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INTRODUCTION

The present study aims at better understanding of links that
were found between hydrogen acceptor abilities of coals and their
solidification temperatures ( 1 ) in search for means of pre-
diction of the development of anisotropic texture in coking coal
blends ( 1 ).

Our approach is based on the four methodological steps applied
to a set’ of twenty coals that vrepresent a wide range of
thermoplastic properties. The steps are: (1) determination of
hydrogen acceptor abilities of the coals in reaction with
tetraling (2) determination of Gieseler—solidification
temperatures of the coals; (3) characterization of the coals by
pyrolysis /Fy/—-field ionization /FI/ mass spectrometry /MS/ of
the coals; and (4) multivariate chemometric evaluation of these
three data sets. Specific role of Py~FIMS of coals lies in that
the technique displays chemical composition of a part of coal
material tihat is able to diffuse and penetrate coal grains on
heating during coal processing; it has been found that this
movable part influences coal reactivity in reaction with H-donor
(2,3) and in low—temperature pyrolysis (4).

The present paper is aimed at search for structural units of coal
material that are active in hydrogen transfer and units that are
active in reactions resulting 1in coal solidification on heating.
It is believed that the results can contribute to iden-
tification of structures active in liguefaction retrogressive
reactions.

EXPERIMENTAL

Coal Samples. Twenty carboniferous coals +from Foland were
studied. Their basic properties (wt.% daf) are: carbon 85-91;
hy drogen 4.3-5.3; oxygen 0.B~-7.0;3 sulfur 0.5-3.8. The
petrographic composition (wt.% dmmf) is: vitrinite 63-88; ex—
inite 0.-11; inertinite 7-30. Solidification temperatures of the
coals (Table 1) are in the 417-490oC range.

Reaction of Coals with Tetralin. The reaction was carried out at
4000C; 60 min: for coal-tetralin mixture 1:2 w/w. The amount of
hydrogen transferred +From tetralin to coal material /HTr/ was
calculated on the basis of GC determination of unreacted
tetralin/naphthalene ratio. Other details were reported earlier (
2 ) except for thermal decomposition of tetralin at 400oC.
Tetralin was heated in the autoclave at 4000C/40 min and GC ana-

lysed . The result of analysis: 97.8 4 tetraling 1.4 %
naphthalene; and compounds of lower and higher retention times
0.5 % and 0.3 %, respectively, were used for calculation of

corrected HTr values /shown in Table i/. The same procedure was
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applied in determination of HTr for pyridine /Fy/— extractables
and Py-residues of the coals.

Py—FI MS and Chemametric Techiques. EBoth have been previously
described in details (2-4).

RESULTS

Hydrogen Transfer to Coal Material. The data in Table 1 show that
organic material of Fy-extractables as well as of Fy-residues
react with tetralin. Amount of hydrogen transferred to Fy-
extractables and to the residues 1is in the same range from
0.4 to 1.0 grams of H / 100 grams of org. material. If one
compares HTr values for a coal, its extracted material and
residue, one can say, all cases are observed: some coal

samples show the highest HTr; in other coals the highest HTr
is found for their extractables or for residues.

The correlation coefficient found between HTr values for the
coals and their solidification temperaturee is very significant
/ r = 0.B7/. Lower ¥ values were found for the products of ex-—
traction.

Hydrogen _Transfer and FI Difference Mass Spectrum of Selecte

Coals. Four most reactive coals /HTr in the range from 0.8 to
1.2/ were selected; their FI mass spectra were normalized and
summed. Next, ~ four least reactive coals /HTr in 0.1 - 0.4
range/ were chosen and their spectra were normalized and summed.
Figure shows the difference spectrum for the two groups of
coals. The upper part of Figure shows FI mass signals whose
intensities are higher in the high reactive coals. The lower
part shows signals whose intensities are higher in the least
reactive coals. Hence, it has been concluded that the composition
of the volatilized, in the mass spectrometer, material of coals
can supply information about components that are active in
hydrogen transfer as well as about unreactive species.

FI Mass Signals Correlated with Hydrogen Transfer, Results of
correlation analysis carried out for two sets of data: (a) FI
mass signals in the range 1%8-400 a.m.u. and (b) amounts of
hydrogen transferred to the samples of coals, are shown in
Table 2. Seventy seven FIl mass signals were found to be
significantly correlated with the HTr values. A vast majority
of the coefficients are highly significant ( r> | 0.68 | ).
This indicates that there is a causitive 1link between struc—
tures represented by the correlated signals and reactivity

of the coals in hydrogen transfer.
Dut of all the correlated signals, forty seven signals are

correlated with positive sign /Table Ziupper/ i.e., the higher
the intensities of these signals the higher amount of hydrogen
is transferred to the coals. All these signals can be found in

the upper part of the difference spectrum /Figure/ .

