 Although WD and 

peak. 

It is not clear which inorganic species are responsible for 

280 



observed in GV Dem-G char is not due to the interaction with mineral matter. This 
desorption is associated with carbon substrate itself. Thus TPD pattern is 
appreciably influenced by mineral matter but the effect of coal type is not so 
significant. 

The total amount of CO and CO gas evolutions in TPD pattern of G char or 0 
char was correlated with thz gasification reactivity (Fig. 3 ) .  
of gas evolution from 0 char was slightly larger than that from G char, good 
correlations were found for both cases. 
reactivity and TPD pattern may be postulated as follows. During steam gasification, 
water vapor chemisorbs at active site on carbon surface and surface oxygen complexes 
are formed. Catalytically active inorganic species such as  finely-dispersed Ca may 
also have an ability to accept oxygen from H 0, and this activated oxygen is 
transferred to neighboring carbon substrate $0 form surface complex. 
complexes, whatever they are produced non-catalytically or catalytically, decompose 
and desorb gaseous products. 

Although the amount 

The relationship between the gasification 

These oxygen 

C 

c(o) - c 
+ H20 -C(O) + H2 f 

+ CO and/or C02 f 

1) 

2) 

where Cf is an empty active site and C(0) is surface oxygen complex. 
oxygen may be retained in the inorganic species and may react with carbon at the 
gasification temperature. When a partially gasified char is cooled in H 0 after 
gasification, the extent of Reaction 2 becomes smaller as the temperaturg decreases 
and all available active sites may be covered with surface oxygen complexes. 
this sample, G char, is subjected to TPD, gases such as CO and CO are evolved 
either by the decomposition of such complexes (Reaction 2)20r by the solid-solid 
reaction between oxygen-containing inorganic species and carbon (the sharp CO peak 
in TPD pattern may be due to this reaction). Active sites become unoccupied after 
TPD of G char. When the sample after TPD was exposed to 0 at 420 K, the empty 
active sites may be occupied again: 

In some cases, 

When 

2 

Cf + 1/202- C(0) 3 )  

During the subsequent TPD of 0 char, Reaction 2 occurs again. Therefore, TPD 
patterns of both G char and 0 char essentially give the same information about 
active site on carbon surface, although the absolute amount of desorbed gas is 
somewhat different with each other. This is why good correlations were observed 
between the reactivity and the amount of desorbed gas either from G char or 0 char 
(Figure 3 ) .  

same or not, one o -chemisorption experiment was carried outlwith MW ch&. After Mw 
Raw-G char was prepared in H 0, it was exposed to 0 before TPD experiment. The TPD 
pattern of this sample was ajmost the same as that zf G char. 
that all active sites on G char have already been covered with the oxygen from H 0. 
Surface complexes characteristic for 0 char can not be produced on the G char 
anymore. In other words, the adsorption site for H 0 and 0 may be the same. 
Nevertheless, the TPD patterns of G char are quite &fferen$ from those of 0 char. 
This can be explained as follows. 
temperature, only thermally stable surface complexes such as heterocyclic ether 
group can be formed. This mechanism was also proposed by Huttinger and he pointed 
out that these ether groups function as intermediate in gasification reaction ( 8 ) .  
On the other hand, when unoccupied active surface after TPD of G char is exposed to 
o at temperature as low as 400 K, various kinds of surface complexes such as 
lactone, carbonyl, ether and others may be formed on the 0 char. Some of these 

In order to check whether the chemisorption sites for 0 and for H 0 are the 

2 

This fact suggests 

* 

In G char, since H20 chemisorbs at high 

2 
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complexes may be decomposed at relatively low temperatures upon heating. Therefore, 
0 char gave a broad CO -peak and the evolution of CO began at low temperature. 2 
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Table 1. Ultimate and proximate analyses for original coal 

Ultimate analysis Proximate analysis 
Coal Code (wt%, daf) (Wt%) 

C H N S 0 Mois. V.M. Ash F.C. 

Morwe 11 MW 67.9 5.0 0.5 0.3 26.3 25.9 38.2 1.1 34.8 
Yallourn YL 66.1 5.3 0.6 0.3 27.7 14.3 47.3 0.8 37.6 
Wandoan WD 75.8 6.8 1.0 0.3 16.1 9.1 49.0 15.4 26.5 
Taiheiyo TH 77.0 6.3 1.5 0.3 14.9 5.8 46.5 10.8 36.9 
Grose Valley GV 81.7 5.1 1.4 0.4 11.4 3.4 29.7 16.6 50.3 

Table 2. Metal content i n  original coal (wt%, dry) 

Coal Si A1 Fe Ca Na K 
-____ 
MW 0.04 0.01 0.10 0.30 0.05 0.00 
YL 0.04 0.02 0.26 0.08 0.08 0.00 
WD 4.21 3.24 0.20 0.60 0.12 0.16 
TH 2.58 1.42 0.34 0.65 0.10 0.16 
GV 4.97 3.27 0.46 0.01 0.02 0.11 

Table 3. Reaction rat 
of char (h-') 

Coal Raw Dem 

MW 2 . 2  0.2 
YL 1.3 n . d .  
WD 1.6 n.d. 
TH 1.0 1.7 
GV 0.2 0.2 

n.d., not determined 

282 



I I I I I I I 1  
MW 

co 

GV 

1 1 LA- , ’ ;  . .  
30 600 800 1000 

Temperature (K) 
(b) Raw-0 

Figure 1 .  TPD pa t te rns  of raw coal  chars .  

, H 2 0  - , c02;--- , co; - - - - - - -  

283 



MW 

I JIIIIIA -- 
00 600 800 1000 

Temperature ( K )  
(a) Den-G 

MW 

TH 

r- 

GV 

400 600 800 1000 

Temperature (K) 
(b) Dem-0 

Figure 2. TPD patterns of demineralized coal chars. 
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Abstract 

0 -chemisorption on char surfaces was investigated with special regard to the 
time-temperature-history of the material especially pyrolysis conditions 
(HTT: 700,800,900"c) and surface cleaning procedures in helium at elevated 
temperatures before chemisorption, the chemisorption temperature and the 
ambient 0 -pressure. The impact of the different parameters on the maximum 
amount of O2 chemisorbed and the rates of chemisorption are discussed and the 
results are correlated to gasification rates in 40 bar steam determined at 
750, 800 and 850°C and nonisothermally up to 950°C. Moreover the effect of 
combustion on 0 -chemisorption will be discussed. 

Introduction 

Chemisorption of oxygen on char surfaces to characterize char reactivity has 
been investigated intensively in the past (9,10,11). 
carried out the chemisorption at temperatures ranging between 20 and 200°C 
for an arbitrary chosen time, e.g. 23 hours, and they found fairly well 
correlations between the amount of oxygen chemisorbed and the reactivity as a 
function of e.g., the degree of burn-off measured in oxygen, as well as in 
steam, C02 and hydrogen (9,10,11). 
to the impact of the chemisorption parameters applied as there are 
temperature, time allowed for chemisorption, preparation modality of the char 
or ambient 0 pressure. 
into consideration, whether it is controlled by chemical reaction or by 
diffusion. 
under the conditions applied for its determination, if one tries to correlate 
structural or chemical attributes of a material with reactivities. 

The aim of the present work is therefore to contribute to the fundamental 
understanding of the processes involved during 0 -chemisorption and to 
improve this method for char characterization. 

ExDerirnental 

For this study a thermogravimetric apparatus was employed which mainly 
consists of a balance (Sartorious model 4406) having a resolution of .001 mg. 
The sample is placed in the centre of an electrically heated steel tube and 
flushed continuously by pure helium during the cleaning and desorption period 
or by a mixture of helium and oxygen (79.1/20.9) during chemisorption. 

The flow rates of the gases are adjusted by means of thermal mass flow 
controllers to . 2  l/min (5,6) 

To avoid weight errors induced by buoyancy of drag forces a special 
time-temperature-procedure was chosen which is illustrated in Fig. 1. 
beginning of each run the temperature is adjusted to a value equal to the 
chemisorption temperature T . 
after drying the temperaturg is increased up to the "cleaning temperature" 

2 

2 

2 

Most of the authors 

However, only little attention was paid 

Even less the kinetics of chemisorption were taken 

Although one cannot neglect the accessibility of active sites 

2 

At the 

After the weight signal became constant, i.e. 
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T . The duration of this period was chosen in such a way that there are only 
ngglectable impacts on the char structure which otherwise could decrease the 
porosity (12) or the internal surface area (13), an effect which is well 
known as "thermal annealing". 
influence the reactivity can be seen from Fig. 10. Therefore we chose T 
100°C lower than the heat treatment temperature (HTT), or if HTT was tooClow 
to assure that the surface can be cleaned properly, we took the value of HTT 
as T , and limited the time of cleaning to .5 hours. This could be done 
becagse the preparation of chars included 1 hour tempering after having 
reached HTT. Besides former experiments (1,2) have shown that an increase of 
pyrolysis time affects reactivity only slightly, if the residence time at HTT 
exceeds 1 hour. 

After cleaning the temperature is lowered to T 
switched to the He/O -mixture which causes a siall decrease in weight due to 
the higher gas-densigy of this mixture which causes a small decrease in 
weight due to the higher gas-density of this mixture compared to pure helium. 
0 -chemisorption is then carried out for approximately 16 hours, after which 
tge gas atmosphere is switched back to pure helium, the desorption performed 
at the same temperature used during cleaning. At the end of the experiment 
the temperature is decreased again to T . This procedure has the advantage, 
that the amount of oxygen taken up can ge determined by both the difference 
between the periods C and E and the difference between starting and final 
weight signals in period D. Besides the difference B-F represents the carbon 
loss due to desorption and partial combustion and the difference F-G stands 
for the weigh of carbon oxides desorbed during period E. Analysing these 
values one can determine which amount of the sample has been burnt, or if not 
any which composition (CO /CO) the desorption gas has had. 

For the purpose of this investigation the char of a German bituminous coal 
"Westerholt" was ground to 100-315 microns and preoxidized in a fluidized bed 
under air for 24 hours at a temperature of 200°C in order to reduce the 
caking properties. Thereafter pyrolysis was carried out feeding the material 
into a preheated (700, 800 and 900°C) fluidized bed under argon. After a 
residence time of 1 hour the char was removed and stored. Proximate and 
ultimate analyses of the chars and the parent and preoxidized coal are given 
in Table 1. 

To investigate the influence of the cleaning temperature on 0 -chemisorption 
the char prepared at 900°C was used after cleaning at temperagures ranging 
between 600 and 900°C. To investigate the temperature dependence of 
chemisorption the conditions were varied between 150 and 250°C for all chars. 
Lower and higher temperatures were not applied in order to avoid 
physisorption effects (8) and to keep the amount of char burned as small as 
possible. 
experiments to determine the reaction order of chemisorption concerning 
oxygen. 

To which extent this thermal annealing cna 

again and the gas flow is 

2 

Moreover the partial pressure of oxygen was reduced in some 

RESULTS 

Influence of cleaning temoerature 

In Fig. 2 the increase in weight as a function of time is shown for the 
different cleaning temperatures. 
cleaning was such that as long as the weight signal needed to attain a 

It should be mentioned that the time for 
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constant value. Therefore one would assume t h a t  a f t e r  cleaning a l l  ac t ive  
si tes are ava i l ab le  f o r  t he  oxygen, however, Fig. 3 po in t s  ou t ,  t h a t  there  
s t i l l  are  occupied s i tes  even a f t e r  cleaning a t  800°C. 
0 taken up st i l l  r a i s e s ,  i f  T is increased from 800 t o  900°C. This is 
siown in F ig .  2 which demonstrztes f u r t h e r ,  that the re  e x i s t s  a near ly  l i n e a r  
r e l a t i o n  between T and the  amount chemisorbed during the  f i r s t  1 6  hours.  
Also noteworthy is 'the f a c t  t h a t  t h e  shapes of a l l  weigh curves seem t o  be 
i d e n t i c a l ,  wi th  the exception of t h e  beginning. 

The t o t a l  amount o f  

Influence of chemisorption temperature 

How chemisorption temperature influences the  amount of oxygen taken up is 
shown in Fig.  4 .  
temperature a t  600°C f o r  t he  900'C char and a t  700 f o r  t he  700 and 800°C 
chars .  S t a r t i n g  wi th  150'C w e  var ied  T i n  i n t e r v a l s  of 25°C up t o  '250°C. 
No higher temperatures were appl ied  as &r ing  the  chemisorption a t  250°C 
almost 5% of the  carbon has reac ted  and desorbed. Regarding the  shapes of 
t he  weight curves can  state t h a t  t he  sorp t ion  process i s  f a s t e r  and t h a t  
a f t e r  16 hours the  s lope  of t he  curves has leve led  of f  more the  higher the 
temperature, i nd ica t ing  a more completed chemisorption. I t  can, however, no t  
be  deduced from t h e s e  r e s u l t s  whether o r  t o  which ex ten t  t he  equilibrium 
coverage with oxygen depends on temperature. 

For t h i s  s e r i e s  of experiments we f ixed  the , c l ean ing  

Influence of oxvgen p a r t i a l  p ressure  

For the  de te rmina t ion  of t he  r eac t ion  order  concerning oxygen, experiments 
were ca r r i ed  ou t  u s ing  oxygen concentrations of 29.9,  10.5 and 5 .3%.  
r e s u l t s  i n d i c a t e  t h a t  t he  r eac t ion  order is  less than 1 as shown i n  Fig. 5 
where the amount o f  oxygen taken up u n t i l  the end of t he  run is p lo t t ed  
aga ins t  t h e  0 -concent ra t ion  of t he  He/O -mixture. 

Discussion 

Regarding the  course of chemisorption, i . e .  t h a t  t he  curve does not  l eve l  of f  
even a f t e r  16 hours a t  a temperature of 250'C, one can hard ly  imagine t h a t  
a l l  of the s i t e s  which a r e  being covered a f t e r  some hours o r  no t  y e t  a f t e r  1 6  
hours a re  c o r r e l a t a b l e  with r eac t ion  r a t e s  a t  temperatures twice as high than 

The 

2 2 

TS. 

Therefore we ca l cu la t ed  the  chemisorption r a t e s  on the b a s i s  of the  weight 
curve and p l o t  t he  logarithm o f  the  r a t e s  as a func t ion  of time. 
seen  from Fig .  6,  t h e r e  i s  a f a s t  reac t ion  j u s t  a t  the beginning followed by 
a slower one ind ica t ed  by the  l i n e a r  decrease of t he  graph a f t e r  a t i m e  of 
250 minutes. In  o rde r  t o  determine the k i n e t i c s  o f  these two r eac t ions ,  i . e .  
t o  iden t i fy  the  processes involved, we t r i e d  t o  f i t  s eve ra l  k i n e t i c  models 
(3 ,4 ,8 ,9 )  and found t h a t  a f t e r  approximately 20 minutes of chemisorption the  
weight curve can be  described f a i r l y  wel l ,  assuming t h a t  d i f fus ion  i s  r a t e  
con t ro l l i ng .  According t o  the  study of Baumann, Klein and Juntgen ( 3 , 4 )  who 
have inves t iga ted  the d i f fus ion  cont ro l led  chemisorption i n  the beginning as 
a square roo t  law o f  time: 

As can be 
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With: 
n(t) - 02-coverage at time t: n equilibrium coverage 
d - particle diameter: D = mdiffusion coefficient 

and via an exponential function at the end of the sorption process. 
\ 

Both fitted the present data sufficiently which, however, is not significant 
enough. To confirm this assumption we plotted the logarithm of the rates 
concerned against temperature. In accordance we plotted the lgarithm of the 
rates concerned against temperature. In accordance to theory the temperature 
dependence of the diffusion coefficient which in this case should be 
proportional to the rate can be described by: 

0s - ( 3 )  

Fig. 7 verifies this assumption. Since it is not correct to correlate 
chemical reactivities with amounts of oxygen taken up diffusion controlled, 
we focused our interest on the fast reaction subtracting the weight increase 
due to diffusion from the total increase in weight. One resulting weight 
curve is shown representatively in Fig. 8. 

It is also interesting to examine the influence of cleaning temperature on 
chemisorption rate and to see whether it affects only the number of sites 
available o r  also their accessibility. For this purpose "diffusion 
coefficients" and diffusion corrected 0 uptakes are compared in Table 2. 
Besides Fig. 9 shows the increase of the "diffusion coefficients" as a 
function of the amount of gases having evolved during the cleaning procedure. 
As can be seen from the picture this relation turned out to be fairly linear, 
whereas the "diffusion coefficients" seem to level off with increasing 
cleaning temperature. This means, that beyond a certain temperature a 
further increase in temperature only increases the number of sites available 
during chemically or diffusion controlled chemisorption. 

Correlation with reactivities in steam 

The reactivities of the chars under investigations were determined both 
isothermally and nonisothermally in 40 bar steam. 
in Fig. 10 where the reaction rate 

2 

A typical result is shown 

X = Degree o f  b u r n - o f f  

is plotted as a function of burn-off for a gasification temperature of 750°C.  
The results depict that only in the beginning the reaction rates differ from 
each other and that after a certain time they narrow. An effect due to 
either thermal annealing of the char structure during gasification or  the 
fact that in the beginning the unstable sites are gasified preferrably and 
that already in the range of medium burn-off the structures of the different 
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chars became similar. These effects again point out how important it is to 
choose the correct cleaning time and temperature not to change the material 
under investigation. 

For comparison we plotted therefore the first reaction rates versus the oxygen 
uptake during the fact chemisorption step as a function of cleaning 
temperature ( s .  Fig. 11). The relation seems to be linear in both cases for 
a cleaning temperature of 600 and 700°C. 
different intercepts, as could be expected from the above mentioned. 
time it is planned to extend these correlations to a broader range of 
cleaning and chemisorption temperatures. 

Conclusion 

It could be shown that the 0 -chemisorption yield on chars produced from a 
German bituminous coal is afgected to a large extent by diffusion processes 
and that its magnitude is influenced by the cleaning procedure which is 
absolutely necessary before chemisorption is carried out. Nevertheless the 
chars produced in different ways seem to behave similarly, i.e. whether they 
are cleaned at 600 or 700°C, the correlation with reaction rates depicts 
nearly the same slope. Therefore up to the time being only relative change 
in the reactivity of the chars originating from the same parent coal can be 
forecasted by chemisorption results, not the absolute magnitude of 
reactivity. 
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Original Original 
coal I coal 
raw ox. 

Roximate analysis 

Ash, df ‘10 

62.2 I 63.2 I 89.8 1 92.8 

2.1 
3.9 

37.1 
I 

3.3 
3.7 

31.6 

Pyrolysis temperature I”C1 

5 . 5  

Elementol onolps 

I ,  daf 1.32 1.38 1.11 
0, daf 8.3 21 .e 5.7 
S, daf 1.12 1.1 1.1 

89.1 

1.51 
3.1 
1.1 

1 1.8 

- 

95.0 

90.0 
1.6 
1.61 
3.2 
1.1 

Tab. 1: Proximate and u l t i m a t e  ana lys is  o f  coa l  Westerhol t ,and t h e  concer- 
n i n g  chars 

Cleaning 
temperature 

O C  

600 

700 

750 

800 

850 

900 

Slope in the 
H (11 - fi- diagram 

9.65. 10.~ 

1.73.10” 

2.73. 10.’ 

3.91.10’’ 

3.86. lo-’ 
3.67. lo-’ 

~~ 

liffusion corrected 
amount of 02 
mglloorng c 

0.317 

0.51 

0.561 

0.581 

0.655 

0.725 

Total 
ammt of 02 
mg 11OOmg C 

0.778 1 
1.03 

1.16 

1.17 

1.12 

1.51 

Tab. 2: Comparison o f  d i f f u s i o n  cor rec ted  and t o t a l  02-uptake. Char Westerholt 
Chemisorption temperature 200 “C 
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.F ig .  1: Time-temperature-procedure f o r  the  determinat ion o f  0 -chemisorption 2 

Cleaning temperature : --- 
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Fig .  2: Weight increase during 02-chemisorption on char Westerholt (HTT 900 O C )  
as a funct ion o f  c leaning temperature 
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Fig. 3: Effect of cleaning temperature on the amount of 02-chemisorption 
yield. Char Westerholt, HTT 900 "C, chemisorption temperature 200 "C 
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Fig. 4: Effect o f  chemisorption temperature on the amount of 02 chemisorbed. 
Char Westerholt, HTT 900 " C y  cleaning temperature 800 OC 
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Fig .  5: To ta l  0 -u  take as a f u n c t i o n  of 0 -concentrat ion.  Char Westerholt,  
HTT 9002nCy chemisorpt ion temperatzre 200 "C 

I"[$. 

1 
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- 9  ' ? ' I 6  j I 1 I 

0 300 600 900 
Time [min] 

F ig .  6: Logar i thm o f  weight increase w i t h  t ime dur ing  Chemisorption a t  200 "C. 
Char Westerhol t ,  HTT 900 "C 
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Fig.  7: Temperatur dependence o f  d i f f u s i o n  c o e f f i c i e n t s  o f  chars prepared 
a t  a )  700, 800 "C; b )  900 "C 
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F i g .  8: D i f f u s i o n  c o r r e c t e d  weight increase dur ing  02-chemisorption on char  
Westerholt.  Cleaning temperature 700 "C, chemisorpt ion temperature 200 " C  

' 2 '39  
I I 

Fig .  9: C o r r e l a t i o n  between t h e  s lope o f  t h e  w ( t )  -fi - diagram and t h e  
ex ten t  o f  c lean ing .  Char Westerholt,  HTT 900 " C  
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F i g .  10: Reaction r a t e s  o f  chars prepared a t  d i f f e r e n t  HTT in 40 bar steam 
a t  850 " C  
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Fig .  11: C o r r e l a t i o n  o f  0 -uptake wi th  i n i t i a l  reac t ion  r a t e s  (750 OC) of 
chars prepared a? 700, 800 and 900 "C.  Cleaning temperatures 600 
and 700 "C 
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R e a c t i v i t y  o f  Low-Temperature Chars:  S ign i f i cance  of  Char Act ive  
Sur face  Area a s  a R e a c t i v i t y  Parameter  

M .  Rashid  Khan 

U.S. Department of  Energy 
Morgantown Energy Technology Center  

P.O. Box 880 
Morgantown, West V i rg in i a  26507-0880 

ABSTRACT 

Contemporary Char r e a c t i v i t y  s t u d i e s  have  focused  p r i m a r i l y  on c o a l  c h a r s  p repa red  a t  
s eve re  (h igh- tempera ture)  c o n d i t i o n s .  In  t h i s  s tudy ,  t h e  r e a c t i v i t y  o f  cha r s  pre-  
pared  a t  mild (low-temperature) c o n d i t i o n s  has  been addres sed .  A thermogravimet r ic  
a n a l y s i s  system (TGA) was used t o  de te rmine  t h e  r e a c t i v i t y  o f  cha r s  i n  a i r  O K  O2 
us ing  i so the rma l  or noniso thermal  t echn iques .  Coal c h a r s  were prepared  i n  a TGA o r  
i n  a slow h e a t i n g  r a t e  o rgan ic  d e v o l a t i l i z a t i o n  r e a c t o r  (SHRODR) a t  a tempera ture  
range  between 500' and 950OC. 
a r e  shown t o  be  h igh ly  r e a c t i v e .  
t empera ture  cha r s  shows t h a t  t h e  low-temperature cha r s  e x h i b i t  h ighe r  r e a c t i v i t y  than  
both  t h e  p a r e n t  c o a l s  and t h e  h igh- tempera ture  cha r s .  C o r r e l a t i o n  between i so the rma l  
r e a c t i v i t y  r e s u l t s  ( e .g . ,  t ime)  and noniso thermal  r e a c t i v i t y  d a t a  ( e .g . ,  t empera ture)  
has been  ob ta ined .  Hydrogen c o n t e n t s  o f  cha r s  c o r r e l a t e  we l l  w i th  t h e  r e a c t i v i t y  of  
t h e  cha r s .  The s tudy  cons ide r s  t h e  s i g n i f i c a n c e  of oxygen chemisorp t ion  c a p a c i t y  a s  
a r e a c t i v i t y  parameter .  

The cha r s  prepared  by mi ld  p y r o l y s i s  of  coa l  a t  5OOOC 
Comparison of  r e a c t i v i t i e s  of  low- and high- 

INTRODUCTION 

The Morgantown Energy Technology Center  (METC) in-house r e s u l t s  demonstrated t h a t  
r e l a t i v e l y  h i g h - q u a l i t y  l i q u i d s  (low s u l f u r ,  h igh  H/C) can  be  produced by low- 
tempera ture  d e v o l a t i l i z a t i o n  of  c o a l  (1). 
p rocess  i s  c h a r .  Thus the  u t i l i z a t i o n  o f  t h e  by-product cha r s  by gas i f i ca t ion /com-  
b u s t i o n  should s i g n i f i c a n t l y  improve t h e  o v e r a l l  economics o f  a p rocess  t h a t  u ses  
d e v o l a t i l i z a t i o n .  A l i t e r a t u r e  review (2) sugges t s  t h a t  p rev ious  s t u d i e s  of cha r  
r e a c t i v i t y  were  aimed s o l e l y  a t  cha r s  p repa red  a t  s eve re  cond i t ions  ( e . g . ,  h igh  
t empera tu res ) .  Consequently,  t h e r e  i s  a d e a r t h  of r e a c t i v i t y  da t a  on c o a l  c h a r s  
p repa red  a t  mi ld  tempera tures  ( e . g . ,  5OOOC). The v o l a t i l e  m a t t e r  c o n t e n t  of  low- 
tempera ture  c h a r s ,  which can be a p p r e c i a b l e ,  however, may f avor  r e a c t i v i t y  o f  t h e s e  
cha r s .  
cha r  hydrogen con ten t  O K  cha r  v o l a t i l e  matter and t h e  r e a c t i v i t y  of  c h a r .  

The major product  i n  a d e v o l a t i l i z a t i o n  

L i t e r a t u r e  d a t a  do n o t  p r e s e n t  a c l e a r  p i c t u r e  of  t h e  r e l a t i o n s h i p  between 

BACKGROUND 

Coal chars  are composed of p seudo-g raph i t i c  b u i l d i n g  b locks  (3).  
t i c u l a r l y  t h o s e  prepared  a t  low t empera tu re ,  t h e  carbon c r y s t a l l i t e s  a r e  smal l  i n  
size add poorly a l i g n e d  because  of c r o s s l i n k i n g .  
f e c t i o n s  in  t h e  carbon s t r u c t u r e  ( inc lud ing  singly-bonded "dangling" carbons)  a r e  
thought  t o  be  t h e  " a c t i v e  si tes" dur ing  gas  r e a c t i o n s .  

The r e a c t i o n s  of  char  w i th  oxygen have g e n e r a l l y  been desc r ibed  (4,5) a s  governed 
by t h e  fo l lowing  c o n t r o l l i n g  p rocesses :  
r e a c t i o n  s i t e s ;  (b) chemisorp t ion  of oxygen on t h e  carbon s u r f a c e ,  r e a c t i o n  of chemi- 
sorbed  oxygen wi th  carbon t o  form p roduc t s ,  and deso rp t ion  o f  products  from t h e  ca r -  
bon s u r f a c e ,  and; ( c )  mass t r a n s p o r t  of t h e  gaseous p roduc t s  from t h e  carbon s u r f a c e .  
I n  t h e  absence of mass t r a n s p o r t  l i m i t a t i o n s ,  t h e  i n t r i n s i c  c h a r  r e a c t i v i t y  i s  con- 
t r o l l e d  by ( a )  char  a c t i v e  s u r f a c e  a r e a ,  and (b) c a t a l y s i s  by  i m p u r i t i e s .  

I n  c o a l  c h a r s ,  par -  

The edge s i t e s  and va r ious  imper- 

( a )  mass t r a n s f e r  (by d i f f u s i o n )  of 02 t o  
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\ Laine, et al. ( 6 )  measured the kinetics of the C-02 reaction on graphitized carbon 
black using a combination of mass spectroscopy and oxygen chemisorption; the measure- 
ments showed clearly that gasification rates depend upon the fraction of active s u r -  
face area (ASA) unoccupied by a stable oxygen complex. Hennig (7) developed an etch 
decorative technique to follow the enlargements of vacancies in the basal plane of 
graphite during reaction of carbon with oxygen; and established the importance of 
carbon active sites in determining the reactivity. Radovic et al. (8,9,10) extended 
the concept of active sites to lignitic chars prepared at various conditions and 
observed that the reactivity results can be normalized better when char ASA was con- 
sidered. 

As previously stated, the active sites are considered as imperfections in carbon 
crystallite edges or dislocations. The influences of hydrogen present on char sur- 
faces, especially on those prepared at low temperatures, on reactivity or oxygen 
chemisorption are not well-known. For low-temperature chars, surface heteroatoms 
(mainly hydrogen) may play an important role in their reactivity by generating 
nascent sites (sites formed by devolatilization or gasification). ASA determination 
by oxygen chemisorption does not account for surface heteroatoms such as hydrogen. 
Suuberg, et al. (ll), questioned the significance of oxygen chemisorption as a means 
to monitor ASA; and argued that the concept of active sites was too broad, since the 
reactive sites may be quite different in low-temperature chars from those in high- 
temperature graphitic carbons. 

The effect of inherent inorganic constituents on char reactivity varies with coal 
rank. It is known that reactivity of chars prepared from lignites are markedly 
influenced by the inherently present well-dispersed metal cations. However, the 
reactivity of chars prepared from bituminous coals is not significantly influenced 
by the inorganic matter inherently present in chars, perhaps because of the discrete 
(lumped) nature of these minerals. Indeed, the reactivity of acid demineralized 
chars appeared to be slightly greater compared to the mineral-matter-containing 
chars (9). The effects of the demineralization process on the coal organic struc- 
tures are not well known. 
procedures (13) markedly reduced the swelling of a plastic coal. 

It was shown (12) that commonly used demineralization 

OBJECTIVES 

The overall objectives of this study are the following: 
ties of coal chars prepared at mild (low-temperature, 5OO0C) and severe (high- 
temperature, e.g., 95OOC) conditions, (b) compare the reactivities of coals of 
various ranks with the corresponding low-temperature chars, (c) study the influence 
of charlcoal hydrogen content on reactivities, (d) investigate the significance of 
oxygen chemisorption capacity as an index of char reactivity. Some preliminary 
results on each of these areas are presented. 

(a) quantify the reactivi- 

EXPERIMENTAL 

The coals were devolatilized either in a thermogravimetric analysis system (TGA) or 
in a slow heating rate organic devolatilization reactor (SHRODR), which allowed pre- 
paration of larger amounts of samples for characterization. In these units, chars 
were prepared at 20°C/min (TGA) or at 12.5OC/min (SHRODR). 
and SHRODR systems are available (1,14). 

The analyses of coals and chars prepared at various conditions are presented in 
Tables 1A and 1B. As shown in Tables 1A and l B ,  several high-volatile bituminous 
coals were used for devolitilization and reactivity studies. The Pittsburgh No. 8 
coal pyridine extracted residue (subsequently water washed and vacuum dried at 2OO0C 
to remove pyridine) was also pyrolyzed at 500OC. 
small amount of sample due to reaction is continuously monitored as a function of 
temperature. 
feedstocks. To monitor the reactivity of the coal/char, isothermal and nonisothermal 

Descriptions of the TGA 

In a TGA, the weight loss of a 

TGA has been shown to be useful for comparing reactivities of various 
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r e a c t i v i t y  t echn iques  were used. 
char  r e a c t i v i t y  by o t h e r s  (8 ,10 ,15) .  
Winegartner (17)  used d e r i v a t i v e  TGA p r o f i l e s  (DTA) f o r  comparing r e l a t i v e  r e a c t i v i -  
t i e s  of  v a r i o u s  c o a l s ,  c o a l  c h a r s ,  or pet ro leum cokes under s p e c i f i e d  cond i t ions .  

The i so the rma l  approach has  been used t o  monitor 
Smith (41 ,  Wagoner and Duzy (16 ) ,  Wagoner and 

TABLE 1A:  C h a r a c t e r i z a t i o n  Data f o r  Raw Coals 

P i t t s b u r g h  I l l i n o i s  Kentucky 
No. 8 No. 6 No. 8 
(hvAb) (hvCb) (hvAb ) 

Proximate (As Rece ived)  

Mois ture  
Ash 
V o l a t i l e  Mat te r  

Ul t imate  (dry-ash- f ree  b a s i s ,  d a f )  

C 
H 
N 
S 
0 (By Dif fe rence)  
H/C (a tomic)  

0.57 4 .05  0.10 
7.27 8 . 4 1  7 .03  

37.86 36 .3  35 .46  

83.75 69 .3  86.35 
5.46 4.75 5 .41  
1.56 1.32 1 .53  
2.15 3 . 2  1 .21  
1 .08  10 .26  5.50 
0 .78  0 .82  0 .75  

Heat ing  Value (As Received) 13,976 12 ,523  14,256 
(Btu / lb)  

TABLE 1B: C h a r a c t e r i z a t i o n  Data f o r  Chars 

Sample lPrepara t ion  da f  b a s i s  
Condi t ion  C n N H/C (Atomic) 

P i t  8,  TGA 5OOOC 79.7 3.02 1.67 0.45 
P i t  8 ,  SHRODR 5OOOC 84 .4  3.05 2.15 0.43 
P i t  8 ,  TGA 65OOC 83.8 1 .98  2 .12  0.28 
P i t  8 ,  TGA 75OOC 86 .0  1.20 1 .77  0.17 
P i t  8 ,  TGA 95OOC 90 .4  0 .52  1 .64  0.07 
P i t  8 ,  Py r id ine  79.82 2.65 2.79 0.40 
Ex t rac t ed  r e s i d u e  5OOOC 
111 6 ,  SHRODR 5oaoc 89 .2  3.06 2.57 0 .41  
Kentucky 8 SHRODR 5OOOC 91.14 1.66 1.81 0.22 

I n  t h i s  s tudy ,  t h e  sample s i z e  used f o r  a r e a c t i v i t y  run was 2 mg o r  l e s s .  
flow r a t e  for t h e  r e a c t a n t s  (02 or a i r )  was 120 cclmin. 
r epor t ed  were independent  of gas  flow r a t e  and, t h u s ,  t h e  expressed  r a t e s  a r e  f r e e  
from e x t e r n a l  mass t r a n s f e r  l i m i t a t i o n s .  The cha r  p a r t i c l e  s i z e  was t 7 4  pm. 
cond i t ions ,  k i n e t i c a l l y  c o n t r o l l e d  r e a c t i v i t y  r e s u l t s  were ob ta ined .  The noniso ther -  
mal r e a c t i v i t y  s t u d i e s  were performed a t  a h e a t i n g  r a t e  of 100DC/min i n  a i r .  
a t t empt  t o  measure t h e  c o n c e n t r a t i o n  of  a v a i l a b l e  carbon s i t e s ,  oxygen chemisorp t ion  
capac i ty  o f  cha r s  was de te rmined .  
MPa 02 f o r  - 15 hours  u s i n g  t h e  TGA. 

The gas  
The i so the rma l  r e a c t i v i t i e s  

A t  t hese  

I n  an  

Chemisorption was c a r r i e d  o u t  a t  - 2OOOC and 0 . 1  
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RESULTS AND DISCUSSION 

I so the rma l  R e a c t i v i t y  Resu l t s  

The r e a c t i v i t y  of cha r  i s  g e n e r a l l y  expressed  by t h e  r e l a t i o n s h i p ,  R = - l / M c  r. 1) 

where dMc/dt = i n s t an taneous  s lope  of  burn-off curve  

dMc 

Mc = dry-ash- f ree  (da f )  b a s i s  cha r  weight a t  t ime,  t 

I n  i so the rma l  TGA s t u d i e s ,  i n  t h e  absence of c a t a l y s i s ,  t h e  r a t e  i s  a f u n c t i o n  of 
concen t r a t ion  of  r e a c t a n t s .  
t h e  char r e a c t i v i t y  can be expressed  by 

Assuming t h e  r e a c t i v i t y  i s  f i r s t  Order f o r  carbon @SA), 

- dMc = -k Mc Po': (ASA) Pop  = p a r t i a l  p r e s s u r e  of oxygen; 
n = t r u e  r e a c t i o n  o r d e r  
ASA = t o t a l  a c t i v e  s u r f a c e  a r e a  

d t  

The i n t r i n s i c  ( i n  t h e  absence of mass O K  h e a t  t r a n s f e r  l i m i t a t i o n s )  r e a c t i o n  r a t e  

cons t an t  k i s  g iven  by, k = Ae-E/RTP; where E = t r u e  a c t i v a t i o n  energy ,  kJ/mole; 
Tp = p a r t i c l e  tempera ture ,  K .  

Equat ion  1 can  be expressed  i n  terms of f r a c t i o n a l  conve r s ion ,  x :  

R = (L) I-x d t  = k Po; (ASA) 4 )  

where, M i  = i n i t i a l  daf cha r  mass. 

During a TGA run ,  Tp and Pop were he ld  cons t an t  so t h a t  changes i n  t h e  r e a c t i v i t y  R 
w i t h  convers ion  could  only  be a t t r i b u t e d  t o  changes i n  ASA and k.  

R = (L) a k (ASA) 1-x d t  5) 

The maximum r a t e  of char  r e a c t i v i t y  (Rm, d a f )  wide ly  used i n  l i t e r a t u r e  (8 ,9 ,10 ,15 ) ,  
has  been used a s  an index of  cha r  r e a c t i v i t y .  Arrbenius  r e l a t i o n s h i p s  f o r  t h e  r eac -  
t i v i t y  (Rm) of cha r s  prepared  a t  va r ious  peak d e v o l a t i l i z a t i o n  tempera tures  (PDT) a r e  
p re sen ted  i n  F igu re  1. The h ighe r  t h e  PDT o f  t h e  c o a l s ,  t h e  lower t h e  r e a c t i v i t y  of 
t h e  r e s u l t i n g  Char; i . e . ,  t h e  h i g h e s t  Rm was noted f o r  t h e  cha r  prepared  a t  500°C. 
T h i s  behavior  is c o n s i s t e n t  wi th  t h e  t r ends  a v a i l a b l e  i n  t h e  l i t e r a t u r e  ( l o ) ,  a l though 
no da ta  a r e  r epor t ed  f o r  t h e  low-temperature cha r s .  The lower observed r e a c t i v i t y  
f o r  the  h igh- tempera ture  cha r s  a r e  a t t r i b u t a b l e  t o  t h e  l o s s  of r e a c t i v e  s i tes  and/or  
r e a c t i v e  f u n c t i o n a l  groups (OK hydrogen) on char  s u r f a c e  a t  e l e v a t e d  tempera tures .  

The p re l imina ry  r e s u l t s  show t h a t  t h e  r e a c t i v i t y  of  low-temperature c h a r s ,  l i k e  high- 
tempera ture  cha r s ,  can be expressed  by Arrhenius  r e l a t i o n s h i p s .  The a c t i v a t i o n  ener -  
g i e s  of t h e  low- and h igh- tempera ture  cha r s  a r e  comparable.  
energy of 130 kJ/mole i s  c o n s i s t e n t  w i th  t h e  l i t e r a t u r e  r e s u l t s  no ted  f o r  va r ious  

The observed a c t i v a t i o n  

cha r s  (10). 
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Significance of Oxygen Chemisorption Capacity as a Reactivity Parameter 

The oxygen chemisorption data (e.g., percent 02 uptake presented as m2/g, daf) were 
used to normalize the reactivity (at 400OC) results (Table 2) for chars prepared at 
low- and high-temperature conditions. For comparison, data on chars prepared at 
5OOOC from various bituminous coals are also presented. Values for the active sur- 
face area, i.e., that surface area occupied by dissociatively chemisorbed oxygen atom 
(Table 2) were determined assuming a value of 0.08 run2 for the area occupied by each 
oxygen atom. The reactivity of different chars at 4OO0C showed variations by a fac- 
tor of 13 (on g reacted/g initial material per h, basis). 
are normalized on ASA basis (e.g., g/m2ASA.h), the variations in reactivity were 
reduced to a factor of 4. These findings are consistent with results reported by 
Radovic, et al. (8-10). These results provide credence that ASA as determined by 
oxygen chemisorption is a relevant reactivity parameter for low-, as well as high- 
temperature chars. 

When the reactivity data 

TABLE 2: Comparison Of Reactivities and Active Surface Areas For Various Chars 

S amp 1 e/ 
Preparation Condition 

Pittsburgh No.S/TGA 5OO0C 

Pittsburgh No.S/TGA 65OOC 
Pittsburgh No.S/TGA 75OoC 
Pittsburgh No.8/TGA 95OOC 

Pittsburgh No.8 
(Extracted)/TGA 5OO0C 
Illinois No.6ISHRODR 500°C 
Kentucky No.S/SHRODR 5OO0C 
L. KittanningiTGA 5OOOC 

(PSOC 1197; lvb) 

ASA 
(at 200°C) 

253.5 

150 
103 
70 

25 1 

157.5 
170.4 
158.7 

(m2/g) 
Rm (4OOOC) k,400°C 103 
(g/g/h, daf) ( g/m2ASA. h) 

3.3 (highest 13.0 

1.2 8.0 
0.73 7.0 
0.26 (lowest 3.7 

rate 

rate) 
3.2 12.7 

1.26 
1.32 
1.14 

8.0 
7.8 
7.2 

Nonisothermal Reactivities 

For dried char/coal samples (i.e., no moisture), the weight loss as a function of 
temperature is governed by the following events: (a) intrinsic gas solid reaction at 
low (10 percent) conversion, (b) at elevated temperature, the mass transfer of oxygen 
to the char limiting the intrinsic reactivity. 
and pore enlargement, the weight loss may shift between intrinsic reactivity limited 
to mass transport limited regions (4,s). 

Nonisothermal reactivities of chars prepared at low- and high-temperatures were com- 
pared (Figure 2) .  As with the isothermal technique, the reactivity of the high- 
temperature chars were significantly lower than the low-temperature chars as was 
evident by a lower maximum rate of weight loss and increased temperature where the 
maximum rate peaked. 

There are two primary schools of thought in the literature ( 5 )  on char oxidation 
mechanisms: (a) homogeneous combustion of volatiles formed during devolatilization 
is followed by slower heterogeneous oxidation of char, and (b) direct heterogeneous 
combustion of coal or char dominates. The results show that the latter mechanism 
prevails. For example, the mild pyrolysis chars (prepared at SOOOC) demonstrated 
significant burn-off at 5 O O 0 C ,  a temperature where little volatile matter is formed 
(Figures 2 and 3). The greater reactivity of the mild pyrolysis chars than that of 
the corresponding parent coals or the high-temperature chars can be attributed to 

However, with increased conversion 
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( a )  e a s i e r  a c c e s s i b i l i t y  of r e a c t a n t s  i n t o  t h e  cha r s  s t r u c t u r e  compared t o  t h e  p a r e n t  
c o a l s ,  (b) t he  g r e a t e r  concen t r a t ion  of  a c t i v e  s u r f a c e  a rea  i n  t h e  low-temperature 
cha r s  a s  compared t o  t h e  h igh- tempera ture  c h a r s ,  o r  ( c )  bo th .  

Comparison of R e a c t i v i t i e s  of  Coals and Chars 

Nonisothermal r e a c t i v i t y  measurements were performed i n  a i r  t o  de te rmine  t h e  reac-  
t i v i t i e s  of  low- (500°C) and h igh- tempera ture  (75OOC) cha r s  compared (F igu re  3 )  t o  
t h e  pa ren t  coa l s .  For t h e  t h r e e  h igh  v o l a t i l e  bituminous c o a l s  ( P i t t s b u r g h  NO. 8, 
I l l i n o i s  No. 6,  and Kentucky No. 8 ) ,  t h e  maximum r e a c t i o n  r a t e s  of  cha r s  (prepared  by 
p y r o l y s i s  a t  500°C) were g r e a t e r  than  t h e  p a r e n t  c o a l s  (F igures  3 A ,  3 B ,  and 3C). 
c o n t r a s t ,  t h e  maximum r a t e s  of  weight l o s s e s  f o r  t h e  char  prepared  from a low vola-  
t i l e  c o a l  (PSOC 1197, lower Ki t t ann ing  seam c o a l ,  Pennsylvania)  by p y r o l y s i s  a t  5 O O 0 C  
were lower than  t h e  cor responding  p a r e n t  c o a l  (da t a  n o t  shown). I t  i s  sugges t ed  t h a t  
h igh ly  agglomerated cha r s  prepared  from t h e  HVA c o a l s  prevented  d i f f u s i o n  of  oxygen 
i n t o  the  s t r u c t u r e ,  and thus  caused lower r e a c t i v i t y .  

