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INTRODUCTION 

provided a range of well-documented samples obtained from process development units to various analytical 
researchers, who then apply their chosen methodology to determine the value of the method to process 
understanding and development (I). One objective of Consol's program is to provide a bridge between direct 
coal liquefaction process development and analytical chemistry. At SRI International, we have analyzed 15 resid 
samples, taken from h t e .  sampling points in five closecoupled twestage liquefaction runs at the Wilsonville 
facility by field ionization mass spectromeny ( F I M S )  to help answer several questions relating to the chemistry 
of liquefaction, specifically as it relates to resid conversion, and how to improve the overall process. 

intense elecmc field to polarize and ultimately ionize the molecules. The ions are then mass analyzed using 
standard mass spectromemc techniques. For most organic compounds, this procedure causes minimal 
fragmentation and produces only the molecular ions (2). The resulting specea are thus true representations of the 
molecular weight profiles of the volatilized materials. RMS has been used for a variety of applications relevant 
to coal liquefaction. However, its ability to answer the very difficult questions pertaining to the chemistry of 
resid reactivity has not been demonstrated. The objective of the task on RMS analysis was to evaluate the utility 
of FIMS for addressing the issue of resid reactivity by analyzing a reasonably large set of related samples. 

Under a contract with the U.S. Department of Energy, Consolidation Coal Company (Consol) has 

The technique of field ionization 0 consists of passing the vapors of a material through a region of 

EXPERIMENTAL PROCEDURES 

second stage and following the ROSE-SR deashing unit They are referred to as the interstage oil (V1235), 
product oil (V1067). and recycle oil (V131B) respectively. These samples are from five different two-stage 
liquefaction runs: Lignite (Run 255), Wyodak (Run 251-II). Illinoi No. 6 (run 250) in the thermal-catalytic 
mode, and Illinois No. 6 (Run 257) and Pittsburgh (Run 259) in the catalytic-catalytic mode. 

interfaced with a 60-degree magnetic-sector mass analyzer and a PDP 11/23 computer for instrument control, 
data acquisition, and report production. The spectrometer has a resolving power (WAM) of 1300, although it is 
capable of scanning up to 3000 D a  Typically, approximately 20 Fg of the sample is taken in a melting point 
capillary and introduced into the spectrometer with a heatable direct insertion probe. The sample is heated at a 
fixed rate from ambient (or -67OC for samples with sufficiently high vapor pressure) to about 700OC. The 
pressure in the ion source chamber is generally in the lo4 Torr range, although the pressure in the capillary 
sample holder is considerably higher. We estimate the sample pressure to be around 10" Torr. Under these 
conditions, materials with atmospheric equivalent boiling points (AEBP) up to about 1400OF are expected to 
vaporize completely, and those with AEBPs in between 1400' and 1600'F to vaporize at least partially. What 
often limits the vaporization of these high boiling materials are the coupling reactions with other species present 
in the sample. Hence the quoted limits should be regarded as a rough guide. (Similarly, other pyrolytic 
reactions can occur that produce volatile species not present at such in the original mixture.) The specaa of the 
evolving volatiles are continuously recorded, and at the end of a run, they an added to produce a "sum" 
spectrum of the total volatiles. 

The samples were the vacuum resid ponions of the oils samples collected at the end of the first stage, the 

The analyses were conducted using SRI's RMS instrument, which consists of a foil-type field ionizer 
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RESULTS AND DISCUSSION 

General Spectral Features 

is typical of the entire set. All of the spectra consist of a broad distribution of molecular weights ranging from 
about 200 to lo00 Da. There is an additional group of peaks in the 50 to 120 Da range corresponding to small 
fragment ions. The total intensity of this low-mass group is typically extremely low compared to that of the main 
profile, reflecting the minimal ion fragmentation that is typical of most liquefaction product streams during FIMS 
analysis. Immediately apparent from these spectra are two profiles: a more intense profile for the even masses 
and the other (dark profile) corresponding to the odd masses. Peaks at odd masses generally arise due to l?C, 
N, or fragmentation. Because FIMS does not cause much fragmentation and these spectra have been corrected 
for natural abundance of 13C, the odd-mass profile arises mainly from compounds containing nitrogen. 