Thirty signals are correlated with negative sign /Table Z; lower/
which means: the higher the intensities of the signals the
lower amount of hydrogen is transferred to the coals. All
the signals can be found in the lower part of the difference
spectrum.

Proposed structures for all correlated signals are shown in Table
3. The structures represent only one of all possible isomers for
example, pyrene / m/z 202/ 1is displayed, although there are
three other four-ring aromatic hydrocarbons, all with the same
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accurate mass as for pyrene. Isomers not presented in the
Table can be found in reference 3.

Structures Active in_Hydrogen Transfer /Table 3I; upper/.In
general, there are two types of compounds that are positively
correlated with hydrogen transfer. They are aromatic hydrocar-
bons and hydroxycompounds. Hydroaromatics seem to be of minor
importance for the reactivity of the studied coals, compared
with lower rank coals (3,4), since they are represented by a few
hydropyrenes. . .

Aromatic hydrocarbons are represented by 12 classes with respect
of number of aromatic rings and mode of their arrangement. They
are: I-aromatic t+img hydrocarbon (m/z 120); 4-aromatic ring (m/:z
202y 2263 2403 254)3; S-aromatic ring (m/z 2523 2643 2763 278): 66—
aromatic ring ¢ m/z 3023 Z2B) and 7-aromatic ring hydrocarbon
(m/z 300). With respect of alkyl substituents, majority of the
hydrocarbons are present as unsubstituted and contaiming one
methyl group. A few hydrocarbons may have C2 and C3 alkyl substi-
tuents  for example, accurate masses related to signals m/z 328
and 342 may represent either C2 and C3Z- coronenes or CO-Cl-
dibenzochrysenes.

Hydroxycompounds are represented by /0OH/- and /0H/Z-benzenes;/0OH/
and /0H/2~indenes; and /0H/ -naphthalenes, -acenaphthenes, -
anthraceres, —fluorenes. No doubt, at least some of the compounds
have phenclic OH ( m/z @43 1103 134).

Structures Inactive in Hydrogenm Transfer /Table 33 lower/. In
contrast te the positively correlated mass signals, the
negatively correlated signals represent entirely different

structures. None of them can be assigmed to unsubstuted aromatic

hydrocarbons. Instead of that, the signals represent short alkyl
derivatives of naphthalene, fluorene, acenaphthene, anthracene
and chrysene, the five classes of aromatic hydrocarbons that are
not present at all in the set of active stiructures. The other
aromatics are alkylated, C2-CS5, pyrene, perylene, cyclopenta-
chrysene and dibenzopyrene; these aromatics in the positively
carrelated set are entirely unsubstituted.

A few hydroxycompounds i.e., C4-C7-dihydroxybenzenes were also
found to be inactive in hydrogen transfer.

Comparing the present results with results obtained for another
set of twenty coals of lower rank ( 2-4 ), the major difference
is, that in high rank coals much more correlated signals are re-
lated to aromatic structures. This refers to the positively as
well as negatively correlated signals.

FI Mass Signals and Structureg Correlated with Solidification
Temperatures. Results of correlation analysis carried out for
two sets of data i.e., FI mass signals and temperatures of
solidification of coals, Te, are presented in Table 2. It has
been stated that all signals, significantly correlated with
Ts, are also significantly correlated with hydrogen trans-
fer, however with opposite sign (Table 2).

This means, the higher the content in a coal of structures shown
in upper part of Table 3, the lower is its temperature of
solidification and the higher its hydrogen transfer. It clearly
indicates a strong link between reactivities of the structures in
reactions resulting in solidification and in hydrogen transfer
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reactions. .

Next, the results of correlation analysis also show: the higher
the contemnt in a coal of structures presented in lower part of
Table 3, the higher is its temperature of solidification and the
lower. its hydrogen transfer. Thus, the structures are inac-—
tive in solidification as well as hydrogen transfer reactions.