I 

By 

R e a c t i v i t y  of Preoxid ized  and So lven t  Ex t rac t ed  Coals 

I t  was hypothes ized  t h a t  preoxid ized  HVA bituminous c o a l s ,  which do no t  become f l u i d ,  
may demonst ra te  i nc reased  r e a c t i v i t y  ove r  un t r ea t ed  c o a l s .  
f o r  6 days)  P i t t sbu rgh  No. 8 c o a l  was r eac t ed  noniso thermal ly  i n  a i r .  The maximum 
r e a c t i o n  r a t e  f o r  t h e  p reox id ized  c o a l  was g r e a t e r  t h a n  t h e  un t r ea t ed  c o a l ,  b u t  
sma l l e r  t han  t h e  cha r  prepared  a t  5OOOC (Figure  3A and 4A). A comparison o f  noniso-  
thermal  (DTA) p l o t s  f o r  t h e  raw I l l i n o i s  No. 6 and t h e  preoxid ized  coa l  is p r e s e n t e d  
i n  F igu re  4B. I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  tempera ture  of maximum r a t e  of  
weight loss i s  s h i f t e d  t o  e l e v a t e d  tempera tures  f o r  t h e  preoxid ized  c o a l .  I t  is 
p o s s i b l e  t h a t  upon p reox ida t ion ,  some carbon s i tes  f o r  t h i s  c o a l  a r e  occupied  by a 
s t a b l e  oxygen complex which desorb  a t  a h ighe r  t empera tu re ,  caus ing  a n  i n c r e a s e  i n  
t h e  tempera ture  of  maximum burn-of f  r a t e .  
o f  bituminous c o a l s  des t roys  t h e  p l a s t i c i t y  o f  t h e  r e s idue  du r ing  subsequent  pyro ly-  
s i s .  
remove m a t e r i a l s  t h a t  cause  c o a l  p l a s t i c i t y .  The e x t r a c t e d  c o a l  a l s o  r e a c t e d  noniso-  
t he rma l ly  i n  a i r .  However, t h e  maximum r e a c t i v i t y  of  t h e  e x t r a c t e d  r e s i d u e  was s t i l l  
lower than  t h a t  of t h e  cha r  prepared  a t  5OOOC (F igure  4C). These r e s u l t s  show t h a t  
t h e  cha r  prepared  a t  low tempera ture  (5OO0C) i s  s i g n i f i c a n t l y  more r e a c t i v e  than  t h e  
preoxid ized  o r  so lven t - ex t r ac t ed  coa l .  

A p reoxid ized  ( a t  15OoC 

I t  i s  well-known t h a t  s o l v e n t  e x t r a c t i o n  

To p reven t  c o a l  swe l l ing ,  t h e  P i t t s b u r g h  c o a l  was e x t r a c t e d  wi th  p y r i d i n e  t o  

C o r r e l a t i o n s  o f  R e a c t i v i t y  R e s u l t s  With t h e  Char Hydrogen o r  H/C  

F igu res  5A and 5B c o r r e l a t e  t h e  r e a c t i v i t y  ( a t  4OOOC) of t h e  cha r s  w i th  t h e  cha r  H / C  
(a tomic)  o r  t h e  hydrogen c o n t e n t s .  
(atomic) o r  hydrogen con ten t ,  t h e  g r e a t e r  t h e  r e a c t i v i t y .  The r e s u l t s  sugges t  t h a t  
t h e  hydrogen r i c h  p o r t i o n s  of c o a l  cha r  a r e  p r e f e r e n t i a l l y  ox id i zed  r e l a t i v e  t o  
carbon. Snow, e t  a l .  (18) s t u d i e d  t h e  i n f l u e n c e  of hydrogen con ten t  on t h e  o x i d a t i o n  
of carbon b lacks  and observed t h a t  t h e  h ighe r  t h e  hydrogen con ten t ,  t h e  h i g h e r  t h e  
r e a c t i v i t y  (15 ,18) .  The s i g n i f i c a n t l y  g r e a t e r  r e a c t i v i t y  of  t h e  low-temperature 
cha r s  compared t o  the  h igh- tempera ture  cha r s  is  a t t r i b u t a b l e ,  a t  l e a s t  i n  p a r t ,  t o  
t h e  g r e a t e r  hydrogen con ten t s  of  t h e s e  cha r s .  
behind h igh ly  r e a c t i v e  "nascent" carbon s i t e s  (19 ) .  Walker, e t  a l .  (19 ,20)  proved 
t h a t  removal of  complexes from carbon s u r f a c e s  ennanced t h e  r e a c t i v i t y  of carbons 
i n  carbon d iox ide .  

C o r r e l a t i o n s  Between I so the rma l  and Nonisothermal R e a c t i v i t y  Data 

Comparisons of t h e  i so the rma l  r e a c t i v i t y  parameter  ( e . g . ,  t i m e  f o r  a g iven  bu rn -o f f )  
w i th  noniso thermal  r e a c t i v i t y  d a t a  ( e . g . ,  t empera ture  f o r  t h e  same burn -o f f )  have 
been made. Data i n  t h e  Arrhenius  forms a r e  p re sen ted  i n  F igu res  6A ( f o r  10-percent  
convers ion ,  T = O.l), 6B (T = 0 .3 ) .  and 6C (T = 0.4) .  The a c t i v a t i o n  energy  (E ) 

The r e s u l t s  show t h a t  t h e  h ighe r  t h e  c h a r  H / C  

Hydrogen removal by o x i d a t i o n  l eaves  

a c t  
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a t  low convers ion  (T = 0.1) is  c a l c u l a t e d  t o  be - 130 kJ/mole,  comparable t o  t h e  i s o -  
thermal  case  ( F i g u r e  I ) .  A t  g r e a t e r  convers ion  (T = 0.2 t o  0 . 4 ) ,  t h e  E reduced 
from 102 kJ/mole (T = 0.3)  t o  75 kJ/mole ( a t  T = 0 . 4 ) .  This  sugges ts  a t  low 
convers ion ,  t h e  weight  l o s s  is dominated by t h e  i n t r i n s i c  char  oxygen r e a c t i o n  which 
has  a n  Eac t  - 130 kJ/mole. 
e v e r ,  t h e  mass t r a n s f e r  of O2 l i m i t s  t h e  weight  l o s s .  I t  i s  known t h a t  mass t r a n s f e r  
process  has  a lower a c t i v a t i o n  energy ( 4 , s ) .  Thus, a t  h igher  convers ion  (T = 0.2  
t o  0 . 4 ) ,  the  E i s  s i g n i f i c a n t l y  reduced.  The nonisothermal  r e a c t i v i t y  r e s u l t s  
( i . e . ,  temperaBBe) a t  low (10 weight  p e r c e n t )  convers ion  can be c o r r e l a t e d  somewhat 
w i t h  t h e  char  a c t i v e  s u r f a c e  a r e a  (F igure  7), s u g g e s t i n g  t h a t  a c t i v e  s u r f a c e  a r e a s  
of t h e s e  chars  p l a y  a n  impor tan t  r o l e  i n  de te rmining  t h e  r e a c t i v i t y .  

The i n f l u e n c e s  of added i n o r g a n i c s  on c o a l  d e v o l a t i l i z a t i o n  and product  yield/compo- 
s i t i o n  have been d i s c u s s e d  (1 ,12 ,21) .  
dolomite  [Ca Mg (OH)*] a t  a low c o n c e n t r a t i o n  (-5 weight  p e r c e n t )  s i g n i f i c a n t l y  
reduced gaseous H2S y i e l d  whi le  t h e  l i q u i d  q u a l i t y  was improved ( i . e . ,  reduced S con- 
t e n t ) .  
t o  d e v o l a t i l i z a t i o n  on t h e  r e a c t i v i t y  i s  i n  p r o g r e s s .  F i g u r e s  6A, 6B, and 6C pre-  
s e n t s  some d a t a  ( i . e . ,  t empera tures)  der ived  from non-isothermal  h e a t i n g  of a c h a r  
prepared by c o - p y r o l y s i s  of c o a l  w i t h  dolomite .  

There a r e  s e v e r a l  s i m p l i f i c a t i o n s  i n h e r e n t  i n  t h i s  s t u d y .  The r e s u l t s  presented  i n  
Table  2 ( e . g . ,  t h e  a b s o l u t e  v a l u e s  of t h e  r e p o r t e d  ASA) should be i n t e r p r e t e d  w i t h  
c a u t i o n .  As d i s c u s s e d  p r e v i o u s l y ,  t h e  ASA i s  a measure of a v a i l a b l e  s i tes  p r e s e n t  on 
c h a r  s u r f a c e .  The a n a l y s i s ,  i n  e s s e n c e ,  demonst ra tes  a t r e n d  t h a t  i l l u s t r a t e s  t h e  
p r i n c i p l e  of char  r e a c t i v i t y .  The a c t u a l  r e a c t i v i t y  mechanisms a r e  complicated by 
t h e  observa t ions  t h a t  ( a )  oxygen chemisorp t ion  c a p a c i t y  is a f u n c t i o n  of bo th  t h e  
tempera ture  and p r e s s u r e  of chemisorp t ion ,  and (b)  t h e  measured oxygen uptake depends 
on whether  it occurs  i n  t h e  presence  o r  absence o f  concurren t  g a s i f i c a t i o n .  A s i g n i -  
f i c a n t  p o r t i o n  of s i tes  on c o a l  c h a r s  can be occupied by hydrogen, which may p r e f e r -  
e n t i a l l y  r e a c t  w i t h  oxygen a t  low convers ion ,  opening up new carbon a c t i v e  s i t e s .  
However, t h e  t r e n d s  shown i n  Table  2 ,  based on somewhat a r b i t r a r y  c o n d i t i o n s  of 
chemisorp t ion ,  i l l u s t r a t e  t h e  u t i l i t y  of oxygen chemisorpt ion technique  a s  an index  
of c h a r  r e a c t i v i t y .  

SUMMARY AND CONCLUSIONS 

(a)  For  c h a r  o x i d a t i o n ,  t h e  a c t i v a t i o n  energy  of 130 kJ/mole,  comparable t o  l i t e r a -  
t u r e  d a t a ,  was observed  f o r  both low- and h igh- tempera ture  chars .  
t h e  chemis t ry  of gas  s o l i d  r e a c t i o n s  fo l low comparable mechanisms f o r  b o t h  low- and 
high-temperature  c h a r s .  (b) The low-temperature  c h a r s  prepared from v a r i o u s  c o a l s  
( a t  500OC) appear  t o  b e  more r e a c t i v e  (determined noniso thermal ly)  than  t h e  p a r e n t  
c o a l s .  These low-temperature  c h a r s  a r e  a l s o  more r e a c t i v e  than  t h e  p a r e n t  preoxi -  
d i z e d  c o a l s  or t h e  s o l v e n t  e x t r a c t e d  r e s i d u e .  ( c )  The r e a c t i v i t y  of v a r i o u s  c h a r s  
can be  c o r r e l a t e d  w i t h  t h e  H / C  o r  char  hydrogen c o n t e n t s .  
nonisothermal  r e a c t i v i t y  a t  low conversion (10 p e r c e n t )  i s  l i m i t e d  by i n t r i n s i c  gas-  
s o l i d  r e a c t i o n s .  A t  e l e v a t e d  tempera tures  ( o r  h i g h e r  convers ions) ,  however, mass 
t r a n s f e r  l imi t s  t h e  weight  loss a s  i s  e v i d e n t  by lower a c t i v a t i o n  e n e r g i e s  f o r  t h e  
p r o c e s s .  
f o r  normal iz ing  i s o t h e r m a l  r e a c t i v i t y  r e s u l t s .  
non-isothermal  r e a c t i v i t y  parameter  of c h a r s  can be c o r r e l a t e d  t o  t h e  a c t i v e  s u r f a c e  
a r e a  a s  determined by oxygen chemisorpt ion.  

A t  h i g h e r  convers ions  ( i . e . ,  h igher  tempera tures) ,  how- 

I t  was observed t h a t  a d d i t i o n  of a hydra ted  

A comprehensive s tudy  on t h e  i n f l u e n c e  of v a r i o u s  a d d i t i v e s  in t roduced  p r i o r  

This  s u g g e s t s  t h a t  

(d) The weight  l o s s  dur ing  

( e )  F i n a l l y ,  t h e  c h a r  a c t i v e  s u r f a c e  a r e a  s e r v e s  a s  a s i g n i f i c a n t  parameter  
I n  a d d i t i o n ,  a t  low convers ion ,  t h e  
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EXAMINATION OF OXYGEN FUNCTIONAL GROUPS ON CARBONACEOUS SOLIDS BY 
LINEAR TEMPERATURE DESORPTION TECHNIQUES 

Yoshinobu Otake and Robert  G. J enk ins  

Fuel  Science Program 
The Pennsylvania S t a t e  Un ive r s i ty  

Un ive r s i ty  Park,  PA 16802 

INTRODUCTION 

It i s  important  t o  understand t h e  na tu re  of carbon-oxygen complexes which 
e x i s t  on t h e  s u r f a c e s  of carbonaceous s o l i d s  such a s  c o a l  cha r s ,  a c t i v a t e d  carbons 
and carbon molecular  s i eves .  The na tu re  and concen t r a t ion  of t he  oxygen f u n c t i o n a l  
group w i l l  i n f l u e n c e  p r o c e s s e s  i n  which t h e  ca rbon ' s  s u r f a c e  i s  involved (1) .  
examples, w e t a b i l i t y  ( 2 ) ,  a d s o r p t i v e  behavior ( 3 , 4 ) ,  c a t a l y t i c  and e l e c t r i c a l  
p r o p e r t i e s  ( 5 )  a r e  a l l  a f f e c t e d  by the  chemical n a t u r e  and e x t e n t  of t h e  
oxygen-containing s u r f a c e  complex. I n  a d d i t i o n ,  oxygen chemisorpt ion techniques 
have been used widely t o  e s t i m a t e  carbon "ac t ive  s i t e "  concen t r a t ion  f o r  va r ious  
carbons and c h a r s  (6-9). These methods a r e  used i n  a t t empt s  t o  c o r r e l a t e  carbon 
r e a c t i v i t y  wth some fundamental  property of t h e  carbon. Of cour se ,  t h e  s u r f a c e  
complexes formed by t h i s  d e l i b e r a t e  chemisorption of oxygen a r e  t h e  same a s  those  
produced by n a t u r a l  p rocesses .  Thus, a b e t t e r  understanding o f  carbon-oxygen 
complexes w i l l  be of v a l u e  t o  p r a c t i c a l  and fundamental  a s p e c t s  of c o a l  and carbon 
sc i ence  and technology. 

A s  

Highly porous carbonaceous s o l i d s ,  l i k e  c o a l  c h a r s ,  a r e  mainly composed of 
r e l a t i v e l y  d i so rde red  carbon atoms. These m a t e r i a l s ,  i n  g e n r a l ,  demonstrate  a high 
propensi ty  f o r  oxygen chemisorpt ion because of l a r g e  concen t r a t ions  of edge carbon 
atoms. Once oxygen i s  chemisorbed onto these  edge carbon atoms then  carbon-oxygen 
complexes a r e  formed. 
thermally as CO o r  Cog.  
temperatures  of t h e  o r d e r  of 1250 K (6). 

These s u r f a c e  f u n c t i o n a l  groups can on ly  be removed 
Complete thermal removal of t h e  complexes r e q u i r e s  

Direct  a n a l y s i s  o f  t h e  complexes has  been performed ( 4 )  by a range of 
techniques.  Unfo r tuna te ly ,  many s t u d i e s  have produced c o n f l i c t i n g  r e s u l t s .  T h i s  
i s  probably a r e s u l t  o f  poor ly  de f ined  carbons,  poorly de f ined  o x i d a t i o n  cond i t ions  
and the  use of widely d i f f e r e n t  carbonaceous s o l i d s .  In  a d d i t i o n ,  i t  i s  understood 
t h a t  oxygen-carbon s u r f a c e  complexes do  no t  behave n e c e s s a r i l y  i n  t h e  same manner 
a s  do carbon-oxygen f u n c t i o n a l i t i e s  i n  simple o rgan ic  compounds. 

The p r i n c i p a l  purpose of t h i s  s tudy was t o  examine oxygen complexes 
d e l i b e r a t e l y  inco rpora t ed  i n t o  a r e l a t i v e l y  pure,  microporous carbon by using a 
L inea r  Temperature Programmed Desorption (LTPD) technique,  i n  con junc t ion  wi th  
chemical n e u t r a l i z a t i o n  methods. 

EXPERIMENTAL 

Mate r i a l s  

A p r o p r i e t a r y  phenol-formaldehyde (PF) polymer w a s  used t o  p repa re  t h e  
microporous char .  The polymer was heated,  i n  N , t o  1275 a t  10 K min . The char  
was subsequent ly  o x i d i z e d ,  t o  varying degrees ,  t y  ( i )  a i r  ox ida t ion  performed i n  a 
f l u i d i z e d  bed over  a r ange  of r e a c t i o n  temperatures  and t imes and ( i i )  t r ea tmen t  
w i th  concentrated HN03 s o l u t i o n  f o r  d i f f e r i n g  temperatures  and o x i d a t i o n  t imes.  
F u l l  d e t a i l s  of t h e s e  p rocedures  (and o t h e r s  r e f e r r e d  t o  i n  t h i s  paper)  a r e  g iven  
elsewhere (1 ) .  
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Thermal Desorpt ion Experiments 

The LTPD experiments were g e n e r a l l y  c a r r i e d  u t  a s  fol lows.  About 1 g of 
dr ied sample was heated i n  f lowing N a t  5 K mine* up t o  1275 K. The evolved gases  
were cont inuously analyzed f o r  C 0 2 ,  80, H and H 0 vapor. Some experiments  were 
performed in flowing H2, t h e  procedure W a f  i d e n t t c a l  t o  t h a t  u s ing  N2. 

S e l e c t i v e  Neu t ra l i za t ion  Technique , 
Small  samples of cha r  were immersed in s e p a r a t e  s o l u t i o n  of NaHCO , Na2 C03, 

NaOH and Ba(0H) - 
s o l u t i o n  were d e n  c a l c u l a t e d  from t i t r a t i o n s  wi th  HC1. 

The amounts of a c i d i c  oxygen complexes n e u t r a l i z e d  %y each 

RESULTS AND DISCUSSION 

F igures  1 and 2 ,  r e s p e c t i v e l y ,  p re sen t  deso rp t ion  p r o f i l e s  f o r  t h e  cha r s  
oxidized i n  HNO 
expected, i n  bo2h cases  t h e  p r i n c i p a l  gases  evolved a r e  CO and CO . E s s e n t i a l l y  a l l  
t h e  CO evolving complexes (CO-complex) and CO evolving complexes2(C02-complex) a r e  
desorbed by 1275 K. 
evolving)  can be f u r t h e r  d iv ided  i n t o  two c a t e g o r i e s  depending on t h e  temperature' 
range of evo lu t ion .  For example, in the  case of t h e  CO-complex, two evo lu t ion  
peaks a r e  seen,  one a t  about  900 K and one a t  1100 K (F igu res  1 and 2) f o r  both 
samples. 
(Figure l ) ,  i t  d e n  t a i l s  o f f  w i t h  s i g n i f i c a n t  q u a n t i t i e s  of CO being evolved up 
t o  1000 K. e v o l u t i o n  f o r  t h e  a?, oxidized sample 
is around 900 K (Figure 2) .  This  sample d l d  evolve a small q u a n t i t y  of C02 i n  t h e  
lower temperature  r equ i r e  ( -  550 K). For convenience sake  we w i l l  r e f e r  t o  t h e  
fou r  groups of complexes as lower and higher  temprature ,  CO or CO complexes. The 
main reasons f o r  observing d i f f e r e n t  evo lu t ion  peaks f o r  CO and d2 a r e  t h a t  
d i f f e r i n g  complexes w i l l  evo lve  t h e  same gaseous s p e c i e s  a t  va r ious  temperatures ,  
and t h a t  t h e  same oxygen complex may be formed a t  (and thus ,  desorbed from) 
e n e r g e t i c a l l y  d i f f e r e n t  carbon atoms in t h e  zig-zag o r  armchair  conf igu ra t ion .  

( a t  340 K, f o r  5 h)  and in a i r  ( a t  673 K f o r  3 h). As is t o  be 

It is impor t an t  t o  no te  ghat each set of complexes (CO o r  CO 

The CO -complex on t h e  HNO t r e a t e d  cha r  mainly appears  a t  about  575 K 

On t h e  o t h e r  hand, t h e  main CO 

It should be noted t h a t  t h e  f r a c t i o n  of oxygen e x i s t i n g  a s  CO complexes on 
the  samples is q u i t e  d i f f e r e n t  f o r  t h e  HNO 
in a l l  ca ses ,  t he  HNO ox id ized  c h a r s  a t  d a s t  50% of the  t o t a l  oxygen is presen t  
a s  CO -complex. Howe?er, f o r  t h e  a i r  oxidized samples ( r ang ing  from 473 K f o r  1 h 
up t o  783 K f o r  50 m i d  t h e  oxygen p resen t  a s  C02-complex v a r i e s  from 25% t o  50%. 
Obviously, t h e  HN03  samples c o n t a i n  much more C02-complex than do the  a i r  oxidized 
ones. 

and a i r  oxidized samplgs. For example, 

2 

A d i r e c t  c o r r e l a t i o n  e x i s t s  between t o t a l  a c i d i t y  (from NaOH n e u t r a l i z a t i o n )  
and t h e  concen t r a t ion  of CO -complex f o r  both the  HNO and a i r  oxidized cha r s  
(Figure 3 ) .  
char (1). 
FOK t h e  HN03 oxidized c h a r s  t h e  s l o p e  i s  n e a r  t o  u n i t y ,  whereas,  f o r  t h e  a i r  
oxidized samples t h e  s lope  is about  two. From t h i s ,  and o t h e r  evidence from 
samples exchanged with sodium, i t  i s  suggested t h a t  t h e  p r i n c i p a l  a c i d i c  
CO -complex from t h e  HNO ox id i zed  cha r s  is ca rboxy l i c  acids .  For t h e  a i r  oxidized 
chzrs ,  t he  main a c i d i c  Cd2-complex is a ca rboxy l i c  anhydride,  which i n  aqueous 
s o l u t i o n  (as in t h e  n e u t r a l i z a t i o n  experiments)  forms two ca rboxy l i c  a c i d s  f o r  each 
anhydride hydrolyzed. 

No such c o r r e l z t i o n  can be found f o r  the3C0-complex on any oxidized 
As can be seen,  t h e  s l o p e s  of l i n e s  on Figure 3 a r e  q u i t e  d i f f e r e n t .  

In an at tempt  t o  determine f u r t h e r  t h e  n a t u r e  of t he  a c i d i c  f u n c t i o n a l i t i e s  
ion-exchange experiments were performed wi th  Ba(0H) . 
two ca rboxy l i c  ac id  s u r f a c e  groups were a d j a c e n t ,  t a e n  both could be n e u t r a l i z e d  by 
one Ba(0H) ; i f  they a r e  no t  nea r  t o  each o t h e r ,  t hen  one Ba(0H ) is r equ i r ed  f o r  
n e u t r a l i z a g i o n  of each c a r b o x y l i c  a c i d  ( t h e  e x t r a  p o s i t i v e  change on t h e  s u r f a c e  is 
balanced by OH-). Thus. by comparing n e u t r a l i z a t i o n  d a t a  from NaOH and Ba(OH)2 one 

Boehm (10)  observed t h a t  i f  
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can specu la t e  on t h e  r e l a t i v e  d i s t a n c e  between t h e  ac id  groups. 
samples a r e  g iven  i n  Table  1. 
r e l a t i o n s h i p  between t h e  CO 
n e u t r a l i z a t i o n .  
n e u t r a l i z a t i o n  and CO complex concen t r a t ion  is about 2:l. $0, t h e  a i r  oxidzed 
cha r s ,  i t  is seen t h a z  t h e  o b s e r v a t i o n s  a r e  very d i f f e r e n t .  
moles of NaOH and Ba(OH)2 needed for n e u t r a l i z a t i o n  a r e  ve ry  s i m i l a r ,  and about  
twice the number of moles of t h e  C02 complex. 

Such d a t a  for our  
For t h e  HNO c h a r s ,  one observes  an almost  1:l 

complex and eAe moles of NaOH requ i r ed  f o r  
The r a t i o  $0, t he  number of moles of Ba(0H) needed for 

That is, t he  number of 

TABLE 1 

N e u t r a l i z a t i o n  Data for NaOH and Ba(OH)2 on A i r  and 
HN03-Oxidized Chars 

Sample 

A i r  Char 
640 K, 3 h 
698 K ,  11 h 

HNO Char 
320 K, 0.1 h 
340 K, 5 h 

-C02 Complex 
mmol/g 

0.4 
1.5 

0.6 
1.8 

N e u t r a l i z a t i o n  (mmol/g) 
NaOH Ba(OH)2 

0.8 
3.2 

0.6 
1.9 

0.9 
3.1 

1.3 
3.2 

These d a t a  i n d i c a t e  t h a t  f o r  t h e s e  samples t h e  a c i d  groups a r e  ad jacen t  f o r  

complex f o r  
t he  a i r  c h a r s  and nonadjacent  f o r  t h e  HNO oxidized chars .  This  obse rva t ion  f i t s  
I n  wi th  the  sugges t ion  of ca rboxy l i c  anhyJ r ides  a r e  t h e  dominant CO 
the  a i r  ox id i zed  samples because on hydro lys i s  t h e  anhydride w i l l  y?eld two 
adjacent  ca rboxy l i c  a c i d  groups.  

2 
Next we addres s  t h e  CO complexes by a s e r i e s  of LTPD runs made i n  4.05% H 

(balance N ). 
mixture.  
i n  t h i s  H 
both the &NO 
temperature 20 complex, bu t  t h e  lower temperature CO complex i s  l i t t l e  a l t e r e d .  
t h e  case of t h e  HNO cha r ,  a second H 0 evo lu t ion  peak appears  a t  h i g h  
temperatures ,  around 950 K ( s e e  F i g u r e  4). For  t h e  a i r  cha r ,  a H 2 0  peak is a l s o  
observed a t  about  950 K. It should b e  noted t h a t  i n  a l l  t h e s e  runs t h e  oxygen 
balance was remarkably good. That  i s ,  the  t o t a l  amount of 'oxygen' evolved is 
i d e n t i c a l  in both N and H / N  gas  mixtures .  The on ly  d i f f e r e n c e  is i n  t h e  
d i s t r i b u t i o n  of s p e z i e s  wh?ch2indicates  t h a t  t h e  ' l o s s '  of high temperature  CO 
complex is q u a n t i t a t i v e l y  accounted f o r  by t h e  appearance of a new h igh  temperature  
H 0 peak. F igu re  4 a l s o  shows t h e  consumption of H during these  experiments.  The 
c&.umption of H 2  seems t o  p a r a l l e l  t h e  evo lu t ion  oP t h e  lower-temperature CO 
complex. A s e r i e s  of experiments  was performed i n  which t h e  lower temperature  CO 
complex was s y s t e m t i c a l l y  removed by hea t  t reatment  i n  N , p r i o r  t o  LTPO i n  4.05% 

H ~ .  H consumption and CO complex decomposed. 
2 

6). The e v o l u t i o n  of C 0 2  w a s  n o t  i n f luenced  by it,, however, t h e  e v o l u t i o n  of CO is 
markedly reduced. There is a , r e l a t i v e l y  l a r g e  q u a n t i t y  of CH produced. A run 
made with a c l ean  c h a r  (hea ted  to 1275 K p r i o r  t o  H t r ea tmen t )  a l s o  produces some 
CH (Figure 6 )  but i t  is a l so  e v i d e n t  from t h i s  f i g i r e  t h a t  t h e  presence of some CO 
e v h v i n g  complex enhances CH4 evo lu t ion .  Figure 7 is a p l o t  of CH4 evolved versus  
t h e  amount o f  lower t empera tu re  CO complex t h a t  decomposes a s  CO ( i n  H , up t o  1000 
K). 
lower-temerature CO complexes, i r r e s p e 2 t i v e  of cha r  type.  

The e v o l u t i o n  of C 0 2  w a s  no t  i n f luenced  by t h e  change t o  t h i s  gas  
?he CO p r o f i l e s  a r e  a lmost  i d e n t i c a l  t o  those obtained i n  N . However, 

For contagning g a s  t h e  LTPD p r o f i l e s  f o r  t h e  CO evo lu t ion  a r e  cianged. 
and a i r  ox id ized  c h a r s  t h e r e  i s  a dramatic  loss of t h e  h ighe r  

2 
I n  

Figure 5 shows t h e  r e s u l t s .  There is an apparent  d i r e c t  r e l a t i o n s h i p  between 

Experiments were a l s o  c a r r i e d  o u t  i n  pure H a t  a tmospheric  p r e s s u r e  (Figure 

4 

This f i g u r e  does  i n d i c a t e  t h a t  CH product ion can be r e l a t e d  t o  t ie  
The s l o p e  of t h i s  l i n e  
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is  the same as that (0.75) seen in Figure 5. These data suggest, strongly. that 
CH evolution originates from the chemisorption of hydrogen on to carbon atoms made 
aviilable by decomposition of CO complex. 
decomposes to evolve CH 

Ultimately the carbon-hydrogen complex 

4' 

CONCLUSIONS 

It has been shown that a combination of LTPD techniques, in different gaseous 
atmospheres, with selective neutralization techniques can yield very valuable 
information on carbon-oxygen surface complexes o r  chars. Specifically, it is 
concluded that, for these samples; 

The oxygen complexes can be conveniently divided into four groups comprised 
of lower and higher-temperature CO and C02 evolving complexes. 

chars studzed. 
CO evolving complexes are mainly responsible for acidic nature of the 

The principal Cog complexes can be characterized as (i) lower-temperature 
CO complexes are nonadjacent carboxyl groups formed at dangling edge carbon atoms; 
( i z )  higher-temperature C02 complexes are carboxylic anhydrides, which on 
hydrolysis form adjacent carboxyl groups. 

Thermal decomposition of the lower temperature CO evolving complex 
generates highly reactive dangling carbon atoms. These atoms can either chemisorb 
H 2' or produce CH4 i n  the presence of H 2 
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SURFACE CHARACTERIZATION OF 0 AND CO ADSORPTION 
ON CLEAN AND OXIDIZED GLASSY  CARBO^ SURFACES 

S. R. Kelemen and H. Freund 

Exxon Research and Engineering Company 
Route 22 East, Annandale, NJ 08801 

Abstract 

ESCA was used t o  cha rac te r i ze  glassy carbon surfaces fo l l ow ing  
exposure t o  O 2  and COP. 
was used to moni tor  subsequent decomposition chemistry. The a b i l i t y  o f  O2 and 
C02 t o  undergo d i s s o c i a t i v e  chemisorption depends on t h e  extent  o f  p r i o r  
ox idat ion.  On i n i t i a l l y  clean surfaces, C02 and O2 ox ida t i on  produced s i m i l a r  
species character ized by a 531.0 (eV) O(1s) peak and a 285.8 (eV) C(1s)-peak 
i n  the  d i f f e rence  spectrum. The species decomposed above 7OOOC t o  produce 
gaseous CO. 
oxygen surface coverage. 0 generated add i t i ona l  oxygen w i th  a 531.5 (eV) 
O(1s) and a 285.8 (eV) C( ls f  peak i n  t h e  d i f f e r e n c e  spectrum. This oxygen 
species i s  associated w i th  t h e  product ion o f  CO near 600°C. 
i n  i t s  a b i l i t y  t o  d i s s o c i a t e  on p a r t i a l l y  ox id ized surfaces. ?he 285.8 (eV) 
C(1s) peak could not  be i n t e r p r e t e d  i n  a s t ra igh t fo rward  way i n  terms o f  a 
carbonyl f u n c t i o n a l i t y .  
reference and favors the  format ion o f  ca rboxy l i c  ac id  groups character ized by 
a 288.4 (eV) C(1s) peak and O(1s) peaks a t  531.2 and 532.7 (ev). 

-- 

Temperature-programed Reaction Spectroscopy (TPRS) 

Addi t ional  exposure t o  C02 up t o  7OOOC d i d  not increase t h e  

0 i s  d i s t i ngu ished  

HNO3 ox ida t i on  o f  glassy carbon was s tud ied as a 

I n t r o d u c t i o n  

ESCA has been used t o  cha rac te r i ze  t h e  surfaces o f  a wide v a r i e t y  o f  
d i f f e r e n t  carbons which i nc lude  glassy carbon(1-3), graphite(4.5) and carbon 
f ibers . (6-11)  In fo rma t ion  has been gathered about the  degree o f  sur face oxida- 
t i o n  and t ype  o f  oxygen complexes formed a f t e r  var ious o x i d a t i v e  
t reatments. ( l -3 ,  5-11) The degree o f  ox ida t i on  can be monitored by t h e  O(1s)  
i n t e n s i t y .  I n  general a d i s t i n c t i o n  about the k ind of  sur face oxide i s  made 
based on t he  C(1s) emission which occurs a t  higher b ind ing energies from the 
main (1s) l i n e .  
ma te r ia l s ( l 2 -16 )  have demonstrated t h a t  t h e  magnitude o f  the C(1s) peak s h i f t  
t o  higher b ind ing  energy i s  r e l a t e d  t o  t h e  number o f  carbon oxygen bonds and 
i n  the  range o f  1.5 eV f 0.4 per bond. The r e s u l t  i s  s i g n i f i c a n t  because 
common f u n c t i o n a l i t i e s  can be grouped according t o  t h e i r  C(1s) s h i f t .  
guidance from these simple a d d i t i v i t y  r u l e s  have been employed i n  the i n t e r -  
p r e t a t i o n  of r e s u l t s  from carbon surf_aces. 
assoc iated w i th  a l coho ls  and ethers, 
eV sh i f t s  w i t h  ac ids and esters . ( l -3 ,  6-16) 

Extensive ESCA s tud ies  o f  organic molecules and polymeric 

The 

For example ‘1.5 eV s h i f t s  are 
3.0 eV s h i f t s  w i t h  carbonyl groups, -4.5 \ 
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, 

The O(1s) peak a l so  conta ins funct ional  group in format ion.  I n  
esters  s i n g l y  and doubly bonded oxygen i s  separated by -1.3 eV with t h e  s i n g l y  
bonded oxygen a t  h igher  b ind ing  energies.(l3-16) 
bonyl oxygen a t  531.6 eV and ether  oxygen a t  533.1 eV was recen t l y  made on 
carbon f i b e r  surfaces.(lO) 

ox ida t i on  o f  g lassy carbon surfaces.( l7)  
r e a c t i v i t y .  This was associated w i t h  a more f a c i l e  gaseous d i s s o c i a t i o n  step 
a t  h igh oxygen coverages which generated lower energy CO format ion s i t es .  The 
ava i l ab le  ESCA r e s u l t s  suggested t h a t  C02 and 02 produced s i m i l i a r  oxygen 
f u n c t i o n a l i t i e s  a t  3OOOC having a 532 eV b ind ing energy w i t h  t h e  absence o f  
carboxyl i c -1  i ke C(1s) features.  
carbonyl- type f u n c t i o n a l i t y ,  however, a d e f i n i t i v e  i d e n t i f i c a t i o n  based on t h e  
C(1s) peak was n o t  made. 
reso lu t i on  C(1s) and O(1s) spectra produced under p rev ious l y  de f i ned  chemical 
condi t ions.  The spectra should l ead  t o  func t i ona l  group i d e n t i f i c a t i o n .  This 
in format ion coupled w i th  TPRS r e s u l t s  and previous k i n e t i c  da ta ( l8 )  w i l l  
p rov ide a good bas is  f o r  f u r t h e r  fundamental mechanist ic work and 
i n t e r p r e t a t i o n  o f  carbon ox ida t i on  and g a s i f i c a t i o n  processes. 

A d i s t i n c t i o n  between car-  

We have prev ious ly  used AES i n  a comparative study o f  t h e  02 and C02 
As expected 02 has a much h igher  

These r e s u l t s  a re  consis tant  w i t h  a 

The ob jec t  o f  t h e  present work i s  t o  ob ta in  h igh  

Experimental 

The glassy carbon s t a r t i n g  ma te r ia l  was obtained as p la tes  from 
Samples were made i n  the  form o f  powders and ch ips.  Atomergic Chemetals. 

Both powders and ch ips were used i n  TPRS experiments wh i l e  ch ips were used 
exc lus i ve l y  i n  ESCA experiments. 
and s iev ing  g lassy carbon plates.  
surface area based on K r  chemisorpt ion measurements. 
gassed t o  900°C p r i o r  t o  ox idat ion.  0 and CO ox ida t i on  were done i n  a 
Dupont model 951 thermogravimetric ana?yzer. &I mg o f  ma te r ia l  was normal 
sample size. The glassy carbon ch ips were c u t  from p la tes  w i t h  a diamond saw 
t o  1 cm x 1 cm x 1 m dimensions. 
Buehler Carbimet s i l i c o n  carb ide paper up t o  600 g r i t  number. The samples 
were f u r t h e r  po l ished w i t h  Buehler Alumina 

The ch ips  were washed w i t h  deionized water and then outgassed t o  
-1300°C i n  UHV p r i o r  t o  use. The s p e c i f i c  sur face area o f  t h e  ch ips were 
0.3 m2/gram based on Kr chemisorpt ion measurements. Oxidat ive t reatments 
could be given t o  samples i n  t h e  TGA apparatus as wi th powdered samples. 
ch ips were espec ia l l y  su i ted  f o r  use i n  a atmospheric pressure/UHV sample 
i n t roduc t i on  system. 
1 atm gas and returned i n t o  a UHV apparatus f o r  sur face ana lys i s  wi thout  
exposure t o  a i r .  
received o x i d a t i v e  t reatments i n  t h e  TGA apparatus and which were cooled t o  
room temperature i n  t h e  reactant  gas mixture,  could be t rans fe r red  i n  atmos- 
phere t o  respect ive holders f o r  TPRS experimentation. B r i e f  exposure t o  a i r  
a t  room temperature d i d  no t  a l t e r  r e a c t i v i t y  pat terns observed i n  subsequent 
TPRS experiments. 
samples i n  HN03 under r e f l u x  condi t ions.  

60-80 mesh powders were produce by g r ind ing  
Powders were found t o  have 5 m /g s p e c i f i c  9 

The powders were out-  

The ch ips were successively po l i shed  with 

paste down t o  0.05 micron size.  

The 

Samples could be given reac t i ve  t reatment up t o  7OOOC i n  

Glassy carbon ch ips as wel l  as powdered samples which 

N i t r i c  ac id  ox ida t i on  was accomplished by b o i l i n g  t h e  
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The TPRS apparatus used w i th  powdered samples was s p e c i a l l y  con- 
s t ructed as an appendage t o  a UHV spectroscopy chamber which housed an EA1 and 
an Extranuclear quadrupole mass spectrometer. The EA1 u n i t  had dual mass 
scanning c a p a b i l i t y  d u r i n g  a TPRS experiment whi le  the  Extranuclear 
Spectrometer, i n t e r f a c e d  t o  a PDP 11 data a c q u i s i t i o n  system, provided the 
c a p a b i l i t y  t o  f o l l o w  up t o  elevenllasses dur ing a TPRS experiment. 
u n i t  had a base pressure o f  5x10- 
l/s turbomolecular pump. 5-10 mg samples were accommodated i n  a ceramic 
vessel 9mm long x 3 mm diameter. 
i n t o  the  sample bed. 
elements and the sample temperature was c o n t r o l l e d  by a M i c r i s t a r  
c o n t r o l l e r .  The volume o f  t he  TPRS apparatus was approximately 100 cc. 

w i t h  a 150 degree Spherical Secto$oAnalyser. The base pressure i n  the analy- 
s i s  chamber was l e s s  than 1 x 10- t o r r .  Non-monochromatic Mg KO r a d i a t i o n  
was the e x c i t a t i o n  source. The x-ray source was operated a t  30Ow 
2 h a ,  15 kV). Glassy carbon and g raph i te  samples d i d  no t  experience charging 
problems du r ing  data acqu is i t i on .  The work func t i on  o f  f r e s h l y  cleaned Union 
Carbide XYA Monochromator Graphite was 4.2 eV and the carbon (1s) b ind ing 
energy with respect  t o  t h e  vacuum l e v e l  was 284.4 eV. 
Glassy carbon was a l s o  4.2 eV. The b ind ing  energy o f  t h e  C(1s) peak o f  clean 
Glassy carbon was 284.5 eV w i th  respect  t o  the vacuum leve l .  Oxidat ion o f  
Glassy by 02 a t  7OOOc increased the  work func t i on  o f  t h e  sample t o  4.4 eV. 
The increase was smal ler  f o r  m i l d e r  ox idat ions whi le  HNO3 ox ida t i on  increased 
t h e  value t o  4.5 eV. The s l i g h t  b ind ing energy co r rec t i ons  due t o  the 
increase i n  work f u n c t i o n  upon ox idat ion,  < 0.3 eV, were not made t o  t h e  
ox id ized spectra. A l l  N(E) spectra were o6tained a t  0.9 eV reso lu t i on .  The 
s igna l  from the  C(1s) peak o f  g raph i te  correspgnded t o  35,000 counts/sec. 
Typica l  counting t imes  y ie lded  spectra w i t h  10 maximum counts. Data 
a c q u i s i t i o n  was b y  means o f  VGS 2000 software package us ing m u l t i  scan 
averaging. 

The TPRS 
To r r  pumped separately by a Balzers 300 

A chromel-alumel thermocouple was inse r ted  
The sample holder was r e s i s t i v e l y  heated by tantalum 

ESCA Spectra were obtained from a Vacuum Generators ESCALAB equipped 

The work func t i on  o f  

Results 

Fol lowing HN03 ox ida t i on ,  g lassy carbon samples were temperature 
programed and t h e  gaseous evo lu t i on  recorded as a func t i on  o f  temperature. 
F igure 1 shows t h e  r e s u l t s  a t  two  d i f f e r e n t  heat ing rates.  The gaseous pro- 
duc t i on  pa t te rns  s h i f t  t o  higher temperatures w i t h  increased heat ing ra te .  
was not  poss ib le  t o  d e r i v e  d e t a i l e d  energet ics  o f  the decomposition processes 
from the v a r i a t i o n  o f  the peak maximum w i t h  heating r a t e ( l 9 ,  20) because of  
t h e  extremely broad fea tu res  from over lap ing peaks. Nevertheless the  evolu- 
t i o n  pat terns are s u f f i c i e n t l y  d i s t i n c t  so as t o  be i n te rp re ted  on a chemical 
bas is .  H 0 i s  a major  product below 200°C. C02 and CH4 dominate the p r o f i l e  
between 260 t o  400°C. 
dec l ines t o  background leve ls .  Above 500OC the re  i s  a f a l l  o f f  o f  C02 a n i  CH4 
as CO becomes the major product. 

ESCA was used t o  cha rac te r i ze  t h e  i n i t i a l  s t a t e  o f  HNO3 ox id i zed  
g lassy carbon surfaces and as a func t i on  o f  heating i n  UHV. 
schedule was approximately 1 degree per sec. t o  a maximum temperature then 
cooled i n  UHV for analys is .  

It 

CO product ion increases over t h i s  i n t e r v a l  whi le  H 0 

The heat ing 

The C(1s) ESCA r e s u l t s  are show i n  Figure 2 i n  
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I 

the form o f  a d i f f e rence  spectrum. 
carbon sample outgassed a t  13OOOC i n  UHV was used as t h e  reference spectrum 
f o r  subt ract ion from each ox id i zed  spectrum. 
i n  each spectrum so as t o  h i g h l i g h t  t h e  r e l a t i v e  changes. 
magnitude o f  the changes r e l a t i v e  t o  the reference spectrum decreases with 
decreasing degrees o f  ox idat ion.  
the oxygen as the 100°C case and the 6OO0C d i f f e r e n c e  spectrum i s  on a four  
times more sens i t i ve  scale r e l a t i v e  t o  the 100°C case. The magnitude o f  t h e  
change i s  c l e a r l y  ev ident  from the  actual  spectra, not  shown. 
negative going peak i n  each spectrum i s  a r e s u l t  o f  decreased emission from 
the parent C(1s) signal upon ox idat ion.  The p o s i t i v e  going features a r e  a 
r e s u l t  o f  ox ida t i on  and represent modi f ied carbon forms. The 100°C spectrum 
has one prominent peak a t  288.5 eV. The peak occurs 4.1 eV s h i f t e d  from the  
parent carbon (Is) l i n e .  I n  a d d i t i v i t y  terms the peak can be r e l a t e d  t o  
carbon atoms t r i p l y  coordinated t o  oxygen, as i n  the case o f  an ac id  funct ion-  
a l i t y .  The t o t a l  amount o f  hydrogen produced as H20 and CH4 i n  TPRS exper i -  
ments r e l a t i v e  t o  the t o t a l  oxygen produced as CO, CO?, and H 0 i s  cons i s ten t  
w i th  t h e  288.5 eV peak i n  the  100°C spectrum being p r i m a r i l y  %ue t o  a c i d  
f u n c t i o n a l i t i e s .  There i s  another major peak a t  285.2 eV which i s  s h i f t e d  by 
0.7 eV. The magnitude o f  the s h i f t  i s  cons is tant  w i th  i t  being a B peak, 
i.e., a s h i f t  o f  t he  carbon atom adjacent t o  the ac id  carbon.(22) 

There i s  a lso a broad decrease i n  emission, represent ing a 50% 
absolute decrease centered a t  290.5 (ev). We have observed a broad peak 
centered a t  t h i s  energy w i th  clean glassy carbon samples. As i n  o ther  aro- 
matic systems t h e  peak i s  due t o  n t o  TI* t r ans i t i ons . (23 )  UPS s tud ies o f  
glassy carbon(21) show subs tan t i a l  valance band emission w i t h i n  2 (eV) o f  the 
Fermi l e v e l .  This emission i s  der ived from the  n bonding s t r u c t u r e  and i s  
associated w i th  unsaturated carbon valencies. 
decreases. 
the UPS valence band spectrum resembles t h a t  f r a n  i n s u l a t i n g  s t ruc tu re .  
no t  su rp r i s ing  t h a t  n t o  n *  emission i n t e n s i t y  w u l d  decrease upon o x i d a t i o n  
although we do not know what changes occur i n  the  unoccupied s tates.  