because several processing requirements tend to provide resids of similar molecular weight range and polarity. 
Apart from being similar, the spectra also show that the resids are very complex mixtures. The bulk of the 
material in these samples falls in the 200-1200 molecular weight range and considering coal-origin and 
heteroatom content of the products, the "average" molecule at, say, d z  600 would contain one oxygen, one-half 
nimgen, and one-quarter sulfur. Therefore, most of the resid molecules are polyfunctional, and not classifiable, 
even in principle, according to simple chemical type or class.(3) For these reasons, we focused primarily on the 
overall profiles. We note here that there are a few peaks in the 240 to 340 Da range in each of the spectra that do 
stand out in all the spectra, and we examined them in some detail. However, before discussing this group of 
peaks, we fmt describe our attempt at a semi-quantitative characterization the overall profiles. 

such cluster, which we will call Component A, is centered around 350 Da and the other cluster, which we will 
call Component B, is centered around 600 Da. Relative to Component B, Component A appears to span a 
relatively narrower MW range. In other work, we had observed the somewhat bimodal distribution of 
molecular weights in coal liquefaction resids. However, those observations were with isolated samples, and we 
were not sure if they were indicative of a general trend. Examination of fifteen closely related samples in this 
project conf i i ed  the general nature of this distribution, and we felt encouraged to examine this distribution and 
see if the relative amounts of the two components can be correlated with some prccess-related parameters. 

a general functional form to each of the component envelopes; second we perform a least-squares fit on a few 
selected samples to derive the parameters for the general formula describing the two components; and third we fit 
the specm using these expressions while varying only the relative amplitude factors. We chose to express the 
rising part of each envelope as a power function of the molecular weight (ma) and the decline as an exponential 
(e-pm). The parameters a and p were to be different for each of the two components, but the overall functional 
form was constrained to be the same. The following expression gives the intensity (Im) at any mass: 

Figures 1 shows the specmm of the recycle oil from cat-cat run with the Pittsburgh coal (Run 259). and 

At fust glance, the R mass spectra of all the resids look very similar. The similarity is reassuring , 

In many instances, the spectra appear to be composed of two partially overlapping clusters of peaks: one 

Several steps are involved in deconvoluting the spectra into Components A and B. First, we have to assign 

Here Q-t, and& are the weighting factors for the two curves. The parameters a A ,  PA, ag. and PB were 
determined by a regression analysis. Rather than fit all of the spectra by regression, we decided that a more 
meaningful test would be to select for regression five of the most divergent looking spectra. Once the parameters a 
and P were determined, they were fixed and the remaining spectra were fitted by varying only the Qs. Figure 2 
shows an example of the deconvolution. The dots are the data for the even masses in the FIMS of the recycle oil 
from the run with the Pittsburgh coal (Run 259). This specmm was not among the ones used in the least-squares 
fit to obtain the parameters defining A and B. The continuous line through the data is the fit obtained by varying the 
amounts of A and B. The contributions of A and B components to the total t i t  are shown by the two dashed lines. 
The fit in this case is reasonably good over most of the mass range, except at high masses where the fit gives a 
lower intensity than the data. The break in the curve around 450 Dais well mimicked by the fit. Those spectra 
without a distinct break in the curve were not fit quite so well. 

with the fitted expressions over the mass range. Thus: 
To obtain the relative weigh fractions of the two components, A and B, we integrate the product of mass 
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The data in Table 1 show the wt% A in the various samples. 

, 

Correlation of Lumped Component Levels with Process Parameters.and Yields 
Having in hand the deconvolution results summarized in Table I ,  an attempt can be made to see how the 

levels of Components A and B correlate with process conditions and product character and yields as previously 
summarized.(4) The Illinois No. 6 catalytic-catalytic product oil (Run 257) has a very pronounced low-mass 
intensity (200-4M) Da) as is also reflected in the large A content (32%). This low-mass grouping is somewhat 
less prominent in the "younger" interstage oil (22%). Evidently, under the catalytic-catalytic conditions, high 
yields of material that is low molecular weight are produced from the coal or "fresh" resid in the first-stage 
reactor, and most noticeably, in the second-stage reactor. 