Summing up the results:

- The same structures are reactive in hydrogen transfer from the
hydrogen donor and in reactions that result in solidification of
coal on its heating. They are: (a) numerous unsubstituted and
Ci-aromatic hydrgcarbons that contain from 3 up to 7 aromatic
rings /except for the hydrocarbons quoted in the next para/: a
few may have also C2 and C3 alkyls; and (b)) CO-C7-alkylated
hydroxyaromatic compounds that contain from 1@ to 3 aromatic
rings.

- Structures that are inactive in hydrogen transfer as well as in

solidification reactions, are: alkyl-, up to Cx, naph-—
thalenes, fluorenes, acenaphthenes, anthracenes and chrysenes
as well as alkyl-, up, to CS, aromatic hydrocarbons that
have 4 rings (pyrene, perylene, cyclopentachrysene)
and ) rings (dibenzopyrene).

DISCUSSION

The link between H-acceptar capability of coals in reaction with
H-donor and their temperature—-induced solidification (1) lies
in the fact that the same structures that are active in H-
transfer from H-donor are also active in thermal reac-

tions resulting in solidification.

Hence, these structures during liguefaction can react via two
pathways: they can either react with H-donor or participate in
condensation/polymerization reactions. The pathway by which the
structure reacts depends on the availability of H-donor molécule
or a molecule with which it can condensate or polymerize.

H-transfer activity of the shown aromatic hydrocarbons (Table
33upper) can be explained on the basis of mechanism worked out by
McMillen, Malhotra et al.(6): the aromatics react with

hydroaromatic ‘H—=donor and give rise to cyclohexadienyl radicals
which in turn, lead to cleavage of single bonds in coal material.
The mechanism of solidification reactions of the aromatics can be
deduced from studies of carbonization-at 430-4500C of model
aromatic hydrocarbons (7) showing that they undergo condensation

reactions. Hence, it is concluded that the shown araomatic
hydrocarbons undergo such condensation during liguefaction and
that this constitutes a part of retrogressive reactions in

liquefaction.

Assuming that the hydroxycompounds (Table 3; upper) are phenolic
compounds, one can explain their activity in H-transfer by
several hypotheses (8,9). More obscure is mechanism by which
they contribute to solidification, except for dihydroxybenzenes
(1.1t has been stated that they readily polymerize at 4000C;

ionic mechanism was suggested (10). Thus, it is concluded that
the hydroxycompounds polymerize 1in liquefaction and give rise to
retrogressive reactions in this way, if H-donor is not available

on molecular level.
The inactive structures (Tabhle 3; lower) dilute the concentration
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ot active species. Hence, the higher the content of inactive ones
the longer time is needed for solidification. This has been
manifested in the Gieseler—-plastometer as the increase of
solidification temperature.
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Table 1
BASIC CHARACTERISTICS OF THE STUDIED COALS

COAL ! Wt %4 daf ! SOLIDFTNx: HYDROGEN TRANFER,HTr
No | H ' i g of H /100 g org.mat.
H Cc ! 0 ! Ts; oC { COAL | RESIDUE | EXTRACT
100 ¢+ 85.0 1 6.9 i I3 P 0.78 0.77 | 0.68
102V B87.3 1 4.6 | 417 Po1.06 0.84 ! 0.832
102 ¢ 85.9 + 6.6 |} 428 1,200 0.95 | 0.85
104 { BS.Z } 6.9 | 451 ¢ J & 0.70 | 0.86
105 ¢ 85.7 1 6.9 ! 440 0,68 0.67 0.91
106 1 B5.7 | 6.6 | 451 o0.76 O.61 1.01
107 ¢ 86.4 1 2.8 ! 464 Po0.74 0.51 0.95
109 ¢ 88.4 ! I.8 ! 471 b0.6T 0.69 0.61
110 ¢+ 8B.2 1 3.6 | 458 i 0.85 ) 0.71 | 0.55
111 ¢ B86.7 ' S.2 | 465 P 0.42 0.73 0.60
112 1 90.6 1 1.9 | 478 to0.49 0.77 0.49
112} 91.9 ¢ 0.8 ! 487 t0.32 0,71 0.47
114 § 89.4 ) .2 ! 490 to0.12 0.42 0. 44
117 ¢ 84.5 ¢ 7.5 i 454 Po0.76 1.03 | 0.81
118 ¢ 85.7 { S5.F ! 448 o006 L 0.95 | 0.72
119 + 892.5 | 2.7 | 479 t0.27 0.47 ! 0.41
120 ¢ 84.5 1 7.7 ¢ 420 i 0.8 i 1.00 0.72
121 ¢+ 91.4 1 0.8 ! 488 to0.41 0.42 0.50
122+ 88.7 ' 1.7 490 {0.36 Q0,46 0.97
124 | 85.1 ! 6.8 | 0 Vo0.73 1.02 1 Q.62

Range! 85-91 417-490 1 0.1-1.2{ 0.4-1,0 | 0.4-1.0
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¥/ OGieseler plastometer;

Table 2
FI MASS SIGNALS CORRELATED WITH HYDROGEN TRANSFER VALUES

standard method PN-62/6--04536.