285.2 eV peak and the 288.5 eV peak simultaneously decl ine. There i s  an 
absolute 80% dec l i ne  evident i n  the 288.5 eV peak from the N(E)  spectra. The 
coupled dec l ine f u r t h e r  supports t h e  content ion t h a t  t he  285.2 eV represents a 
8 peak. 
subsequent gaseous evo lu t i on  i s  main ly  t o  CO. 
propor t ionate dec l i ne  i n  the t o  TI* i n t e n s i t y .  

The i n i t i a l  oxygen (Is) spectrum i s  broad (FWHM 3.5 eV) and can be 
resolved i n t o  t w o  peaks o f  equal i n t e n s i t y  a t  531.2 and 532.7 eV. Two peaks 
are an t i c ipa ted  f o r  an ac id  s t r u c t u r e  w i t h  t h e  doubly bonded oxygen a t  lower 
b ind ing  energy. As the sample i s  heated i n  stages the O(1s) incremental 
d i f f e rence  spectra between 100 t o  3OOOC show a s l i g h t  nonuniform dec l i ne  i n  
i n t e n s i t y  toward the low b ind ing energy s ide and H20 i s  an important 
product. H20 formation may r e s u l t  f r a n  ac id  decomposition and format ion o f  
lactone s t ructures.  
i n t e n s i t y  and C02 and CH4 are major products. The O(1s)  behavior i nd i ca tes  
t h a t  t he  i n i t i a l  O(1s) spectrum may be composed o f  several d i f f e r e n t  a c i d  
funct ional  i t i e s  w i t h  i nd i v idua l  two-peaked st ructures.  Above 600°C t h e  O(1s) 
s ignal  can be resolved i n t o  two peaks a t  531.0 eV and 533.2 eV. The 531.0 eV 

The spectrum o f  a " c l e a n " ( 2 l j  glassy 

The y a x i s  scales a re  d i f f e r e n t  

The 600°C sample conta ins approximately 1 /4 

The absolute 

The l a r g e  

Upon ox ida t i on  t h i s  emission 
I n  the  case o f  HNO3 o x i d a t i o n  the emission w i th in  4 eV i s  l o s t  and 

It i s  

Between 100-525OC, dur ing the  stage o f  major C02 evolut ion,  t he  

A t  6OOOC a peak near 286.0 eV becomes the  major component and the 
Note a l so  t h e  r e t e n t i o n  o f  .a 

Between 300" t o  525OC the re  i s  a uniform dec l i ne  i n  O(1s) 
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peak dec l ines a t  h igher  temperatures and the re  i s  CO evolut ion.  
peak corresponds t o  s tab le  r i n g  ether. 

t e r i z e d  w i t h  ESCA and TPRS. 
i n t e n s i t y  scale. 
t i o n s  and cooled i n  t h e  reactant  gas. 
300°C. The 700°C ox ida t i ons  i n  0 and CO corresponded t o  20% and <0.1% 
burn-of f  r e s p e c t i v e l y .  The amount o f  sur face ox ida t i on  t h a t  could be achieved 
with 02 increased w i t h  temperature. 
w i t h  a shoulder a t  higher b ind ing energies. 
300°C and 700°C as higher b ind ing peak components begin t o  con t r i bu te .  
cont rast  t he re  i s  a l i m i t e d  amount o f  ox ida t i on  w i t h  CO and s i m i l i a r  l e v e l s  
a re  achieved a t  300°C and 700°C. This i s  cons i s tan t  w i f h  previous AES 
s tud ies . ( l 7 )  Two main canponents occur a t  531.0 eV and 533.0 eV. The 531.0 
eV peak decreases w i t h  concommitant CO e v o l u t i o n  upon heat ing above 
7OOaC.(17) The 533.0 eV peak represents very s t rong ly  bound oxygen with small 
res idua ls  s tab le  a t  1300°C (see Figure 6) .  The 533.0 eV peak i s  associated 
with r i n g  ethers. 

The 533.2 eV 

Clean g lassy  Carbon samples were ox id ized i n  02 and CO and charac- 

Each sample was oxid ized f o r  300 sec under s p e c i f i e d  condi- 
Figure 3 show t h e  O(1s) s ignal  on t i e  same 

N e g l i g i b l e  bu rn -o f f  occurred below 

A 531.0 eV peak i s  generated a t  1 5 0 " ~  

I n  
The O(1s) i n t e n s i t y  increases a t  

It i s  tempt ing t o  i n t e r p r e t  the 531.0 eV O(1s) peak produced by CO 
and 0 wi th  doubly coordinated oxygen as i n  a carbonyl f u n c t i o n a l i t y .  
we ha8 p rev ious l y  taken an unresolved 532 eV peak as evidence f o r  a carbonyl 
f u n c t i o n a l i t y .  Current carbon (1s) d i f f e r e n c e  spect ra i n  Figure 4 seem t o  
b e l i e  the presence o f  a simple carbonyl f u n c t i o n a l i t y .  
arguments we would expect a carbonyl oxygen t o  s h i f t  carbon by approximately 
3.0 eV. There i s  l i t t l e  i n t e n s i t y  i n  t h i s  region. 
d i f f e rence  features l ook  very s i m i l i a r  f o r  02 and C02. 
going peak represents  l o s t  parent C(1s) i n t e n s i t y  upon ox idat ion.  The main 
p o s i t i v e  peak occurs a t  285.8, s h i f t e d  '1.3 eV from the  main l i n e .  
represent carbon s i n g l y  coordinated t o  oxygen based on a d d i t i v i t y  reasoning. 
I n  t h e  case o f  700°C CO and 30OoC f12 ox ida t i on  the re  i s  a decrease i n  emis- 
s i o n  centered near 290.5 eV r e f l e c t i v e  o f  l o s t  TI t o  TI* i n t e n s i t y .  
of 700°C O2 o x i d a t i o n  a small p o s i t i v e  peak occurs a t  288.7 eV along w i t h  
added emission near 291 eV. The 288.7 eV can be r a t i o n a l i z e d  by the  presence 
o f  carbon t r i p l y  coord inated t o  oxygen, Ac id ic  p roper t i es  have been repor ted 
fo l lowing 0 o x i d a t i o n  of carbon which have been supported w i t h  spectroscopic 
evidence.(26) It should be recognized the  enormous amount of ma te r ia l  on t h e  
atomic scale which must be removed t o  achieve 20% burn-of f .  The exact nature 
of t h e  res idua l  carbon may be d i f f e r e n t .  We have observed UPS features from 
glassy carbon which tended more toward g raph i te  a f t e r  1300°C c leaning 
fo l lowing severe ox ida t i on ;  s p e c i f i c a l l y  t h e  appearance o f  a r 3 u  f i n a l  s t a t e  
peak of graphite.(25) The f i n e  l u s t e r  o f  a po l ished sur face was gone; t h e  
surface was d u l l  and p i t t e d .  
carbonaceous components i n  glassy carbon could change the  TI t o  n f  i n t e n s i t y  
c o n t r i b u t i o n s  and account f o r  t he  broad 291 eV peak. 
the presence of  carbonate s t ructures,  however, t h i s  i n t e r p r e t a t i o n  i s  l e s s  
l i k e l y  as t h e  added emission a t  291 eV p e r s i s t s  upon heat ing t o  h igh  tempera- 
t u r e  where carbonates should decompose. 

As observed i n  previous systems(26), 0 o x i d a t i o n  and quench proce- 
dures r e s u l t s  i n  both CO and COP evo lu t i on  i n  sugsequent TPRS experiments. 
F igure 5 shows the  r e s u l t s  w i t h  glassy carbon as well  as f o r  C02 ox idat ion.  
Co2 ox ida t i on  produces sur face species which on ly  y i e l d  CO. O2 generates 

Indeei  

From simple a d d i t i v i t y  

The l a r g e  negat ive 
The main carbon (Is) 

This would 

I n  the  case 

The se lec t i ve  ox ida t i on  o f  l e s s  r e f r a c t o r y  

The other  p o s s i b i l i t y  i s  
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sur face species which produce CO a t  much lower temperatures. This  behavior 
has been de ta i l ed  i n  previous work.(l7) The small 288.7 eV C(1s) peak 
decreases along w i t h  t h e  285.8 eV peak concommitant w i t h  CO and CO e v o l u t i o n  
between 400-600°C. Above 6OOOC CO i s  produced and t h e  285.g eV peak 
decreases. A d i s t i n c t i o n  between the  species generated a t  h igh oxygen cover- 
ages wi th 02,  which produces CO near 6OO0C, and t h e  species generated a t  l ow  
oxygen coverages w i t h  e the r  O2 o r  C02, which produces CO above 700°C cannot be 
made based on C(1s) spectra. 

The O(1s) spectra,  shown i n  Figure 6,  produced a c l e a r  i n d i c a t i o n  o f  
a d i s t i n c t  e l e c t r o n i c  con f igu ra t i on  a t  h igh  oxygen coverages. A g lassy carbon 
sample was heated fo r  300 sec i n  1 atm 0 a t  700°C. cooled i n  the  reac tan t  gas 
and then incrementa l ly  heated i n  UHV. T ie  i n i t i a l  oxygen spectrum a t  100°C 
was prev ious ly  described. The O(1s) s igna l  decreases a t  each temperature 
i n te rva l .  
h igh  oxygen coverages. 
450-600°C. 
s igna l  over t h i s  i n t e r v a l  character ized by a t  531.5 eV peak (FWHM o f  1.7 
eV). 
i n t o  531.0 eV and 533.0 eV components. 
temperature O2 and C02 ox ida t i on  and y i e l d s  CO between 700 and 900°C. The 
533.0 eV peak represents oxygen more s t rong ly  bound. probably r i n g  ether .  A 
small peak remains a f t e r  1300°C heating. S i m i l  i a r  s t ructures remain above 
900°C on potassium catalyzed g lassy carbon sur face fo l l ow ing  potassium loss.  
The r e l a t i v e  amount o f  t h i s  type o f  oxygen depends on the  p r i o r  sample t r e a t -  
ment.(27) It i s  a minor component fo l l ow ing  159°C O2 ox ida t i on  as these 
condi t ions are no t  harsh enough t o  generate subs tan t i a l  oxygen encorporat ion 
i n t o  the  r i n g  s t ruc tu re .  The r e l a t i v e  amount o f  oxygen s tab le  above 900°C 
tends t o  increases with increas ing s e v e r i t y  o f  p r i o r  oxidat ion.  It i s  a 
s i g n i f i c a n t  component fo l l ow ing  O2 ox ida t i on  a t  700°C and HNO ox ida t i on  o f  
g lassy carbon. The a b i l i t y  o f  O2 and CO t o  d i s s o c i a t i v e l y  adsorb on g lassy 
carbon depends on t h e  amount o f  oxygen a?ready present. 
k ind o f  very s tab le  oxygen w i l l  a l so  modi fy  t h e  a b i l i t y  o f  02 and C02 t o  
d i ssoc ia te  on proximate carbon s i t e s .  

Previous AES r e s u l t s ( l 7 )  mapped the  oxygen s t a b i l i t y  p r o f i l e  a t  
We expect a step decrease i n  s igna l  between 

The O(1s) d i f f e rence  spectra shows a se lec t i ve  decrease i n  O(1s) 

A t  600°C t h e  O(1s)  s igna l  i s  a two-peaked s t ruc tu re  and can be resolved 
A 531.0 eV peak can be produced by low 

It i s  l i k e l y  t h a t  t h i s  

Di  scussion 

i s  dependent on t h e  degree o f  sur face ox idat ion.  S im i la r  k inds o f  species a re  
produced by C02 and 02 up t o  moderate oxygen coverages. 
by i t s  a b i l i t y  t o  d i ssoc ia te  on p a r t i a l l y  ox id ized surfaces. It i s  apparent ly  
t h i s  proper ty  which enables 02 chemisorpt ion t o  be a use fu l  sur face area probe 
i n  g a s i f i c a t i o n  systems.(29) 
products i s  a more complicated question. 
t h e  simple a d d i t i v i t y  r e l a t i o n s h i p  have been used i n  t h e  i n t e r p r e t a t i o n  o f  
ox id ized carbon surfaces (1-3, 6-16). I n  the  study o f  carbon f i b e r  surfaces 
Takahagi and I s h i t a n i  (7) use a 2.4 eV sh i f t ed  peak f o r  carbonyl groups. 
Proctor  and Sherwood ( 8 )  use a 3.0 eV s h i f t e d  peak; nevertheless,  t h e  same 
authors present evidence t h a t  carbonyl f unc t i ona l  groups on extended aromatic 
r i n g  systems may have smal ler  s h i f t s  than those found f o r  s i m i l a r  
f u n c t i o n a l i t i e s  i n  polymers. They suggest t h a t  t h e  C(1s)  s h i f t s  i n  extended 
aromat ic carbonaceous systems a r e  mod i f i ed  due t o  the  presence o f  
TI- in teract ions.  Kozlowski and Sherwood (9) have e lect rochemical ly  ox id ized 

The a b i l i t y  o f  02 and C02 t o  d i s s o c i a t i v e l y  adsorb on g lassy carbon 

02 i s  d i s t i ngu ished  

The nature o f  t h e  C02 and O2 d i s s o c i a t i o n  
C(1s) decovolut ion schemes based on 
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carbon f i b e r  surfaces i n  n i t r i c  ac id  and show a d i s t i n c t  C(1s) peak s h i f t e d  
2.1 eV and assigned t o  carbonyl type oxides. This  i s  i n  add i t i on  t o  es te r - t ype  
groups sh i f t ed  '4.0 eV. 
s h i f t e d  peak i s  a r e s u l t  o f  a keto-enol t ype  s t ruc tu re .  I n  general,  i t  i s  
be l ieved t h a t  t h e  C(1s) pos i t i on ,  f o r  a ca rbony l - l i ke  group on a carbon 
surface, does not  depart s i g n i f i c a n t l y  fran t h e  simple a d d i t i v i t y  r e l a t i o n s h i p  
o f  -3.0 eV. 
ca rbony l - l i ke  species, o n l y  i n  one study has a spectrum been presented which 
shows t h i s  as t h e  dominant surface species. ( l )  
was oxidized i n  an O2 RF plasma. CO and H 0 RF plasmas were i n e f f e c t i v e  i n  
t h e  production o f  carbonyl-type func t i ona l  i f i e s . ( l )  
d e f l e c t i o n  spectroscopy has been used t o  study the  O2 ox ida t i on  o f  h igh  
temperature chars (28)  
centered near 1300 cm-*. 
l i k e  species was absent. 

The presence o f  carboxyl i c  ac id  func t i ona l  i t i e s  fo l lowing HNO3 
ox ida t i on  i s  supported by TPRS and ESCA r e s u l t s .  The C(1s) peak a t  288.5 eV 
could be i n t e r p r e t e d  i n  terms o f  simple a d d i t i v i t y  behavior. Extensive TPRS 
and thermal s t a b i l i t y  (17) s tud ies o f  0 and CO oxd ia t i on  have defined 
cond i t i ons  where species are produced d i c h  y ie?d  CO upon decomposition. The 
C(1s) peak a t  285.8 eV i n  d i f f e r e n c e  curves decreases concomi tan t  w i th  CO 
evolut ion.  
bas is  o f  the widely accepted a d d i t i v i t y  behavior o f  t h e  C(1s) " s h i f t "  w i th  
carbon bond coord inat ion.  E i t h e r  the chemical s h i f t  f o r  t h i s  p a r t i c u l a r  
system i s  s i g n i f i c a n t l y  d i f f e r e n t  than i n  polymeric systems o r  a d i f f e r e n t  
species i s  invo lved i n  carbon ox idat ion.  Wi th in  the framework o f  t he  
a d d i t i v i t y  r u l e s  the  285.8 eV peak, s h i f t e d  by -1.3 eV, i s  cons is tent  w i th  
carbon s i n g l y  bonded t o  oxygen. We would expect t h i s  peak f o r  r i n g  ethers, 
however, i t  i s  not l i k e l y  t h a t  t h i s  species i s  responsib le  f o r  low temperature 
CO formation. The peak i s  a l s o  cons is tan t  with phenol ic  groups bu t  subsequent 
02 and C02 ox ida t i on  chemistry which y i e l d s  v i r t u a l l y  no hydrogen con ta in ing  
products would necess i ta te t h a t  hydrogen would remain on the sur face and thus 
p a r t i c i p a t e  i n  a quasi c a t a l y t i c  manner. 

depart f ran a simple two dimensional p i c tu re .  LEE0 r e s u l t s  from t h e  clean 
edge surface of g raph i te  were not  rep resen ta t i ve  o f  bu l k  l a t t i c e  terminat ions 
and suggested subs tan t i a l  sur face recons t ruc t i on  (30). The wel l  ordered C 
(2  x 2/3) LEED p a t t e r n  from t h e  edge g raph i te  sur face was l o s t  and on ly  a 
d i f f use  background s c a t t e r i n g  was observed upon sur face ox ida t i on  w i t h  
02(31). The p a t t e r n  was regenerated by heat ing above 800°C i n  vacuum. 
S im i la r  kinds of pe r tu rba t i ons  away from t w o  dimensional organic chemistry 
analogues may a l so  occur w i th  glassy carbon. The carbon (1s) peak s h i f t e d  by 
"1.3 (eV) may be a consequence o f  a sur face e t h e r - l i k e  species. 
r e n t l y  no t  poss ib le  t o  d i s t i n g u i s h  whether a breakdown i n  a d d i t i v i t y  behavior 
o r  novel bonding con f igu ra t i ons  i s  responsib le  f o r  t h e  C(1s) spectrum o f  these 
systems. Future work us ing HREELS i s  under way t o  he lp  c l a r i f y  t h i s  dilemma 
by prov id ing sur face v i b r a t i o n a l  in format ion.  

In l a t e r  work (10) these authors suggest t he  2.1 eV 

While a -3.0 eV s h i f t e d  peak has been used t o  represent a 

I n  t h i s  study glassy carbon 

I R  photothermal beam 

Evidence o f  e t h e r - l i k e  species appeared as a band 
The presence o f  a band corresponding t o  carbonyl- 

We cannot i n t e r p r e t  t h i s  peak as a carbonyl f u n c t i o n a l i t y  on the 

The carbon-carbon bonding s i t u a t i o n  on the  glassy carbon surface may 

It i s  cur- 
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EFFECT OF WEATHERING ON THE GASIFICATION OF ANTHRACITE 

Peter L. Rozelle and Alan W. Scaroni 
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University Park, PA 16802 

Background 

Recent developments in electric power generation in the northeastern United States 
have cast a favorable light on anthracite as a power plant fuel. Although it has not received 
much attention in the literature, anthracite has been used continuously to generate power for 
over a century. The recent attention being paid to anthracite is largely due to investments 
being made in anthracite-fired cogeneration plants. (1) This paper presents some of the 
development work being done to put one such plant into commercial operation. The 
objective of the investigation was to specify fuel and operating parameters to allow cheap 
low-grade anthracite reclaimed from refuse to be fired in fixed-bed Wellman Galusha gas 
producers designed for premium anthracite. 

The Pennsylvania anthracite deposits underlay approximately 480 square miles of the 
eastern part of the Commonwealth of Pennsylvania (see Figure 1). Table I shows variations 
in the H, 0 and N concentrations of 46 samples taken from the four major anthracite fields (2 )  
(Northern, Eastern Middle, Western Middle, Southern). Some of the variations listed in Table 
I were caused by weathering of the coal. This paper reports on how the weathering of 
anthracite refuse can affect the gasification performance of the fuel derived from it. 

Anthracite refuse is the legacy of a century and a half of coal mining in eastern 
Pennsylvania. It is a mixture of preparation plant refuse, noncarbonaceous mine refuse, 
wood, cinders, and discarded equipment such as mine cars and boattice cloth. There is low 
grade coal in these deposits, which can be expediently reclaimed to provide a relatively 
inexpensive solid fuel. Anthracite refuse has been stored above ground in a broken state 
and as such its chemical constitution is subject to change due to exposure to the elements. 
The weathering process can oxidize the organic fraction of coal as well as associated 
minerals. 

Oxidation of lower rank coals due to weathering is a well known phenomenon, but little 
has been written about anthracite weathering. The organic fraction of the coal is known to 
lose calorific value upon exposure to the elements. For above ground deposits 5-10 years 
old, this can be up to 100-200 Btullb, while 40-year-old deposits have lost as much as 500 
Btu/lb. (3) Refuse-derived anthracite is known to have a high volatile matter content 
compared to freshly-mined coal, this being due to its high mineral-derived water and 
chemisorbed oxygen contents. 

The pyrite contained in anthracite, which can represent as much as 5% of the coal's 
mineral matter, is also subject to weathering. Pyrite in refuse banks can be oxidized to iron 
sulfate and sulfuric acid (4 ) ,  the latter contributing to groundwater pollution. This is also of 
interest to fixed-bed gasification, since pyrite is the principal source of iron (in reduced form) 
in the gasifier bed, which is known to cause severe bed agglomeration and can lead to 
expensive gasifier downtime. 

The focus of this paper is the weathering of the organic fraction of refuse- derived 
anthracite. While the effect of long-term ambient temperature oxidation of anthracite has not 
been widely studied, short-term low-temperature (1 00-350 C) oxidation has been the subject 
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of investigations (5). The aim of the work was to use mine gas composition to chart the path 
of underground mine fires, and data have been generated on the effect of low temperature 
oxidation on the volatile matter content and composition of anthracite. The normal volatile 
matter of freshly-mined anthracite contains predominantly hydrogen. Table II shows average 
volatile matter compositions for 46 anthracite samples. The bulk of the volatiles are evolved 
above 735 C for heating rates between 2 and 16 C/min. CO and H2 are the principal species 
liberated above this temperature while C02 and CH4 evolution occurs at lower temperatures. 

A fixed-bed Wellmann-Galusha gasifier can be divided into distinct zones along its 
vertical axis. Upwards from the bottom they are the cinder, burn, gasification, devolatilization, 
and drying zones (see Figure 2). Devolatilization is the second last process which impacts 
the composition of the producer gas before it leaves the gasifier. As such, any change in 
volatile matter quality and/or evolution temperature will affect producer gas quality. 
Preoxidation, such as that induced by weathering, has been shown by the Bureau of Mines 
(5) to dramatically affect the content and composition of anthracite volatile matter and lower 
the evolution temperatures of CO and C02. In that work coals were oxidized for relatively 
short times (generally less than 100 hours) in dry air at temperatures ranging from 100 to 350 
C. Increases in oxygen content at lower temperatures, such as 2.2 to 4.1% wt 0 2  (dry) in 91 
hours at 200 C, correspond to the range of weathering-induced oxidation which although 
taking place at a lower temperature, occurs over decades rather than hours and as such 
could produce similar alterations to the volatile matter. 

Oxygen interacting with anthracite during low-temperature oxidation was found to 
produce gaseous products, such as H20 and C02, and to be "fixed on the coals. The 
quantity of adsorbed oxygen was found to linearly increase the volatile matter content. 
Distillation tests on the oxidized coal showed that preoxidation lowered the H2 and CH4 
yields by 30-50%, while producing order of magnitude increases in CO and C02 evolution. It 
also radically increased the amount of CO being liberated in the 500-900 C range. (5) This is 
of importance to gasifier operation since the lower the temperature at which a gaseous 
species is liberated, the closer it is to the gas offtake and this increases its chances of 
passing out of the gasifier unreacted. 

Experimental 

Two freshly-mined and four refuse-derived anthracites were sampled for this work 
(Table 111). One sample from other work, sample Illa, was included since freshly-mined coal 
from this location is unavailable. Samples la and Ila were produced in preparation plants. 
Sample llla was laboratory-prepared. In each case corresponding refuse-derived samples 
were prepared in an attempt to match the organic fractions as closely as possible. Specific 
gravity and particle size were the parameters varied to achieve this. Table 111 lists the specific 
preparation data on the samples. 

the ultimate analyses of the fuels. As expected, the data indicate a higher degree of oxidation 
for refuse-derived fuels than the corresponding freshly-mined coals. While Table V shows a 
general trend toward higher oxygen contents for refuse-derived coals, a correponding 
increase in volatile matter is only present for Sample Illb. Since this fuel, which came from 
the oldest refuse deposit, indicated the possibility of an increased CO percentage in its 
volatile matter, it was chosen for full-scale gasification testing. Sample la, a freshly-mined 
low grade coal, was also fired in the Wellman-Galusha gas producers. 

Table IV shows the approximate ages of the refuse-derived fuels and Table V gives 

331 



Results 

Full-scale gasification data for two samples (la and Illb) are provided in Table VI, along 
with published results from two other tests conducted by the Bureau of Mines in the 1950's 
(6,7). These runs were all conducted in a 10 foot diameter air-blown Wellman-Galusha gas 
producer. Runs 1 and 2 were conducted in gas producers without bed agitators while 3 and 
4 were conducted in the current gas producer, which employs a bed agitator. Run 1 was 
conducted using freshly-mined premium anthracite and as such can be considered the 
baseline run for normal operation. Runs 2 and 3 were conducted with low-grade freshly- 
mined coal and run 4 was conducted with low-grade coal reclaimed from refuse. The higher 
oxygen and volatile matter contents of sample lllb suggest a high potential yield of CO, and 
this is reflected in the increase in CO percentage in the producer gas, apparently at the 
expense of hydrogen. These data are consistent with the previous work on the effect of 
oxidation on the volatile matter content and composition (5). The results indicate that up to 
10% increase in the producer gas calorific value can be achieved by firing refuse-derived 
anthracite rather than freshly-mined product. Comparisons of the the oxygen and volatile 
matter contents of refuse-derived and freshly-mined coal from the same location can serve as 
a measure of the potential to produce this effect. An increase in the (dry-ash-free) oxygen 
and volatile matter contents indicates a potential increase in the CO content of the producer 
gas and a corresponding increase in its calorific value. 

Summary 

Dry-ash-free oxygen contents of several anthracites were compared with published 
data to determine the extent of oxidation experienced by fuel derived from anthracite refuse. 
These have been compared to published data on the effect of preoxidation on the 
composition of the volatile matter in order to predict the effect of weathering on producer gas 
composition. Full scale gasification data from Wellman-Galusha gasifiers show that a refuse- 
derived anthracite, which was the oldest and most oxidized fuel, produced a gas enriched in 
CO. The data imply that refuse-derived anthracites can produce a higher calorific value 
product gas than freshly-mined coals of similar quality. 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

References 

Anon, Coal and Synfuels Technology, 28 October, 1985, pp 2-3. 
Anon., "Physical and Chemical Properties of Pennsylvania Anthiacite," Anthracite 
Institute, Wilkes-Barre, Pa., 1945, 26 PP. 
Sisler, J. D., T. Fraser, and D. C. Ashmead, Anthracite Culm and Silt, PA Bureau of 
Publication, Bull. M-12, 1928, 268 pp. 
McCartney, J. C., and R. H. Whaite, Pennsylvania Anthracite Refuse, A Survey of Solid 
Waste from Mining and Preparation, Bu Mines Inf. Circ. 8409, 1969, 77 pp. 
Scott, G. S., G. W. Jones, and H. M. Cooper, "The Effect of Oxidation on the Volatile 
Matter of Anthracite and its Significance in Mine Fire Investigations," Bureau of Mines 
Report of Inv. 3398, May 1938,8 pp. 
Eckerd, J. W.. J.D. Clendenin, and W.S. Sanner, and R. E. Morgan, "Gasification of 
Bone Anthracite," Bureau of Mines Rept. of Inv. 5594, 1960,24 pp.. 
Teure, R. F. J. D. Clendenin, and W. S. Sanner, "Anthracite Gas Producer Tests at a 
Brick Plant," Bu Mines Rept. of Inv. 5556, 1960, 25 pp. 
Bracy, G. A,, and H. H. Griffiths, Properties of Anthracite from the Bottom Ross Bed, Bu 
Mines Rept. of Inv. 7086, 1968, 29 pp. 
Reproduced from Wellman Engineering Company brochure. 

332 



Table I*. H, 0 and N Concentrations for Samples 
from Different Anthracite Fields 

Range of Concentration, wt% dry 

No. of 
Field Samples, H 0 N 

Northern 22 2.0-3.1 1.1-3.2 0.6-1.1 
Eastern Middle 6 1.7-2.0 1.2-1.9 0.6-0.9 
Western Middle 6 1.2-2.9 0.9-2.0 0.6-1 .O 
Southern 12 1.8-3.1 1.1 -2.4 0.6-1.2 

'From Reference 2 

Table II. Average Volatile Matter Composition for 
Samples from Different Anthracite Fields 

Average Volatile Matter 
Composition, %vol (dry) 

No. of 
Field Samples COq 0 2  H q  N q  CO CH4 

Northern 22 1.8 1 .o 85.2 1.8 4.1 6.0 
Eastern Middle 6 1.9 2.6 81.1 6.9 5.5 1.9 
Western Middle 6 1.8 3.3 78.8 7.4 4.5 4.1 
Southern 12 2.1 1.2 83.3 3.8 4.0 5.6 

TABLE 111. 

Sample Location 

la (freshly-mined) 
Ib (refuse-derived) 

Ila (freshly-mined) 
II b (refuse-derived) 

llla* (freshly-mined) 
I Ilb (refuse-derived) 

IVb (refuse-derived) 

Eastern 
Middle 
Field 

Southern 
Field 

Northern 
Field 

Western 
Middle 
Field 

SAMPLES USED AND 
PREPARATION METHOD 

Particle Size Preparation 
Range, mm Method 

14 x 4.7 
12.7 x 6.4 

Prep. Plant, 1.90 float 
Laboratory, 1.90 float 

4.7 x 2.4 
4.7 x 1.2 

75 x 0.5 
50 x 0.5 

9.5 x 3.2 

Prep. Plant, 1.70 float 
Laboratory, 1.70 float 

Laboratory, 1.70 float 
Prep. Plant, 1.70 float 

Laboratory, 1.70 float 

*From Reference 8 
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TABLE IV. ESTIMATED AGE OF REFUSE-DERIVED COALS 

Sample 

Ib 
Ilb 
lllb 
IVb 

TABLE V. 

SAMPLE VM 

la 7.8 
Ib 6.5 

I la 6.4 
Ilb 7.3 

Ilia* 4.4 
lllb 8.7 

IVb 8.6 

‘from Reference 8 

Estimated Age, Yrs 

> 50 
> 40 

> 30 
40-80 

VOLATILE MATTER CONTENT AND 
ULTIMATE ANALYSIS OF FUELS 

S C H 0 
(wt% daf) 

0.56 95.6 1.47 1.67 
0.61 92.8 1.97 3.75 

0.93 94.9 1.76 1.78 
0.63 93.6 1.59 3.23 

0.60 94.0 2.30 2.00 
1.27 90.9 1.99 3.87 

0.62 93.0 2.12 3.20 

N 

0.70 
0.87 

0.83 
0.95 

1 .oo 
0.95 

0.96 
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IN SITU ACETYLATION STUDY OF A SUBBITUIIINOUS COAL BY DIFFUSE REFLECTANCE 
INFRARED FOURIER TRANSFOIUI (DRIFT) SPECTROSCOPY 

N. R. Smyrl and E. L. Fuller, Jr. 

Plant Laboratory 
Oak Ridge Y-12 Plant* 

Martin Marietta Energy Systems, Inc. 
Oak Ridge, Tennessee 37831 

ABSTRACT 

Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy has 
been utilized to monitor the in situ acetylation of a powdered subbitumin- 
ous coal at the Oak Ridge Y-12 Plant. The acetylation reaction was carried 
out by the adsorption of acetic anhydride onto the powdered coal from the 
gas phase with subsequent heating above 1OO'C required to initiate the re- 
action. This technique can be used to gain insight into the hydroxyl (0-H) 
content of the specific coal sample under study by simultaneously observing 
the disappearance of infrared absorptions due to various types of 0-H func- 
tional groups and the appearance of absorptions due to carbonyl functional 
groups resulting from reaction with the anhydride. This entire study can 
be out on a single sample without any intervening sample handling 
or the introduction of extraneous parameters that could alter the results. 

INTRODUCTION 

carried 

The determination of hydroxyl functional groups in coal by infrared (IR) 
and Fourier transform infrared (FTIR) methods has been previously at- 
tempted. One of these approaches (1-3) involves direct measurement of the 
intensity of the broad 0-H band in the spectrum of coal centered at -3400 
cm-', a second technique relies on the measurement of band intensi- 
ties due to products derived from chemical reaction with the various 0-H 
groups, such as by acetylation (4-6). Both methods utilized standard 
transmission techniques using potassium bromide (KBr) pellets. Although 
the direct-measurement approach has been used with some apparent success, 
this method suffers potential interference from moisture (whether it be in 
a latent form within the coal or from KBr or other sources in the pellet- 
preparation step). The acetylation approach has also been used with a 
certain degree of success but can suffer potential problems related to 
uncertainty in the extent and completeness of reaction and in the handling 
and pellet-preparation steps subsequent to the chemical-reaction step. 
This appeared to be an area where in situ diffuse reflectance (DR) measure- 
ments could incorporate the best aspects of both methods and have the po- 
tential of yielding more accurate and more detailed information without in- 
troducing unknown factors due to sample manipulations. 

while 

*Operated for the U.S. Department of Energy by Martin Marietta Energy 
Systems, Inc., under contract DE-AC05-840R21400. 
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The work to demonstrate the analytical significance of the infrared 
DR technique as applied to coal was a report by Fuller et al., (7) and 
subsequent studies (8-10) in our laboratory have further proven the value 
of this technique. The DR method, however, has really not received wide- 
spread use and acceptance in relation to coal work, probably because the 
quantitative correlation of band intensities with concentration is not as 
straightforward as it is with transmission spectroscopy. There is one pro- 
perty of coal that makes it ideally suited for DR measurements, which is 
not a well-known fact. Coal forms its ovn dispersion medium and can be 
directly examined in the neat form without dilution in another dispersion 
matrix. 

Perhaps single strongest point associated with the DR sampling method 
is the ability to perform in situ reaction studies. This ability, when 
coupled with the aforementioned property of coal, makes the DR method a 
very powerful technique for the study of coal. We have previously demon- 
strated the usefulness of DR in situ measurements in the study of coal oxi- 
dation (8-10) and other heterogeneous reactions involving inorganic mate- 
rials (10-12). In this particular report, we present some preliminary re- 
sults of in situ acetylation studies of a subbituminous coal by DR. 

first 

the 

EXPERIMENTAL 

A 30-mg sample of a powdered subbituminous coal from the Wyodak Mine in 
Wyodak, Wyoming, was placed on a gold-plated, 304 stainless sample pedestal 
within the DR cell [thoroughly described in a previous report (ll)]. This 
cell can be used in applications involving ultra-high-vacuum and/or 
flowing-gas conditions at varying temperatures (-77' to 800°C). The cell 
is in conjunction with a Harrick Model DRA-SID DR accessory designed 
for adaptation to a Digilab Model FTS-15 side-focus FTIR spectrometer. 

The coal sample used in this study was obtained directly from a freshly 
opened mine face and stored under argon to minimize oxidation until the ex- 
perimental work was initiated. A similar technique has been described in a 
recent article (13) for maintaining coal samples from various sections of 
the country as known quality reference standards. 

The DR sample cell was first evacuated to -20 mtorr for 40 h. Previous 
studies for this particular sample ( 8 , 9 )  have shown that these conditions 
are adequate for removing the most loosely bound "bed moisture" associated 
with this coal sample. The sample was then exposed under dynamic flowing 
conditions to argon/acetic anhydride vapors by bubbling dry argon through a 
reservoir of the anhydride at room temperature (RT). The temperature of 
the sample was then raised from RT to 450'C in roughly 100-degree inter- 
vals. A final deuteration experiment using D,O was carried out on the 
sample, contained some residual 0-H groups that could not be forced 
to react or that were inaccessible to the anhydride. Spectra were scanned 
periodically throughout this sequence of events. 

All spectra were obtained on a Digilab Model FN-15C FTIR spectrometer at a 
resolution of 2 cm-' using a triglycine sulfate (TGS) pyroelectric bolome- 
ter detector. The merits for use of the TGS detector versus a mercury cad- 
mium telluride (MCT) are discussed in Ref. 10 for the DR reaction studies 
of coal and other materials at elevated temperatures. The benefit of 
greater derived by using an MCT detector can largely be over- 

used 

which 
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ridden by its nonlinear response and the saturation effects encountered as 
the temperature of the sample is increased. For most of the experiment, 
100 scans proved adequate to produce spectra with a satisfactory signal-to- 
noise (S/N) ratio and yet short enough in duration to kinetically follow 
the reaction. Some scans of longer duration were also obtained for produc- 
tion of high-quality spectra for use as subtraction standards. All reflec- 
tance spectra recorded in this paper are plotted in the absorption format 
[-log(R /R ) ] .  (See the appendix in Ref. 11 for a discussion of the merits 
of variZusoplotting formats. ) 

RESULTS, DISCUSSIONS, AND CONCLUSIONS 

Figure 1 represents the DR spectra of the sample of Wyodak powdered coal in 
the C-H and 0-H stretching regions before and after evacuation to 23 mtorr 
at 25°C. Refer to Table 1 for correlation of the spectrum numbers appear- 
ing in Fig. 1 and with those appearing in subsequent figures to the corre- 
sponding experimental conditions. These spectra show that the loosely 
bound "bed moisture" can essentially be totally removed under these evacua- 
tion conditions. Comparison of Curves 7 and 3 reveals some distinct fea- 
tures in the 0-H stretching region at 3625, 3540, 3390, and 3290 cm-' that 
were not observable prior to evacuation. Previous work involving this sam- 
ple (8,9) has shown that further heat treatment under vacuum causes little 
or no change in the spectrum depicted by Curve 7. This spectrum was chosen 
as a vacuum reference state to which all subsequent spectra will be com- 
pared. 

Curve 15 in Fig. 2 represents the spectrum of an equilibration state re- 
sulting from exposure of the coa1,sample to a flowing argon/acetic ady- 
dride mixture at 25°C for 2.25 h. The difference spectrum (Curve 15 - 
Curve 7) very clearly shows bands that are present in the exposed state 
that are not present in the reference vacuum state. 

For simplification of the subsequent discussion, all difference spectra 
using Curve 7 as the reference state for the subtraction are referred to 
merely by the corresponding spectral or sequence number. All difference 
spectra are also direct 1:l subtractions with no scaling. Curve 15 was 
presumed to represent an equilibration state because very little if any 
change could be noted from the two previous spectra (see Fig. 3). 

Bands are observed to grow at 900, 1000, 1130, 1375, 1760, and 1825 cm-' in 
Fig. 3 and maximize in intensity in Curve 15. These bands can be attribu- 
ted to acetic anhydride physically adsorbed onto the powdered coal surface. 
A band at 1730 cm-' also appears immediately, as noted on Curve 10, that 
remains at a near-constant intensity through Curve 15. This band may pos- 
sibly be due to some residual adsorbed acetic acid. A quantity of moisture 
is also adsorbed in this sequence, as noted by the growth of a broad fea- 
ture in the 0-H stretching region. 

Curves 16 and 21 represent the first spectra obtained after the sample had 
been heated to 100" and 2OO0C, respectively. Each step up in temperature 
was taken only after the reaction had reached a state of equilibration, 
with no further reaction appearing to occur at the given lower temperature. 
m e  bands due to the adsorbed anhydride and moisture diminish until they 
are barely observable in Curve 21. Also, a band starts to grow at 1770 
cm-1 in Curve 16 that is hard to distinguish from the 1760 cm-' band of the 
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Table 1. Diffuse reflectance spectra sequence: Wyodak coal acetylation 

Time spectral 
Spectrum Temp. Time conditions collection 
number Samule conditions ( 'C )  chanved comDlete Day 

1 
2 
3 
4 
5 
6 

8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 lb 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

7a 

Air (1 atm) 
Ar purge 
Ar purge 
Ar purge 
Vacuum (30 mtorr) 
Vacuum (23 mtorr) 
Vacuum (23 mtorr) 
Ar purge 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/ace tic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acet ic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/ace t ic anhydride 
Ar /acet ic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar/acetic anhydride 
Ar purge 
Ar purge 
Ar/acetic anhydride 
Ar purge 
Deuterium oxide flow 
Deuterium oxide flow 
Deuterium oxide flow 
Deuterium oxide flow 
Deuterium oxide flow 
Deuterium oxide flow 
Deuterium oxide flow 
Deuterium oxide flow 
Deuterium oxide flow 
Deuterium oxide flow 
Vacuum (30 mtorr) 
Vacuum (23 mtorr) 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
100 
100 
100 
100 
200 
200 
200 
300 
300 
300 
300 
300 
300 
428 
428 
300 
300 
450 
100 
100 
100 
100 
100 
100 
100 
80 
65 
50 
34 
30 
28 

9:45 a.m. 

12:08 p.m. 

1:OO p.m. 

2:lO p.m. 

9:40 p.m. 

10:07 p.m. 

8:00 a.m. 
10:25 a.m. 
11:20 a.m. 

1:02 p.m. 

1:57 p.m, 

3:OO p.m. 
3:lO p.m. 
3:20 p.m. 
3:35 p.m. 
3:55 p.m. 
4:50 p.m. 
8:00 a.m. 
9:25 a.m. 
9:53 a.m. 

1O:lO a.m. 
10:25 a.m. 
10:45 a.m. 
11:20 a.m. 
11:30 a.m. 
12:OO a.m. 
12:15 p.m. 
12:30 p.m. 
12:45 p.m. 
12:55 p.m. 
1:05 p.m. 
1:25 p.m. 
1:50 p.m. 
2:20 p.m. 
3:15 p.m. 
3:55 p.m. 
4:30 p.m. 
5:05 p.m. 
9:35 p.m. 
9:45 p.m. 

10:05 p.m. 
7:30 a.m. 
7:45 a.m. 

10:20 a.m. 
11:OO a.m. 
11:25 a.m. 
11:33 a.m. 
11:40 a.m. 
11:55 a.m. 
12:23 p.m. 
1:OO p.m. 
1:lO p.m. 
1:25 p.m. 
1:40 p.m. 
1:55 p.m. 
2:lO p.m. 
2:30 p.m. 

0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

000 scans ; b l ~ ,  000 scans 
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anhydride at the expansion shown in the figure. This band stands out es- 
sentially by itself in Curve 21 and really appears at 1770 cm-'. as denoted 
in Fig. 4. The temperature of the sample was raised again to 300'C, with 
Curve 23 being the first spectrum to be collected after this step. This 
spectrum was also the first to be corrected for window background due to 
condensation of a volatile acetylation product that was discovered on the 
cell The spectrum due to 
the window background appears in the upper curve of Fig. 5, along with the 
difference spectra before and after correction for Curve 31 presented as a 
typical example. The proper amount of scaling for this correction was de- 
termined by nulling out the intensity of the C-H stretching bands in the 
difference spectrum as depicted in the lower c u m e  in Fig. 5. The C - H  
stretching bands could be utilized in this way since the acetylation reac- 
tion is expected to alter this portion of the spectrum little if any. All 
spectra including and subsequent to Curve 23 have been similarly corrected 
for this background, since the higher temperatures readily facilitated vol- 
atization of the product onto the zinc selenide windows. 

The 1770 and 1200 cm-' bands, along with some weaker features, are observed 
to continually grow in Fig. 4 until Curve 28 where the temperature was 
again raised to 428'C. These bands can be attributed to acetylated esters 
of the various 0-H functional groups in the coal. In this same sequence of 
spectra, a broad negative band can also be observed to grow in the 3600 to 
3000 cm-' region, which can be attributed to the corresponding loss of 0-H 
groups. A weak band appears at 2150 cm-' (starting with Curve 24) that is 
apparently due to formation of gas-phase carbon monoxide. This band ap- 
pears only when the temperature is 300'C or above and when the anhydride 
reactant mixture is present. A good explanation for the observation of 
this species has not presently been formulated. The sample had essentially 
reached the final state of acetylation, as noted in Curve 30. At this 
point exposure to acetic anhydride was terminated and the sample tempera- 
ture was reduced to 300°C. The difference spectrum representing the final 
acetylated state is shown in Curve 31. A raw spectrum of this state ap- 
pears in Curve 33 of Fig. 6, which shows that some residual 0-H bands at 
3550 and 3440 cm-' remain--indicating either a lack of reactivity for these 
remaining 0 - H  groups or, more likely, an inaccessiblity due to steric ef- 
fects. The position and relative sharpness of these 0-H bands indicate 
that hydrogen bonding effects have been reduced considerably for these re- 
sidual 0-H groups, which supports the latter contention that the groups are 
isolated difficult to access by the relatively large acetic anhydride 
molecule. 

In an effort to gain more information about the residual 0-H groups, the 
hydrogen atoms on these groups were then allowed the opportunity to ex- 
change with deuterium by exposure to flowing D,O as the sample was cooled 
from lOO'C to near RT. Curve 46 in Fig. 6 represents the raw spectrum of 
the final deuterated state of the acetylated Wyodak powdered coal sample. 
Essentially all of the remaining 0-H groups experience exchange, with the 
exception of those due to the inherent mineral bands--as noted by the loss 
of intensity in the 0-H stretching region and the appearance of a band in 
the 2600 cm-' region due to 0-D stretching. The difference spectra for the 
deuteration sequence, again referenced to Curve 7, are displayed in Fig. 7. 
Deuteration was essentially complete by the time Curve 40 was collected, as 
noted by a lack of further increase in the intensity of the positive 2620 

windows after the experiment had been completed. 

and 
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cm-1 0 - D  band or that of the negative 0-H feature. An interesting observa- 
tion that can be noted from Fig. 7 is the reappearance of adsorbed acetic 
anhydride on the powdered coal surface, as indicated by the growth of bands 
at 1825 and 1130 cm-l with a decrease in temperature. This readsorption 
must result from residual acetic anhydride in the vacuum system and is 
easily removed by evacuation, as indicated in Curve 46. 

Although the present acetylation work represents only a preliminary, quali- 
tative study, it reveals an additional, potentially powerful technique for 
probing the structure of coal with regard to hydroxyl functional groups. 
This technique appears to provide complimentary information to previous 
liquid-solid acetylation work (4,s) by permitting 0-H groups which are 
either relatively inaccessible to reaction with acetic anhydride from the 
gas phase or are less reactive under these conditions to be sorted from the 
total hydroxyl content. Another area where our results appear to differ 
somewhat from previous acetylation studies involves the relative amounts of 
phenolic- versus alkyl-type acetyl esters that are formed in reaction with 
similar subbituminous coals. Examination of the carbonyl region of the 
difference spectrum of the final acetylated state (Curve 31 of Fig. 4) 
shows essentially a single band centered at 1770 cm-' with no apparent 
asymmetry observed on the low-frequency side that would indicate the pre- 
sence of other bands. The 1770 cm-l band has been attributed to phenolic 
acetyl esters, while bands at 1740 and 1670 cm-' have been assigned to 
alkyl and amide acetyl esters (4). Presuming the assignments are correct, 
our data can be interpreted in either of two ways, one being that the coal 
Sam-ple we studied contains only phenolic type 0-H groups with essentially 
none of the alkyl type. The other interpretation, which is probably the 
least plausible, would be that only the phenolic groups reacted in the 
acetylation--leaving the alkyl 0-H groups unreacted. Further work should 
be done in this area to clarify this discrepancy. The acetylation tech- 
nique in combination with deuteration appears to be an excellent method for 
revealing information with regard to hydroxyl-containing mineral matter. 
Considerably more work needs to be done in determining the quantitative po- 
tential of in situ DR technique. It is quite clear, however, that such a 
technique applied to acetylation, and possibly to other types of derivative 
reactions, can yield new and potentially enlightening information with re- 
gard to the structure of coal. 

1. 

2. 

3 .  

4. 

5 .  
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PAOGRESWE 0,O EXCHANGE: WYOOAK POWDER (0-11 

"i" 

an- ' 
Fig. 7. Difference spectra for the deuterium oxide 

exchange reaction of Uyodak coal after acetylation. 
(See Table 1 for correlation of spectral numbers. All 
spectra have been corrected for vindow background.) 
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THE ELECTROPHORETIC MOBILITY DISTRIBUTION I N  AQUEOUS DISPERSIONS OF 
BITUMINOUS COAL AND RESIDUAL HYDROCARBON MATERIALS 

R.E. Marganski* and R.L. Rowel1 

Department o f  Chemistry 
U n i v e r s i t y  o f  Massachusetts 

Amherst, MA 01003 

INTRODUCTION 

The e f f e c t  o f  minera l  content  on the e l e c t r o k i n e t i c s  o f  coal i s  very  
pronounced and con t r i bu tes  t o  a more h y d r o p h i l i c  sur face t h a t  conta ins a 
subs tan t i a l  q u a n t i t y  o f  bound water. Mineral composit ion i s  known t o  vary 
markedly from coal t o  coal as does water  content .  Dewatering i s  an important 
aspect o f  coal p repara t i on  (1). I n  add i t i on ,  there i s  evidence t h a t  t he  na t i ve  
mineral residue i n  coal  plays an impor tant  c a t a l y t i c  r o l e  i n  d i r e c t  hydro- 
l i q u i f a c t i o n .  

A l l  o f  t he  above can be r e l a t e d  t o  the e lec t rophore t i c  behavior o f  the 
coal surface which i n  t u r n  depends on the sur face func t i ona l  groups present. 
Even though i n t r i n s i c  heterogeneity i n  coal produces no s ing le  and universa l  
s t ruc tu re ,  enough s i m i l a r i t y  e x i s t s  i n  those f u n c t i o n a l i t i e s  t o  p r e d i c t  the 
sur face charging mechanisms. 
based on o x i d e - l i k e  hyd ra t i on  and d i ssoc ia t i on ,  f a i l  t o  exp la in  the p o s i t i v e  
charge a t  low pH so t h a t  the surface f u n c t i o n a l i t i e s  i nvo l ved  must inc lude more 
than simple ox ide groups. 

These ideas were extended t o  the sur face chemistry o f  res idua l  hydrocarbon 
ma te r ia l s ,  the unconverted vacuum bottoms (uvb), obta ined i n  petroleum 
r e f i n i n g .  The uvb products a re  an unknown mate r ia l  t h a t  may have an asphaltene 
character, b u t  the t e s t  i s  n o t  conclusive. 
t he  f i n d i n g  t h a t  t he  e lec t rophore t i c  p roper t i es  o f  the uvb products resemble 
bituminous coa l .  

i n  the past .  Recent e f f o r t s  i n  c o a l - o i l  and coal-water systems, u t i l i z i n g  
pu lve r i zed  coal, have been promising. A s i m i l a r  r o l e  may be forseen f o r  the 
uvb products i n  s l u r r y  form. 

I n  t h i s  paper, we r e p o r t  the f u l l  e lec t rophore t i c  m o b i l i t y  d i s t r i b u t i o n  f o r  
several bituminous coa ls  and a f r i a b l e  uvb sample as a func t i on  o f  pH i n  aqueous 
media. A d iscuss ion o f  the main s t r u c t u r a l  features t h a t  e f f e c t  e lect rophores is  
i s  presented. 
framework, mineral ma t te r  and phys ica l  s t r u c t u r e ,  espec ia l l y  pores. 

Previous explanat ion f o r  surface charging on coal , 

A s i g n i f i c a n t  r e s u l t  o f  t h i s  work was 

Coal f i n e s  and uvb products have n o t  been c o m e r i c a l l y  successful ma te r ia l s  

The key parameters i nc lude  determinat ion o f  heteroatoms, carbon 

EXPERIMENTAL 

Ma t e r i  a1 s 

Corporation o f  Alexandria, V i r g i n i a ,  USA, and were s tud ied  along w i t h  a 
reference sample obta ined from the General Motors Corporation t h a t  had been 
ex tens i ve l y  s tud ied  i n  e a r l i e r  work (2 -5 ) .  
d r y  s t a t e  and then sieved, as designated i n  Table 1. The ash content  was 
d e t e p i n e d  by the U n i v e r s i t y  o f  Massachusetts Microanalys is  Laboratory a t  
1000 C i n  oxygen and a l s o  repor ted i n  Table 1. 
conta iners u n t i l  used. 

The bituminous coal  samples were k i n d l y  suppl ied by  the A t l a n t i c  Research 

A l l  samples have been ground i n  the 

The coal was s tored i n  closed 

*Presently a t  E.I. Dupont de Nemours & Co., P.O. Box 430, Pass Chr i s t i an ,  MS 39571. 
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I 

i 

The Chyoda sample, a n  unconverted vacuum bottoms residue, was obtained from 
Japan and supplied by KSE, Inc. of Amherst, Massachusetts. The i n i t i a l  condition 
was 0.5 centimeter f r i ab le  black lumps. Samples were ground by hand in a mortar 
and pestle and then sieved dry, 100% -200 mesh. 
determined a t  the University Hicroanalysis Laboratory and i s  reported in  Table 2 .  
The percentages are  in quantitative agreement with the elemental analysis 
generally found in these materials ( 7 ) .  

AG-lb a l l  Pyrex s t i l l .  
Fisher Chemical Company. 

Sample Preparation 

t i l l e d  water. This was then mixed continuoushy on a s t i r r i n g  p la te  a t  medium 
speed fo r  48 hours a t  room temperature (23-25 C ) .  
for  72 hours a t  the same temperature. 

Clean polyethylene containers (Nalgene L P E )  were par t ly  f i l l e d  with 50 ml 
of d i s t i l l e d  water and the pH adjusted t o  a preliminary value using KOH or HC1 
respectively. 
containing the water of known pH, giving a volumetric d i lu t ion  fac tor  of 
approximately 1/200. 

The samples were then s t i r r ed  on a s t i r r i n g  p la te  for  3 minutes a t  f a s t  
speed and then allowed t o  s e t t l e  overnight a t  3OoC. 
pH of the supernatant was taken, the mixture s t i r r ed  a t  medium speed f o r  two 
minutes, and the mobility then measured. 

Microelectrophoresis 

kinetics analyzer (8). 
ly  bonded palladium electrodes.  
and t h e i r  image i s  projected o n t o  the surface of a rotating radial g r a t i n g .  
Electrophoretic movement causes a frequency s h i f t  in the 1 ight transmitted 
through the grating as compared to a reference detector.  
analyzer computes the frequency spectrum from the individual contributions of the 
l i gh t  scattered from many par t ic les  in order t o  obtain a representation of the 
electrophoretic mobility d is t r ibu t ion .  Focusing a t  the stationary layer i s  under 
automatic conti-01. 
under computer control,  and the resul ts  averaged t o  ensure maximum accuracy. 

An elemental analysis was 

The water was d i s t i l l e d  a second time from the in-house supply in a Corning 
Certif ied ACS grade NaOH and HC1 were obtained from 

A stock s lur ry  was made by adding one gram of powder t o  20 ml of twice dis- 

The Chyoda sample was s t i r r ed  

Ten droos of the stock coal s lur ry  were then added to  the bot t les  

After equi l ibra t ion ,  the 

Electrophoretic mobility was measured with a Pen Kem 3000 automated e lec t ro-  

Par t ic les  are illuminated with a 2mW He-Ne laser  
The instrument has a s i l i c a  sample chamber with permanent- 

A f a s t  Fourier transform 

Measurements were made a t  b o t h  f ront  and back s ta t ionary  layers ,  

RESULTS 

In Figure 1 we show the  d is t r ibu t ion  of the electrophoretic mobility fo r  

In Figure 2 we show the dependence of the electrophoretic mobility dis-  

GM coal C8 a t  selected pH over the range studied. The pronounced fea tures ,  
multiple peaks and  variation in peak breadth, were also observed in  the other coal 
samples. 
t r ibu t ion  on pH f o r  the Chyoda uvb  C27 sample. The general fea tures ,  multiple 
peaks and variation in peak breadth are  shown by the Chyoda sample as well. 

of pH s h i f t  from the i soe lec t r i c  point ( i ep )  fo r  a l l  four samples in Figure 3. 
The ieps f o r  the coals were 6.0, 6.2,  and 6.4,  somewhat lower than 6.8, the iep 
of the Chyoda uvb sample. 
within a similar overall envelope and a trend t h a t  shows extrema in  mobility a t  
low and h i g h  pH. 

The average mobility as computed by the Pen Kern 3000 i s  shown as a function 

The curves r e f l ec t  the spec i f ic  nature of each sample 
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DISCUSSION 

Multimodal D i s t r i b u t i o n  

presence o f  a major second component such as a minera l  oxide. 
d i s p e r s i t y  i n  s ize,  a l though a compl icat ing factor ,  cannot exp la in  the wide d i f f e r -  
ences i n  e l e c t r o p h o r e t i c  m o b i l i t y  o f  the i n d i v i d u a l  peaks. For example, a t  a pH o f  
6.65, the emd peaks occurred a t  a m o b i l i t y  of -2.2, -0.9, -0.4 and +0.1 (pm/s)/(V/cm) 
respect ive ly .  
m o b i l i t y  v a r i a t i o n  expected between the Huckel and Smoluchnowski l i m i t s  a t  a given 
zeta p o t e n t i a l .  I n  a d d i t i o n ,  s ince there i s  a continuous d i s t r i b u t i o n  i n  s i z e  as 
v e r i f i e d  i n  photomicrographs, separate peaks would n o t  be expected t o  occur. I t  i s  
i n t e r e s t i n g  t o  note t h a t  the i n d i v i d u a l  peaks appeared t o  be reproducib le  over a 
wide pH range and i n d i v i d u a l  peaks widened away from the i e p  i n  a s i m i l a r  manner t o  
the other  coals s tud ied i n  t h i s  work. S t a t i s t i c a l  v a r i a t i o n  i n  sampling p lus  a 
small amount o f  f l o c c u l a t i o n  near the i ep  could have had some e f f e c t  on the emd. 

GM coal had a mult imodal d i s t r i b u t i o n ,  shown i n  F igure 1, which suggested the 
The e f f e c t  o f  po ly-  

The d i f f e rences  observed here are f a r  l a r g e r  than the 50 percent  

AMPHOTERIC BEHAVIOR 

The hydrogen and hydroxy l  ions were found t o  cause amphoteric behavior i n  a l l  
samples measured as shown i n  Figures 1-3. 
the conclusions o f  Fuerstenau e t .  a l .  (9) ,  who observed amphoteric behavior i n  
both na t i ve  and demineral ized coal samples. 

H+ OH- 

Th is  observat ion i s  i n  agreement w i t h  

Amphoteric behavior i s  caused by d i s s o c i a t i o n  o f  a s i n g l e  sur face group, 

( M O H ~ ) +  __L, MOH MO- + H ~ O  1) 

where M represents a meta l  i on ,  o r ,  i n  the case where there are two d i s t i n c t  
funct ional  groups present ,  one t h a t  accepts a proton t o  become p o s i t i v e l y  charged 
and one t h a t  d i ssoc ia tes  and leaves a negat ive s i t e .  The z w i t t e r i o n i c  sur face i s  
comnon i n  b i o l o g i c a l  systems where t h e  two groups responsib le  are u s u a l l y  t he  
carboxy l ic  and the  amino groups. 

a t  the i s o e l e c t r i c  p o i n t  ( i e p )  g ives an i n d i c a t i o n  o f  how c l o s e l y  H and OH- can be 
considered po ten t i a l  determin ing ions. I t  i s  assumed here t h a t  the sur face p o t e n t i a l  
i s  c lose  t o  the  p o t e n t i a l  a t  the surface o f  shear, near  the iep. Add i t i on  o f  ac id  o r  
base w i l l  a l t e r  the chemist ry  o f  t he  s o l i d ,  c r e a t i n g  i r r e v e r s i b l e  e f f e c t s ,  v h i c h  
causes dev ia t i on  from t h e  i d e a l  Nernstian behavior o f  59.2 mv/pH u n i t  a t  25 C (10). 

Smith (11-13) has shown t h a t  dev iat ions from the i d e a l  Nernst equat ion become 
impor tant  when the f r a c t i o n  o f  s i t e s  i on i zed  a t  the p o i n t  o f  zero charge i s  small .  
Under these cond i t i ons  t h e  Nernst ian s lope i s  reduced by a f a c t o r  equal t o  
ln(e+/e 1, where e i s  t h e  f r a c t i o n  o f  s i t e s  o f  given charge t h a t  are i o n i z e d  a t  the 
iep.  
number of p o s i t i v e l y  and nega t i ve l y  charged s i t e s .  

value. 
t o  the  coal samples. The uvb had a much lower  slope, i n d i c a t i n g  t h a t  a small  amount 
of charge was present a t  the i ep .  This suggests t h a t  t he  surface charging on coals 
used here behaved more l i k e  an ox ide than a h y d r o p h i l i c  carbon. Fuerstenau (9 )  has 
demonstrated the  importance of us ing low ash coal i n  o rde r  t o  avoid measuring an 
oxide ra the r  than a coal  surface. It i s  i n t e r e s t i n g  t o  note the s i g n i f i c a n t  r i s e  i n  
m o b i l i t y  a t  the extremes o f  pH f o r  the uvb sample. Th is  can be i n t e r p r e t e d  as 
i o n i z a t i o n  o f  heteroatoms a t  h igh  and low pH values, l eav ing  l i t t l e  o r  no 
i o n i z a t i o n  a t  the iep.  
t o  depar t  markedly from Nernst ian behavior as discussed by Hunter (15). 

has been given i n  an e a r l i e r  paper (16). 
from the i e p  produces a w ide r  spectrum i n  the  e lec t rophore t i c  m o b i l i t y  d i s t r i b u t i o n .  
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The change i n  zeta p o t e n t i a l  (de r i vab le  from the m o b i l i t y )  w i t )  pH, ds/dpH, 

Tfie i e p  i s  then c h a r a c t e r i s t i c  o f  an absence o f  charge r a t h e r  than an equal 

A l l  coals measured i n  t h i s  work had slopes roughly  one h a l f  o f  t he  Nernst ian 
The simple oxide, alpha alumina, repor ted elsewhere (14), had a slope s i m i l a r  

Z w i t t e r i o n i c  surfaces such as these were shown t o  be expected 

The i n t e r p r e t a t i o n  o f  the dependence o f  the breadth o f  the d i s t r i b u t i o n  on pH 
Increased i o n i z a t i o n  a t  l a r g e r  pH s h i f t  



Several authors have proposed that  the principal charge bearing groups on 
demineralized coal were oxygen func t iona l i t i es  such as aromatic alcohols (phenolic) 
and carboxylic acids (9,17). 
charge on coal,  hydrolysis in water would cause the donation of protons t o  water, 
the weaker Bronsted acid,  creating only negative charge. Amphoteric behavior would 
n o t  be observed. This i s  predicted by the theoretical  work of Healy and White (18). 

mechanism (E l ) ,  

If  these groups were alone responsible for  surface 

Attempts t o  explain the posit ive surface of coal by the following charging 

L 

are based on the unsupported hypothesis that  the adsorbed proton bears the 
posit ive charge. 
charging mechanism on coal t o  the metal oxides such as A10. Protonation of a 
metall ic hydroxide, MOH,  produces a coordinated water moleGule which gives a n  un-  
balanced and posit ive formal charge t o  the metal ion a s ,  M  :OH. The hydrogen atoms 
of water do n o t  bear the charge. 
hydrated metal ion in solution resides on the ion and n o t  on any protons of the 
coordinated water molecules (20) .  Carbon, which i s  unable t o  coordiate water 
molecules, cannot give r i s e  t o  posit ive charge in th i s  manner. 

We propose an a l te rna t ive  mechanism giving a posit ive charge through hydrogen 
bonding of an hydronium ion .  

The origin of t h i s  concept l i e s  in the attempt t o  compare the 

This i s  supported by the f ac t  t h a t  charge on a 

C-OH + = C-OH. .  . .OH+ 
3 

3) 

The decrease in mobility giving maxima a t  both  h i g h  and low pH follows as a 
consequence of increased screening a t  h i g h  ionic strength.  

in various degrees. 
of la rger  s ize ,  2 )  incorporated minerals as a r e su l t  of metamorphic processes and 
3)  inherent minerals uniformly distributed within the organic matrix (21,  2 2 ) .  
Demineralization procedures probably do not remove a l l  of the mineral matter. 
example, treated coal had as much as  10 percent of the ash content of untreated 
samples in Fuerstenau's work (9 ) .  
used in this  work. 
cleaned and i s  of current i n t e re s t  in beneficiation. 

s a l t s ,  minerals, humic acids and organic matter. 
adsorption of various species from these pores i s  l ike ly  t o  be a function of pH. 
One of the techniques used to  determine the moisture retention and pore s t ruc ture  
i s  t o  observe the behavior of metall ic ion adsorption on coal (23) .  

Such se lec t iv i ty  will  allow the transport of only certain materials into and 
o u t  of those pores, analogous to  a molecular sieve.  
shown in Figure 3,  where the average mobility f o r  several samples i s  plotted as a 
function of pH units away from the iep. f i r s t ,  the 
maximum negative mobili t ies are a l l  similar in value, a n d  secondly, the maximum 
posit ive mobilities have a larger amount of variation. 

We in te rpre t  the above as follows: 
groups on the carbon skeleton of coal are  mainly responsible fo r  the negative 
charge. 
in th i s  work and will r e su l t  in similar electrophoretic mobility. 
tat ion i s  supported by recent resul ts  obtained by Sequential Elution by Specific 
Solvents Chromatography, SESC (24). 
coals varied greatly in overall s t ruc ture ,  many of the same chemical groups were 
always present. 

A t  low pH, posit ive func t iona l i t i es ,  metall ic oxides and adsorption of metal 
ions leached from pores a l l  contribute t o  the observed mobility. 
amount of var iab i l i ty  expected in these processes will be reflected in a greater 
difference in the mobility that  i s  observed from sample t o  sample. 

I n  addition, most coals have mineral matter incorporated into the i r  s t ruc tures  
These are  c lass i f ied  into three catagories,  1) admixed minerals 

For 

Table 1 shows the ash content of untreated coals 
The degree of entrapment determines how eas i ly  coal can be 

The extensive pore s t ruc ture  of coal will contain embedded water with dissolved 
The release and subsequent 

Evidence fo r  t h i s  behavior i s  

Two features can be noted: 

a t  h i g h  pH, the carboxylic and phenolic 

The organic framework i s  basically similar fo r  the ful ly  oxidized surfaces 
This in te rpre-  

Findings indicated t h a t  although d i f fe ren t  

The la rger  

This i s  in agreement with the r e su l t s  of Wen and Sun (25) who showed t h a t  a t  
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lower pH, the zeta potential  of oxidized coal was controlled by the presence of 
electrolytes such a s  Fet2 and Alt3; both of which form hydroxides a t  pH values below 
8. 
l i t t l e  or no e f f ec t  on the zeta potential .  In addition, they a l so  suggested tha t  
variations due t o  oxidation, shown to be small above pH 7 a s  compared t o  la rger  
variation below pH 7, might be explainable due t o  the so lubi l i ty  of humic acids on 
the coal surface. 

I t  i s  important t o  note t h a t  the measurements will  be very sens i t ive  t o  the 
so l ids  concentration o f  the s lur ry .  
t a n t  parameter. In addition, the aging ef fec ts  will  be most pronounced i n  the high 
concentration region. Conditioning and aging procedures a re  senerally not reported 
i n  the  l i t e r a tu re  e i t h e r .  In this work, care was taken t o  properly condition a 
d i lu t e  stock solution for  three days followed by fur ther  d i lu t ion  t o  a very low par- 
t i c l e  concentration a t  a given pH i n  order t o  avoid any high concentration anomalies. 
By avoiding excessive leaching of inorganic ions, we a re  seeing the electrophoretic 
mobility of  the coal sur face  and not a layer on inorganic hydrolysis preciptate.  
This could account f o r  the generally high iep  observed i n  th i s  work as compared t o  
other values i n  the l i t e r a t u r e  (9,  25). 

cons is t  o f  condensed polynuclear r i n g  systems which have alkyl s ide  chains con- 
taining heteroatoms such a s  nitrogen, oxygen and su l fur  ( 7 ) .  
t h a t  oxygen i s  present as non-hydrogen bonded phenolic groups. 

The concentration of mineral oxide i n  the uvb material i s  very low; i t  was 
found t o  be 0.9 percent for  the sample reported i n  this work. 
amphoteric behavior may then be explainable i n  terms of zwitterionic surface groups. 
I t  the uvb materials a r e  r ea l ly  primarily asphaltenes, then this i s  i n  agreement 
w i t h  the conclusions o f  Cratin,  who has suggested t h a t  the amphoteric nature of 
the asphaltenes might be s imi la r  t o  amino acids (26). 
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A COMPARISON OF THE ACOUSTIC MOBILITY AND THE ELECTROPHORETIC 
KJBlLI lY OF COAL DISPERSIONS 
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Bedford H l l l s ,  tW 10507 

R.L. Rowel I 

Department o f  Chemlstry 
Un lvers  I t y  o f  Massachusetts 

Amherst, MA 01003 

INTRODUCTION 

Aqueous coal dlsperslons p lay a maJor r o l e  from mlnlng t o  <he u t l l l -  
r a t  ton o f  coal. The propert l es  o f  these dlsperslons, such as stab I I I t y  
tcuards aggregatlon, rheology, etc., a r e  c o n t r o l l e d  by two major factors, 
namely, t h e  p a r t i c l e  s l ze  and l n t e r f a c l a l  chemlstry. The l n t e r f a c l a l  
chemlstry Is con t ro l  led by t h e  ln teract lons o f  t h e  coal surface w l t h  t h e  
aqueous phase. 

Coal surface-aqueous phase ln teract lons a re  con t ro l l ed  by rank, 
mlneral content, surface funct  lonal groups, pore structure, adsorpt Ion, pH, 
lonlc strength, etc. These ln te rac t l ons  can be probed uslng e l e c t r o k l n e t l c  
technlques (1 -11) .  Elec t rok lne t l c  techniques present ly  used t o  lnvest lgate 
aqueous coal dlsperslons lnclude mlcroelectrophoresls and streamlng 
po ten t l a l  (12). Although both o f  these technlques a re  Invaluable t o  study 
coal surface ln teract lons they cannot be used f o r  process cond l t l on  
dlsperslons. As a result,  questlonable ext rapolat lons t o  process condl t lons 
must be performed. 

sonlcs and p r e l  lrnlnary data on t h e  appl l ca t l on  o f  t h l s  technlque t o  coal 
dlsperslons. The advantage o f  u l t rason ics  a r e  ( 1 )  v l r t u a l l y  any p a r t i c l e  
s l ze  can be used from lons t o  aggregates, ( 1 1 )  any concentrat lon o f  the 
dlspersed phase can be used from t h e  ppm range t o  volume f l l l l n g  networks, 
( 1 1 1 )  samples can be o p t l c a l l y  opaque o r  photosensltlve, and ( l v )  measure- 
ments can be made on flow Ing systems. 

Below, we descrlbe a new e lec t rok fne t l c  technlque t h a t  ut11 lzes u l t r a -  

THEORY 

I n  1933, Debye (13) predlc ted t h a t  subJectIng an electrolytic so lu t i on  
t o  a sound wave o f  u l t rason lc  frequencles would r e s u l t  In an a l t e r n a t l n g  
potent la l ,  t h e  IVP o r  Ion v l b r a t l o n  potent la l ,  having t h e  same frequency as 
the  sound wave. The po ten t l a l  Is detected w i t h  two electrodes placed normal 
t o  t h e  sound propagatlon separated by a phase dlstance other  than an 
ln tegra l  mu l t l p le  o f  t h e  wavelength; t h e  optlmum separatlon belng 
(Zn+f) X/2. The basis o f  t h e  "Debye e f fec t "  Is t h a t  t h e  e f f e c t i v e  masses 
and f r l c t l o n a l  drag c o e f f l c l e n t s  o f  anions and cat ions a re  d l f f e r e n t  due t o  
composltlon and solvatlon. These d l f ferences r e s u l t  I n  d l f f e r e n t  degrees of 
dlsplacement amplltude and phase. The r e l a t l v e  dlsplacement o f  anlon and 
ca t l on  produces a separatlon o f  charge centers  creat lng a v i b r a t i n g  dlpole. 
The o r l g l n a l  theory o f  Debye has slnce been modlf led (14) and expert- 
mental ly ver l f led,  a revlew o f  whlch can be found I n  reference (15).  

I n  1938, Hermans (16) and Rutgers (17) reported an e f f e c t  s l m l l a r  
t o  t h e  Debye e f f e c t  when u l t rason lc  waves were propagated through a 
colloidal dlspersion. I n  contrast  t o  t h e  IVP where t h e  dlsplacement of anlon 
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and cat lon produce an a l te rna t l ng  potent la l ,  t h e  r e l a t l v e  dlsplacement o f  a 
charged p a r t l c l e  from I t s  surroundlng Ion atmospheren Induces t h e  
potent la l  termed t h e  co l  l o l d  v l b r a t l o n  po ten t l a l  or CVP. Slnce t h l s  t ime  
many c o l l o l d a l  systems have been lnvestlgated qual l t a t l v e l y  uslng t h l s  
techn lque (18-23). The f l r s t  quan t l t a t l ve  measurements were performed by 
Marlow e t  a l  (24) where t h e  d l l u t e  theory o f  Enderby and Booth (25,26) Is 
v e r l f  led and extended t o  concentrates uslng t h e  Levlne e t  e l  (27) ce l  I 
model theory. 

P l c t o r l a l l y ,  t h e  mechanlsm o f  t h e  CVP Is shown ln  Flgure 1. To under- 
stand the mechanlsm of the  CVP It Is useful t o  p o l n t  out  t h a t  t h e  CVP I s  
ana logous t o  t h e  sed lmentat Ion potent  la  I o r  Dorn e f f e c t  (28)  and r e f l e c t s  
the  same 
a t  rest  w l th  I t s  accompanying "Ion atmospheren o f  "thlcknessw 1 / ~ .  I f  t h l s  
p a r t l c l e  Is acted on by a g rav l ta t l ona l  f l e l d  as shown In Flgure lb, t h e  
lon atmosphere Is perturbed from e q u l l  lbr lum r e s u l t l n g  In  po la r l za t l on  and 
the  formatlon o f  a s t a t l c  dlpole. I n  contrast, I f  t h e  p a r t l c l e  Is acted on 
by an acoustic f l e l d  as shown l n  Flgure IC, a dynamlc o r  v l b r a t l n g  d lpo le 
results. It Is Important t o  po ln t  ou t  t h a t  In the  Dorn e f f e c t  t h e  p a r t l c l e  
Is caused t o  move r e l a t l v e  t o  t h e  medlum but  I n  t h e  acoustlc e f f e c t  both 
p a r t l c l e  and medlum move and It Is t h e  r e l a t l v e  motlon t h a t  produces t h e  
ef fect .  

As w l th  the sedlmentatlon potent la l ,  t h e  acoustlcal l y  produced d lpo le 
resu l t s  I n  a p o t e n t l a l  t h a t  Is lmmeasurably small f o r  a s lng le  p a r t l c l e  but 
a macroscoplc measurable po ten t i a l  r e s u l t s  In a swarm o f  p a r t l c l e s  such as 
I n  a co l l o ld .  F lgure 2 shows t h e  general technlque used t o  measure the  CVP. 
Two Iner t  metal electrodes A and B are  placed normal t o  t h e  sound 
propagat Ion and spaced a t  one-ha I f a wave I ength. 

e lec t rok lne t l c  parameters f o r  d l l u t e  aqueous dlsnerslons (9<1) can be 

l n t r l n s l c  phenomena. F lgure l a  shows a charged c o l l o l d a l  p a r t l c l e  ! 

1 

I 

The re la t l onsh lp  between t h e  measured CVP and per t lnent  

c11 

where P Is t h e  sound pressure amplltude, 4 t he  volume f r a c t l o n  of 
part lcles, A,the conduc t l v l t y  o f  t h e  medlum, P ,  t h e  p a r t l c l e  denslty, p1 
t h e  medlum denslty, E, t he  p e r m l t l v l t y  o f  f r e e  space, D t h e  dlmenslonless 
d l e l e c t r l c  constant, 5 t h e  zeta or e I e c t r c k l n e t l c  potent la l ,  and rl t h e  
v l scos l t y  o f  t h e  medlum. NormaIIzlng t h e  CVP f o r  P,Xo , 4 
leads t o  an acoustlc mob11 I t y  AM havlng t h e  same u n l t s  as the  e lect ro-  
phoretlc mob l l l t y  EM, I.e., 

, and (p2-p1)/p1 

Thus, measurements of t he  CVP, P, and A,, 
r e l a t l v e  p a r t l c l e  denslty and concentrat lon leads t o  the  same I n f o r m t l o n  
as obtalnable from electrophoresls. 

e l e c t r l c a l  ln teract lons occur. Applylng t h e  Levlne e t  a l  (27) c e l l  model 
theory o f  the Dorn e f f e c t  t o  t h e  CVP r e s u l t s  In  an ln teract lon parameter 
F(Ka,4) on the r l g h t  hand s lde  o f  equatlon [l] where a represents the  
e lec t rok lne t l c  rad lus o r  t h e  p a r t l c l e  slze a d lv lded by t h e  "thickness" o f  
t he  lOn atmosphere. F lgure 3 shows a p l o t  o f  t h e  l n te rac t l on  parameter 
F(Ka,6) as a funct lon o f  4 f o r  t h e  case where Ka >> 1 and a > 0.5 vm 

as we1 I as knowledge o f  t h e  

I n  concentrated d lspers Ions p a r t  IC I e-part IC I e hydrodynam IC and 
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which w l l l  invar lab ly  be t h e  case l n  aqueous coal dlsperslons. Thus, 
instead of t h e  CVP lncreaslng i l n e a r l y  with$ as predlc ted by t h e  d i l u t e  
theory, t h e  CVP w l l l  i n l t l a l  l y  r i s e  I lnear ly  and then gradually leve l  o f f  
and go through a maximum. 

MPERI MENTAL 

Mater l a  I s  

A bltumlnous coal used as a reference sample l n  prevlous work (29-32) 
obtalned from General Motors Corporation was used In  t h l s  work. The coal 
was a i r  ground t o  loo$ minus 200 mesh and stored I n  a sealed contalner. The 
ash content was 4.8%. 

volume conduct lv l ty  o f  E-4 S/m. Solut lon a c l d l t y  and a l ka l  l n l t y  was 
adJusted w l th  1N KOH or 1N HCI obtained standardized from Flsher  S c l e n t l f  Ic 
Company. 

Methods 

The water used was d l s t l l  led and ion exchanged and had a spec l f i c  

Aqueous coal dlsperslons were prepared by f i r s t  outgassing t h e  
deslred quant i ty  o f  coal a t  30 C under vacuum. The deslred quant i ty  o f  
d l s t l l  led water was then added by back f I I  I lng under vacuum. The samples 
were then r o l l e d  l n  polyethylene contalners f o r  24 h r  on a m i l l .  F l v e  
dlsperslons were prepared, namely, 0.04, 0.1. 0.2, 0.3, and 0.4 welght 
percent coal. 

Acoustophoret IC ( t m )  T i t r a t o r .  The System 7000 measures t h e  CVP, P, x o ,  pH, 
T, and t i t r a n t  volume accurate t o  1 mlcro l  I t e r .  A I  I measurements were 
performed a t  25 C. A descr lp t lon o f  t h e  apparatus can be found I n  reference 
(24). A l l  pH t l t r a t l o n s  were performed by s t a r t i n g  a t  t h e  equ l l  lbrated pH 
and addlng ac ld  t o  one a l  lquot o f  sample and then base t o  another a l  lquot 
of sample and then comb In Ing t h e  data. 

System 3000 Automated E lec t rok lne t l cs  Analyzer some o f  which a re  reported 
In  reference (11 ) .  

Acoustlc measurements were performed w l th  t h e  Pen Kem System 7000 

Electrophoretlc mob11 I t y  measurements were performed w l t h  t h e  Pen Kem 

RESULTS AND DISCUSSION 

The dependence of t h e  CVP on GM coal concentrat lon for a pH adJusted 
t o  6.2 Is shown In Flgure 4. The CW l n l t l a l l y  r l s e s  I l n e a r l y  w l t h  concen- 
t r a t l o n  and then leve ls  o f f  and goes through a maxlma a t  a coal concentra- 
t l o n  o f  30% by volume. Also shown i n  F lgure 4. are t h e  ca lcu lated values 
based on the  d l l u t e t h e o r y  and c e l l  model. These values were ca lcu lated by 
uslng measured values o f  t h e  dlsperslons supernatant conductlvl ty, p a r t l c l e  
density 1.22 g/cm , and t h e  p a r t i c l e s  e lect rophoret lc  mobil H i e s  determined 
by sampling t h e  supernatant o f  t h e  s e t t l e d  dlsperslons, a l l  o f  whlch a re  
glven I n  Table 1. The hlgh supernatant conduc t l v l t l es  are t h e  r e s u l t  of 
both d l sso lu t l on  o f  materlal from t h e  coal and e l e c t r o l y t e  added t o  adJust 
t he  pH t o  6.2. The co r re la t i ons  shown In Figure 4. show good agreement 
between experlment and theory. Thus, u l t rason lc  e lec t rok lne t i c  measurements 
can be appl led t o  concentrated coal dlsperslons t o  obtaln meanlngful I n fo r -  
mation about t h e  e lec t rok lne t i c  proper t les o f  t h e  dlsperslon. 
Figure 5. shows a p l o t  comparlng both e lect rophoret ic  and acoustlc 
mob I 1  It ies as a funct Ion o f  pH f o r  GM coal. The acoust IC mob I I It les were 
obtalned a t  a p a r t l c l e  concentrat lon o f  4% whereas t h e  e lect rophoret ic  
m o b l l l t l e s  were obtained by adding a few drops of t h l s  dlsperslon t o  a 
so lu t l on  o f  t h e  deslred pH ( 1 1 ) .  Thus, t h e  acoustlc mobll l t l e s  a r e  
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determlned w l t h  an aqueous phase conta ln lng any leached mater la ls  whereas 
t h e  electrophorettc data Is taken w l th  approxlmately a 200-fold d l l u t l o n  In 
t h e  leached materlals. 

Good agreement Is shown between electrophoresls and u l t rason lcs  as 
shown In Flgure 5 I r respec t l ve  o f  t h e  seamlngly d l f f e r e n t  preparatlon 
technlques. The mob11 I t y  Is p o s l t l v e  below a pH=5.8, t h e  I soe lec t r l c  p o l n t  
lep, and negat Ive above t h  Is pH. Most researchers bel leve t h e  negat Ive 
potent la l  a t  hlgh pH Is t h e  r e s u l t  of t h e  d l sscc la t l on  of carboxyllcs, 
phenollcs, etc. on t h e  coals  surface (3,111 o r  a l t e r n a t l v e l y  due t o  the 
adsorptlon o f  metal hydroxldes formed from t h e  mlneral present I n  coal (2). 
A p o s l t l v e  po ten t l a l  below t h e  l s o e l e c t r l c  po ln t  Is descrlbed as t h e  r e s u l t  
o f  protonation o f  t h e  ac ld  groups on t h e  surface o f  t h e  coal (101, t h e  
adsorptlon o f  ca t l ons  (61, o r  t h e  adsorptlon of hydronlum Ions ( 1 1 ) .  

Flgure 6. shows a p l o t  of t h e  acoustlc m o b l l l t l e s  o f  GM coal as a 
funct fon o f  pH a t  two p a r t l c l e  concentratlons, namely, 0.04 and 0.40% by 
volume. The behavlor In  t h e  concentrated dlsperslon no longer resembles 
t h a t  obtalned I n  t h e  d l l u t e  dlsperslon. The mobll l t l e s  a t  t h e  hlgher 
concentrat lon a re  genera l ly  lower, t h e  l s o e l e c t r l c  p o l n t  Is s h l f t e d  t o  a 
s l g n l f l c a n t l y  lower value, and maxlma and mlnlma a re  seen a t  hlgh and low 
PH. 

from the fac t  t h a t  I n  the  concentrated dlsperslon the  equ l l l b ra ted  super- 
natant conduct lv l ty  Is greater  than In t h e  d l l u t e  case. Thus, In t h e  
concentrate s l g n l f l c a n t l y  more mater la l  Is leached from the coal pores and 
surface. As a resul t ,  t h e  double layer 1s compressed In the concentrate and 
t h e  po ten t l a l s  accordlngly lowered. Also, the  dlssolved mater la ls  o f  t h e  
coal become Nspec l f I ca I l yn  adsorbed. 

A s h l f t  t o  a lower pH as we l l  as a maxlma and a reversal of po ten t l a l  
w l t h  Iowerlng pH as shown In Flgure 6. r e s u l t s  from t h e  chemlsorptlon o f  
anlons (12). A maxlma and reversal a t  hlgh pH a l s o  seen In F lgure 6. Is t h e  
r e s u l t  o f  t he  adsorptlon o f  cat lons (12). Thus, I n  concentrated aqueous 
coal  dlsperslons dev lat lon of t h e  e l e c t r o k l n e t l c  proper t ies from ppm 
studles w l l  I be s l g n l f l c a n t .  The devlat lons a re  t h e  r e s u l t  o f  chemlcal l y  
adsorbed anlons a t  low ph values and adsorbed ca t l ons  a t  hlgher ph values. 
The adsorbed ma te r la l s  a re  produced from leachlng o f  t h e  coal surface and 
pores w l th  subsequent deposltlon. 

We bel leve t h a t  t h e  r e s u l t s  descrlbed above show t h a t  t h e  appl lcat lon 
o f  u l t rasonlc  e l e c t r o k l n e t l c  techniques t o  aqueous coal dlsperslons w l l l  
be o f  great p r a c t l c a l  s l g n l f  lcance In  t h e  fu tu re  when attemptlng t o  charac- 
t e r l z e  charged coal p a r t l c l e s  I n  concentrates. 

We bel leve t h a t  t h e  concentratton e f f e c t  shown I n  F lgure 6. r e s u l t s  

360 



Table 1. Comparison of c e l l  model calculatlons of the  CVP and 
experiment as a functlon of  GM coal concentratlon a t  
a ph-6.2. 

Coal Volume EM (mi/Vs) -CVP(mV) 
Fract ion x10 X,(S/m) F(ka,$) Exp. Cal.  

0.04 -1 .oo 0.18 0.95 0.016 0.019 
0.10 -0.97 0.18 0.88 0.049 0.042 
0.20 -0.97 0.19 0.75 0.072 0.067 

0.40 -0.95 0.24 0.51 0.072 0.069 
0.30 -0.96 0.21 0.63 0.074 0.078 
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Introduction 

Electrokinetic measurements provide valuable information on the properties of 
coal aqueous suspensions that depend on the charge of the particles; examples 
include coal particles floatability, coal suspensions stability and rheology, coal 
fines filtrability, etc. Such measurements reveal the relationship of charge to the 
nature of coal and how the charge is effected by the liquid phase composition. It 
may also serve as an additional tool in the studies on coal surface composition. 

concentration and valency of ions in the solution contribute to the sign and value 
of the electrokinetic potential. In the case of very dilute suspensions containing 
a small number of individual particles in a large amount of solution, as in 
microelectrophoretic experiment, the contribution from the value of surface 
potential is more important. For the concentrated suspensions, however, as in the 
case of electrophoretic mass transfer experiment, the value of the zeta potential, 
depends to a large extent, on the concentration of ions in the liquid phase. 

conventional microelectrophoretic experiment conducted at extremely low solid 
concentration. 

suspensions [l] has led to a general relationship (Fig. 1) which shows 
schematically the microelectrophoretic mobility - pH curves for the coals of 
different rank. The shift of the curves for lower rank coals towards more acidic 
pH ranges resembles the shift caused by oxidation [2] .  

iso-electric points; thus coal particles have both negative and positive sites. 

groups along with inorganic impurities are present in the hydrocarbon matrix. These 
surface sites exhibit various electrochemical characteristics and they all 
contribute to the overall electrical surface charge of coal particles. The basic 
concept of this paper is that under the conditions of a microelectrophoretic 
experiment, in which small number of solid particles is suspended in a large volume 
of solution, there are three main effects contributing to the surface charge of 
coal particles: 

For any solid/liquid system both the composition of the solid and the 

The results discussed in this paper all pertain to the conditions of 

Recent analysis of the available data on electrokinetics of coallwater 

As seen from Fig. 1, the zeta potential - pH curves for coals clearly exhibit 

Coal particles are extremely heterogenous: various heteroatoms and functional 

(i) coal hydrocarbon matrix, 

(iii) coal inorganic impurities. 
(ii) coal heteroatoms and functional groups, 

In experiments at higher solid/solution ratio, a fourth effect, the effect of 
dissolved species, may play a more important role in determining surface charge. 