/HTy/

AND WITH SOLIDIFICATION TEMFPERATURES /Ts/ OF THE COALS
b
! Corrln coeffnt H ! Corrln coeffnt
m/z i for i m/= H for
H HT+ ) Ts i H HTr H Ts
Upper Fart . Upper Fart

158 ! .85 i -.82 i 374 H .67 i -. 74
160 } .59 i -.56 i 376 i .80 H ~.86
162 H .81 H -.75 i 78 i .88 H -. 20
164 i .82 H -.74 i ZBO ! .59 H -.955
172 i .BS ! -.832 Vi 88 i .74 H —-.84
174 H .69 i —.63 Vi 390 H .87 i -.83
176 H .76 ! ~.71 HH 92 ! .84 1 -.88
188 H .79 ! -.70 i Lower Part

190 i A=K H -.59 i

200 ) .70 i -.67 B 166 ' -.70 1 .70
202 | .54 i —. 60 B 168 H -.58 H .70
212 } .21 i -.85 i 180 ! -.80 i .87
214 H .80 i ~-.83 [ 182 ! -.71 H .80
224 i .50 ' —-. 60 i 192 ! -.78 H .85
226 ! 93 i -.91 i 194 i -.83 i .85
238 i .82 ! -.88 i 196 i —.62 H .85
240 ) .21 i -.%4 i 206 H -.91 i .90
250 i .82 } -.81 i 208 ! -.71 i .77
252 ' .81 i -.84 i 218 H ~-.72 { .74
254 } .77 ! -.75 i 220 H -.80 H .59
260 H .57 | —.b64 i 220 ) -.86 H .90
262 ! .72 ! -.75 H 244 =90 .90
264 H .85 i —. 20 ) 256 | —.69 i .74
274 i .73 H -.73 i 258 ) -. 20 i .85
276 ! .76 ! -.76 e 280 V=785 .85
278 i .88 | -.79 [ 284 | -.74 H .71
288 ! .69 i -.70 N 294 ! -.86 H .91
290 ! .68 H -.55 N 298 i -.72 H .71
300 ) .62 H —-. 465 i 306 § -.75 H .79
302 } .87 i -.85 i 08 ) -.87 ! .84
Z14 H .86 } ~.86 i 318 H -.81 ) .85
328 } .79 } ~.83 ] 320 i -.88 } .95
338 H .81 i ~-.77 i 322 H -~. 59 ) .62
340 H .64 } -.48 [ T30 H ~-.57 ' .70
342 | .83 } -.77 I 332 i ~.83 .87
350 H .71 H -.72 HH 334 H -.87 H .79
352 ! .90 H -.92 i 344 ! ~.83 H .79
364 i .85 | -.88 i F46 H ~.87 } .85
Ibb6 H .88 | -.83 b 58 i -.72 i .68