Uodel Systems 

Hydrocarbons. Fig. 2 shows Mehrishi and Seaman's 131 data obtained for anionic 
(RCOOH), nonionic (ROH) and cationic (RNHz) hydrocarbons. The electrophoretic 
mobility versus pH curves confirm the presence of carboxyl group for the acid with 
pK estimated to be about 4 . 3 ,  as the pH at which the microelectrophoretic mobility 
is one-half of the plateau value, similarly for n-octadecylamine pK is 8.8. The 
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electrophoretic mobility curve for the non-ionogenic but polar compound, 
octadecanol, reveals that this hydrocarbon is negatively charged over the whole pH 
range. Hollinshtead et al. found [&I, however, that the purified octadecanol showed 
lower electreophoretic mobility which may suggest the influence of trace 
contaminants. 

be negatively charged over the whole pH range [5.6]. This is consistent with Wen 
and Sun's results obtained for six hydrocarbons between hexane to octadecane 171 
(Fig. 3 ) .  
entire pH range [7,8]. It is of interest to observe that Perreira and Schulman [91  
found that pure paraffin wax was negatively charged above pH 5. The zeta potential 
values for paraffin wax reported by Arbiter et a1.[10] were negative in the pH 
range 3 to 10. 

show similar mobility-pH relationship: anthracene crystal? are negatively charged 
over the whole pH range. It seems then that the H 
role in charging a neutral hydrocarbon wall. 

N u j o l  oil droplets with adsorbed polysaccharide molecules, containing no 
acidic or basic groups, were found not to acquire any charge [51. 

Such results as recieved above suggest that while the effect of ionic groups 
can be satisfactorily predicted, the contribution of the hydrocarbon matrix to the 
overall particle charge needs to be reexamined. 
Graphite. Spumy and Dobias [ll] reported that pure Ceylon graphite was negatively 
charged in aqueous solution, with the zeta potential increasing continuously over 
the pH range 2 to 10. Similar results were obtained by Chander et a1 [121. 

experiments, an original finely ground graphite sample, as well as sample purified 
by leaching were utilized in microelectrophoretic experiments. The leached sample 
was prepared by conditioning 10 8 of finely ground graphite (below 38 um) in 
100 ml of 1 N HC1 solution at 45 C for 16 hours, followed by filtration, thorough 
washing with distilled water and drying at 5OoC. 62 ppm Fe, 12 ppm Al, 9 ppm Mg and 
17 ppm Ca were detected in the pregnant solution. ICP analysis of the original 
sample revealed the following major impurities: 0.14% Pe. 0.02% Ca, 0.01% Mg, 0.01% 
Ti, 0.01% Al. 0.01% Na. 0.01% K and 0.01% P. All other impurities present in the 
sample assayed less than 50 ppm. Examination of both samples under a scanning 
microscope (ETEC. Autoscan) gave no indication of alterations of the mineralogical 
structurte introduced by the leaching. Specific surface area measurements carried 
out with the us? of a Cjuantsorb (Cjuantachrome Gorp.) apparatus and nirtogen gave 
5.08 and 5.25 m /g for the original and leached -38 p graphite samples, 
respectively. 

As it can be seen from Fig. 4, both graphite samples exhibit negative zeta 
potential values over the whole pH range. The leached sample is more negative 
points to the role the cationic surface centers like Fe3', Ca2+ and Mg2' may play. 

Graphite particles which are handled in air are claimed to be partially 
oxidized [141 which probably explains the graphite particles behavior i n  the 
electrokinetic experiments. 

Carbon Black. Carbon black is a form of elemental carbon prepared by partial 
combustion of various carbon-containing substances (cone sugar, liquid or gaseous 
hydrocarbons, etc). They contain above 90% carbon. with oxygen and hydrogen being 
the other two major constituents [ 151. Carbon blacks can be graphitized by heating 
in the absence of oxygen. This process leads to the elimination of functional 
groups and growth of graphitic layers. High temperature treatment (up to 3000 OC) 
provides a solid structure closely resembling that of graphite 1161. 

The origin of charge on carbon black particles has attracted the attention of 
many researchers. Miller [17,181 studied adsorption from aqueous solutions on the 
charcoal prepared from purified cane sugar by prolonged heating at 1200 OC followed 
by activating heating for 24 to 48 hrs at the same temperature in the presence of a 
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Nujol (medical paraffin) droplets in water were shown by many researchers to 

Droplets of kerosene in water are also negatively charged over the 

Our measurements with aromatic hydrocarbon, anthracene (Aldrich, purity 98%'). 
+ and OH ions play predominant 

Fig. 4 shows our results obtained for Ceylon graphite [131. In our 
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limited supply of air. Such a charcoal was found in the adsorption studies to cause 
decomposition of neutral salts with the base set free and the equivalent amount of 
acid adsorbed onto charcoal. The process is referred to as hydrolytic adsorgtion. 
Frumkin and his co-workers [19,20.211 showed that carbons outgassed at 950 C did 
not adsorb mineral acid from a dilute solution and that adsorption could be 
restored in the presence of oxygen. They also found an exponential relationship 
between the oxygen pressure and the acid adsorption. In Frumkin's electrochemical 
th-ory the oxygen adsorbed on carbon surface is assumed to ionize to some extent 
with the formation of hydroxyl ions; the carbon surface acquires positive sign in 
this process and the solution becomes more alkaline: 

... CxO + H20 

In acfdic solution 

+ 2A- = ... Cx*,2A- + 20H- 

where . . .C 0,2A- stands for positively charged carbon surface with adsorbed anions. 

... CxO + 2H+ + 2A- = ... C *,2A- + H20 

The carbon then acquires positive charge in the presence of oxygen f22.23.241. 
but the same carbon exposed to oxygen for long periods, or at elevated 
temperatures, oxidizes and dissociation of the oxygen functional groups imposes a 
negative charge on the system in an aquoues environment f25.261. 

A characteristic reaction of this group is the formation of a carbonium ion 
according to the following reaction: 

Garten and Weiss [27] postulated that the carbons contain chromene structures. 

n: or Io] - 0, DR'"'; HzO, 

DR+ c'- 

/ HCI 

R H  
The benzopyriliy6carbonium) ion is a weak base having a dissociation constant of 
the order of 10 

+ H ~ O  -t DRoH + HCI 

Garten and Weiss 1271 pointed out that chromene structures on the surface of 
an H-carbon would function as a redox system. In the presence of oxygen and acid 
the carbon is oxidized so that it acquires the potential of the oxygen-hydrogen 
peroxide couple with which it is in equilibrium, and, hence, the adsorption of acid 
anions at the carbonium ion sites is a function of the oxygen partial pressure and 
the pH value of the solution. This chromene-carbonium ion couple may then be 
regarded as a chemical background for Frumkin' s electrochemical theory. 

. Ha0 6 HCI & 
c- 

e OH- CI- 

Voll and Boehm 1281 found evidence for a different cyclic ether structure, 
pyrone-like structure, characterized by basic properties 
According to them each basic site contains two oxygen atoms, but they may be 
located in two different rings of a graphitic layer. 

double layer is entirely on the water side of the interface and is then analogous 
to that at the waterlair interface. James in his review [29] showed a straight line 
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which approximates the experimental curve f o r  Nujol as a t y p i c a l  mobil i ty  versus pH 
re la t ionship  f o r  a nonionogenic surface.  

Coal Blectmkinetics 

C o a l  is heterogenous a t  a number of leve ls  [301. A t  t h e  s implest  l eve l  it is a 
mixture of organic and inorganic  phases, but  because mineral matter or iginated from 
the  inorganic cons t i tuents  of t h e  precursor p lan t  organic  mater ia ls  (syngenetic 
mineral matter), and from t h e  inorganic components t ransported t o  t h e  coa l  bed 
(epigenet ic  and e p i c l a s t i c  mineral  matter [31] ) ,  i ts  tex tures  and l i b e r a t i o n  
c h a r a c t e r i s t i c s  d i f f e r .  Mineral matter may occur a s  depos i t s  i n  the  cracks and 
c l e a t s ,  but a l s o  i n  t h e  form of very f i n e l y  disseminated d i s c r e a t e  mineral  
par t ic les .  Coal a l s o  contains  inorganic matter i n  t h e  form of chemically-bonded 
elements (such a s  organic  s u l f u r  and ni t rogen) .  

The most important common coa l  minerals include 1321: c lay  minerals 
(kao 1 i n i  te  , i 11 i t e )  , si 1 i c a t e s  (quartz)  , carbonates ( dolomi te, s i d e r i t e )  , 
d i s u l f i d e s  ( p y r i t e ,  marcas i te ) ,  s u l f a t e s  (gypsum), and s u l f i d e s  (galena, 
pyr rhot i te ) .  
content, and quartz  u s u a l l y  accounts f o r  up t o  20% of a l l  mineral content .  

Physical separa t ion  of mineral matter from coal  depends mainly on its 
uniformity of d i s t r i b u t i o n .  Epigenetic minerals, which a r e  t y p i c a l l y  concentrated 
along c l e a t s  are p r e f e r e n t i a l l y  exposed during breaking of coa l  and thus a re  
physical ly  separable  from coal .  

Recent f indings ind ica te  t h a t  most of t h e  mineral  mat ter  included i n  coal t o  
the  micron p a r t i c l e  s i z e  range is a d i s t i n c t  separable  phase which can be l iberated 
by crushing and very f i n e  gr inding.  Separation of c o a l  p a r t i c l e s  from such a 
l ibera ted  gangue can lead t o  c lean  coal  concentrate  containing about 1% of  ash 
[331 .  Usually c leaned coa l  contains  6-82 ash. Cleaned coa l  has  then considerably 
reduced t h e  content of  silicates, carbonates. d i s u l f i d e s  and s u l f a t e s ,  bu t  s t i l l  
contains  var ious chemically bonded inorganic elements a s  wel l  as f i n e l y  
disseminated minerals  incorporated in  t h e  hydrocarbon matrix. 
papers on coal  e l e c t r o k i n e t i c s ,  Sun and Campbell [341 demonstrated t h a t  the zeta 
poten t ia l  versus  pH curves are very s e n s i t i v e  t o  inorganic  impuri t ies  content. 

The coal minerals  have very d i f f e r e n t  e l e c t r o k i n e t i c  charac te r i s t ics .  
Aluminosilicates develop negat ive  charge a t  basa l  planes as a r e s u l t  of isomorphic 
subs t i tu t ion ,  but t h e  edges are character ized by pH. = 9.1, a s  f o r  A1203. 

Guartz is negat ively charged p r a c t i c a l l y  over e n t i r e  pH range, while i .e .p .  of 
dolomite and c a l c i t e  is claimed t o  be s i t u a t e d  i n  t h e  s l i g h t l y  a l k a l i n e  pH range. 

Pig. 5 shows t h a t  f o r  some coals  demineral izat ion by leaching, which in  t h i s  
p a r t i c u l a r  case decreased ash  content from about 11% t o  below 12, can a l t e r  coal 
e lec t rokine t ic  p r o p e r t i e s  very s i g n i f i c a n t l y  [351. Apparently not  only t h e  content 
of ash  but  a l s o  its chemical composition must be important. It is therefore  very 
doubtful whether t h e  empir ica l  equation t h a t  i n t e r e l a t e s  t h e  ze ta  p o t e n t i a l  value 
with t h e  coal chemical composition, and among o ther  f a c t o r s  the  ash content, as  
recent ly  was proposed by Mori et  a 1  [361. can r e f l e c t  t r u e  e f f e c t  of the  inorganic 
matter on the coa l  z e t a  p o t e n t i a l .  

Fig. 6 revea ls  one of t y p i c a l  problems facing researchers  i n  t h e  a r e a  of f ine  
coal  beneficiat ion [37]. While upper curves were obtained with the  use of f resh 
f i n e  mater ia l  produced by crushing coarser  pieces  se lec ted  manually from the 
invest igated coa l  samples, t h e  bottom curve shows t h e  z e t a  poten t ia l  values  f o r  the  
Same three coal  samples which, however, were not produced by crushing coarser 
lumps, but  ra ther  by s iev ing  t h e  samples. I n  t h e  l a t t e r  case t h e  experimental 
po in ts  f o r  a l l  th ree  samples p r a c t i c a l l y  l a y  on t h e  same zeta p o t e n t i a l  pH curve. 
This curve is  not very d i f f e r e n t  from the  one obtained f o r  prec ip i ta ted  humic acid 
(pur i f ied  Aldrich sodium salt  of humic a c i d  was used). This i n t e r e s t i n g  result, 
although not discussed here. shows again how misleading r e s u l t s  can be produced i n  
t h i s  area.  

Aluminosi l icates  make up a s  much as 502 of the t o t a l  mineral  matter 

I n  one of the f i r s t  

1.e.p. 
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The charge at ballwater Interface 

Coalification and coal rank are synonymous with progressive enrichment of coal 
in organically bond carbon. 

Coal is a highly crosslinked polymer, which consists of a number of stable 
fragments connected by relatively weak crosslinks. The average number molecular 
weight per cross link increases with the rank of coal and that can be ascribed to 
the presence of larger molecules assembled together to form the macromolecules or 
to fewer cross links in higher rank coals. The aromatic carbon content, which is 
about 50% for subbituminous coals, increases to over 9OX for anthracite 1381. 

by coal functional groups and hetreroatoms. Therefore, the effect of oxidation on 
coal electrokinetic potential as reported by many researchers [39.40.41,421, is 
very consistent. The content of phenolic groups decreases gradually with increasing 
coal rank [43], while carboxylic groups are of little importance in coals with 
greater than 80X carbon content L44.451. The zeta potential versus pH curves for 
low rank coals can be approximated with two straight lines, while for fresh high 
rank coals the same relationship can be approximated with a single line (Fig. 1). 
The former indicates that the oxidized coal contains various acidic groups, while 
the latter behaves similarly to a nonionogenic solid as already discussed. It is 
likely that oxidized coal contains not only carboxylic groups with pK = 4.7 as for 
carboxylic acids, but probably also more acidic carboxyls, as for instance the 
carboxylic groups in position ortho to phenolic hydroxyl (for such carboxyls. as in 
salicylic acid, pK = 3.0). 

pyritic s u l f u r  and sulphatic sulfur. Sulfate sulfur is usually of only minor 
importance and occurs mainly as gypsum which is to a large extent removed in 
physical cleaning of coal. The same physical separation removes only coarse pyrite 
leaving with coal finely disseminated pyrite. 

concentrations, its oxidation products control the surface charge on coal 
particles. What is then the origin of the electrical charge at a coal/water 
interface? 

carboxylic and phenolic groups (Fig. 7 ) ,  and also by inorganic impurities such as 
silica. Much more complicated is the nature of the sites that generate positive 
charges. 

example A1203. Coal also contains nitrogen [47]: bituminous coals typically 
1.5-1.752 and anthracites less than 1%. It is believed that most of the nitrogen in 
coal is present in ring compunds. predominantly pyridine and quinoline derivatives. 
These groups, as well as Voll and Boehm's pyrone-like cyclic structures. can also 
contribute to the creation of a positive surface charge. 

may also be very important in creating positive charge. 
recall here some electrochemical tests carried out with anthracite in the 60's 
[48,49]. They included two series of measurements carried out with a freshly 
prepared anthracite electrode, and with the same electrode exposed to air for a few 
days under room conditions. 

aqueous solution versus saturated calomel electrode (Fig. 81, was increasing with 
time (during the first 30-60 minutes), but decreased abruptly on addition of an 
electrolyte. This decrease depended on the anion and suggested that the electrode 
was positively charged. 

with time during the first 60-120 minutes, but sharply increased on addition of an 
electrolyte and this time the increase depended on the valency of the cation 

Electrochemical properties of the coallaqueous interface are mainly determined 

Another important heteroatom, sulfur, appears in three forms: organic sulfur, 

Some researchers found [461 that when pyrite is present in the coal in high 

There is no doubt that negative sites on coal surface are provided by 

The positive sites can be generated by inorganic impurities, such as for 

The role of oxygen as discussed by Frumkin [19-241, and Garten and Weiss [271. 
It is interesting to 

As seen the potential of a'freshly prepared unoxidized electrode, measured in 

For the oxidized anthracite electrode the potential was steadily decreasing 
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(A13+>Ca2+>K+). 
positively charged in water, the same electrode exposed to  air for several days 
acquired negative charge obviously due to its oxidation. 
that the same phenomena that occur on carbon black, may also be involved in the 
creation of electrical potential on surface of coal. 
surface would then be generated by electrochemical mechanism which may operate only 
in the presence of oxygen and only if surface is freshly prepared. 
however, unclear whether such an electrochemical mechanism may only be involved in 
setting up the charge on anthracite surface, or also on lower rank coals. 
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Fig. 8. Potential of fresh and oxidized anthracite 
electrodes measured versus saturated calomel electrode 
L48.491.  
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ELECTROKINETIC BEHAVIOR OF COAL 
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ABSTRACT 

E l e c t r o k i n e t i c  measurements show t h a t  coa ls  g e n e r a l l y  e x h i b i t  a charge 
reve rsa l  a t  a c e r t a i n  pH because t h e  s u r f a c e  charge on coa l  i s  c o n t r o l l e d  by 
t h e  d i s s o c i a t i o n / i o n i z a t i o n  o f  oxygenated f u n c t i o n a l  groups on t h e  coal  m a t r i x  
and by t h e  presence o f  s i l i c e o u s  contaminants. The lower  t h e  ash minera l  
content  of a coa l ,  t h e  h i g h e r  i s  t h e  pH a t  which t h e  charge i s  reversed ( t h a t  
i s ,  i t s  PZR). De-ashing a coa l  causes i t  t o  e x h i b i t  a h i g h e r  PZR. Increased 
o x i d a t i o n  causes t h e  pH f o r  charge r e v e r s a l  t o  decrease due t o  t h e  h i g h e r  
concen t ra t i on  o f  oxygen f u n c t i o n a l  groups. 

INTRODUCTION 

When a s o l i d  such as coa l  i s  immersed i n  a l i q u i d  environment, a charge 
i s  developed on t h e  s u r f a c e  by d i s s o c i a t i o n  o f  f u n c t i o n a l  groups (COOH, C=O, 
COH) from t h e  s u r f a c e  o r  by adso rp t i on  o f  i ons  f rom s o l u t i o n .  The s u r f a c e  
charge on t h e  coa l  t o g e t h e r  wi th  t h e  coun te r  i o n s  c o n s t i t u t e  t h e  e l e c t r i c a l  
double l a y e r .  For  t h e  s tudy o f  charged systems, t h r e e  i n t e r f a c i a l  p o t e n t i a l s  
a r e  of  i n t e r e s t :  i )  t h e  s u r f a c e  p o t e n t i a l  ( o r  t o t a l  double l a y e r  p o t e n t i a l ) ,  
i i )  t h e  S te rn  l a y e r  p o t e n t i a l  ( t h e  p o t e n t i a l  a t  t h e  f i r s t  l a y e r  o f  coun te r  
i o n s )  and iii) t h e  z e t a  p o t e n t i a l .  The e l e c t r o k i n e t i c  o r  ze ta  p o t e n t i a l  i s  
t h e  p o t e n t i a l  a t  t h e  shear p lane,  where s l i p  must occur  when t h e  s o l i d  moves 
r e l a t i v e  t o  t h e  l i q u i d .  The behav io r  o f  t h e  s o l i d  p a r t i c l e  i n  a l i q u i d  under 
these c o n d i t i o n s  i s  governed by t h e  charge d e n s i t y  a t  t h e  shear plane. n o t  t h e  
charge d e n s i t y  a t  t h e  s o l i d  sur face.  The measurement o f  e l e c t r o k i n e t i c  
p o t e n t i a l s  i s  r e l a t i v e l y  easy and t h i s  o f t e n  i s  t h e  o n l y  d i r e c t  e l e c t r i c a l  
measurement t h a t  can be ,conducted. A l though i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  i s  
n o t  s t r a i g h t - f o r w a r d ,  o f t e n  t h e  u s e f u l  assumption i s  made t h a t  t h e  s l i p p i n g  
p lane  and t h e  S t e r n  p l a n e  co inc ide .  Since t h e  ze ta  p o t e n t i a l  can he 
manipulated th rough  a d s o r p t i o n  o f  i n o r g a n i c  o r  o rgan ic  i o n s  a t  t h e  Stern 
plane, t h e  s tudy  o f  t h e  e l e c t r o k i n e t i c  behavior  o f  s o l i d  i s  of p r a c t i c a l  
impor tance i n  f l o t a t i o n ,  d i s p e r s i o n ,  f l o c c u l a t i o n ,  e t c .  

Impor tan t  parameters f o r  c h a r a c t e r i z i n g  t h e  s u r f a c e  o f  a s o l i d  i n  water  
i s  t h e  c o n d i t i o n  when t h e  s u r f a c e  charge and t h e  s u r f a c e  p o t e n t i a l  i s  zero. 
Ions t h a t  c o n s t i t u t e  t h e  s u r f a c e  charge a r e  c a l l e d  p o t e n t i a l - d e t e r m i n i n g  ions,  
and t h e i r  a c t i v i t y  i n  s o l u t i o n  when t h e  su r face  i s  uncharged i s  c a l l e d  t h e  
p o i n t  of zero charge (PZC). Another c o n d i t i o n  o f  impor tance i s  when t h e  Stern 
l a y e r  p o t e n t i a l  i s  zero.  T h i s  can e i t h e r  be t h e  PZC o r  can r e s u l t  if coun te r  
i ons  have such a s t r o n g  a f f i n i t y  f o r  t h e  s u r f a c e  t h a t  m r e  coun te r  i o n s  can 
adsorb than t h e r e  a r e  s u r f a c e  charges. The r e v e r s a l  of t h e  ze ta  p o t e n t i a l ,  
which i s  o f t e n  c a l l e d  t h e  i s o e l e c t r i c  p o i n t  (IEP) o f  t h e  s o l i d ,  t h e r e f o r e  can 
r e s u l t  e i t h e r  f rom t h e  r e v e r s a l  o f  t h e  s u r f a c e  p o t e n t i a l  o r  o f  t h e  S te rn  po- 
t e n t i a l .  Because t h e r e  i s  a l s o  an i s o e l e c t r i c  p o i n t  o f  a s o l u t i o n  i n  e q u i -  
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l i b r i u m  w i t h  a s o l i d ,  t h e  t e r m  p o i n t  o f  z e t a  p o t e n t i a l  r e v e r s a l  (PZR) i s  l e s s  
con fus ing  and t h a t  t e r m  w i l l  be used here. 

The e l e c t r o k i n e t i c  behav io r  o f  coa l  i s  d i f f i c u l t  t o  s tudy  because o f  t h e  
complex minera logy and h e t e r o g e n e i t y  of coa l  and, more s i g n i f i c a n t l y ,  i t has 
t h e  tendency t o  undergo s u b s t a n t i a l  a l t e r a t i o n s  upon exposure t o  var ious 
environments (1). The l i t e r a t u r e  does no t  c o n t a i n  many papers on t h e  
e l e c t r o k i n e t i c  behav io r  o f  coal  (1-13). Campbell and Sun (2.3) s t u d i e d  t h e  
e l e c t r o k i n e t i c  behav io r  O f  a n t h r a c i t e  and b i tuminous coa l  by s t reaming 
p o t e n t i a l  methods, and H and OH’ i o n s  were found t o  be t h e  p o t e n t i a l -  
de te rm in ing  ions.  The PZC o f  a n t h r a c i t e  (whole c o a l )  was found t o  occur  a t  
about  pH 4 and t h a t  o f  i t s  v i t r a i n  a t  pH 5.0 t o  5.2. The PZC o f  b i tuminous 
coal  was found t o  occu r  a t  around pH 4.6. S u b s t a n t i a l  v a r i a t i o n s  o f  zeta 
p o t e n t i a l  were observed w i t h  pH f o r  t h e  va r ious  marcera ls .  More r e c e n t l y ,  Wen 
and Sun (7,8) i n v e s t i g a t e d  t h e  e l e c t r o k i n e t i c  behav io r  o f  f i n e  c o a l s  of 
d i f f e r e n t  rank and o x i d a t i o n  degree by an e l e c t r o p h o r e t i c  technique.  They 
suggested t h a t  H+ and OH- a r e  t h e  p o t e n t i a l - d e t e r m i n i n g  i o n s  f o r  most of t h e  
coa ls .  The PZR o f  a n t h r a c i t e ,  b i tuminous and l i g n i t e  coal  decreased i n  t h e  
reve rse  o r d e r  o f  t h e  rank and occu r red  a t  pH 5.0, about 4.5 and 2.3, 
r e s p e c t i v e l y .  The magnitude o f  t h e  ze ta  p o t e n t i a l  i nc reases  as t h e  rank o f  
t h e  coa l  decreases because t h e  lower  rank coal  con ta ins  a g r e a t e r  f r a c t i o n  of 
oxygen f u n c t i o n a l  groups which p r o v i d e  mre n e g a t i v e l y  charged s i t e s  on t h e  
su r face  o f  t h e  coal  (7.8). 

The o b j e c t i v e s  o f  our i n v e s t i g a t i o n s  were t o  d e l i n e a t e  f a c t o r s  t h a t  
c o n t r o l  t h e  zeta p o t e n t i a l  o f  coa l ,  i n c l u d i n g  coa l  rank, degree o f  o x i d a t i o n  
and ash minera l  content .  An a t tempt  t o  e v a l u a t e  t h e  PZC o f  c o a l s  i s  a l s o  
presented.  

MATERIALS AND METHODS 

The coa l  samples used i n  t h i s  i n v e s t i g a t i o n  i n c l u d e d  a Wyoming b i tuminous 
steam coa l ,  a Colorado b i tum inous  m e t a l l u r g i c a l  coa l ,  two  samples o f  
Pennsylvania a n t h r a c i t e ,  and a hand-picked sample o f  v i t r a i n  hands f rom a West 
V i r g i n i a  b i tuminous seam s u p p l i e d  by t h e  Coal Research Bureau, West V i r g i n i a  
U n i v e r s i t y .  Coal specimens were p r o t e c t e d  f rom atmospher ic  o x i d a t i o n  d u r i n g  
t r a n s p o r t  and storage. Table 1 p resen ts  p rox ima te  and u l t i m a t e  analyses o f  
t h e  samples. To s tudy de-ashed coa l ,  t h e  s i l i c e o u s  ash- forming m i n e r a l s  were 
removed by l e a c h i n g  wi th  an HF-HC1 procedure, which removes over  90% o f  t h e  
con ta ined  m ine ra l  m a t t e r  w i t h o u t  a t t a c k i n g  t h e  coal  substance acco rd ing  t o  
Bishop and Ward (14). Tab le  2 summarizes t h e  m ine ra l  m a t t e r  c o n t e n t  of t h e  
de-ashed samples s tud ied.  The o t h e r  samples were o x i d i z e d  by pass ing  oxygen 
a t  125OC through t h e  bed o f  coal  p a r t i c l e s  f o r  up t o  260 hours. 

E l e c t r o p h o r e t i c  m b i l i t i e s  o f  p a r t i c l e s  were measured w i t h  a m i c r o e l e c t r o -  
p h o r e s i s  apparatus manufactured by Zeta-Meter Inc., u s i n g  t h e i r  P y r e x l T e f l o n  
e l e c t r o p h o r e s i s  c e l l .  For most o f  t h e  m o b i l i t y  measurements, about  0.02 gram 
of coa l  t h a t  had been ground t o  minus 400 mesh was suspended i n  100 m l  o f  
s o l u t i o n  f o r  about 9 hours w h i l e  a g i t a t i n g .  St reaming p o t e n t i a l s  were 
eva lua ted  u s i n g  p l u g s  c o n t a i n i n g  48 x 65-mesh coa l  p a r t i c l e s  i n  an apparatus 
i d e n t i c a l  t o  t h a t  desc r ibed  by B a l l  and Fuerstenau (15). 

379 



Tab le  1 - Analyses of Coal Samples by Percent  ( d r y  bas i s  

Penna. ( I )  
A n t h r a c i t e  

Wyomi ng 
Bitum. 

(Steam) 

Colorado HF-Treated 
Bitum. Penna. (11) Penna. (11) 
(meta l . )  A n t h r a c i t e  A n t h r a c i t e  V i t r a i n  

Carbon 88.24 
Hydrogen 2.11 
N i t rogen  0.65 
C h l o r i n e  0.00 
T o t a l  S u l f u r  0.75 

P y r i t i c  S 0.10 
Oraanic S 0.61 

72.91 --- --- _-- 
0.68 
0.06 
0.62 

71.68 79.83 93.03 81.93 
5.10 2.10 1.96 5.38 
1.60 0.94 0.74 1.24 
0.02 0.02 0.52 0.02 
0.60 0.86 0.78 1.03 _-- --- 0.24 

--- 0.78 
--_ 
--_ --_ 

--- 0.01 
Oxygen --- --- 9.02 2.94 1.54 1.46 
Mo is tu re  2.93 --- 2.94 2.08 1.42 --- 
Ash 1.67 5.53 11.50 13.31 1.43 3.33 
V o l a t i l e  M a t t e r  4.02 41.35 39.49 --- --- 37.91 
B t u / l  b 13,700 12,800 12,800 12,600 14,400 14,700 

--_ --- S u i f a t e  S 0.04 0.00 

(as rece ived )  

Acid-base t i t r a t i o n s  t o  e s t i m a t e  t h e  su r face  charge d e n s i t y  were c a r r i e d  
o u t  u t i l i z i n g  an au tomat i c  t i t r a t o r  w i t h  minus 37-urn Wyoming b i tuminous coal, 
u s i n g  the  Onoda-deBruyn “ f a s t  t i t r a t i o n ”  method t o  es t ima te  e x t e r n a l  charge 
d e n s i t y  (16) .  A s imp le  check o f  t h e  pzc o f  t h e  coa l  sample was c a r r i e d  out  by 
t h e  s o l i d s  a d d i t i o n  method, worked ou t  by Fuerstenau (17). 

RESULTS AND DISCUSSION 

The PZR o f  h igh -ash  a n t h r a c i t e  I1  was found t o  occu r  a t  about pH 2.8. A 
s e r i e s  o f  l e a c h i n g  exper iments was per formed where in v a r i o u s  amounts o f  
s i l i c e o u s  m a t e r i a l  were removed f rom t h e  coa l .  F i g u r e  1 g ives  t h e  ze ta  
p o t e n t i a l ,  as measured by e l e c t r o p h o r e s i s ,  o f  a n t h r a c i t e  c o n t a i n i n g  13.3, 9.0, 
2.0 and 1.4% ash con ten t .  As t h e  amount o f  ash i s  reduced, t h e  p o i n t  of ze ta  
p o t e n t i a l  r e v e r s a l  i s  i nc reased  t o  about pH 4.5, which i s  t h e  same as found 
f o r  a n t h r a c i t e  I ,  a low-ash coa l .  The ze ta  p o t e n t i a l  o f  s i l i c a  genera l l y  
e x h i b i t s  a r e v e r s a l  a t  pH 1-2 and t h a t  o f  g r a p h i t e  a t  about pH 4. Thus, coa l  
behaves somewhat as a composite m a t e r i a l .  The Colorado b i tuminous coal 
c o n t a i n i g  11.5% ash has a PZR l e s s  t h a n  pH 2, but  a f t e r  reduc ing  t h e  ash 
c o n t e n t  t o  0.3% t h e  pH o f  t h e  ze ta  p o t e n t i a l  r e v e r s a l  i s  i nc reased  t o  about 
4.5 ( F i g u r e  2). C l e a r l y ,  any s t u d i e s  i n v o l v i n g  raw coal  must t a k e  i n t o  
account t h e  d i s t r i b u t i o n  o f  va r ious  components a t  t h e  sur face,  t h a t  i s  s i l i c a ,  
carbonaceous m a t r i x ,  and oxygen f u n c t i o n a l  groups. 

The z e t a  p o t e n t i a l  o f  t h e  low-ash Wyoming b i tuminous coa l  was determined 
by st reaming p o t e n t i a l  measurements and t h e  r e s u l t s  a r e  g i ven  i n  F i g u r e  3. 
The PZR o f  t h i s  coa l  appears t o  occur  a t  pH 4.5. Is t h i s  r e v e r s a l  i n  t h e  ze ta  
p o t e n t i a l  a s u r f a c e  charge r e v e r s a l ?  The r e s u l t s  o f  t h e  t i t r a t i o n  of t h i s  
same coal  a r e  p resen ted  i n  F i g u r e  4, which shows t h a t  t h e  i so the rms  cross a t  
about  pH 5. Th is  c r o s s  p o i n t  r e p r e s e n t s  t h e  PZC (16). Furthermore, e x p e r i -  
ments were c a r r i e d  o u t  u s i n g  t h e  d r y - s o l i d s  a d d i t i o n  method. I f  a d r y  s o l i d  
i s  added t o  water ,  a d s o r p t i o n  o f  t h e  p o t e n t i a l - d e t e r m i n i n g  i o n s  w i l l  
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Table 2 - The ash and s i l i c o n  con ten ts  o f  va r ious  coa ls  b e f o r e  
and a f t e r  HF-treatment 

Coal 
Percent  Ash S i  con ten t  as I i n  Coal percent  o f  ash 

Pennsylvania Un t rea ted  13.3 45.3 I 1.4 0.7 
A n t h r a c i t e  I 1  

HF-t reated 

Colorado Un t rea ted  11.5 35.1 I 0.3 6.6 
Bi tuminous 

HF-t rea ted  

c p s e  t h e i r  a c t i v i t y  t o  s h i f t  towards t h e  PZC ( 1 7 ) .  I n  t h e  case o f  coal ,  i f  
H and OH- a r e  p o t e n t i f l - d e t e r m i n i n g ,  as more su r face  area i s  added t o  t h e  
system, a d s o r p t i o n  o f  H and OH- occurs,  s h i f t i n g  t h e  s o l u t i o n  pH towards t h e  
PZC. The r e s u l t s  o f  such experiments, g i ven  i n  F i g u r e  5, show t h a t  t h e  PZC 
occurs a t  pH 4.8, i n d i c a t i n g  t h a t  t h e  PZR g i ven  i n  F i g u r e  3 i s  indeed a l s o  t h e  
PZC. 

O x i d a t i o n  o f  t h e  coa l  causes t h e  z e t a  p o t e n t i a l  t o  s h i f t  t o  more a c i d i c  
pH's. F igu re  6 shows t h e  e l e c t r o k i n e t i c  behav io r  o f  a n t h r a c i t e  I a f t e r  i t  had 
been o x i d i z e d  i n  oxygen a t  125OC f o r  va r ious  t ime  pe r iods .  As f o r  an 
e x p l a n a t i o n  o f  t h i s  s h i f t ,  t h e  s u r f a c e  composi t ion and o r i e n t a t i o n s  o f  su r face  
f u n c t i o n a l  groups i n  c o a l s  a re  g e n e r a l l y  no t  known, and mvst be i n f e r r e d  f rom 
analyses o f  t h e  b u l k  coa ls .  A c i d i t y  of sur face s i t e s  i n  cha rcoa ls  and carbon 
b l a c k s  has been a t t r i b u t e d  t o  ca rboxy l  groups, p h e n o l i c  groups and c y c l i c  
e s t e r s  c a l l e d  l a c t o n e s  (18,19). As coa ls  o x i d i z e ,  l a r g e  amounts o f  po l ymer i c  
hyd roxy -ca rboxy l i c  ac ids  c a l l e d  humic ac ids  a r e  formed which may f u r t h e r  
o x i d i z e  t o  p h e n o l i c  aldehydes and wa te r -so lub le  a c i d s  (20). I t  i s  t h e  
p r o d u c t i o n  o f  t hese  a c i d i c  groups on t h e  coal  s u r f a c e  which i s  p r i m a r i l y  
r e s p o n s i b l e  f o r  t h e  decrease i n  f l o t a t i o n  recovery and t h e  decrease i n  z e t a  
p o t e n t i a l  o f  o x i d i z e d  coa ls .  It i s  l i k e l y  t h a t  t h e  m a j o r i t y  o f  t h e  observed 
change i n  e l e c t r o p h o r e t i c  p r o p e r t i e s  upon o x i d a t i o n  i s  due t o  t h e  f o r m a t i o n  of 
more and s t r o n g e r  a c i d i c  f u n c t i o n a l  groups on t h e  coal  surface. 

A v i t r a i n  sample was o x i d i z e d  a t  125OC and a t  t h i s  temperature,  t h i s  
p a r t i c u l a r  sample was p a r t i a l l y  burned up. Gray ash cou ld  be seen i n  t h e  
o x i d i z i n g  vessel d u r i n g  sampling. The e l e c t r o p h o r e t i c  m o b i l i t y  was found t o  
change d r a s t i c a l l y  w i t h  such severe ox ida t i on .  Subsequent exper iments showed 
t h e  m o b i l i t y  t o  be about t h e  same as t h a t  o f  a sample o f  t h e  ash i t s e l f .  I n  
o r d e r  t o  o x i d i z e  t h e  v i t r a i n  w i t h o u t  combusting it, t h e  tempera tu re  i n  t h e  
o x i d i z i n g  oven was lowered t o  8OoC and another  sample o x i d i z e d .  Under these  
more m i l d  c o n d i t i o n s ,  t h e  pronounced s h i f t  o f  t h e  PZC t o  l ower  va lues w i th  
o x i d a t i o n  was observed and t h e  r e s u l t s  a r e  shown i n  F i g u r e  7. 

It can be seen f rom t h e  r e s u l t s  t h a t  a n t h r a c i t e  (F ig .  6)  does n o t  o x i d i z e  
r e a d i l y ,  even a t  125OC, w h i l e  t h e  v i t r a i n  o x i d i z e s  q u i t e  e a s i l y  a t  8OoC. T h i s  
i s  p r i n c i p a l l y  due t o  t h e  d i f f e r e n c e  i n  rank o f  t h e  two coals .  The a n t h r a c i t e  
i s  88.2% carbon versus 72.9% f o r  t h e  v i t r a i n ,  and con ta ins  cons ide rab ly  fewer 
r e a c t i v e  f u n c t i o n a l  groups t h a t  may be s u s c e p t i b l e  t o  o x i d a t i o n .  
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SUMMARY 

Because t h e  charge on t h e  su r face  o f  coal  r e s u l t s  from t h e  d i s s o c i a t i o n /  
i o n i z a t i o n  o f  v a r i o u s  oxygenated f u n c t i o n a l  groups, H+ and OH- appear t o  be 
p o t e n t i a l - d e t e r m i n i n g .  E l e c t r o k i n e t i c  experiments show t h a t  pH c o n t r o l s  t h e  
charge r e v e r s a l  on coa ls ,  depending upon t h e  ash c o n t e n t  and t h e  degree o f  
ox ida t i on .  High-ash coa ls  e x h i b i t  charge r e v e r s a l  a t  lower  pH's. When t h e  
coa l  i s  de-ashed. i t s  PZR increases.  S i m i l a r l y ,  o x i d a t i o n  reduces t h e  pH a t  
which the  su r face  charge i s  reversed, due t o  t h e  i nc rease  i n  t h e  concen t ra t i on  
o f  oxygen f u n c t i o n a l  groups. 
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ELECTROPHORETIC MOBILITY OF CONCENTRATED COAL SUSPENSIONS 
E. Z. Casassa and E. W. Toor, Department o f  Chemical Engineering, Carnegie 
Mellon University, Pittsburgh, PA. 15213 

Abstract: A variety of properties of dry coal powders and of coal/water 
slurries have been measured for ten bituminous coals, some available a5 
both ROM and beneficiated samples. Slurry rheology, maximum solids 
content and s tab i l i ty  towards sedimentation are i n  general related to  the 
electrophoretic mobi l i ty  measured in  concentrated suspensions, rather than 
to the microelectrophoretic mobi l i ty  determined in  very dilute suspensions 
o f  the coals. The influence on slurry properties of coal particle median size, 
BET surface area w i t h  nitrogen as adsorbate, ash content, soluble ash 
content, and degree of  oxidation w i l l  be discussed. 

Introduction: The objective of th is  study has been to  relate the surface 
chemistry of a coal t o  i t s  beneficiation and oxidation history in order to 
develop the hypothesis that coallwater slurry properties depend upon 
surface charge, wettabi l i ty> and additive adsorption from solution. Previous 
work[ ' ]  w i th  four bituminous coals had suggested that, in  general, particle 
surface charge controls slurry rheology, sedimentation stabi l i ty  and 
maximum solids content o f  coal/water slurries. High interparticle repulsion 
results in  low viscosity, high solids content, poor sedimentation stabi l i ty  
and hard-packed sediments. Low interparticle repulsion is  associated w i th  
good sedimentation stabi l i ty  but increased viscosity and lower solids 
content. Incomplete wett ing of a coal powder leads t o  hydrophobic 
aggregation, and decreases s tab i l i ty  toward sedimentation. Additives may 
be employed to improve wett ing and dispersion or t o  improve slurry 
Properties by manipulating surface charge. The current work i s  intended to 
increase understanding of the contributions t o  slurry behavior made by the 
different types o f  materials present on heterogeneous coal surfaces. 

Experimental: Properties of dry coal powders and of coal/water 
suspensions have been examined for six eastern bituminous coals, both 
freshly ground and after several months storage under a i r  or under 
nitrogen For three coals run-of-mine (ROM) samples have been compared to  
physically beneficiated samples. The six coals were chosen from among 
those surveyed as part  of a large study o f  coal slurryabil ity and combustion 
Performance sponsored by the Pittsburgh Energy Technology Center of  the U. 
S. Department of Energy.Iz1 

The dry powder o f  each coal has been characterized as t o  i t s  median size, 
Particle size distribution, 8. E. T. surface area w i t h  nitrogen as adsorbate, 
moisture content, degree of  oxidation determined by the U. S. Steel alkali 
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analyses by XPS fo r  samples recently ground under a i r  and in  some cases 
under nitrogen. In addition, proximate, u l t imate and mineral ash analyses 
are available fo r  each coal. 

The microelectrophoretic mobi l i ty  of each coal sample has been measured 
I, 

Results and Discussion:ln Table 1 some pertinent properties of the 
powdered coals are compared. Except for  the 6.4% ash Splash Dam coal, the 
median size of a l l  samples l ies  between 42 and 57 um, and in  addition, 
these samples have simi lar  part icle size distr ibution widths. The I l l inois 
*6 and Upper Freeport coals have relat ively high surface areas, while the 
other samples have surface areas between 1.0 and 2.6 rn2g-l. The 
results of the US. Steel alkali extraction oxidation test indicate that most 
of the coals show l i t t l e  sign of oxidation of the carbonaceous surface. 
However the 6.2% ash Lower Kittanning Coal and the I l l ino is  *6 sample are 
significantly oxidized, and the aged 8.7% ash Lower Kittanning and Black 
Creek samples show less marked oxidation. 

For samples freshly ground under air, and fo r  samples aged under air, the 
pyr i te content reported when proximate, ultimate, mineral ash and forms'of 
sulfur analyses were performed is compared i n  Table 2 to the soluble iron 
content found i n  the liquor from IO%(wt) slurr ies of the coals each at i t s  
natural pH, and to  the ionic strength of the same samples, as calculated 

1 
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Table 1 

Coal 

Solash Dam 
17.0% ash 
6.4% ash 

5.3% ash 
1.6% ash 

Lower 
Kittanninq 

8.7% ash 
6.2% ash 
2.3% ash 

9.7% ash 

5.8% ash 

Illinois 0 6  

Black Creak 

UpPer 
Freeoor t 

P i  ttsburah 
Seam *8 

21.9% ash 

30.8% ash 
6:OX ash 

ANALYTICAL DATA FOR COAL POWDERS 

Median Surface U.S. S. Oxidation 
Size Aroa Test 
um m’g-1 2 Transmission 

Fresh Aged 
43 1.3 100 96 
26 2.3 98 98 

44 1 -0 
43 1.6 

47 2.1 
48 2.5 
42 2.6 

92 99 
99 96 

92 87 
47 15 
96 95 

57 44.0 - 36 

57 2.1 97 92 

48 1 1.6 95 97 

52 2 -2 
53 1.1 

100 100 
100 99 

from the analyses for sodium, potassium, magnesium, calcium, iron, 
aluminum, silicon, chloride and sulfate ions in  the slurry liquor. The 
reported pyr i te (or pyr i te  plus sulfate) content i s  not a good indicator of 
either the quantity o f  soluble iron found or  of the ionic strength of the 
slurry. Slurries high in soluble iron also f a l l  in the high ionic strength 
group, though calcium and magnesium sal ts also contribute significantly 
t o  the ionic strength, particularly in the case of Pittsburgh Seam “8. In 
most cases, aging and oxidation appear t o  increase the ionic strength, but 
for Black Creek and Upper Freeport coals aging under a i r  appears to decrease 
the solubil ity of the inorganic minerals present. The cr i t ica l  surface 
tension for wett ing tends t o  be somewhat higher fo r  high ash coals than for 
beneficiated coals, indicating that, as expected, the high ash coals are more 
hydrophilic. The Black Creek and Upper Freeport coals show marked 
increases i n  cr i t ica l  surface tension for wetting, again suggesting that 
aging under air has affected the inorganic minerals present on the surfaces 
of these coals. 

The major result of th is  study i s  the confirmation of the hypothesis that 
coal/water slurry properties depend upon coal particle surface charge, as 
measured by electrophoretic mobi l i ty  Figure 1 shows the apparent viscosity 
at  a shear rate of 9 s- as a function of electrophoretic mobil ity for two of 

388 



the Splash Dam coals freshly ground under a i r  as we l l  as data for I l l i n O i S  '6 
and Hiawatha coals, as received, from our previous study''] of four 
bituminous coals. High viscosity occurs at  mobi l i t ies close to zero, the 
effect being more marked fo r  the coals w i th  smaller median diameter. 

Table 2. PYRITE AND SOLUBLE IRON CONTENT, IONIC STRENGTH AND CRITICAL 
SURFACE TENSION FOR WETTINO r. Coal 

Splash Dam 
17.0% ash. fresh 
17.0% ash. mged 
6.4% ash. fresh 
6.4% ash. aged 
5.3% ash. fresh 
5.3% ash. aged 
1.6% ash. fresh 
1.6% ash. aged 

8.7% ash. fresh 
8.7% ash. aged 
6.2% ash. fresh 
6.2% ash. aged 
2.3% ash. fresh 
2.3% ash. aged 

9.7% ash. fresh 

I 

I 

! 

Lower Kittanninq 

Illinois e6 

Pyri te  

X(wt) 

0.1 1 

0.15 

0.04 

0.06 

0.05 

0.68 

0.08 

1-30 
9.7% ash. aged 

5.8% ash. fresh 0.14 
Black Creek 

5.8% ash. aged 
5.6% ash. aged and washed 

Uwer  FreeDort 
21.9% ash. fresh 0.35 
21.9% ash. aged 

30.8% ash. fresh 1.17 
30.8% ash. aged 
6.0% ash. fresh 0 S O  
6.0% ash. aged 

Pittsburqh Seam 

Soluble 
Iron 

mmole dm-3 

0.003 
0.007 

(0.00 1 
(0.00 1 
(0.00 1 
(0.001 
0.007 

(0.00 1 

(0.00 1 
0.100 

(0.001 
(0.00 1 
(0.00 1 
(0.00 1 

0.25 
3.93 

1.25 
0 .so 
4.32 

0.66 
0.43 

(0.00 1 
(0.00 1 
(0.00 1 
(0.00 1 

Ionic Critical Surface 
Strength Tension for Wetting 

mmole dm-3 mN m- 1 

2.3 
2.4 
1.3 
1.1 
1 .o 
3.8 
1 .o 
1 .o 

46 
46 
41 
40 
40 
40 
40 
40 

1.1 42 
7.1 42 
1.7 42 
2.3 43 
0.9 41 
1 .o 41 

26.1 50 
61.0 50 

13.6 45 
7.3 49 
1.7 .. 

43.6 43 
24.5 48 

14.6 43 
19.4 43 
5.6 42 
5.0 42 

When the maximum viscosity found fo r  a coal in a 50W(wt) slurry a t  t w o  
different shear rates is plotted versus median size of the dry coal powder in 
Figure 2 i t  can be seen that the viscosity i s  markedly more dependent upon 
shear rate a t  low median size, that is, that non-Newtonian behavior is  more 
extensive when the total  surface area i s  high. For smaller median size 
effective void space can be reduced t o  a greater extent when flocculation 
occurs. The scatter of the data in  Figure 2, however, indicates that the 

* surface chemistry of a coal af fects the extent of flocculation even when 
I 
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Figure 1 Apparent Viscosity as a Function o f  Electrophoretic Mobility 
a t  a Sheaf Rate of 9 s-1 for : W Splash Dam 6.41 ash, Hiawatha, 
0 Splash Dam 17% ash, 0 Illinois O 6  
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Figure 2. Maximum Viscosity as a Function o f  Median Size, for  50%(wt)  
Slurr ies o f  Sixteen Coals, at a Shear Rate  of:  0 9 s-l ,  90 
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particles of the same median size and size distribution width are compared. 
The two lowest outl iers of the shear ra te 9 s-' curve are the two most 
oxidized coal samples, Lower Kittanning 6.2% ash and Hiawatha, coals which 
have a strongly negative mobil ity, and strong interparticle repulsion, over 
most o f  the pH range. On the other hand, I l l ino is  '6, Upper Freeport and San 
Juan w i th  surface areas of 44, 12 and 10 m2g-' respectively, l i e  on the high 
side of the curve, suggesting that a t  least a portion of the pore space i s  
accessible t o  the fluid, thus decreasing the effective void space and 
increasing apparent viscosity for  these coals. 

Figure 3 demonstrates the dependence on surface charge of the median 
agglomerate size calculated from sedimentation data, relative t o  the dry 
particle median size. Sedimentation s tab i l i ty  i s  good when there is 
extensive flocculation and therefore a high apparent viscosity at very low 
shear rates. The highly oxidized coals w i t h  low apparent viscosities show 
very poor stabi l i ty  toward sedimentation, and form hard-packed sediments, 
as a result o f  the strong interparticle repulsion. The strongly shear-thinning 
San Juan coal shows a high calculated agglomerate size. 

I 
I\ 
'j 

In Figure 4 sedimentation rate i s  plotted as a function of coal concentration 
for  three coals each at  i t s  natural pH, t o  demonstrate the ef fect  of ionic 
strength upon stabi l i ty  toward sedimentation. In solutions of high ionic 
strength the electrical double layer i s  compressed towards the Particle 
surface, decreasing interparticle repulsion and the magnitude of the 
electrophoretic mobility, thus promoting flocculation. As a result, 
sedimentation rate i s  decreased, and f inal  sediment volume i s  increased. 
However at shear rates between 2.6 and"90 s-' the ionic strength has 
l i t t l e  effect on the apparent viscosity measured for these slurries. This 
suggests that weak flocs existing at the very low shear rates occurring in 
sedimentation under gravity are broken apart a t  higher shear rates. 

Figure 5 shows several patterns for  the dependence of electrophoretic 
mobil ity upon pH. In Figure 5(a),(b; and (c) each pair of coals compared i s  
similar in  median part ic le size of the dry coal powders-and in ionic strength 
of the slurries. In Figure 5(a) the high ash Splash Dam and Lower Kittanning 
samples both have a point of zero charge near DH 3, where kaolin has been 
reported t o  have a point of zero chargelS1 in  Figure 5(b), the low ash Splash 
Dam and Lower Kittanning coals are compared. Both these samples have a 
positive electrophoretic mobi l i ty  up t o  at  least pH 6. This appears to  be the 
pattern of mobil ity associated w i t h  an unoxidized mainly carbonaceous 
surface. The two high ash samples o f  the same coals i n  Figure 5(a) show 
behavior very s;iriiilar t o  that of the beneficiated coals at high pH, but the 

r 
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Figure '3. Ratio o f  Median Size D Calculated from Sedimentation Data 
to Median Size Do o f  Dry Powder, as a Function o f  Electro- 
phoretic Mobil i ty f o r  : + Pltt5blJl-gh Seam "8-3, Do = 41 pm; 
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Figure4. Sedimentation Rate as a Function o f  Coal Concentration f o r :  
4 Lover  Kittanning Coa1,2-3% ash, Ionic Strength = 0.9 mmole dm-3 
0 Black Creek Coal, 5.8% ash, Ionic Strength = 14 mmole dm-3 
U Upper Freeport Coa1.21.9% ash, Ionic Strength = 44 mmole dm-3 
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(a) High kaolin content 
.*-Splash Darn 17% ash 
O-Lower Kittanning 8 . 7 %  ash 
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(b) Beneficiated Coals 
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Figure 5. Electrophoretic Mobility as a Function of pH for 5 0 W ( r t )  
Slurries o f  Freshly Ground Coals, in Deionized Vater  
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clay dominates the pattern a t  low pH. In Figure 5(c) the pattern fo r  two 
oxidized coals is  shown. Measurements could not be made above about pH 6 
for either of these coals, because their  slurries sett led too rapidly, 
indicating very high interpart icle repulsion and high surface charge. The 
patterns seen in Figure 5(.b) and (.c) are consistent w i t h  the observations 
reported by Wen and Sun161 of electrophoretic mobil i ty versus pH curves for 
very di lute suspensions of unoxidized and oxidized Pittsburgh Seam '8 
vitrain. Finally Figure S(d) shows the electrophoretic mobi l i ty  observed for 
the high ionic strength slurries of Upper Freeport coal. The pattern for  this 
high ash coal might be expected to  resemble Figure 5(a) were it not for  the 
high ionic strength o f  the slurries, which increases w i t h  pH since sodium 
hydroxide was added to  change the slurries from their natural pH of 3. For 
such slurries, electrophoretic mobi l i ty  i s  not a good predictor of the 
variation of viscosity w i t h  pH, though i t  does predict sedimentation 1 

stabi l i ty and final sediment volume. High soluble iron content tends to make 
coal particle electrophoretic mobi l i ty  less negative in  the pH range from 4 

high ionic strength which decreases the absolute value of the 
electrophoretic rnobi l i ty and makes any effects of soluble iron d i f f i cu l t  t o  
detect. 

4 

I 

I 

i 
to 8, but in coal lwater slurr ies high soluble iron is  usually associated w i th  I 

I 

Conclusions: Median part ic le size, part icle size distr ibution width and 
particle internal volume accessible to water have a strong influence upon 
coal/water slurry viscosity and stabi l i ty .  At a given median size, size 
distribution and surface area, slurry properties can be predicted from the 
electrophoretic mob i l i t y  of concentrated suspensions. The ef fects upon 
surface charge, and therefore upon slurry viscosity and stabi l i ty, of 
oxidation, benef ic iat ion and slurry ionic strength can also be predicted, 
although slurry viscosity i s  less sensitive to ionic strength than slurry 
stabi l i ty toward sedimentation. 
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SURFACE CHARGE OF ILLINOIS COAL AND PYRITES FOR DRY EL.ECTROSTATIC CLEANING 

A. Mukherjee, D. Gidaspow, and D. T.  Wasan 
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I l l i n o i s  I n s t i t u t e  of Technology 

Chicago, I l l i n o i s  60616 

Introduct ion 

Most of I l l i n o i s  coa l  cannot be burned d i r e c t l y  because i t s  s u l f u r  content  i s  
too high t o  m e e t  present  air pol lu t ion  requirements. 
Data Book on coal  conversion (21) lists t h e  p y r i t e ,  s u l f a t e  and organic  s u l f u r  
content of var ious I l l i n o i s  coals .  
i n  I l l i n o i s  coa l  i s  i n  the form of i ron  pyr i tes .  
I l l i n o i s  coals ,  such as I l l i n o i s  No. 2 coa l ,  is s u f f i c i e n t l y  low. t h a t  t h e  removal 
of i r o n  p y r i t e s  w i l l  produce compliance coa l  t h a t  can be  burned i n  pulver ized form. 

The I n s t i t u t e  of Gas Technology 

Generally more than 50% of t h e  s u l f u r  contained 
The organic  s u l f u r  content  of some 

Coal benef ic ia t ion  techniques were recent ly  reviewed by T s a i  (11) and Liu (20). 
Physical beneficiat ion methods can be c l a s s i f i e d  i n t o  w e t  and dry processes .  
processes such as  f r o t h  f l o t a t i o n  have gained commercial s t a t u s .  
methods of p y r i t e  removal such as e l e c t r o s t a t i c  o r  magnetic methods a r e  p o t e n t i a l l y  
more energy e f f i c i e n t  s i n c e  they avoid t h e  need of drying the  coal  before  combustion 
and a l s o  do not  use expensive sur fac tan ts .  

Wet 
However, dry 

E l e c t r o s t a t i c  methods used i n  the  pas t  involved expensive r o t o r  type machines 
and w e r e  designed based on only l imi ted  fundamental measurements ( Incule t ,  e t  a l . ,  
( 7 ), Moore, (13). 
f lu id ized  bed can continuously remove i r o n  p y r i t e s  from coal. The design and s c a l e  
up of such a system is based on the  f a c t  t h a t  t h e  e lec t rophore t ic  mobil i ty  of 
p y r i t e s  is much grea te r  than coa l ,  s ince  t h e  sur face  charge of p y r i t e s  i s  t e n  times 
t h a t  of coal. 
model of e l e c t r o f l u i d i z a t i o n  (Shih, et  a1.(17) ; Shih, (16)) t o  p r e d i c t  t h e  ex ten t  
of segregat ion i n  an e lec t rof lu id ized  bed. The objec t ive  of t h e  present  s tudy is to  
obta in  charge measurements of coa l  and p y r i t e s  which should be usefu l  i n  the design 
of e l e c t r o s t a t i c  separators .  

Gidaspow, e t  al. ( 4 )  have recent ly  shown t h a t  an e l e c t r o -  

The sur face  charge of p y r i t e s  and coa l  i s  used i n  a mathematical 

Apparatus and Procedure 

For measuring t h e  charge of the  p a r t i c l e s  a closed loop pneumatic system, shown 
The l i f t  l i n e ,  7.62 an i n  diameter and 6 meters  high, i n  Figure 1, was constructed.  

was made of Plexiglas .  
i n  t h e  top hopper. 
pressor  v i a  a honeycomb d i s t r i b u t o r .  
t ranspor t  l i n e  and were subsequently re turned t o  t h i s  l i n e  by means of a 2.54 cm. 
downcomer by gravi ty .  Earlier a screwfeeder (Gidaspow, e t  a l . ,  ( 4  ) )  w a s  used, but 
the  screwfeeder has a tendency t o  break up the  p a r t i c l e s  and thereby c r e a t i n g  ex- 
cess ive  amounts of dus t .  Another problem with t h e  screwfeeder was t h a t  its motor 
hea ts  up very quickly, and subsequently jams, when l a r g e  throughputs were used o r  
when the  a i r  flow rates were low. The s o l i d s  flow r a t e  could be adjusted by con- 
t r o l l i n g  valve 1, while t h e  gas flow rate could be control led by ad jus t ing  valve 2. 
A cyclone with a dust  bag was i n s t a l l e d  at the top t o  remove any dus t ,  which could 
otherwise c rea te  a f i r e  hazard. Flow r a t e s  through t h e  system could be measured by 
opening a sampling va lve  4. The charge of t h e  p a r t i c l e s  was measured by using a 
b a l l  probe, t h e  d e t a i l s  of which are shown i n  Figure 2. 
measurement are ava i lab le  (Boschung and Glor ,  ( 1 ) ;  Gajewski and Szaynor, ( 3  ); 
Kittaka et a l . ,  (8) and Saunders e t  a l . ,  (15)). but  t h e  b a l l  probe is simple, 
r e l i a b l e  and makes i r s i t u  on l i n e  measurements possible .  
similar t o  t h a t  used by So0 e t  al. Q 8 ) ,  is inser ted  i n t o  the  flow stream of t h e  

The p a r t i c l e s  whose charge w e  wish t o  measure, w e r e  loaded 
A i r  was blown through t h e  bottom of the  l i f t  l i n e  by a com- 

The s o l i d s  were l i f t e d  by t h e  air through the  

Other methods f o r  charge 

The probe which is 
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p a r t i c l e s .  
p a r t i c l e s .  The e lec t rometer  is a high impedance instrument which can measure 
cur ren ts  up to  10-13 amperes. 
tube in order  t o  avoid leakage of current .  To reduce background cur ren t ,  the  
ceramic tube w a s  aga in  enclosed in a copper tube such t h a t  the lead  t o  t h e  probe, 
the ceramic tube and t h e  copper tube formed concentr ic  cyl inders .  
a c t s  l i k e  a Faraday cage and reduces any dis turbances due t o  bui ld  up charges on the  
wal l s  of the  conveyor. The t i p  of t h e  b a l l  probe w a s  always kept  a t  the  axis of the  
l i f t  l i n e  unless  otherwise indicated.  When measurements of current  w e r e  taken in 
the  pneumatic conveyor, air  w a s  f i r s t  blown, and the cur ren t  s e t t i n g  of t h e  electro-  
meter was set t o  zero. P a r t i c l e s  were then blown along with t h e  air, and t h e  read- 
ing of the cur ren t  by the  electrometer  w a s  taken as  t h e  absolute  cur ren t  due to  t h e  
impact of the  p a r t i c l e s  on the  b a l l  probe. The probe and a l l  o ther  e l e c t r i c a l  con- 
nect ions were s t o r e d  i n  a lcohol  when they were not  in use,  and j u s t  before  use, they 
were cleaned wi th  a lcohol ,  acetone and f i n a l l y ,  with d i s t i l l e d  water. 

The probe p icks  up a cur ren t  which is proport ional  t o  the  charge of t h e  

The lead t o  t h e  b a l l  probe was enclosed in a ceramic 

The copper tube 

The r e l a t i o n  between cur ren t  and t h e  average charge of the  p a r t i c l e s  is 

i = qn 1) 

where i i s  the c u r r e n t  measured by the  electrometer ,  q is the  average charge of t h e  
p a r t i c l e ,  and n is t h e  number of p a r t i c l e s  s t r i k i n g  t h e  probe per  second. From t h e  
above r e l a t i o n  i t  is c l e a r  t h a t  the  number of p a r t i c l e s  s t r i k i n g  the  probe per second 
is still unknown. To measure the  quant i ty  n, t h e  output  of the electrometer  was 
connected t o  a H e w l e t t  Packard osci l loscope,  and an IBM personal  computer with an 
AID in te r face .  
put is amplified t o  a m a x i m u m  of th ree  v o l t s .  Anytime a p a r t i c l e  impacts on the  
probe, a spike w a s  observed on t h e  osci l loscope.  The number of peaks per  second 
gave the frequency of p a r t i c l e s  impacting the  probe. 
two d i f f e r e n t  ways using t h e  I B M  PC. I n  the  f i r s t  method, a power spectrum of t h e  
output  of the e lec t rometer  w a s  computed by using a Fas t  Fourier  Transform algorithm 
(FFT), and the frequency of the  maximum of t h e  power spectrum gave t h e  va lue  of n. 
I n  t h e  second method, whenever t h e  vol tage l e v e l  of t h e  output of t h e  electrometer  
crossed a c e r t a i n  threshold value,  a Schmidt t r i g g e r  in the  A/D converter  w a s  
ac t iva ted ,  which i n  t u r n  incremented a count. The number of times t h e  t r i g g e r  was 
ac t iva ted  per  second, gave the  frequency of p a r t i c l e s  s t r i k i n g  t h e  probe p e r  second. 
Both these methods produced a va lue  of n which agreed with each o ther  q u i t e  c losely.  
The use of the Schxnidt t r i g g e r  w a s  preferred,  s i n c e  i t  w a s  l e s s  t i m e  consuming, and 
occupied less memory s t o r a g e  space in t h e  computer. The use of t h e  FFT procedure 
was also complicated by t h e  f a c t  t h a t  p a r a s i t i c  f requencies  a l s o  produced maxirnas 
in t h e  power spectrum, which could sometimes be confused with t h e  frequencies  of 
the  p a r t i c l e s .  

The Kei thley electrometer has a b u i l t  i n  ampl i f ie r  so t h a t  i t s  out- 

This number was obtained in 

The poros i ty  or  t h e  volume f r a c t i o n  of p a r t i c l e s  flowing i n  the  pneumatic con- 
veyor, w a s  measured by an X-ray absorpt ion densitometer. 
assembly c o n s i s t s  of an X-ray source, a de tec tor ,  and a recording system. A 
schematic diagram of t h e  system is shown in Figure 3. 
detector  were kept  on e i t h e r  s i d e  of the t ranspor t  l i n e  on a movable tab le .  
t a b l e  was mounted on a v e r t i c a l  s c r e w  s h a f t ,  which w a s  dr iven by a r e v e r s i b l e  elec- 
t r ic motor. 
motor. 
having a half  l i f e  of 17.8 years .  
container  2.0 cent imeters  in diameter. The container  had a small window in the  
f r o n t  f o r  X-ray emissions. 
photoenergy between 1 2  and 23 KeV. 
t h e  i n t e n s i t y  of  t h e  X-rays t ransmit ted through the  pneumatic l i n e .  
diagram of the  d e t e c t o r  recorder  assembly is shown i n  Figure 4. 
s c i n t i l l a t i o n  d e t e c t o r  was connected sequent ia l ly  t o  a preamplif ier ,  a delay l i n e  
ampl i f ie r ,  a s i n g l e  channel  analyzer ,  and a timer counteruni t .  

The X-ray densitometer 

The X-ray source and the 
The 

The X-ray motor could be moved anywhere up and down by means of the  
The 200 m C i  X-ray source cons is t s  of a t i n y  capsule  of Curium-244 isotope 

The source w a s  w e l l  enclosed in a s t a i n l e s s  s t e e l  

The pr inc ipa l  emissions of t h e  source were X-rays, of 
A sodium iodide s c i n t i l l a t i o n  de tec tor  measured 

A schematic 
The output  of t h e  

This assembly could 
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count the number of photons of X-rays s t r i k i n g  the  s c i n t i l l a t i o n  de tec tor  per  u n i t  
time. 
be in te rpre ted  on an a r b i t r a r y  scale, as t h e  i n t e n s i t y  of the t ransmit ted X-rays. 
This a r b i t r a r y  sca le  was ca l ibra ted  t o  read the  voidage o r  porosi ty  d i r e c t l y .  To 
c a l i b r a t e  t h i s  sca le  t o  give values  of porosi ty ,  p a r t i c l e s  were placed between rect- 
angular containers  of known volume, and t h e  X-ray count w a s  recorded. This s t e p  was 
repeated f o r  var ious d i f f e r e n t  containers  t o  give a c a l i b r a t i o n  curve of known poro- 
s i t y .  The d e t a i l s  of the  c a l i b r a t i o n  a r e  reported by Luo (12) and Gidaspow e t  a l . ,  

As t h e  counting time w a s  f ixed at 1 0  seconds, the  reading on t h e  counter  could 

( 4 ) .  

The humidity of t h e  carrier gases was measured by i n s e r t i n g  a d i g i t a l  General 
Eastern model 1200 AP dew poin t  hygrometer in t h e  flow stream of t h e  p a r t i c l e s .  
The mater ia l s  used f o r  measurement of charge were i r o n  p y r i t e s  and coal .  
were obtained from Fischer  S c i e n t i f i c  Company. 
supplied by t h e  I l l i n o i s  S t a t e  Geological Survey. 
p a r t i c l e s  used were 270 pm. 
f u r t h e r  treatment. 

The mass flow r a t e  of p a r t i c l e s  can be  computed by using the  r e l a t i o n  

The p y r i t e s  
The coa l  used w a s  I l l i n o i s  6 coal ,  

The average s i z e  of both types of 
The charge of these  p a r t i c l e s  w a s  measured without  any 

-, 
where m is the mass flow. r is the  rad ius  of the  p a r t i c l e ,  p is t h e  p a r t i c l e  den- 
s i t y ,  d is the  diameter of the  probe, and R i s  the  rad ius  of’the pipe. 
equation, i t  is assumed t h a t  the  l o c a l  mass flow rate is constant  across  t h e  dia-  
meter of the  pipe. 

I n  t h e  above 

The ve loc i ty  of t h e  p a r t i c l e  can be computed by using the  mass balance equat ion 
f o r  steady feed r a t e  

- =  m F E V  
sR2 P s s 

3) 

where E is t h e  s o l i d  
ve loc i t?  t o  be computed, and R is the rad ius  of the  t ranspor t  l ine .  
ments reported here  were obtained in the  f u l l y  developed flow region where volumetr ic  
concentrat ion did not  change with height. 

is the  measured volumetric concentrat ion of t h e  s o l i d  phase, v 
A1H measure- 

Results and Discussion 

Figure 5 shows the  charge of p y r i t e  and coal as a funct ion of s o l i d  v e l o c i t y  

Although t h e  charges of both p y r i t e  and coa l  a r e  
a t  a constant  gas ve loc i ty  and humidity. 
subsequent f igures  i s  negative. 
negat ive,  there  is  an order  of magnitude d i f f e r e n c e  in t h e i r  values .  This shows 
t h a t  p y r i t e s  and coa l  ge t  charged s e l e c t i v e l y  and t h a t  e l e c t r o s t a t i c  separa t ion  of 
p a r t i c l e s  i s  feas ib le .  The e l e c t r i c  charge of both coa l  and p y r i t e s  increase  a s  a 
funct ion of s o l i d  v e l o c i t y ,  as  expected f o r  t r i b o e l e c t r i c  charging. 
e l e c t r o s t a t i c  separat ion experiment (Gidaspow e t  a l . ,  (4)). p y r i t e s  always moved 
t o  the  p o s i t i v e  e lec t rode  i n  grea te r  amounts than coa l ,  ind ica t ing  t h a t  p y r i t e s  were 
more negat ively charged than coal .  

The s ign  of charges shown here  and i n  

I n  a r e l a t e d  

Figures 6 and 7, show the  e f f e c t  of varying t h e  gas v e l o c i t i e s  f o r  t ranspor t  
of p y r i t e  and coal. 
t i o n s  of t h e  present  experimental setup,  no observable d i f fe rence  in charging due 
t o  var ia t ions  i n  gas ve loc i ty  was noticed. 
redesigned so t h a t  the  v e l o c i t i e s  could be var ied over much l a r g e r  ranges. 

Since the  range of g a s  v e l o c i t i e s  is small due t o  the  l imi ta -  

The present  experimental set up is being 
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Figures 8 and 9. show t h e  e f f e c t  of humidity on t h e  charging of coal  and py- 
When a p a r t i c l e  g e t s  charged by t r i b o e l e c t r i f i c a t i o n ,  the  amount of charge r i t e .  

t h a t  a p a r t i c l e  is capable  of re ta in ing  is dependent on t h e  ambient atmospheric 
condi t ions.  
re ta ined.  
t h e  charges accumulated on t h e  p a r t i c l e  begin to  leak back i n t o  t h e  atmosphere due 
t o  t h e  bombardment of water molecules. The &her t h e  humidity, the  grea te r  is t h e  
leakage of charge from t h e  p a r t i c l e s  t o  t h e  atmosphere. 
static separa t ion  of c o a l  would be optimum under dry condi t ions.  

Under d r y  condi t ions,  most of t h e  charge acquired by the p a r t i c l e s ,  is 
However, when the  humidity content  of t h e  surrounding atmosphere i s  high, 

This shows t h a t  e lec t ro-  

The e f f e c t  of p a r t i c l e  concentrat ion on charge of p y r i t e s  is shown in Figure 
I t  i s  observed t h a t  as t h e  concentrat ion increases  t h e  charge drops. 10. 

could be due t o  t h e  f a c t  t h a t  under d i l u t e  condi t ions,  more par t ic le-wal l  i n t e r -  
actions are poss ib le  than under concentrated condi t ions,  where p a r t i c l e - p a r t i c l e  
i n t e r a c t i o n s  are more common. 
homogeneous, they would a l s o  have similar work funct ions.  Therefore p a r t i c l e -  
p a r t i c l e  contac ts  w i l l  have l i t t l e  bear ing on the  charging of p a r t i c l e s .  
o t h e r  hand, t h e  work func t ions  of the p a r t i c l e  and t h e  w a l l  are much d i f f e r e n t ,  
hence the p r o b a b i l i t y  of t h e  p a r t i c l e  g e t t i n g  charged on contact  with the w a l l  is 
much la rger .  

This 

Under t h e  assumption t h a t  a l l  p a r t i c l e s  are nearly 

On the 

The amount of charge a p a r t i c l e  i s  capable of carrying is dependent on the  
s i z e  of t h e  p a r t i c l e  as seen  in Figure 11. 
conveying system shown i n  Figure 12. 
F i g u r e l ,  except t h a t  i t  is of rec tangular  cross-section. Larger p a r t i c l e s  are 
capable of carrying much higher  charges. 
by the p a r t i c l e  s u r f a c e  area, t h e  v a r i a t i o n  of charge as a funct ion of p a r t i c l e  
s i z e  i s  m i n i m a l ,  as seen i n  Figure 13. 
sur face  of t h e  p a r t i c l e s  take  p a r t  in the  t r i b o e l e c t r i f i c a t i o n  process. 

These d a t a  were taken in the  pneumatic 
This apparatus i s  similar t o  t h a t  shown in 

However when p a r t i c l e  charge is normalized 

This shows t h a t  only those e lec t rons  on t h e  

The r a d i a l  charge p r o f i l e  i n  the conveyor is shown i n  Figure 14. The charge 
a t  the center  of t h e  tube is constant ,  while  i t  drops off a t  the w a l l .  
be two reasons f o r  t h i s  observat ion.  
t h e  accumulated charge on t h e  w a l l  of t h e  conveyor, which is opposi te  t o  t h a t  of 
t h e  p a r t i c l e s .  The second reason is t h a t  t h e  v e l o c i t y  of t h e  p a r t i c l e s  c l o s e  t o  
t h e  wal l  is much lower than a t  t h e  center  of the  pipe (Nakamura and Capes, (14); 
Syamlal (19)), thus  the charge is smaller c lose  t o  t h e  wall, cons is ten t  wi th  the  
v a r i a t i o n  of the  charge wi th  ve loc i ty  shown in Figure 5. 

There could 
The f i r s t  is t h a t  t h e  probe is influenced by 

1 

Conclusions 

We have shown that t h e  electric charge of  i r o n  p y r i t e s  is general ly  an order 
of magnitude higher  than t h a t  of coal. 
s t a t i c  separa t ion  of i r o n  p y r i t e s  from coal .  
t h e  most s i g n i f i c a n t  e f f e c t  on t h e  p a r t i c l e  charge. 
and the p a r t i c l e  s i z e  a l s o  inf luence t h e  charge of the p a r t i c l e s .  
dependence of the  charge of p y r i t e s  and coal  on p a r t i c l e  ve loc i ty  suggests  t h a t  t h e  
electric charge is acquired by t r i b o e l e c t r i f i c a t i o n  which is analogous although not  
i d e n t i c a l  t o  streaming c u r r e n t  found in c o l l o i d a l  suspensions in l iqu id .  

This higher  charge is the  b a s i s  of e lec t ro-  
Humidity of the  c a r r i e r  gases has 

The s o l i d  ve loc i ty ,  porosi ty  
The near ly  l i n e a r  
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Figurc l. Pneumatic Conveying Syster,. 
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Figure 2. Schematic Diagram of Ball Probe. 
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Figure 3 .  Schematic Diagram of 
X-ray Densitometer. 
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Figure 4 .  Line Diagram for X-ray Recorder Assembly. 
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THE EFFECTS OF WEATHERING ON FLOTATION AND 
THERMOPLASTIC PROPERTIES OF COAL 

M. M. Wu,  G. A. Robbins, R. A. Winschel and F. P. B u r k e  

CONOCO COAL RESEARCH DIVISION 
4000 Brownsvi l le  Road 

L ib ra ry ,  PA 15129 

INTRODUCTION 

Weathering can a f fec t  t he  behavior o f  coal in many product ion and end-use 
processes (1 ). Extens ive laboratory  research has been performed t o  determine the  
chemical n r t u r e  o f  coal weathering. Most repor ted coal weathering simulation 
experiments have  been conducted a t  temperatures greater  t han  100°C t o  accelerate 
the oxidation rate. Carboxy l ,  carbonyl, e ther  and  phenolic g roups  have been 
repor ted t o  form u p o n  coal oxidation (2.3). T h e  ox idat ion mechanism is  repor ted ly  
d i f ferent  a t  temperatures above and m o w  about 7OoC (4). In addit ion, recent 
studies indicate tha t  t h e  chemical na tu re  o f  coal o x i d a t i o n m a y  b e  d i f f e ren t  a t  t he  
lower temperatures more typ ica l  o f  natura l  coal weathering ('80OC) .(5). T h e  work 
repor ted he re  i s  a systematic laboratory  s tudy  o f  coal weathering a t  real ist ic 
condit ions o f  temperature arid time us ing  d i f f e ren t  ranks  o f  coal. The  objectives o f  
t h i s  s tudy a r e  1) t o  determine the  ef fects  o f  weathering o n  coal proper t ies wi th  
emphasis on f r o t h  f lo ta t ion and thermoplastic proper t ies,  2 )  t o  compare the  abi l i t ies 
o f  various techniques t o  measure the  degree o f  Weathering, 3) t o  be t te r  define the  
chemical na tu re  of low-temperature coal weathering. In th i s  paper, weathering is 
def ined as t h e  progress ive changes in coal proper t ies tha t  occur as coal is  exposed 
t o  humid a i r  a t  temperatures o f  80°C o r  less. 

Medium and h i g h  vo lat i le  bituminous coals were weathered a t  temperatures o f  25OC. 
5OoC and 80°C in f lowing humid a i r  f o r  as long as 369 days.  Absolute humid i ty ,  
which was constant f o r  al l  experiments, was equal t o  80% re la t ive humid i ty  a t  2OOC. 
Weathered coals were sampled periodical ly and characterized by a va r ie t y  o f  relevant 
techniques, inc lud ing ult imate and proximate analyses, forms o f  su l fu r ,  Gieseler 
plastometer, f ree  swell ing index (FS I ) ,  Aud ibe r t -A rnu  dilatometer, heat of 
combustion, s l u r r y  pH, alkal ine ext ract ion and pet rography.  The  f r o t h  f lotat ion 
performance o f  t he  f resh  and weathered coals was measured as a funct ion o f  
weathering t ime at several collector dosages. The  weathered coals were also 
characterized by Four ie r  Transform in f ra red  spectroscopy ( F T I R )  and X-ray 
photoelectron spectroscopy (XPS) t o  s tudy  the  chemical na tu re  o f  weathering. 

Propert ies of laboratory  weathered coals were compared w i t h  those o f  a natura l ly  
weathered coal. 

EXPERIMENTAL 

Weathering Uni t .  A schematic diagram o f  t he  weathering unit is  shown in F igu re  1. 
T h e  coal (1.2 kg ,  -28 mesh) used in t h e  s tudy  was d ispersed in a f ixed-bed 
reactor  (3"  ID1 us ing  3/8" ln ta lox ceramic saddles (ca. 1.2 k g )  t o  p reven t  a i r  
channeling. T h e  temperature o f  the coal bed was contro l led by c i rcu lat ing water 
from a thermostated b a t h  t h r o u g h  the  reactor 's ou te r  jacket. The  water c i rcu la tor  
maintained t h e  coal bed  a t  temperatures up t o  80°C t o  w i th in  1OC. Two thermo- 
couples were located a t  1/3 and  2/3 o f  t h e  coal bed height  t o  monitor bed tempera- 
ture.  A i r  was in t roduced t o  the  bottom plenum o f  t he  reactor a t  1.7 SCFH. A 
third thermocouple was inser ted in t h e  reactor bottom t o  monitor t he  temperature of 
the incoming air.  A i r  humid i t y  (80% re la t ive humid i t y  a t  2OoC) was control led b y  
d i v i d i n g  t h e  a i r  i n to  t w o  control led-f low paral lel streams w i t h  one stream passing 
th rough  two water saturators  in series. Feed a i r  and reactor off-gas, sampled 
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several times fo r  gas chromatographic analysis, showed no s ign i f icant  d i f ference in 
oxygen composition, t h u s  ind icat ing t h a t  these reactors a re  be ing operated a t  
d i f ferent ia l  condit ions and  t h a t  the a i r  flow i s  suf f ic ient  f o r  un i fo rm coal 
weathering. Periodic samples were taken from t h e  weathering un i t s  as follows. 
The  en t i re  reactor contents were emptied over  a screen t o  remove the  saddles. The  
ent i re  coal sample was r i f f l e d  ten  times and sampled f o r  analyses. T h e  remaining 
coal was re-mixed wi th  the  saddles, t hen  re-packed in to  the  reactor. T h e  reactor 
was tapped while being packed t o  sett le the bed. Bed back-pressure, t yp i ca l l y  0.5 
psig, was monitored t o  ascertain t h e  absence o f  channell ing. 

Coals. The  high-volat i le bituminous coal used in th i s  s tudy  was f resh ly  mined run- 
of-mine (ROM) P i t t sbu rgh  seam coal from West V i rg in ia .  The  coal was g r o u n d  to  
-28 mesh before use. The  medium-volatile coal used was t h e  na tu ra l  -28 mesh 
por t ion o f  f reshly  mined ROM Horsepen seam coal from West V i rg in ia .  The  mine 
from which the coal was obtained ext racts  b o t h  the  upper  and  middle Horsepen 
seams. The "natura l ly  weathered" medium-volatile bituminous coal used in th i s  
s tudy was obtained from an  adjacent mine tha t  also ext racts  t h e  Horsepen seam 
coal, except  in th is  case the  seams a r e  v e r y  near t h e  surface. T h e  "natura l ly  
weathered" coal examined here was t h e  natura l  -28 mesh po r t i on  o f  t he  coal. 
Analyses and proper t ies o f  these coals a r e  l is ted in Table 1. 

Analyses. Cieseler plastometer and  f ree swelling index (FS I) measurements followed 
-procedures. Aud ibe r t -A rnu  dilatometer measurements followed t h e  I S 0  
procedure. The  alkal ine ext ract ion tes t  was performed by t h e  publ ished proce- 
du re  ( 6 ) .  Ultimate and proximate analyses, forms o f  s u l f u r  and heat of combustion 
were measured by standard procedures. Four ier  Transform i n f r a r e d  ( F T I  t?) spectra 
were collected o f  the  neat samples (no t  g r o u n d  f u r t h e r  a f te r  removal from 
weathering unit) us ing  d i f f use  ref lectance w i t h  a Nicolet Model 7199 F T l R  
spectrometer. X-ray photoelectron spectroscopy (XPS) was per formed w i t h  a 
Perkin-Elmer PHI Model 560 ESCAlSAM spectrophotometer w i th  a magnesium X-ray 
source. 

F ro th  Flotation Tests. F ro th  f lotat ion tests were made us ing  a Denver  Model D1 
f lo ta t ion cell. Coal s l u r r y  (5  w t  % coal) was f i r s t  charged t o  t h e  cel l  and 
condit ioned a t  1500 rpm fo r  three minutes t o  ensure tho rough  wet t ing o f  t h e  coal. 
Collector (No. 2 fuel o i l ) ,  when used, was added and condit ioned fo r  15 seconds. 
Frother  (methyl isobuty l  carbinol) was then added and  condit ioned for  15 seconds. 
The a i r  va lve was opened and t h e  f r o t h  was manually removed for  t w o  minutes. 
F ro th  concentrate and tai ls were f i l tered,  dried, t hen  analyzed. 

RESULTS AND DISCUSSION 

Medium-Volatile Bituminous Coal. Horsepen seam coal (-28 mesh) was weathered a t  
B O O C .  Only s l i gh t  changes in chemical composition were observed upon weathering. 
For  example, t he re  was a small but s ign i f icant  decrease in heat ing va lue (14446 v s  
14809 B t u l l b ,  d r y ) ,  a n  increase in oxygen content  (5.6% v s  3.0%, by di f ference)  
and a s l i gh t  increase in sulfate s u l f u r  content (0.06% v s  0.02%)  as weathering time 
increased t o  84 days. In contrast ,  t h e  thermoplastic propert ies, i.e., Cieseler 
maximum fluidity and Aud ibe r t -A rnu  di latat ion, exhib i ted v e r y  r a p i d  decreases wi th  
weathering time. These two propert ies, log Cieseler maximum f l u i d i t y  and 
Aud ibe r t -A rnu  di latat ion, a re  p lo t ted as f ract ions o f  t he i r  in i t ia l  va lue and as a 
function o f  weathering time in F igu re  2.  A f t e r  30 t o  40 days, % d i la ta t ion became 
negative, indicating t h a t  there was no di latat ion, on l y  contraction. A f t e r  50 t o  60 
days, log Cieseler maximum fluidity became negative, ind icat ing Cieseler maximum 
f l u id i t y  was below 1 DDPM (essential ly n o  fluidity). In contrast  t o  these two 
thermoplastic propert ies, coal recovery (8 MAF) in t h e  f r o t h  f lo ta t ion tests  us ing  
f ro ther  (9.6 mg M l B C l L  s l u r r y ,  0.38 Ib M l B C l t o n  coal) but no  col lector showed a 
more gradual  decrease w i th  weathering time (F igu re  2 ) .  Clearly, cok ing l cak ing  
proper t ies are lost  more rap id l y  than  f lotat ion recovery.  Flotat ion recovery o f  t h e  
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weathered coal can b e  restored t o  a large extent  by use  of small amounts o f  
col lector oil. For  example, f lo ta t ion recovery of t he  coal weathered f o r  84 days a t  

Weathering Time Organic O/C Surface Su l fu r  
joays a t  80°C) Surface Bulk (Oxidized/Unoxidized) - 

coal) was used. 

Similar to  f lo ta t ion recovery,  FSI decreased much less rap id l y  during early 
weathering t h a n  t h e  Cieseler plastometer and Aud ibe r t -A rnu  dilatometer 
measurements. A t  80°C, FSI decreased from 8 1 /2  t o  5 1 /2  a f te r  44 days and  t o  2 
1/2 a f te r  84 days weathering. Th is  decrease in FSI corre la ted fa i r l y  well w i t h  t h e  I 
loss in flotat ion recovery.  FSI i s  obv ious ly  less responsive to  ear ly  weathering 

/ 

0 
31 
51 
84 

0.056 0.026 
0.072 0.032 
0.090 0.042 
0.105 0.051 

The  surface organic O I C  r a t i o  increased more rap id l y  than t h e  bulk organic O /C  
rat io, ind icat ing t h e  sens i t i v i t y  o f  t h e  coal sur face to  oxidation (weathering). The 
ra t i o  of oxidized t o  unoxid ized surface s u l f u r  was calculated us ing t h e  XPS SzP 
peaks shown in F i g u r e  5. Two d i s t i nc t  SzP p,eaks were resolved, one a t  a low 
binding energy (164 e V )  and one a t  a high binding energy (169 eV). The  peak a t  
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164 eV can be  assigned t o  unoxidized su l fu r  species ( p y r i t i c  s u l f u r  and  perhaps 
some organic su l fu r )  ( 9 )  and t h e  peak a t  169 eV can b e  assigned t o  ox id ized su l fur  
species (sulfate) (9,lOT. T h e  re la t ive i n tens i t y  (atomic percentage) of t h e  S2p peak 
a t  169 eV t o  t h e  SzP peak a t  164 e V  increased a f te r  84 days weathering a t  8OoC, 
indicating tha t  surface p y r i t i c  su l fu r  was oxidized t o  sulfate. 

High-Volatile Bituminous. P i t t sbu rgh  seam coal ( -28  mesh) was weathered a t  25OC, 
50QC and  80°C f or u p  to  369 days. As w i t h  the  Horsepen seam coal, small 
decreases in heating va lue and small increases in oxygen and su l fa te contents  were 
observed w i th  increased weathering time. Fo r  example, heat ing va lue decreased 
from 13335 t o  12940 B t u l l b  ( d r y ) ,  oxygen content (by d i f ference)  increased from 
6 . 5  t o  8.6% and su l fa te s u l f u r  content increased from 0 . 0 6  t o  0.09% af ter  45 days 
weathering a t  8 0 T .  As shown in Figures 6 and 7 ,  t h e  rates o f  change w i th  time 
(slopes) of bo th  the  Gieseler maximum fluidity and FSI a re  s t rong ly  dependent on 
weathering temperature. Similar changes in maximum fluidity and  FSI w i t h  t ime and 
temperature have also been repor ted by o the rs  ( 7 . 1 3 ) .  In terest ing ly ,  t he  r a t e  o f  
change o f  maximum f l u id i t y  w i t h  time shows a f i r s t -o rde r  A r rhen ius  dependence on 
temperature. Using t h e  A r rhen ius  expression, an energy o f  act ivat ion o f  about  40 
kJImol is  calculated. The  exact  physical signif icance o f  t h i s  resu l t  is  unknown. 
However, observations o f  relat ionships between mul t ip le  parameters such as th is  
should permi t  be t te r  understanding o f  t h e  ef fects  and  mechanisms o f  weathering. 

F T l R  was used t o  characterize the chemical na tu re  o f  weathering on  P i t t sbu rgh  seam 
coal a t  25, 50 and 8OOC. The  U.S. Steel oxidation index was used t o  rep resen t  the 
extent  o f  organic matr ix  oxidation. A t  8OoC, t he  ox idat ion index increased from 
0 . 7 2  ( f r e s h  coal) t o  1 . 6 3  a f te r  20 days  and t o  2.05  a f te r  45 days. A t  5OCC, the 
oxidation index increased t o  1 . 2 9  a f t e r  229 days and  t o  1 . 3 0  a f te r  268 days. A t  
25OC. t h e  oxidation index showed l i t t l e  change from t h e  f resh  coal, be ing  0 . 8 2  and 
0.71 a f t e r  weathering 268 days and 313 days, respectively. These data show that  
t he  ra te  o f  product ion o f  carbonyl  groups a n d  loss o f  C-H s t re tch  i n tens i t y  upon 
weathering is  s t rong ly  temperature dependent, consistent w i t h  t h e  temperature 
dependence o f  t he  change in maximum fluidity upon weathering (F igu re  6 ) .  