459



& 1 0eE i 9LZ pue 88 | wLE
sauasAdozuagral- @3 - <9 | ! {082 ! 99% | ZBT
SaUBSAAYIOZUBGLIUI— *F -~ @] fsauaundodozuag- 3 - “J | L ELT | BLE ! v9T 1 05%
auasAdipajejuadolaAsozuaqip- '3 ! f ! ' i Ove
sauasAJydozuagip- '3 - , ©53 !
isausuouod- =3 ¥ , F3 f . Q3 f . D ! PSPS 4 BZE ! vIE § 00%
o U3AAAKDUPAY - <3 ¥, auadAdozuaqip- “3 | ' H ! 1 ZOT
« Sauauyjueyjue- '3 - °J | H ! {068 | 9L
« SOUADBUYJUBRAKDIAPAY-— <] — =] |
f. Buantd- ©g i, suasAaydriybiviuadoraAd—pHrr- '3 - <3 ! : ! I 8.2 1 v9g
: a BN - vEewg g 1 88 | v 1 098
» BuaTAuad H : ' i 258
e BUASAJUD[4EPIEKAYOTIAD- @3 f, sauasAdyorgapjezuad |
012A3- *3 - °3 i, sauayjuesoniz[iybjozuag- =3 - <70 | ! I e+ 0vZ1 922
« SUBAdOoapAYEI23— v pue 4 auasAdoapAyexay- =3 | ! y 9% pue (1=
« BUBJAD H : ! HrAoYA
« Suaayjueusaydriapleiuado[3Ad-Hy ! ! [ ! 061
« SauddAdoapAyelno- #g3 - ] } H H H
pue , Sau3JANTFAXOUPAY- ¥3 — =3 | { i i B2Z | vcZ
» S3uayjydeuadrAxoupAy =3 ~ =7 | H ! P ZIZ 1 86T
« sauareyliydeudAxouapAy- =3 - ¥J pue =) — TJ ! HIZ 1 QOZ | H- /2% SR 1=} {
SAUSPUTAXOAPAYTP—.%] ‘=3 ¥, 0 *®3 | 06T ! 941 ! Z91 | 8vT | ¥ET
« S3UAPUTAXO4pAY- *3 - *J | 88T o bLT 4 09T 1 9vT
»+BIUIZUBHGAKOAPAYTIP- ¥ - ©J | ' P BET L vET ! 011
«SBUAZUBQGAKOPAY- 2] — “J | $9T | OST ¢ 92T ¢ EZT | BOT
S3YNLINYLS IAILOY ¥-addn
SIHNLINHLS AISO04084 i /u
-~ 58413848dwal UDIIEDTHIPIIOS YIIM
paje(ad.+sos  AraAtriisod pue  484SURII-H YITMm pa3e(addnd ATaatriebau sieubis 14 fd4amoT
S34N3L.4adWB] UOTIEDISIPITOS YITIM
Alaarztsod speubts 14 :aaddn

paje1a440d Araarjebau pue aagsueai-H Y3IM pajeraddod

STUNIIS SSYW T4 JILYTINN0T FHL NI S3IHNLINNLS

£ aigey

460



z2°9eA Ipige:zy 06 »I ADN :31%®0
(Blb 121835, @ WJON B §22dS 11ENS 2BITZabH :2weN SIsAlRuy
€ZZT + 1ZT + BI1 + ®11> — <QZ1 + €OL + ZO1 + 2O

087¢]

7
sez) | [P¥e Fost-
foez
Ll 50z 3
. 2CE (X713 Foal-
vvmmi B

VU3 FAILA¥IE AGT

“zzl ‘121 ‘611 ‘o1l pue QzZ1 S
‘¢0T ‘ZOT ‘OUT "OW STE0D 10J [ 3Tgel 305
+JOUOp-{ 8y} Spaemo} A3}1A132e31

3 ) 06T 5ge ¥ Feet
mo pue yBry Buimoys sTeOy PalvaTas Ju TR R TTIV I W oGt
wnI3oadg ssey 83us18lJTy I4 bLast
*aanbity ol

S3JUBWEINSPaW SSEW 23BJ4NIDR pue *sad ybBiy AgQ paw.sijiuod uasqg aaey siuswubisse ayl

sauaJAdoruaqip- v3 ¥ =3 ‘. =] | ! I BSZ ! bbT 1 0SS

sauadyjueyiuv- =3 - =3 | P 9vE ) EEE2 | B1f 1 bOE

SaUasSAAYOL 1YBIeUSdO I DADI-HIT—~ « =0 ¢ vg ¢ £9 | H PobEE 1 OZE 1 0%
sauarAasd- =3 ¢ v Y, =g Y, ®Q | I 2ZL 1 BOLZ 1} v6C 1 0BC

s8U8SA4YI- =3 f, v3 ¢ =] 4 ! B&T | ¥BT | ! 952

sauadAd- v3 - =3 | ' i BST ! vvT | OZE

« ¥ N =Y Y4 =T3 pue , sauayiydeusde- =g ¢ org : i 96T | i 891
auadyjueuaydryapjejuado[dAD_Hy — =3 | H H H I BIc

» S9uUadEdyjue- =3 - '] | ! I 022 | 902 } Z6T

« S8UBUONI3- F]) - FO € , SIUIZUIBGAXOAPAYIP- 4] ~ ¥ | 1 802 | v6T1T 1 0BT | 991
» S3usleyjydeu- =9 I.Hu." i i V98T 1 ZbT

S3IUNLINYLS FAILIUNI :49mO7

461