Fresh and weathered coals were characterized by XPS. A n  asymmetric C i s  peak 
wi th  a shoulder a t  high b ind ing  energy was observed a f te r  weathering a t  8OoC, 
ind icat ing t h a t  some oxyhydrocarbon was generated. Th is  i s  consistent w i t h  the  
F T l R  resul ts  showing carbonyl  production. As w i th  t h e  Horsepen Seam coal, two 
d i s t i nc t  SQ peaks were resolved w i t h  binding energies of 164 eV a n d  169 eV. The 
re la t ive in tens i ty  (atomic percentage) o f  the  S2p peak a t  169 t V  t o  t h e  S ~ P  peak a t  
164 eV increased a f t e r  45 days  weathering a t  8OoC, ind icat ing t h a t  sur face p y r i t i c  
s u l f u r  was oxidized t o  sulfate. F r o t h  f lotat ion performance depends o n  surface 
interactions (11). Flotat ion recovery i s  compared below t o  t h e  ra t i o  o f  ox id ized/  
unoxidized suTur  and t o  t h e  atomic rat ios o f  organic O / C  obtained by XPS. 
Organic oxygen was calculated as w i t h  t h e  Horsepen seam coal. 

t i o t a t i o n  
Weathering (% MAF) k i n a  S u l f u r  

Time 0.5 l b  Fuel 0. 
(Days a t  80°C) 

0 
45 

il/ (Oxidized/ Organic O/C 
Ton Coal Unoxi dized Surface 2 Bu 

94.5 
25.1 

0.62 
2.98 

0.077 0.066 
0.156 0.088 

Flotat ion recovery decreased w i th  increasing surface oxidation o f  b o t h  t h e  organic 
matr ix  and the py r i t e .  The  sur face organic O I C  ra t i o  increased more rap id l y  than 
the  bulk organic O / C  ra t i o  (obtained from ult imate analysis), ind icat ing the 
sensi t iv i ty  o f  t he  coal surface to  ox idat ion (weather ing) .  In con t ras t  t o  t h e  coal 
weathered a t  8OoC f o r  45 days, a symmetric C i s  peak, similar t o  t h a t  o f  f resh  coal, 
was observed in XPS spectrum o f  the coal weathered a t  25OC f o r  313 days, thus 
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showing l i t t l e  oxyhyd roca rbon  product ion ( 2 . 8 ) .  This is  also consistent w i th  t h e  
F T l R  resul ts  wh ich  show no  evidence fo r  s F n i f i c a n t  carbonyl  product ion a t  25OC. 
Two d i s t i nc t  SzP peaks were resolved (164 eV and  169 eV) for  t h e  coal weathered a t  
b o t h  8OoC and 25OC. i nd i ca t i ng  sur face p y r i t i c  s u l f u r  was oxidized t o  sulfate a t  
b o t h  temperatures. T h e  ra t i o  of ox id ized t o  unoxidized s u l f u r  f o r  t he  coal 
weathered a t  25OC f o r  313 days is  1.70. For t h i s  weathered coal, p y r i t e  oxidation 
was ev ident  but l i t t l e  organic  oxidation was apparent. Th i s  may suggest t ha t  for  
t he  25OC weathered coal, t he  loss o f  f lo ta t ion recovery is  p r imar i l y  caused by p y r i t e  
oxidation instead o f  organic  ma t r i x  ox idat ion (11). A similar conclusion was reached 
in an  assessment o f  a s tockpi le  sample o f  t h e  same P i t t sbu rgh  seam coal which 
showed poor f lo ta t ion performance (3). 
The  f ro th  f lotat ion resu l t s  w i t h  th i s  coal were qual i ta t ive ly  similar to those us ing 
the Horsepen seam coal. Coal recovery (% MAF) decreased w i th  t h e  extent  o f  
weathering ( t ime and temperature) and  could be s ign i f icant ly  improved b y  
increasing the col lector dosage. Even f o r  t he  coal most severely weathered at 8OoC 
(45 days), f lotat ion recove ry  was restored to  ove r  90% by increasing t h e  collector 
dosage from 0.5 t o  2 .0  Ibs fuel o i l l t o n  coal. Substantial losses in f lotat ion recovery 
occurred on ly  after v e r y  large decreases in fluidity had occurred; however, t he  
relat ionship between fluidity and  f lo ta t ion recovery appears t o  b e  temperature 
dependent as shown below. 

Weathering F l o t a t i o n  Recovery Maximum F l u i d i t y  
T ime (days) (% MAF) (DOPM) 

Fresh 0 94.5 
80 30.9 78.2 
80 45 25.1 
50 268 69.4 
25 313 46.4 

30,600 
2.6 
1.5 

70.6 
3,442 

These f lotat ion data were obtained us ing  0.5 I bs  fuel o i l l t on  coal as collector. A t  
each temperature, t he  degree o f  weathering t h a t  produced substantial loss o f  
f lotat ion recove ry  resu l t s  in d i f f e ren t  reduct ions in maximum fluidity. Th is  would 
suggest  t h a t  t h e  loss o f  f lo ta t ion recovery and loss of fluidity resu l t  from d i f f e ren t  
causes. Weathering temperature apparent ly  affects not  on l y  the  ra te  o f  weathering, 
but also t h e  re la t i ve  change o f  t he  d i f f e ren t  proper t ies affected by weathering. 
Thus,  it would appear t h a t  t h e  use o f  high temperature, e..g., ove r  100°C, t o  
accelerate weathering may produce coal w i th  proper t ies d i f f e r e n t  f rom those 
produced a t  lower temperatures and longer times. 

Natural ly Weathered Coal .  A "natura l ly  weathered" Horsepen seam coal was charac- 
v t h  the  laboratory  weathered coals. Propert ies o f  th is  coal, 
l is ted in Table 1, ind icate t h a t  it i s  a t  least moderately weathered. T h e  Cieseler 
maximum f l u i d i t y  measurement was low a t  30 DDPM, the % di latat ion (Audiber t -Arnu)  
was negative (-22%) a n d  the  alkal ine ext ract ion test  gave a low transmittance o f  
13.8%. T h e  f lo ta t ion recove ry  (% MAF) was ext remely low a t  10.1% us ing  f ro the r  
(0.38 Ib M l B C I t o n  coal) but no  collector. F T l R  and XPS indicated t h a t  there was 
mi ld  oxidation o f  t he  organic  matr ix .  T h e  surface organic O I C  ra t io  was extremely 
h igh  a t  0.29. T h i s  compares t o  a bulk ra t i o  o f  0.07 obtained by ult imate analysis. 
The re la t ive ly  large sur face organic O I C  ra t i o  occu r r i ng  in t h e  presence o f  only 
moderate ca rbony l  p roduc t i on  suggests t h a t  chemisorbed oxygen may be present  on  
t h e  coal surface (p robab ly  pe rox ide l (4 ) .  XPS characterization showed a rat io  o f  
ox id izedlunoxid ized s u l f u r  o f  3 .8 ,  indTcating t h a t  p y r i t e  was highly oxidized. It 
appears t h a t  ox idat ion o f  bo th  p y r i t e  a n d  the  organic matr ix  i s  responsible fo r  the 
poor f ro th  f lotat ion performance o f  t h i s  na tu ra l l y  weathered coal. 
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SUMMARY AND CONCLUSION 

T h e  Cieseler plastometer and  Aud ibe r t -A rnu  dilatometer are the  most responsive 
tests t o  the  ear ly  stage o f  weathering, t hus  demonstrat ing that  re la t ive ly  moderate 
weathering wi l l  dest roy coal thermoplastici ty. Other  parameters measured a r e  much 
less reponsive t o  weathering. FSI appears t o  b e  a usefu l  ind icator  on ly  for 
re la t ive ly  severely weathered coal. Substantial loss in f lotat ion recovery upon 
weathering occurred only  a f te r  t he  Cieseler maximum fluidity was g rea t l y  reduced. 
The  ra te  o f  decrease in Cieseler maximum fluidity w i th  time shows an  A r rhen ius  
temperature dependence. FT IR  shows product ion o f  carbonyl  g roups  a t  8OoC ( fast )  
and 5OoC (slow), but carbonyl  product ion is  small o r  nonexistent even a f te r  313 
days a t  25OC. XPS shows tha t  t h e  surface organic O /C  ra t i o  increased more 
rap id l y  than the bulk O/C  ra t i o  obtained by ult imate analysis, ind icat ing t h e  sensi- 
tivity o f  the coal surface t o  oxidation (weathering). Py r i t i c  s u l f u r  was also 
oxidized t o  sulfate o n  t h e  coal surface. F r o t h  f lo ta t ion recovery o f  t h e  weathered 
coals deteriorated w i th  increasing degree o f  weathering and showed a d i f f e ren t  
dependence on temperature than maximum fluidity. Flotation recovery can be 
largely restored by increasing the  col lector dosage used. The  re la t ive importance 
o f  t he  effects o f  organic ma t r i x  and p y r i t e  oxidation on f lotat ion recovery appear to  
be  dependent on  the  weathering temperature. If t h i s  is  t he  case, it would appear 
imperative t o  use real ist ical ly low temperatures t o  model natural weathering. 
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TABLE I 

ANALYSES AN0 PROPERTIES OF HORSEPEN AND PITTSBURGH SEAM COALS 

Proximate Analysis (wt % AS Det.) 
Moisture 
V o l a t i l e  Matter 
Ash 
Fixed Carbon (By Di f fe rence)  

U l t imate  Analysis ( w t  % Dry Basis) 
Carbon 
Hydrogen 
Nitrogen 
Sul fur ,  To ta l  

P y r i t i c  
Su l fa te  
Organic (By D i f fe rence)  

Oxygen (By Di f fe rence)  
Ach 

He'a'i'ing Value (Btu/ lb.  Dry) 

Horsepen 
Seam 

Horsepen P i t tsburgh "Natura l l y  
Seam Seam Weathered" 

0.61 2.29 1.75 
24.59 36.57 25.52 
5.82 10:41 9.83 
68.98 50.73 62.90 

84.06 
4.69 
1.33 
1.11 
0.41 
0.02 
0.68 
2.96 
5.86 

14,809 

74.04 
4.93 .. . 

1.39 
2.54 
1.37 
0.06 
1.11 
6.48 
10.66 
13,335 

78.75 
4.28 
1.19 
0.98 
0.15 
0.15 
0.68 
4.79 
10.01 
13,790 

Giesel er  P1 astometer 
Maximum F l u i d i t y  (DDPM) 1,836 
Softening Temperature ("C) 387 
Resol i d i  f i c a t i o n  Temperature ( "C)  511 
Maximum F l u i d i t y  Temperature ( "C)  472 
P l a s t i c  Range ("C) 124 

Free Swelling Index 8 1/2 

Audibert-Arnu Di latometer 
Contraction (%)  
D i l a t a t i o n  (%) 

T,, 'C 
T,, O C  

T t ,  "C 

T,-T,, 'C 

28 
191 
377 
418 
496 
78 

A l k a l i n e  Ex t rac t ion  (% Transmittance) 88.8 

F l o t a t i o n  Recovery (I MAF) 
Without Co l lec to r  94.1 
With Co l lec to r  (0.5 l b  Fuel O i l /  

Ton Coal) 

Wet Screen Analysis, w t  % 
T y l e r  Mesh 

28 x 48 mesh 
48 x 100 mesh 
100 x 200 mesh 
-200 mesh 

39.4 
26.4 
14.3 
19.9 

30,600 
348 
48 1 
434 
133 

7 1/2 

27 
103 
334 
404 
454 
50 

90.0 

94.5 

36.3 
23.7 
17.7 
22.3 

30 
398 
4 98 
440 
106 

7 

24 
-22 
384 
442 
475 
33 

13.8 

10.1 
49.1 

34.0 
24.9 
15.0 
26.1 
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ASSESSING OXIDATION AN0 THE UETTABILITY OF COAL 
RY A F I L M  FLOTATION TECHNIQUE 

0. W. Fuerstenau, M. C. Wi l l iams,  K. S. Narayanan and J. L. Oiao 

Department o f  M a t e r i a l s  Science and Minera l  Engineer ing 
U n i v e r s i t y  o f  C a l i f o r n i a  

Berkeley,  CA 94720 

ABSTRACT 

The w e t t a b i l i t y  o f  var ious  as-received and o x i d i z e d  coa ls  can he  
q u a n t i f i e d  by a f i l m  f l o t a t i o n  technique developed i n  our l a b o r a t o r i e s .  F i l m  
f l o t a t i o n  response curves y i e l d  an average w e t t i n g  tens ion ,  (Tc), that  can be  
used as an index f o r  c o r r e l a t i n g  t h e  behavior  o f  coa ls  w i t h  t h e i r  composi t ion,  
t reatment ,  process behavior,  etc.  The s h i f t  i n  w i t h  o x i d a t i o n  prov ides  a 
q u a n t i t a t i v e  measure o f  t h e  change i n  sur face energy o f  t h e  coa l  induced by 
t h e  inc rease i n  oxygen f u n c t i o n a l  groups. 

INTRODUCTION 

With t h e  except ion o f  an th rac i te ,  almost a l l  coa ls  a re  very  s e n s i t i v e  t o  
ox ida t i on .  Add i t i on  o f  oxygen even i n  amounts t o o  small t o  q u a n t i f y  w i l l  
a l t e r  t h e  p r o p e r t i e s  o f  coal .  Ox ida t i on  can proceed i n - s i t u  f o r  coa l  depos i t s  
a t  shal low depths o r  may occur du r ing  mining, t r a n s p o r t a t i o n ,  s torage and 
processing. Whether o x i d a t i o n  takes  p lace  i n  t h e  bu lk  o f  t h e  coa l  o r  i s  
l i m i t e d  t o  a t h i n  su r face  l aye r ,  can a f f e c t  d r a s t i c a l l y  t h e  su r face  p r o p e r t i e s  
o f  coa l .  The r a t e  o f  o x i d a t i o n  i s  f u r t h e r  enhanced as the  s p e c i f i c  su r face  
area o f  coal  i s  increased through comminution. Much e f f o r t  i s  be ing  d i r e c t e d  
towards e l u c i d a t i n g  t h e  e f f e c t  o f  o x i d a t i o n  on w e t t a b i l i t y  o r  f l o t a b i l i t y .  

An e a r l i e r  s tudy  by Sun ( 1 )  i n d i c a t e d  t h a t  t h e  f l o t a b i l i t y  o f  coal 
decreases w i t h  ox ida t i on .  Others (2,3) have a l so  observed t h e  f l o t a b i l i t y  o f  
o x i d i z e d  coa ls  t o  decrease even i n  t h e  presence of c o l l e c t o r s .  Yarar ( 4 )  
found t h a t  t he  f l o t a t i o n  y i e l d  decreases f o r  coa ls  mined f rom depos i t s  c l o s e r  
t o  t h e  sur face o f  t h e  earth.  Th i s  i s  a t t r i b u t e d  t o  h ighe r  p r o b a b i l i t y  o f  
o x i d a t i o n  i n  shal low beds. 

Despi te  these u s e f u l  observat ions,  d e l i n e a t i o n  o f  t h e  a l t e r a t i o n  i n  
surface c h a r a c t e r i s t i c s  (we t tab i  l i t y )  due t o  o x i d a t i o n  remains i r rp rec ise .  
Contact  angle measurements a r e  s t r o n g l y  i n f l uenced  by t h e  pronounced 
he te rogene i t y  o f  coa l .  Immersion t i m e  measurements, which have been used 
q u i t e  ex tens i ve l y  f o r  t h i s  purpose a re  ext remely a r b i t r a r y  and a re  
t h e o r e t i c a l l y  ambiguous. Hornsby and L e j a  (5) f i r s t  pub l i shed  papers on t h e  
use o f  normal f l o t a t i o n  t e s t s  i n  a s e r i e s  o f  methanol-water s o l u t i o n s  o f  
decreasing sur face tens ion  t o  cha rac te r i ze  coa l  f l o t a b i l i t y .  I n  t h i s  paper, 
we descr ibe a new f i l m  f l o t a t i o n  method f o r  determin ing t h e  w e t t a b i l i t y  o f  
coa l  p a r t i c l e s  and i l l u s t r a t e  i t s  use i n  assessing o x i d a t i o n  e f f e c t s  w i t h  
var ious  coals. 

M a t e r i a l s  and Methods: 

The coals used i n  t h i s  study along w i t h  t h e i r  prox imate a n a l y s i s  (ash, 
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v o l a t i l e  m a t t e r  and f i x e d  carbon) a re  l i s t e d  i n  Table 1. The coal  samples, 
which were received i n  l a r g e  lumps, were f i r s t  crushed i n  a jaw-crusher and 
then ground i n  a smal l  co f fee -g r inde r  t o  minimize contaminat ion.  A f t e r  
f r a c t i o n a t i n g  the  sample by s iev ing ,  t he  m a t e r i a l  was s to red  i n  a g love  box i n  
a i r - t i g h t  g lass  b o t t l e s .  The g love  box was f u r t h e r  purged w i t h  i n e r t  gas t o  
minimize ox ida t i on .  For t h e  f i l m  f l o t a t i o n  exper iments 48 x 65 mesh (295 x 
210 um) p a r t i c l e s  were used. 

Table 1 - Proximate Analys is  (d ry  bas i s )  o f  Raw Coals 

V o l a t i l e  
M a t t e r  

Coal % w t .  
Ash F ixed Carbon dmmf Carbon 

% wt. % w t .  % w t .  

Cambria #33 
Geneva 

K i t t a n n i n g  
A n t h r a c i t e  

S p r i n g f i e l d  

RESULTS AND DISCUSSION 

17.15 6.47 76.38 87.3 
40.96 8.23 50.81 82.2 
31.32 31.99 36.69 74.3 
25.84 43.06 31.10 71.4 

2.95 5.25 91 -80 91.8 

Extens ive exper iments have been c a r r i e d  ou t  t o  i n v e s t i g a t e  t h e  f i l m  
f l o t a t i o n  response o f  coa l  and t h e  use o f  t h e  r e s u l t s  f o r  c h a r a c t e r i z i n g  coa l  
behavior.  F igu re  l a ,  i n  which t h e  cumulat ive percentage o f  p a r t i c l e s  no t  
imbibed by t h e  l i q u i d  i s  p l o t t e d  as a f u n c t i o n  o f  t h e  su r face  t e n s i o n  of t h a t  
l i q u i d ,  i l l u s t r a t e s  t h e  f i l m  f l o t a t i o n  response o f  210 x 295 pm p a r t i c l e s  o f  
Cambria #33 coa l  (a hydrophobic  Pennsylvania b i tuminous coa l ) .  Th is  f i g u r e  
c l e a r l y  shows t h a t  t h e r e  i s  a d i s t r i b u t i o n  i n  t h e  w e t t a b i l i t y  o f  t h e  coal  
p a r t i c l e s .  We cons ide r  t h e  cumulat ive p l o t  g iven  i n  F igu re  l a  t o  be a 
surface-based p a r t i t i o n  curve, which g ives  t h e  cumulat ive d i s t r i b u t i o n  o f  
p a r t i c l e s  i n  r e l a t i o n  t o  t h e i r  e f f e c t i v e  su r face  enerqy o r  hyd rophob ic i t y .  We 
have def ined t h r e e  parameters f rom t h e  k i n d  o f  r e s u l t s  g iven  i n  F i g u r e  l a :  
t h e  surface tens ion  o f  t h e  s o l u t i o n  t h a t  wets a l l  p a r t i c l e s ,  yc(rnin), t h e  
mean surface t e n s i o n  o f  p a r t i c l e s  i n  t h e  d i s t r i b u t i o n ,  Tc, and t h e  sur face 
t e n s i o n  of t h e  s o l u t i o n  above which none o f  t h e  p a r t i c l e s  a r e  
wetted, Y,(rnax). I n i t i a l l y ,  we consider  t h a t  p a r t i c l e s  a re  imbibed a t  a 
g i ven  surface t e n s i o n  when t h e  con tac t  ang le  o f  those p a r t i c l e s  has j u s t  
reached a value o f  zero. However, due t o  g r a v i t a t i o n a l  e f fec ts ,  s i n k i n g  
occurs at con tac t  angles s l i g h t l y  g rea te r  than zero. Thus, t h e  surface 
t e n s i o n  of t h e  s o l u t i o n  t h a t  imbibes a l l  t h e  p a r t i c l e s  represents  those 
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p a r t i c l e s  w i t h  t h e  lowest  sur face  f r e e  energy, t h a t  i s  yc(min). The mean 
c r i t i c a l  w e t t i n g  sur face  tens ion  of p a r t i c l e s  i n  t h e  assembly i s  des ignated 
as Tc, and t h i s  then must represent  an average of t h e  ye's o f  t h e  p a r t i c l e s  
be ing  tes ted .  

Using the  da ta  f rom F igure  l a ,  t h e  mass f r a c t i o n  o f  t h e  p a r t i c l e s  which 
a re  lyophobic  i s  p l o t t e d  i n  F igure  l b  as a f u n c t i o n  o f  t h e  su r face  tens ion  o f  
t h e  imb ib ing  so lu t i on .  This f i g u r e  i n d i c a t e s  t h e  ex i s tence  o f  a sur face  
parameter d i s t r i b u t i o n ,  even f o r  a c losely-graded s i z e  d i s t r i b u t i o n  o f  t h e  
coa l .  The average su r face  tens ion  parameter f o r  each distr ibut ion.Y,,  can be 
c a l c u l a t e d  from t h e  histogram. 

Coal o x i d a t i o n  i s  known t o  proceed i n  stages, which l e a d  p rog ress i ve l y  
through t h e  product ion of gases, changes i n  t h e  p r o p e r t i e s  o f  gases, and 
changes i n  t h e  p r o p e r t i e s  of t h e  remaining s o l i d  (9).  Surface o x i d a t i o n  i s  
caused when coal  i s  exposed t o  an o x i d i z i n g  atmosphere. The i n i t i a l  stages o f  
o x i d a t i o n  a re  cha rac te r i zed  by chemisorpt ion o f  oxygen and t h e  format ion o f  
a c i d i c  f u n c t i o n a l  groups, s p e c i f i c a l l y  c a r b o x y l i c  (-COOH), ketone (C=O) and 
pheno l i c  (-OH). Prolonged o x i d a t i o n  under h igh  s e v e r i t y  cond i t i ons  can r e s u l t  
i n  subs tan t i a l  uptake o f  oxygen deep i n t o  t h e  coal  ma t r i x .  Ox ida t i on  i n  
l a b o r a t o r y  i n v e s t i g a t i o n s  has been c a r r i e d  e i t h e r  w i t h  chemical ox idan ts  o r  by 
thermal ox ida t i on .  For t h e  work repo r ted  here we have used t h e  thermal 
o x i d a t i o n  procedure descr ibed. 

I n  t h i s  work, t h e  e f f e c t  o f  o x i d a t i o n  on t h e  w e t t a b i l i t y  o f  powdered coa l  
was i n v e s t i g a t e d  through f i l m  f l o t a t i o n  response, by va ry ing  t h e  su r face  
tens ion  o f  t h e  l i q u i d  between t h a t  o f  pure  methanol (22.5 mN/m) and d i s t i l l e d  
water (72.8 mN/m). The we t t i ng  su r face  tens ion  d i s t r i b u t i o n  o f  Cambria #33 
coa l  ox id i zed  a t  150, 200 and 244OC f o r  19 hours i s  shown i n  F igure  2. From 
the  r e s u l t s  presented here, i t  i s  c l e a r l y  seen t h a t  t h e  curves a r e  s h i f t e d  t o  
t h e  r i g h t  w i t h  increased ox ida t i on ,  i n d i c a t i n g  an i nc rease  i n  t h e  average 
w e t t i n g  sur face  tens ion  (<) I n  an i d e a l  
unoxid ized coal ,  t h e  carbonaceous m a t e r i a l  (macerals)  i s  respons ib le  f o r  i t s  
n a t u r a l  hyd rophob ic i t y  w i t h  t h e  i n o r g a n i c  m ine ra l s  genera l l y  be ing  
h y d r o p h i l i c .  Upon o x i d a t i o n  t h e  carbonaceous subs t ra te  produces oxygenated 
f u n c t i o n a l  groups (-COOH, -OH) a t  t h e  surface, which i nc rease  t h e  hydro- 
p h i l i c i t y  o f  coa l  due t o  t h e i r  i n t e r a c t i o n  w i t h  p o l a r  water molecules. 

The curves i n  F i g u r e  2 suggest t h a t  d i f f e r e n t  components of t h e  
hydrophobic f r a c t i o n  i n  t h i s  coal  tend t o  o x i d i z e  a t  d i f f e r e n t  degrees s ince  < changes markedly w i thou t  yc(min) s h i f t i n g  apprec iab ly .  To t e s t  t h i s ,  some 
con tac t  angle r e s u l t s  obta ined by Yang (10) on t h e  same sample o f  coal  a re  
reproduced i n  F i g u r e  3, which g ives  p l o t s  o f  t h e  cos ine o f  t h e  con tac t  ang le  
( e ) ,  measured on coa l  samples o x i d i z e d  a t  d i f f e r e n t  temperatures,  as a 
f u n c t i o n  o f  t h e  su r face  tens ion  o f  t h e  aqueous methanol so lu t i on .  These so- 
c a l l e d  Zisman p l o t s  y i e l d  t h e  c r i t i c a l  w e t t i n g  su r face  tens ion ,  y,, by 
e x t r a p o l a t i o n  o f  t h e  l i n e  t o  cos ine  8 = 1. The r e s u l t s  g i ven  i n  F igure  2 
i n d i c a t e  t h a t  yc f o r  t h e  coal i s  e s s e n t i a l l y  independent o f  t h e  ex ten t  o f  
ox ida t i on .  Yet t h e  con tac t  angle i n  water indeed r e f l e c t s  o x i d a t i o n  behavior 
r a t h e r  markedly w i t h  t h e  contac t  angle be ing  90 degrees f o r  as-received coa l ,  
50 degrees when o x i d i z e d  a t  15OoC and 40 degrees when o x i d i z e d  a t  200OC. 

I n  regard t o  s e n s i t i v i t y  o f  con tac t  angle behavior,  Parekh and Aplan (11) 
a l s o  observed t h a t  yC i s  t h e  same f o r  a wide range o f  coals,  namely 45 mN/m. 

as t h e  coa l  becomes more ox id ized.  
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Th is  i nd i ca tes  probably  some i n s e n s i t i v i t y  i n  t h e  con tac t  angle technique f o r  I 
I determin ing the c r i t i c a l  w e t t i n g  tens ion  of coals  and se rv ing  as a conparat ive 

i ndex  f o r  d i f f e r e n t i a t i n g  coal suhjected t o  d i f f e r e n t  degrees o f  ox ida t i on .  

We b e l i e v e  t h a t  the mean w e t t i n g  surface tens ion ,  vc, prov ides a use fu l  
index w i th  which t o  c o r r e l a t e  process response among var ious coals  o r  between 
degrees o f  o x i d a t i o n  o f  t h e  same coal .  To t e s t  t h i s ,  t h e  percentage of oxygen 
i n  func t i ona l  groups was determined by wet p o t e n t i o m e t r i c  t i t r a t i o n  method 
o u t l i n e d  by Schafer (8). F igu re  4 shows t h e  c o r r e l a t i o n  between t h e  
concen t ra t i on  of oxygen f u n c t i o n a l  groups w i t h  G. I n  add i t i on ,  Fuerstenau e t  
a l .  (12) determined t h e  f l o t a t i o n  behavior  o f  t h i s  same coal  i n  0.5M NaCl 
s o l u t i o n s  and t h e i r  r e s u l t s  f o r  mximum f l o t a t i o n  y i e l d  are a l s o  i nc luded  i n  
F i g u r e  4. This f i g u r e  shows t h a t  the coal i s  rendered h y d r o p h i l i c  as t h e  
percentage o f  oxygen groups i n  t h e  coal increases. This  i s  a l so  very we l l  
r e f l e c t e d  by the  f i l m  f l o t a t i o n  r e s u l t s  which show the  Y, t o  i nc rease  w i t h  
ox ida t i on ,  thus e s t a b l i s h i n g  i t s  a p p l i c a b i l i t y  i n  q u a n t i f y i n g  h y d r o p h i l i c i t y .  

The f a c t  t h a t  t h e  i nc rease  i n  h y d r o p h i l i c i t y  f o r  a given coal i s  due t o  
t h e  increase i n  oxygen f u n c t i o n a l  groups i s  f u r t h e r  e l u c i d a t e d  by de te rm in ing  
t h e  a c i d i c  and pheno l i c  groups i n  t h e  l y o p h i l i c  and lyophobic  f r a c t i o n s  
produced by f i l m  f l o t a t i o n .  F i l m  f l o t a t i o n  o f  Geneva Mine coal (a Utah 
bi tuminous coa l )  was performed i n  30% methanol s o l u t i o n  ( y  = 45 mN/m). 
Po ten t i omet r i c  t i t r a t i o n s  o f  t h e  lyophobic  and l y o p h i l i c  f r a c t i o n s  i n d i c a t e  
t h a t  the p a r t i c l e s  imbibed i n t o  the  s o l u t i o n  (58% of t h e  feed) have a 
considerably  h ighe r  concen t ra t i on  o f  c a r b o x y l i c  and pheno l i c  f u n c t i o n a l  groups 
than  the f l o a t i n g  p a r t i c l e s .  The o r i g i n a l  feed was a l s o  t i t r a t e d  t o  determine 
t h e  func t i ona l  group c losu re .  The r e s u l t s  are presented g r a p h i c a l l y  i n  F igure 
5. There i s  a 99 percent  c losu re  on t h e  pheno l i c  and a 97 percent  c losu re  on 
t h e  ca rboxy l i c  groups. It i s  apparent f rom these s tud ies  t h a t  t h e  presence o f  
oxygen func t i ona l  groups increases the  h y d r o p h i l i c i t y  of coals, which i n  t u r n  
a1 t e r s  t h e i r  process ing response. 

This procedure was extended t o  a s c e r t a i n  how a range of coals  hav ing wide 
range of proximate a n a l y s i s  (Table 1) were a f f e c t e d  when ox id i zed  and f i l m  
f l oa ted .  Table 2 presents  t h e  values o f  7, ( o r  y 0) obta ined f rom the  
w e t t i n g  tens ion  diagrams f o r  bo th  as-received and o x i J i z e d  ( a t  200°C. 19 h r s )  
coa ls  used i n  t h i s  i n v e s t i g a t i o n .  For some of  t h e  as-received coa ls  and 
o x i d i z e d  coals  complete w e t t i n g  tens ion  d i s t r i b u t i o n  diagrams could not  be 
obtained, because t h e  m s t  h y d r o p h i l i c  p a r t i c l e s  were engul fed i n t o  pure 
water.  However, a n a l y s i s  of t h e  curves f o r  coa ls  f o r  which t h e  f u l l  
d i s t r i b u t i o n  could be obta ined i n d i c a t e d  t h a t  t h e  Tc i s  reasonably c lose 
t o  ys0, t h a t  i s  t h e  50% p o i n t  on t h e  cumulat ive d i s t r i b u t i o n  p l o t s .  Some 
p r e l i i i i i n a r y  observat ions a re  t h a t ,  o f  t h e  b i tuminous coals ,  those w i t h  h ighest  
ash content  are t h e  most h y d r o p h i l i c  and t h e  one w i t h  t h e  h ighes t  v o l a t i l e  
m a t t e r  content i s  t h e  most hydrophobic. I n t e r e s t i n g l y ,  a n t h r a c i t e  i s  the 
l e a s t  hydrophobic o f  t h e  as-received coa ls  and e x h i b i t s  great  res i s tance  t o  
ox ida t i on .  The i n i t i a l  behavior  o f  coal and i t s  s u s c e p t i b i l i t y  t o  o x i d a t i o n  
W i l l  depend on t h e  c h a r a c t e r i s t i c s  o f  t h e  d i f f e r e n t  carbonaceous species 
Present  i n  a given coal. Th i s  depends on t h e  c o n d i t i o n s  of  c o a l i f i c a t i o n  t o  
which the decaying p l a n t  mat ters  are subjected.. 
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Table 2 - Average Wet t ing Surface Tension from t h e  F i l m  F l o t a t i o n  
o f  Raw Coal and Coal Oxid ized f o r  19 hours a t  200°C. 

Coal I Average Wet t ing Tension (mN/m) 

Cambria #33 
Geneva 
S p r i n g f i e l d  
K i t t a n n i n g  
A n t h r a c i t e  

I Raw I Oxid ized 

46.8 
31 .O 
51.5 
49.0 
69.0 

75.5 
66.0 
76.5 
90.0 
71.0 

SUMMARY AND CONCLUSIONS 

I n  summary, by conduct ing f i l m  f l o t a t i o n  wi th  a s e r i e s  of a l coho l -wa te r  
so lu t i ons ,  t h e  w e t t a b i l i t y  o f  as-received and o x i d i z e d  coa ls  .can be  
q u a n t i f i e d .  Th is  q u a n t i f i c a t i o n  i s  achieved by e s t i m a t i n g  t h e  mean w e t t i n g  
su r face  tens ion  (Tc) f o r  a g iven  sample o f  coa l .  A l l  t h e  coa ls  t e s t e d  showed 
a marked increase i n  h y d r o p h i l i c i t y  on ox ida t i on .  The s e n s i t i v i t y  o f  yC as 
an index  f o r  p r e d i c t i n g  t h e  f l o t a t i o n  response o f  coal  i s  e s t a b l i s h e d  th rough  
a c o r r e l a t i o n  between oxygen conten t ,  TC and f l o t a t i o n  y i e l d s .  P o t e n t i o m e t r i c  
t i t r a t i o n s  o f  t h e  h y d r o p h i l i c  and hydrophobic f r a c t i o n s  o f  coa l  c o n f i r m  t h a t  
t h e  concentrat ion o f  oxygen f u n c t i o n a l  groups i s  much h ighe r  i n  t h e  
h y d r o p h i l i c  f r a c t i o n  than i n  t h e  hydrophobic f r a c t i o n .  
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LlOUlD SURFACE TENSION, m N h  LIOUID SURFACE TENSION, mN/m 

F i g .  1- a )  F i l m  f l o t a t i o n  p a r t i t i o n  curve f o r  Cambria #33 bituminous coal ,  and 
b)  Frequency h is togram f o r  t he  l y o p h o b i c i t y  o f  Cambria 833 coal. 
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LIWID SURFACE TENSION, mN/m 

F i g .  2- F i l m  f l o t a t i o n  p a r t i t i o n  curves f o r  as- 
rece ived  and o x i d i z e d  Cambria $33 coa l .  
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F ig .  3 - Zisman p l o t s  o f  t h e  cos ine o f  t he  con tac t  angle 
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Introduction 

The need for industry to clean fine-size coal is increasing steadily. Selec- 
tive oil agglomeration of coal fines suspended in water is a practical technique 
for beneficiating hydrophobic coals, but the technique is less well developed for 
beneficiating weakly hydrophobic and hydrophilic coals such as Illinois No. 6 
coal and oxidized Upper Freeport coal. 
the latter were investigated in this study and compared to those of two hydro- 
phobic materials, unoxidized Upper Freeport coal and graphite. 
is a general need to improve the separation of coal particles from iron pyrite 
particles for all types of coal, consideration was given t o  this problem. In 
addition, theeffect of sodium oleate, a well-known anionic surfactant, on the 
agglomeration characteristics of these materials was studied. 

The oil agglomeration characteristics of 

Also,since there 

Materials 

Handpicked samples of coal were obtained to minimize their ash content. A 
sample of Illinois No. 6 coal was obtained from a fresh underground face at the 
River King Mine No. 1 in St. Clair county, Illinois, and a sample of Upper 
Freeport coal from the Lucerne No. 6 mine in Indiana county, Pennsylvania. The 
Illinois coal had an ash content of 7-10% and the Pennsylvania coal an ash 
content of 6-7%. The rank of the Illinois coal was high volatile bituminous C 
and that of the Pennsylvania coal medium volatile bituminous. The fresh Illinois 
coal was weakly hydrophobic and the fresh Pennsylvania coal highly hydrophobic. 
Pure graphite from Sri Lanka and pure iron pyrite from Peru were obtained from 
Ward's Natural Science Establishment. All of these materials were ground in the 
dry state by a high-speed impact mill. Various portions of the ground Upper 
Freeport coal were spread in thin layers on watch glasses and oxidized in a 
laboratory oven with natural air convection at 150°C for up to 144 hr. 

Pure n-heptane (b.p. = 98OC) from Eastman Kodak Company wds used as the 
agglomerating oil. Sodium oleate (SOL) from J. T. Baker Company was used as an 
anionic surfactant. Deionized water prepared by passing steam condensate through 
a Barnstead NANOpure I1 cartridge system was used in all experiments. The 
resistivity of the purified water was 17.9 megohm-cm. The pH of the particle 
suspensions was adjusted with either reagent grade hydrochloric acid o r  ammo,itum 
hydroxide. 

Experiment a1 Methods 

Special procedures were used for measuring particle recovery by oil agglom- 
eration and the zeta potential of suspended particles. 
closed system was used for the agglomeration experiments in order to eliminate 
air from the system because air had been found previously to affect the results 
(1). 
but a 500-ml. canning jar was substituted for the open vessel furnished with the 
blender. The jar was inverted and a hole was drilled in the bottom. The hole 
was plugged with a rubber septum through which oil could be introduced with a 

A specially designed 

This system utilized the motor and agitator from a 14-speed kitchen blender, 
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hypodermic syr inge.  For each experiment, t h c  j a r  was f i l l e d  with a suspension 
conta in ing  10 g. of p a r t i c l e s ,  and t h e  suspension was conditioned f o r  3 min. at 
t h e  highest  speed. 
h ighes t  speed f o r  another  3 min. The agglomerated s o l i d s  were recovered on a 
100-mesh screen  (U.S. Standard) ,  d r i e d  overnight  i n  an oven a t  100-llO°C, and 
weighed t o  determine the recovery. 

The o i l  w a s  introduced quickly and mixing was continued a t  the  

To determine t h e  z e t a  p o t e n t i a l  of suspended p a r t i c l e s ,  0 . 0 2  g.  of m a t e r i a l  
was mixed wi th  100 m l .  of 0.0OlkJ sodium c h l o r i d e ,  and t h e  pH was ad jus ted  t o  
t h e  desired l e v e l  w i t h  hydrochlor ic  acid or ammonium hydroxide. Next the  
suspension w a s  s t i r r e d  v igorous ly  fo r  2 hr. and t h e  f i n a l  pH measured. The 
suspension was then placed i n  an u l t r a s o n i c  ba th  and a g i t a t e d  f o r  5 min. 
z e t a  p o t e n t i a l  of t h e  p a r t i c l e s  w a s  subsequent ly  measured wi th  a Zeta-Meter 3 . 0  
u n i t .  

The 

Resul t s  and Discussion 

E l e c t r o k i n e t i c  P r o p e r t i e s  

The measured z e t a  p o t e n t i a l  f o r  d i f f e r e n t  m a t e r i a l s  i n  0.001 5 sodium 
c h l o r i d e  i s  shown as a func t ion  of pH i n  Figure 1. 
a t  any given pH was s i m i l a r  t o  t h a t  reported previously ( 2 ,  3 ) .  Above pH 3 . 5  
t h e  ze ta  p o t e n t i a l  o f  graphi te  was s i m i l a r  t o  t h a t  reported f o r  unleached graphi te  
by Solar i  etal. (4). However, these  workers did not  repor t  any va lues  below 
pH 3.5 where g r a p h i t e  was found t o  have a s t rong  e l e c t r o p o s i t i v e  charge i n  the  
present  i n v e s t i g a t i o n .  The z e t a  p o t e n t i a l  curve f o r  unoxidized Upper Freeport  
c o a l  was found t o  l i e  s l i g h t l y  below t h e  curve f o r  g r a p h i t e  up t o  pH 4 and s l i g h t l y  
above the  curve f o r  g r a p h i t e  beyond pH 4. The i s o e l e c t r i c  po in t  f o r  the  Upper 
Freeport  c o a l  occurred a t  pH 3 . 3  and f o r  g r a p h i t e  a t  pH 3 . 7 .  
curve  for  Upper Freepor t  c o a l  which had been oxidized a t  150°C f o r  120 hr .  l ay  
below t h a t  of  the  unoxidized coal .  Although the  z e t a  p o t e n t i a l  of I l l i n o i s  No. 6 
c o a l  was s i m i l a r  t o  t h a t  of oxidized Upper Freeport  coa l  a t  pH 3 . 5 - 4 ,  i t  was 
a f f e c t e d  less by pH s o  t h a t  a t  higher  pH t h e  z e t a  p o t e n t i a l  of I l l i n o i s  No. 6 
c o a l  was not iceably  g r e a t e r  than t h a t  of oxidized Upper Freeport  coa l .  

The z e t a  p o t e n t i a l  of p y r i t e  

The z e t a  p o t e n t i a l  

For bituminous c o a l  t h e  v a r i a t i o n  of z e t a  p o t e n t i a l  wi th  pH as indica ted  i n  
Figure 1 w a s  a t t r i b u t e d  by Campbell and Sun (5) t o  t h e  adsorpt ion of  e lec t ro-  
p o s i t i v e  hydronium i o n s  a t  low pH and e l e c t r o n e g a t l v r  hydroxyl ions a t  high pH. 
The present  r e s u l t s  f o r  g r a p h i t e  suggest  t h a t  t h e  same mechanism may have 
accounted f o r  t h e  v a r i a t i o n  i n  ze ta  p o t e n t i a l  of t h i s  mater ia l .  The g r e a t e r  
e l e c t r o n e g a t i v i t y  of  the oxidized Upper Freeport  c o a l  compared t o  t h e  unoxidized 
mater ia l  may have been due t o  t h e  i n t r o d u c t i o n  of carboxyl ic  acid groups through 
oxidat ion which upon i o n i z a t i o n  would tend t o  increase  t h e  nega t ive  charge. 
Although t h i s  explana t ion  could account f o r  t h e  d i f f e r e n c e  i n  z e t a  p o t e n t i a l  a t  
h igh  PH, i t  would n o t  account f o r  t h e  d i f f e r e n c e  a t  low pH where t h e  carboxyl ic  
a c i d  groups would n o t  be ion ized .  
seemed t o  i n t e r f e r e  wi th  t h e  adsorpt ion of hydronium ions.  
why the z e t a  p o t e n t i a l  of t h e  I l l i n o i s  No. 6 c o a l  was negat ive a t  low pH,because 
t h i s  coal is known to have a r e l a t i v e l y  h igh  oxygen content .  

Agglomeration C h a r a c t e r i s t i c s  of  Indiv idua l  Materials 

A t  low pH. oxida t ion  of the  coa l  sur face  
This may a l s o  explain 

The r e s u l t s  of agglomerating var ious  m a t e r i a l s  wirh heptane a r e  shown i n  
Figure 2 .  
t r e a t e d  a t  150°C for 144 h r .  
a t  the  n a t u r a l  PH of  the r e s p e c t i v e  aqueous suspensions.  
g raphi te  and unoxidized Upper Freeport  c o a l  were very s i m i l a r  and c h a r a c t e r i s t i c  
of hydrophobic m a t e r i a l s .  

The oxidized Upper Freeport  c o a l  used f o r  t h i s  s e t  of r e s u l t s  was 
The -325 mesh m a t e r i a l s  were agglomerated separa te ly  

The recovery curves f o r  

I n  each case only a r e l a t i v e l y  small  amount of heptane 
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w a s  required t o  achieve a high recovery of s o l i d s .  
more was achieved wi th  10 w/w % heptane ( i . e . ,  1 g. heptane/lO g. s o l i d s )  i n  t h e  
case  of graphi te  and 15 w/w % heptane i n  the  case  of Upper Freeport  coa l .  
expected, theweakly hydrophobic and hydrophi l ic  m a t e r i a l s  responded less w e l l  t o  
o i l  agglomeration. 
oxidized Upper Freeport  c o a l  57%. and t o  achieve these  recoveries  an o i l  dosage 
of  27 w/w % w a s  required.  The recovery of  p y r i t e  was even lower with a maximum 
recovery of 15% being rea l ized .  With a l a r g e  amount of heptane t h e  recovery Of 
these  mater ia l s  dec l ined ,  which may seem s u r p r i s i n g .  
(6 )  a l s o  observed a decrease  i n  c o a l  recovery wi th  excessive amounts of o i l  and 
a t t r i b u t e d  t h e  d e c l i n e  t o  t h e  formation of a weak coa l -o i l  amalgam which passed 
through t h e  c o l l e c t i n g  screen.  
s t a b i l i z e  oil-in-water emulsions ( 7 )  and such emulsions would be l i k e l y  t o  pass  
through t h e  c o l l e c t i n g  screen  leading  t o  t h e  l o s s  of both the  hydrophi l ic  m a t e r i a l  
and o i l .  

Thus a recovery of  98% o r  

A s  

The m a x i m u m  recovery of I l l i n o i s  No. 6 coa l  w a s  62% and 

However, Capes and Germain 

It is a l s o  known t h a t  hydrophi l ic  powders can 

Effec t  of Sodium Oleate 

The e f f e c t  of small amounts of sodium o l e a t e  on t h e  agglomeration recovery 
of I l l i n o i s  No. 6 c o a l  and Upper Freeport  coa l  (oxidized f o r  144 h r . )  is shown 
i n  Figure 3. 
suspensions of t h e  i n d i v i d u a l  m a t e r i a l s  a t  t h e i r  n a t u r a l  pH. 
o l e a t e ,  coa l  recovery was s l i g h t ,  b u t  wi th  an i n i t i a l  Concentrat ion of  2.5 x 10- 
- M i n  t h e  suspension. the  recovery of  -200 mesh I l l i n o i s  No. 6 coa l  or -325 mesh 
Upper Freeport coa l  (oxidized f o r  144 h r . )  increased sharply.  
t h e  recovery of -325 mesh I l l i n o i s  No. 6 c o a l  w a s  not a f fec ted  by sodium o l e a t e  
over the  indicated range of concentrat ion.  However, i n  a subsequent experiment 
when t h e  concentrat ion of sodium o l e a t e  was increased t o  8 x 
of -325 mesh I l l i n o i s  No. 6 coa l  increased t o  85%. 

For these  r e s u l t s  on ly  5 w/w % heptane w a s  used i n  t r e a t i n g  t h e  

4 Without sodium 

On the  o t h e r  hand, 

E ,  t h e  recovery 

These r e s u l t s  appear t o  have been s t r o n g l y  a f fec ted  by e i t h e r  t h e  adsorp t ion  
o r  deposi t ion of o l e i c  a c i d  on  the  c o a l  sur face  with a corresponding i n c r e a s e  
i n  hydrophobicity of t h e  mater ia l .  I n  t h e  pH range of  the coa l  suspensions,  
nonionized o l e i c  a c i d  should have been t h e  predominant o l e a t e  spec ies  present  ( 8 ) .  
Furthermore,becauseof t h e  low s o l u b i l i t y  of o l e i c  ac id  i n  water a t  pH 4 i t  is 
q u i t e  l i k e l y  t h a t  a c o l l o i d a l  depos i t  would have formed which could have 
coated the  coa l  p a r t i c l e s  and rendered them more hydrophobic. A l t e r n a t i v e l y ,  
o l e i c  acid molecules may have been adsorbed by t h e  c o a l  sur face  due t o  hydrogen 
bonding between t h e  carboxyl ic  ac id  heads of t h e  molecules and carboxyl ic  acid 
groups on the c o a l  s u r f a c e  o r  poss ib ly  due t o  hydrophobic i n t e r a c t i o n  between 
t h e  hydrophobic tai ls  of t h e  molecules and hydrophobic regions on t h e  c o a l  
sur face .  

Sodium o l e a t e  w a s  a l s o  found t o  have a remarkable e f f e c t  on the  agglomeration 
of -325 mesh  p y r i t e  wi th  5 w/w % heptane ( see  Figure 4 ) .  
suspended i n  p l a i n  water and agglomerated, t h e  maximum recovery was only  11%. 
but  when p y r i t e  was suspended i n  10-4 E o r  h igher  concent ra t ions  of sodium o l e a t e  
and agglomerated, the  recovery jumped to 92-97%. Increasing the  concent ra t ion  of  
sodium o l e a t e  broadened t h e  pH range over which p y r i t e  recovery was enhanced. 
A l s o ,  a t  the h ighes t  concent ra t ion  ( 5  x 10-4 M) s p h e r i c a l  agglomerates were pro- 
duced whereas a t  lower concent ra t ions  less compact, i r regular-shaped agglomerates 
were formed. 

When p y r i t e  w a s  

I n  Figure 4 i t  can be seen t h a t  f o r  any given sodium o l e a t e  concent ra t ion  
t h e r e  w a s  a sharp drop i n  recovery when a c e r t a i n  pH was exceeded. 
t h e  upper l i m i t  of  pH f o r  agglomeration t o  occur increased with increas ing  sodium 
o l e a t e  concentrat ion.  The s h i f t  i n  t h e  pH l i m i t  suggests  t h a t  p r e c i p i t a t i o n  onto 
t h e  p y r i t e  sur face  may have played a dominant r o l e .  

Moreover, 

Morgan et. (8) have 
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pointed out  that for o l e i c  a c i d  t h e  ptl of  p r e c i p i t a t i o n  is a s e n s i t i v e  funct ion of  
Thus by reducing the pH from 8 to 6, t h e  o l e a t e  o c t i v i r y  i s  reduced 

about 100 fo ld .  Consequently t h e  upper agglomeration l i m i t s  ind ica ted  i n  Figure 
4 could very w e l l  correspond. t o  the  pH of o l e i c  acid p r e c i p i t a t i o n .  
p o s s i b i l i t y  a t  high pH would be the  adsorp t ion  of var ious  an ionic  o l e a t e  spec ies .  

Separat ion of P a r t i c l e  Mixtures 

Another 

The separa t ion  of var ious  mixtures  of carbonaceous m a t e r i a l s  and p y r i t e  was 
attempted by s e l e c t i v e  agglomeration w i t h  heptane. For t h i s  s e r i e s  of experiments 
a l l  of t h e  s o l i d s  were ground t o  pass a 200 mesh screen  (U.S. Standard). Equal 
amounts by weight of ground p y r i t e  and e i t h e r  ground graphi te  o r  c o a l  were 
introduced i n t o  t h e  agglomerat ion apparatus. 
t o t a l  weight of s o l i d s  (10 g.) .  For g r a p h i t e / p y r i t e  mixtures ,  t h e  agglomerated 
product  was analyzed by leaching with a hot s o l u t i o n  conta in ing  equal  p a r t s  of 
concentrated n i t r i c  and hydrochlor ic  a c i d s  which d isso lved  t h e  p y r i t e  bu t  not  t h e  
graphi te  (9). For c o a l / p y r i t e  mixtures  the agglomerated product was analyzed 
f o r  t o t a l  s u l f u r  and a s u l f u r  balance w a s  used i n  es t imat ing  the  recovery of each 
component. 
t i o n  between t h e  carbonaceous m a t e r i a l  (C.M.) and p y r i t e :  

The heptane dosage was based on t h e  

The s e p a r a t i o n  e f f i c i e n c y  achieved w a s  based on t h e  fol lowing re la -  

Sepn. Eff .  (%) = C.M. Recovered ( X )  - P y r i t e  Recovered ( X )  

The r e s u l t s  of agglomerat ing var ious  p a r t i c l e  mixtures  are presented i n  
Table 1. 
t i o n  e f f i c i e n c y  or s e l e c t i v i t y  of  the  process  improved a s  t h e  amount of heptane 
was increased because t h e  amount of p y r i t e  recovered decreased.  
s i m i l a r  t o  t h a t  observed previously (9). 
p y r i t e  w a s  no t  achieved with e i t h e r  unoxidized Upper Freeport  c o a l  or I l l i n o i s  
No. 6 coal .  When e i t h e r  of  these  coa ls  was mixed with p y r i t e ,  t h e  recovery of 
p y r i t e  genera l ly  exceeded the  recovery of coa l .  

Table 1. 

A good s e p a r a t i o n  of  g r a p h i t e  and p y r i t e  was achieved,  and t h e  separa- 

This r e s u l t  was 
However, a good separa t ion  of coa l  and 

Moreover, the  recovery of p y r i t e  

Separat ion of  a 50:50 mixture of a carbonaceous m a t e r i a l  and p y r i t e  by 
s e l e c t i v e  agglomeration. A l l  s o l i d  mater ia l s  were -200 mesh 

Carbonaceous Heptane, F i n a l  Recovery, % Separat ion 
mater ia l  W I W  x pH Overa l l  C.M. P y r i t e  E f f . ,  X 

Graphi te  
Graphite 
Graphi te  

5 5.1 58.3 96.2 20.4 75.8 
1 0  5.1 56.2 96.5 16.3 80.2 
15 5.1 50.7 96.5 5.2 91.3 

Up. Freep. c o a l  10 2.2 97.0 94.G 100.0 -6.0 
Up. Freep. c o a l  10 4.9 97.1 97.8 96.2 1.6 
Up. Freep. c o a l  10 9.6 93.1 86.1 100.0 -13.9 

Ill. No. 6 c o a l  1 
Ill. No. 6 c o a l  3 
Ill.  No. 6 c o a l  5 
Ill. No. 6 c o a l  10 
Ill. No. 6 c o a l  15 
Ill. No. 6 c o a l  5 
Ill. No. 6 c o a l  10 
Ill. No. 6 c o a l  15 

4.2 8.8 0.5 17.1 
4.2 28.3 12.7 43.9 
4.2 47.9 25.0 70.7 
4.1 52.7 34.8 70.6 
4.0 63.4 39.2 87.8 

10.4 6.1 4.1 8.0 
10.2 29.5 21.8 37.1 
10.2 '22.8 20.2 25.2 

-16.6 
-31.2 
-45.7 
-35.8 
-48.6 
-3.9 
-15.3 
-5.0 
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with a given amount of heptane was usually greater than the recovery obtained 
when pyrite alone was treated under similar conditions. Therefore, the presence 
of coal in the system promoted the agglomeration of pyrite whereas the presence 
of graphite did not. Furthermore,under some conditions the recovery of Upper 
Freeport coal was lower than it would have been if agglomerated by itself. Hence, 
the pyrite either monopolized more of the oil or suppressed coal agglomeration. 
An explanation for these results cannot be traced to the electrokinetic properties 
or to the agglomeration characteristics of the individual materials. 
counts graphite and Upper Freeport coal exhibited similar properties and 
characteristics. This intriguing phenomenon is being investigated further. 

On both 

Conclusions 

When various carbonaceous materials and pyrite were agglomerated individually, 
the recovery with a given amount of heptane increased in the following order: 
pyrite, oxidized Upper Freeport coal, Illinois No. 6 coal, unoxidized Upper 
Freeport coal, and graphite. 
phobicity of the materials. 
system markedly increased the recovery of  pyrite, oxidized Upper Freeport coal, 
and Illinois No. 6 coal. The results suggest that deposition of oleic acid 
onto the coal or pyrite surface or possibly adsorption of various oleate species 
may have accounted for an increase in hydrophobicity and recovery. An attempt 
to separate mixtures of carbonaceous materials and pyrite produced divergent 
results which require further explanation. On the one hand, a good separation of 
graphite and pyrite was achieved by selective agglomeration with heptane whereas, 
on the other hand, a similar separation was not achieved with coal and pyrite. 

This order seems indicative of the relative hydro- 
Adding traces of sodium oleate to the agglomeration 
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A STUDY OF INTERFACIAL PROPERTIES IN THE LIQUID CO2-WATER-COAL SYSTEM 
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INTRODUCTION 

During the past few years, a great deal of interest has developed in fine coal cleaning techniques. 
The concerns about the environmental effect of sulfur dioxide emissions and the efficient use of 
clean-burning fuel for utility boilers provide the main impetus for the increased research in this area. 
Currently, several advanced surface-property-based techniques [1,2.3,41 are under developmenr 
Among these, the LICADO (Uquid g r b o n  PQxide) process [41. which utilizes liquid C 0 2  at about 
6 MPa and r w m  temperature to separate mineral matter from coal. is currently being investigated as a 
new technique for cleaning coal. 

The LICADO pr- relies on the relative wettability of "clean" coal and mineral particles with 
liquid CC2 and water, respectively. When liquid C02 is dispersed into a coal-water slurry, it tends to 
form agglomerates with the clean coal particles and float them to the liquid COz phase. The mineral 
particles, on the other hand, remain in the aqueous phase as r e f w .  Since the surface/interfacial 
properties of fine coal particles play such an important role in this coal cleaning operation, an under- 
standing of their behavior becomes indispensable. Therefore, basic measurements must be made on the 
surface/interfacial properties of coal particles under conditions similar to those encountered in actual 
operation of the LICAW process. 
BACKGROUND 

It is generally postulated that the differences in surface/interfacial properties between the coal 
maceral and coal mineral (hydrophobic v s  hydrophilic) form the basis for the separation of these two 
components in the COz-water system. One of the most important surface/interfacial properties is the 
contact angle. In 1805. Young proposed that the equilibrium contact angle (8) of a liquid drop rest- 
ing on a flat solid surface be expressed in terms of three interfacial tensions - ylv at the interface of 
the liquid and vapor, ysl at the interface of the solid and liquid, and ysv at the interface of the 
solid and vapor. As Baugham and Razouk [SI pointed out. the term ysv can be related to the sur- 
face tension of the solid ys by adding the film pressure, nsv. due to adsorbed vapor. Hence the sur- 
face tension of the solid ys. which is free- from any adsorbed surface film. can be described as 

1) 
The measurement of nsv is likely to be difficult. but could conceivably be done [61 by measur- 

ing the amount of vapor (r. mole of vapor adsorbed per unit solid surface area) adsorbed at pressures 
ranging from near zero up to the saturated vapor pressure of the liquid, and using the integrated 
form of the Gibbs adsorption equation 

2) 
where Po is the saturated vapor pressure of the liquid. At 298 K, Po is 3.13 KPa for water and is 
6.42 MPa for liquid COT 

Coal is a heterogeneous material composed of many different components which exhibit their own 
solid surface tension on the coal surface. Thus. the ys of the coal surface is actually a statistical 
average value. The surface area of each component and its surface tension on the coal surface can 
supply valuable information in detenniniig the coal surface tension. I t  is due to the heterogeneity of 
coal that Neumann et al D.81 have recently reported the duality of coal surface tension (based on the 
assumptions of negligible nsv and of ysl=O at the critical wetting condition) in the two different 

433 

Ys = Ysl + Ylvmse + nsv 

nsv = RTJ:O r dlnP 



ysl = [(ysv)1/2 - (yl")l/21 2/ 11 - 15(ysv YIv) 1/2 1 t 1 from the known contact angle and liquid surface tension through the use of Young's equation and the 
following equation of state: 

3) 
where 15 has the unit of m/N. In the case of the coal-liquid C02-gaseous C02 system, coal samples 
were observed to be completely wetted by liquid C02 (cose=l). This was predicted from Zisman plot 
[6] based on the very low surface tension of liquid C02 (ylv = O.OOO5 N/m). Cowequetly. ysl was 
estimated to be negligible (e 0). This fact suggests that the C02 adsorption film pressure, nsv. can 
be used to approximate the coal surface tension ys' However, the determination of nsv depends on 
the measurements of the high pressure CO2 adsorption isotherm and the specific surface area of the 
coal. The coal surface area can be determined using the Dubinin-Polanyi (DP) equation with C02 ad- 
sorption data at 298 K and vacuum conditions [10,111. 

In order to understand the separation mechanism involved in the LICAW process, it is necessary 
to study the interfacial interactions occurring in the C02-water-wal system. Young's equation can be 
applied to the water-liquid CO2-c0al system at 298 K and 6.42 MPa with the following designations: o 
- the liquid C02 phase saturated with dissolved water: w - the water phase saturated with dissolved 
liquid CO$ s - the solid surface of the coal samples. The equation which relates the interfacial ten- 
sions and contact angles among the phases can be expressed as: 

4) 
where yij is the interfacial tensions between phase i and phase j, and Ow0 is the contact angle of the 
water on the solid surface surrounded by liquid COT 

The postulate of relative hydrophobicity of coal and mineral surfaces leads to the following in- 
equality of contact angles for the clean coal (c). the feed coal (I), and the refuse (r): 

I 
I 
J 

J 

yso = Ysw + ywo-ewo 

(ew$ > (ewo)' > (ew0Y 

(Yso-Ysw)c < (Yso-Ysw) < (Yso-Ysw)r 

5)  
and using Equation 4 ,  this inequality can be expressed in terms of interfacial tensionr 

6)  
It should be emphaized that these are equilibrium equations and that they do not reveal how the 

particle initially wmes into contact with different fluid media The body force and the shear force 
are usually required to initiate this contact. Since the shear and body forces are determined by the 
physical properties (such as particle size, specific gravity) of the coal particles as well as the 
hydrodynamic conditions in the separation system, it is therefore believed that a relationship between 
the process performance and the wetting characteristics of the coal/refuse particles can be understood 
through the following experimental studies. 

f 

EXPERIMENTAL 
Batch Resanreh Unit 

The Batch Research Unit was used to obtain process performance data and to collect coal/refuse 
samples for surface/inrerfacial property studies. The unit consists of two high pressure cells (2-inch 
I.D.) connected by a 2-inch ball valve so that the clean coal and refuse can be removed completely 
Without remixing of the products when the system is depressurized. The system is provided with two 
variable speed mixers (up to 1200 rpm) for agitation of both the aqueous and liquid CO2 phases 
Hence. the effect of mixing on the separation process can be studied. In the experiment, ap- 
proximately one liter of coal-water slurry was used for each test run. Liquid CO2 was injected from 
the bottom while both phases were mixed. After a pre-detemined time, the liquid CO2 injection and 
the agitation were stopped and phases were allowed to separate The center valve was then closed and 
the clean coal product and the refuse fraction were removed. 
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High Pressure Interfacial Property Yearuricg Device 

A high pressure apparatus (Figure 1). equipped with necessary optical and photographic acces- 
sories, was constructed for the measurement of interfacial properties in the coal-liquid C02-water sys- 
tem. The measurement cell, equipped with two-inch windows on opposite sides, was mounted on a 
rotary table capable of t180 degree rotation. The connections from this cell were high pressure 
flexible metal tubes. This apparatus was used to perform the following kinds of measurements: 

- Vapor-liquid and liquid-liquid interfacial tensions for the vapor C02-liquid C02-water system. 
- Equilibrium, advancing or receding contact angles of water on coal samples in an environment 

that can be either liquid C02 or gaseous C02 at various pressures. 

An overhead mixing cell was used to equilibrate both immiscible phases so that both the liquid 
CO2 and water could be fed from the mixing cell to the measurement cell by gravity. Hence, a st- 
able pendant drop could be hung from the tip of a S.S. tube for photography. Two high-pressure 
pycnometers were used to determine the density of water and C02 at room temperature and various 
pressures. 

For the contact angle measurement. a liquid drop (sessile drop) was deposited on a 1" diameter x 
1/4" thick coal pellet sample, which was held by a specimen holder. This specially designed specimen 
holder could be mounted, from the side of a two-inch flanged opening, on the tip of a shaft as- 
sembly. The shaft assembly was designed in such a way that both rotational and translational move- 
ment can be externally controlled. The horizontal rotation of the specimen holder enabled the 
measurements of the contact angle from any direction of the sessile drop. The vertical movement 
permitted the adjustment of distance between coal sample and the tip of the feed tube during the 
formation of the sessile drop. The contact angle could be measured either in-situ using the angular 
protractor inside the eyepiece of the microscope or from the photograph of the drop. 

Photographic image could be analyzed either by Andreas' manual method [12] or by Rotenberg's 
numerical method [131. Using the latter method, the images were digitized using the LEITZ TAS- 
plus image analyzer connected to a macroviewer. A computer program written in TAS-plus language 
was developed to digitize the contour of the drop and to transfer the coordinate data to the Univer- 
sity VAX/VMS sy:,in. where Rotenberg's program was implemented to calculate either the interfacial 
tension or the contact angle. 
Dublnln-Polanyi Coal Surface Area and co2 Adsorptlon Isotherm 

The surface area of coal was determined from the adsorption of C02 using a BET apparatus 
operated at 298 K. The Dubinin-Polanyi plot could be constructed from the amount of C02 adsorbed 
on the coal surface at various vacuum pressures in order to obtain the C02 adsorption surface area 

The equilibrium unit used for studying C02 adsorption on coal was a high pressure cell in which 
a precision quartz spring held the coal sample in a porous thimble. Adsorption experiments were per- 
formed by introducing a known weight (-29, of coal sample in the system and then degassing the 
sample under vacuum. This was followed by the introduction of liquid COz Once equilibrium had 
been attained. the elogation of the quartz spring was measured to determine the amount of C02 ad- 
sorbed on coal. By incorporating the integration of the adsorption isotherm and the surface area data 
from the DP plot, a computer program written in FORTRAN 77 language was developed to determine 
the film pressure (nSv). 
RESULTS bND DISCUSSION 

Upper Freport coal from Indiana County. PA with 23.5% ash content was selected for the ex- 
perimental work. Primarily. -200 mesh samples were used in this study while other size fractions such 
as -28 mesh. -28+100 mesh. and -100 mesh were used only for comparison purposes. The coal 
samples for interfacial property measurements were obtained from the LICADO batch cleaning experi- 
ments under specified operating conditions 
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Wetting Cnaracteristlcs and M i x I m  of the LICAW process 

The clean coal and refuse samples from each stage of the multistage cleaning experiments were 
The ash content of the coal samples together with the measured contact angles of water 

Based on the deposition technique of the ses- 
analyzed. 
under various C 0 2  pressures are presented in Table 1. 
sile drop, two cases were studied: 

1. The coal surface was saturated with CO2 gas at a desired pressure followed by placing the 
saturated water drop on the surface (C02-first-wet). 

2. A water sessile drop was first formed on the coal Surface at ils own vapor pressure. Then, CO2 
gas was introduced into the system at the desired pressure. After equilibrium was established, the 
contact angle was measured (water-first-wet). 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Table 1: CONTACT ANOLE OF WATER AT TWO DIFFERENT DEPOSITION TEPHIWES 

Ash Content 
(Stage No.) - - - - - - - - - - - 
2.7% (4c) 

3.4% (3s) 

5.0% (2C) 

6.8% (4r )  

8.4% (1C) 

11.6% (3r )  

18.1% (2r )  

23.6% ( f )  

54.2% (Ir) 

I* 

2- 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
I 
2 
1 
2 
1 
2 

(P.  e )  ( P , B )  

(0,110) (2 .1,118)  

------- ----_--_- 

(0,110) (2.1.113) 
(0,111) (2.1.115) 
(0,111) (2.8.118) 
(0,105) (2.1.113) 
(0 .105)  (2 .1.108)  
( 0 .  8 7 )  ( 2 . 2 , l W )  
( 0 ,  8 7 )  (2.1,lOO) 
(0,103) (2.2.113) 
(0.103) ( 2 . 2 , l l O )  
( 0 ,  8 5 )  (1 .4 .  81) 
( 0 .  8 5 )  (2.8, ea)  
( 0 .  71)  (3 .2 ,  eo) 
( 0 ,  71) (2.2. 72) 
( 0 .  84) (2.2, as)  
( 0 .  8 4 )  ( 2 . 8 ,  88) 
( 0 .  0 )  (1.5,  80) 
DOES NJT EXIST 

( P . 8 )  - - - - - - - - - 
(4 .1,134)  

(4 .1.122)  
(4 .3.133)  
(5 .2.127)  
(4 .8.138)  
(4 .1.118)  
(4 .7,114)  
(4 .1,108)  
(4 .3.126)  
(4 .7,118)  
(2.8. Be) 
( 5 . 8 .  82) 
(5.2.102)  
(4 .8 .  7 5 )  
(5 .2.113)  
(4 .5 ,  8 1 )  
( 4 . 6 .  83) 

(P.  e )  - - - - - - - - 
(6.2,146) 

(6.2.130) 
(6 .2.143)  
(6 .2.127)  
(6 .2.142 ) 
(6 .2.132)  
(6 .2.128)  
(6 .2.115)  
(8 .3.128)  
(6 .3.126)  
(6 .3.128)  
( 6 . 0 ,  8 7 )  
(6 .0.112)  
( 6 . 3 .  84) 
(6 .3.118)  
( 6 . 3 .  84) 
( 6 . 3 .  84) 

*l:W2-Flrst-Wet: **2:Water-Flrst-Wet; c :  Clean Coal; f :  Feed; r:Refuse; 
P In UP.; 8 In Degree; L: L Iqr ld  w2 Pnase. 

I t  is shown that the water contact angle on the feed coal surface (C02-first-wet) increases from 
84' a t  atmospheric CO2 pressure to 120° at a gaseous CO2 pressure of 6.2 MPa When the water 
drop is in the liquid C02 environment, the contact angle increases further to 145O. This similar trend 
can also be observed for the first stage clean coal (IC). On the other hand, the water contact angle 
on the refuse sample (lr) decreases from 94O to 89O as the environment changes from equilibrium 
gaseous CO2 to liquid COT Hence, the largest contact angle difference between the clean coal (8.4% 
ash) and refuse (54.2% ash) samples is in the liquid C02 phase, which accordingly. indicates that clean 
coal particles show a bydrophobic behavior (145O) that results in their agglomeration and transfer to 
the liquid CO2 phase while refuse particles. more hydrophilic. remain in the water phase. Measure- 
ments made from other stage samples display a similar phenomenon. Generally, it  is observed that 
when the ash content of the coal sample increases. the water contact angle decreases. A strong sup- 
port for the use of liquid COz as the processing medium for fine coal cleaning is therefore con- 
finned. 

It WBs observed that the mixing in the LICADO process helped to improve the effectiveness of 
separation between the coal and mineral matter. In an attempt to understand the relationship between 
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the shear force and interfacial force, the effect of mixing speed in both the liquid C02 and water 
phases was studied. As depicted in Figure 2, it appears that an intermediate agitation speed between 
300 to 900 rpm will be best for the separation. It is possible to explain the effect of agitation on 
the LICADO process from the data obtained from the contact angle measurement on the feed coal. 
Since the coal sample was prepared in a water slurry form before feeding to the LICADO system. the 
wetting characteristic of the feed coal/water slurry is similar to that of the water-first-wet case as 
the C02 pressure is raised to the LlCADO operating pressure. Consequently. a smaller contact angle 
(94') can explain the poor separation result (13% ash content, 11% yield) at zero mixing speed, where 
no shear force is supplied to expose the water-first-wet coal surface to the liquid C02  medium. On 
the other hand, an optimum mixing speed in both phases will provide enough shear force to expose 
the clean coal particles to the liquid C02 droplets. It follows that a good separation (8.6% ash con- 
tent, 67% yield) at 800 rpm can be interpreted by the larger contact angle (145O) when coal particles 
are in contact with liquid C02 (C02-first-wet case). As the mixing speed increases beyond 1200 rpm, 
the very strong agitation action. which overwhelms the interfacial force, may cause the entrainment of 
refuse particles into large clean coal agglomerates. This results in a higher ash content (12.3% ash 
content) in the product coal. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Table 2: SURFACE AND PHYSICAL PROPERTIES OF COAL SAMPLES 

Ash P a r t l c l e  Specif ic  

x 

2 . 7  ( 4 s )  
3 . 4  (3C) 
5 .0  ( 2 C )  
6.s (4r)  
8 . 4  ( I C )  
11.6(3r ) 
18.1(2r) 

54.2( l r  ) 
23.5(  f )  

s ize  urn - - - - - - - - 
15.2 
16.0 
16.2 
17.1 
16.8 
16.8 
17.4 
18.4 
26.6 

Gravity - - - - - - - - 
1.27 
1.26 
T.30 
1.32 
1.31 
1.32 
1.40 
1.45 
1.88 

* A t  C02 preSSUW Of 6.2 Wa. 

Surf ace Area 

m2/g-coal 

163 
156 
1 5 8  
143 
136 
136 
82 

1 os 
52 

g-mZ adsorbed* 

per g-coal -----_------_- 
0.097 
0.086 
0.W7 
0.095 
0.085 
0.000 
0.055 
0.081 
0.048 

Fi lm Pressuf-a 

N/n x lo3 - - - - - - - - - - - - - 
61.3  
65.0 
BS.0 
7B.5 
61.2  
80.9 
88.0 
81.6 
01.7 

Aclsorption Aqalomeration of the LICAW P r p c ~ s s  

The measurements of C02 adsorption on samples from each cleaning stage were performed at 
pressures ranging from vacuum pressure to the vapor pressure of C02 at room temperature. The 
results are presented in Table 2. It can be seen that the use of carbon dioxide in fine coal cleaning 
produces clean coal with a relatively larger specific surface area (136 - 163 m2/g-coal) than that of 
the corresponding refuse (52 .. 143 m2/g-coal). The mean particle size and the specific gravity in- 
crease as the ash content of the coal sample increases In addition, the C02 adsorption data, obtained 
at various elevated pressures to construct a complete adsorption isotherm, shows that the amount of 
C02 adsorbed on the clean coal samples (0.085 - 0.097 gc02/g-coal) is greater than t h e  amount ad- 
sorbed on the corresponding refuse (0.046 - 0.095 g-C02/g-coal). consequently. the film pressure of 
each coal sample increases from 0.0613 to 0.0937 N/m as the ash content of the coal sample increases 
from 2.7% to 54.2%. Due to the low surface tension of liquid C o p  it has beea deduced that the 
C02 adsorption film pressure is suitable to represent the solid surface tension of the coal. Thus, the 
surface tension (yJ  of these coal/refuse samples increases from 0.0613 to 0.0937 N/m as the ash con- 
tent increases from 2.7% to 54.2%. It is believed that this large amount of adsorbed CO, will help to 
agglomerate the clean coal particles. which further confirms the validity of using liquid CO2 for fine 
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coal cleaning. 
Effect  of Par t ic le  SIze 0" Coal -- Surface Properties 

Since the clean coal samples have relatively larger surface areas and smaller particle sizes than 
those of the refuse samples, three factors were envisioned to contribute to these adsorption results (1) 
surface property (ash content): (2) mean particle size; (3) specific surface area. 

In order to understand the role that the mean particle size plays on the coal/refuse surface 
properties, portions of Upper Freeport -28 mesh and -28+100 mesh coal were ground to -200 mesh 
and -100 mesh coal respectively. Hence within each of these two tested groups (-28 mesh and -200 
mesh: -28+100 mesh and -100 mesh), the coal samples differ only in their particle size while the other 
physical properties such as the ash content, sulfur content and specific gravity remain the same. The 
contact angles. surface areas, and adsorption isotherms for these samples were experimentally deter- 
mined. 

The results (Table 3) show that the contact angles in the large particle size fractions (-28+100 
mesh and -28 mesh) are slightly smaller than those in the small particle size fractions (-100 mesh and 
-200 mesh). This may be attributed to the apparent differences in surface condition of the com- 
pressed coal pellet samples formed with large and small particle sizes. Hence the apparent contact 
angle measured for the large particle size coal tends to underestimate the true contact angle. This 
phenomenon was also observed by Murata [141. By considering the small contact angle differences 
between these two size fractions of each group, it can be said that the particle size has only a minor 
effect on the contact angle. 

- - -_--_-_______---______________________---------~~--------~--------~-~~~~ 
Table 3 :  EFFECT OF PARTICLE SIZE ON COAL WRFACf/INTERFACIAL PROPERTIES 

(Ash=28.8%. S.P.=1.52)  (Ash=23.5%. 5.P.=1.45)  
-28+100 m b h  -100 nrtsh -28 mbh -200 msh ---____----- _-------- -_----_- -_---_-__ 

e in Liquid cop 140 148 136 145 

nsv (N/m) x lo3 90.4 88.8 85.2 81.8 

Surface Area (m2/g-coal) 87 B8 85 1 OB 

g-C02/g-coal a t  P=Po 0.057 0.065 0.wa 0.082 

g-a2im2-coai a i  P = P ~  0.0%55 0.0663 0.0726 0.0752 

As expected, the surface area is smaller for the large size fraction of coal samples, but the dif- 
ference of 12 - 14 m2/g-coal indicates that a certain portion of the internal micropore exists in these 
coal samples. By incorporating the data of the adsorption isotherm and the specific surface area, the 
film pressure of each size fraction of coal sample was measured and compared. Since the C02 ad- 
sorption film pressure is only a function of temperature. pressure and composition, little difference 
between the two size fractions of coal samples is perceived for both of the tested groups. It is thus 
concluded that the particle size has little effect on the CO2 adsorption film pressure of the coal. 

It is a h  f o a d  thai coal with the larger size fraction adsorbed less C02 on a unit weight basis. 
This Can be explained by the fact that when the the coal particles are ground into smaller sizes, the 
increase in the total surface area is mostly due to the increase in the external surface area (assuming 
very few dead pores in the original coal particles), while the internal micropore surface area is the 
same for both the larger and smaller sizes of coal particles. The increase in the external surface area 
for the finer coal particles is known to be the reason for the increased amount of CO2 adsorption on 
a Unit weight basis However when expressed on a unit surface area basis, the same amount of ad- 
sorption is observed. Again, it  reveals that the mean particle size has a minor effect on the C02 ad- 
sorption. 
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CONCLUSIONS 

From the above discussion, it is clear that the L l C A w  process is a surface-property-driven 
process that belongc to the physical cleaning category. The work performed so far indicates that the 
mechanism of the LICADO process is governed by the interactions among the interfacial, shear and 
body forces present in the coal particle-liquid CO2-water system. The shear and body forces are 
determined by the physical properties of the coal particles as well as the hydrodynamic conditions in 
the separation process, which subsequently control the manner that the surfaces of coal particles are 
exposed to processing media. Therefore, it is possible to optimize the performance of the LICADO 
proces~ by improving the quality of mixing. 
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Abstract 

Several physical coal cleaning processes, e.g. oil 
agglomeration and flotation, are dependent on the surface properties 
of coal. One conventional method of surface characterization 
involves measurement of the contact angle. The Washburn method of 
contact angle measurement has advantages over most other techniques 
used to measure the contact angle of solids in powder form. This 
technique involves filling a vertical cylindrical tube with the 
powdered solid and allowing a liquid to penetrate the powder bed by 
capillary driving forces. 

The Washburn method has been modified using fundamental 
equations governing fluid transport through a packed bed. The 
experimental methodology itself has been extended to allow for the 
application of an external pressure differential to supplement the 
capillary forces. The addition of the applied pressure differential 
simplifies computation of the contact angle. Contact angles for 
different coal/oil systems have been measured and the interfacial 
free energy changes have been quantified. These results have been 
related to performance of the coals in the oil agglomeration process. 

INTRODUCTION 

There are several different methods for characterizing the 
interaction of nonpolar and nonionic liquids with polydisperse, 
heterogeneous solids (like coal) in powder form. These 
characterization techniques often result in the calculation of a 
contact angle. Unfortunately, the results produced from these 
varying techniques often do not agree. Two of the more popular 
quantitative methods for measuring the contact angle in such systems 
are the Bartell plug method(1) and the Washburn capillary rise 
method ( 2 )  . More recently Heertj ees and Kossen ( 3 )  have suggested a 
different approach which involves making a compressed pellet out of 
the powdered solid, and measuring the height of a drop of liquid 
placed on the pellet. The contact angle is measured based on the 
height of the drop and the porosity of the plug as measured by 
mercury intrusion. However, Neumann and GOOd(4) have indicated that 
pelletization changes the nature of the solid surface. The Bartell 
method, which involves the application of an external pressure to 
resist the penetration of a liquid into a plug of the solid powder, 
is extremely cumbersome. The Washburn method, which also involves a 
plug of the solid powder, is much simpler to perform and involves 
filling a vertical glass tube with the powder and allowing the liquid 
to penetrate the plug aided purely by capillary forces. The rate of 
penetration is measured and the contact angle calculated. 
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The Washburn method, though simple in execution, has two major 
drawbacks: 1) The computation of the contact angle is based on the 
assumption that the powder in the tube can be described as a bundle 
of capillaries with circular cross-section. The Hagen-Poiseuille 
equation is then applied to yield, 

dh R2 AP 

dt OVh 
- 1) ---- - - - - - - - 

where t is time, h is the height of the column of liquid in the 
capillary, R is the radius of the capillary, V is the viscosity, and 
h P  is the Laplace pressure, given as, 

where 61, is the liquid-vapor interfacial tension and 8 is the 
contact angle. 2 )  The capillary radius, R, in the equation above, 
has to be calculated in order to determine the contact angle. The 
suggested methods for doing this include either conducting an 
experiment with a liquid which vacompletely wets" the surface of the 
powder (then the cos 8 value is forced to unity and R can be 
directly computed) or using mercury porosimetry data to estimate the 
value of R (5). There are problems with both of these approaches. 
For a heterogeneous substance like coal, it is not easy to find a 
liquid which completely wets all of the chemically different 
fractions (both organic and mineral). Furthermore, at least two 
experiments are required in order to quantify the contact angle, the 
experiment with the completely wetting liquid and the experiment with 
the liquid to be characterized. The packing of the powder plug in 
the two experiments might not be the same, resulting in an erroneous 
estimation of R. 

Using mercury porosimetry to estimate R has its own unique 
problems, The contact angle for mercury with most solids is known to 
lie between 130 and 140 degrees(5). Therefore, the '8wetting" of coal 
by mercury is accompanied by an increase in the surface free energy. 
In oil agglomeration,we are looking for oils which will wet the coal 
surface and cause a decrease in the surface free energy. Keeping 
these conditions in mind, in the absence of an applied external 
force oils will spontaneously penetrate the interstices of the plug 
to a much greater degree, and more quickly, than mercury. The 
effective interstitial structure that mercury sees is not the same 
effective interstitial structure that the oils sees. It is this 
effective structure that defines the behavior of the draw up of oil 
by the plug. 

Figure 1 shows the results of mercury porosimetry tests on two 
powdered coal samples, PSOC 276 and PSOC 751. The volume of mercury 
intrusion per gram of sample was found to increase from 0.18 ml to 
1.16 ml for PSOC 276 and from 0.15 ml to 1.15 ml for PSOC 751 as the 
applied pressure was increased from 0 psia to 48,000 psia. Table 1 
indicates the volumes per gram drawn into the same two coals for 
different agglomerating oils. Comparing Figure 1 and Table 1 it can 
be seen that a pressure of about 100 psia would have to be applied to 
the mercury system to cause the same amount of mercury draw-up that 
occurs spontaneously (at 0 psia) for the hydrocarbon oil systems. 
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TABLE 1 

Specific Oil Draw-up for Coal Samples. 

............................................................. 
Svecific Draw-uv, ml oil ver aram coal 

Coal Sample No.2 Fuel Oil Varsol Pentane 

PSOC 276 0.88 0.90 0.92 
PSOC 305 0.88 0.87 0.82 
PSOC 751 0.85 0.83 0.82 

............................................................. 

............................................................. 

EXPERIMENTAL METHOD 

It is evident that before reasonable results can be expected, 
both limitations indicated above have to be eliminated. To do this, 
we first follow a procedure which has been successfully adopted to 
define the flow of fluid through a packed bed. These results are 
well documented in the literature(6,7) and are applicable for laminar 
flow (low Reynolds number, so that inertial forces can be neglected). 
This condition can be expected to exist when Laplace pressure drives 
the fluid. The analysis essentially involves two modifications to 
the Washburn procedure: 1) The radius of the circular capillary, R, 
is replaced by a Ilhydraulic radius", r, which is defined as the ratio 
of the area of cross-section of the pore through which the liquid 
penetrates to the wetted perimeter. The advantage of doing this is 
that r may subsequently be eliminated from the equation by using a 
relationship between r and the "average" particle diameter, D. 

r = (Deg5)/6*(1-e) 3) 

where 16 is the sphericity and is assumed to equal 0.73 for pulverized 
coal(8). e is the interstitial void space per unit volume of the 
bed, or bed porosity. 2) A tortuosity factor is used to modify the 
distance of fluid flow upward through the packed bed. The tortuosity 
factor is required because the actual distance through which the 
liquid flows is greater than the measured height, h. Values for this 
factor have been experimentally determined to lie between 2.0 and 
2.5, as long as the porosity of the bed is not much greater than 0 . 5 ,  
and the flow is laminar. A value of 25/12 was used for the 
tortuosity factor in our calculations(6). 

If the Laplace pressure accounts for the only force causing the 
draw-up of then liquid, then substitution and integration yields, 

D.g5-e. 61vc0s e 
4 )  ---__-----_-_---- - h2 

t 12.5 V (1-e) 
---- - 

The above equation is not based on the assumption that the bed 
is a bundle of cylindrical capillaries, and also, more importantly, 
the velocity can be related to the particle diameter and the 
porosity, which is determined by measuring the quantity of liquid 
drawn up into the bed per unit weight of solid for each bed used. 

For heterogeneous, polydisperse systems, the average diameter 
to be used in Equation 4 may be difficult to measure. This 
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difficulty may be overcome by repeating the capillary plug experiment 
with the addition of an external pressure driving force applied in 
the same direction as the capillary pressure. The additional applied 
pressure driving force is added linearly to the Laplace pressure 
driving force which appears implicitly in Equation 4 .  This treatment 
results in a system of two equations with two unknowns and a new h2/t 
slope is obtained which pennits D to be eliminated from the resulting 
single equation. 

RESULTS AND DISCUSSION 

Three coals, PSOC 276 (Ohio # S I  hvAb, 13.5% initial ash), PSOC 
305 (Ohio #11, hvBb, 22.5% initial ash), and PSOC 751 (Ohio # 6 ,  hvBb, 
6.0% initial ash) were chosen for use in this study. These coals are 
among a group of Ohio coals currently being evaluated for their 
physical beneficiation potential at Ohio University. Upon receipt 
from the Penn State Coal Sample Bank, the coals were carefully stored 
under nitrogen, were wet ground and vacuum dried. In performing the 
capillary rise experiments, the dried samples were put into glass 
tubes (120mm long x lOmm ID) with fritted glass bottoms, to form 
packed beds. A standard tapping procedure was adopted to insure that 
the packing, and hence the porosity, did not vary too much from one 
bed to the another. It was found that after 500 taps, dealt out in 
sets of 50 interspersed with the addition of more coal to the tube, 
the variation in the final height of sample in the column did not 
change more than 2mm (1.7% of total bed height). The tubes were 
weighed before and after the filling and the weight of sample per 
unit volume of the tube was computed. The sides of the tubes were 
marked with graduations, and the tubes placed vertically so that the 
bottom of the tube was just in contact with the liquid in a beaker. 
If the liquid were to wet the solid, it would rise up the tube at a 
rate dictated by Equation 4 .  This rise could clearly be observed. 
At the conclusion of the experiment, the tube was weighed once again 
and the weight of the liquid drawn up per unit volume of the tube, 
and the porosity were evaluated. It was found that for all the 
tests, the porosity fell within the range 0.5 & 0.02. 

The change in height of the liquid in the column was recorded 
as a function of time and an h2 versus t graph plotted. A good 
straight line fit was observed in every case, and the reproducibility 
was very good (Figure 2). The D values were calculated using the 
Slopes obtained from experiments performed with and without an 
external applied pressure. These values are depicted in Table 2. 
Also shown are the particle volume mean diameters which were measured 
using a Horiba CAPA 300 centrifugal particle size analyzer (the 
assumed particle density was 1.35 g/ml). Both sets of particle size 
readings show the same trend with the “capillaryt’ readings being, on 
the average, 28% greater than the centrifugal sizing readings. The 
COS e and 6 values for the three coals with Varsol and pentane are 
also computed, using the calculated D values. Young’s e ation 
(Equation 5) was applied to the data and the product, gvcose 
calculated. 

6sv - 6,1 = 61, COS e 5)  

The term 6lVc0s~ represents the difference between the coal-air 
interfacial energy and the coal-oil interfacial energy, that is, the 
decrease in free energy that occurs when the coal is wetted by the 
Oil. Calculated values for these three terms can be found in Table 3. 
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I The three coals, PSOC 276, PSOC 305, and PSOC 751 have been 
subjected to oil agglomeration testing using No.2 fuel oil, VarSOl, 
and pentane as the agglomerating oils. The results of several Oil 
agglomeration tests are given in Table 4. A comparison of Tables 3 
and 4 illustrate that the coal/oil combinations which yield the best 
ash reductions are also the combinations having the larger surface 
free energy decreases. Therefore, the wettability results do provide 
some indication of the oil agglomeration performance that may be 
expected for a given coal/oil combination. 

TABLE 2 

Particle Diameters. 

Coal 
Mean particle diameters. microns 

From Capillary Calc. From CAPA 300 
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PSOC 305 No. 2 22.7 
PSOC 305 Varsol 22.4 
PSOC 305 Pentane 22.7 

12.4 
17.2 
17.1 

45.4 
23.2 
24.7 

CONCLUSIONS 

A modified Washburn technique of contact angle measurement has 
been proposed that does not suffer from some of the inadequacies of 
the original technique. Using the modified method, the decrease in 
free energy associated with the replacement of a solid-air interface 
by a solid-liquid interface can be measured. Such measurements are 
useful in predicting the efficiencies that may be expected in the oil 
agglomeration process and possibly in other surface-based physical 
beneficiation processes. Additional processing information, such as 
degree of mineral matter liberation, is required in order to make 
quantitative predictions of beneficiation performance. 
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