(which nominally differs from the product oil only in that a portion of the stream has been split off, sent through 
a vacuum flash separator, and had the ash and insoluble organic matter removed in the ROSE-SR unit) has 
substantially less of the 200 to 400 Da intensity (13%). Whereas one expects some of the high molecular weight 
organic material visible with FIMS to be rejected along with the ash, and therefore for the higher end of the 
molecular weight profile to be trimmed in the recycle oil (as compared with the product oil), it is the lower end of 
the profile that has shrunk. This observation suggests significant retrogression between V1067 and V131B; in 
other words, that significant coupling occurs when the high temperatures are maintained during the "physical" 
separation process or subsequently in the holding tanks, but catalyst and H2 pressure are largely absent. 

we move from the interstage oil to the product oil, we see that Component B dominates over Component A. In 
this case, the fresh resid seems to be much less readily converted (in the second-stage reactor) into A; the net 
change in fact is for the B to become more important as a result of reaction in the second stage. The differences 
between the Pittsburgh product oil and the recycle oil seem to reflect mainly removal of high molecular weight 
material, B. This is as would be expected, but is in contrast to the Illinois catalytic-catalytic case, where the 
effect of putting a side stream through the ROSE-SR unit (and the holding tanks) was curiously to increase the 
amount of B. 

The next appropriate comparison is between the Illinois catalytic-catalytic run (Run 257), and the Illinois 
thermal-catalytic run (Run 250). In Run 250, the level of Component A in the interstage oil is only about half 
that in Run 257, and passage through the Stage 2 reactor decreases Component A still funher (rather than 
increasing it as in Run 257). We conclude (since Stage 2 is catalytic in both cases) that the product of the thermal 
first stage is less reactive. Apparently the "fresh" resid is more refractory because of the absence of catalyst 
and/or the slightly higher temperatures used during operation of a thermal fmt stage. 

for both the Wyodak coal and the lignite, second-stage reaction causes a decrease in the percentage of 
Component A - a change that is qualitatively similar to that seen for the Illinois therm-cat run (Run 250). With 
respect to changes between the product oil and the recycle stream, there is a slight increase in Component A for 
both the Wyodak and the lignite, whereas for the Illinois No. 6 coal (Run 250). Component A had decreased. 
Since we associated the decrease in Component A between the product and recycle streams for the Illinois No. 6 
runs with a proclivity for retrogression, we would conclude from the slight increase in A that the Wyodak and 
lignite resids are actually less prone to retrograde reaction than the Illinois No. 6 resids. The observed increase 
in A supports the conclusion that PCAH species, which are expected to be less abundant in the lower rank coals 
and theu products, are the primary candidates for retrogressive reactions in these highly pmessed resids. The 
observed increase in Component A is thus most likely due to a greater rejection of Component B as was 
observed with the Pittsburgh coal. 

and B in each resid was surprisingly successful, however some loose ends remain. For instance, a decrease in 
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In significant contrast to the prominent low-mass intensity in the Run 257 product oil, the recycle oil 

In the case of the Pittsburgh coal, which was also processed in the catalytic-catalytic mode (Run 259), as 

Moving to the two iower rank coals in this series, also processed in a therm-cat configuration, we see that 

To summarize, the attempt to make a straightforward association between the amounts of Components A 



Component A as a resid moves through the processing stream can reflect not only regression to the heavier 
component, B, but also upgrading to distillate. For simplicity, we have simply chosen to try first to rationalize 
the data in terms of the possibitlity that is more troublesome in process terms, namely retrogresesion of 
Component A to B. 

Examination of Prominent Individual Peaks 
While a large pan of each of the FI-mass spectral profiles is basically quite smooth, with few prominent 

masses, it is noteworthy that at the low mass end (240 to 350 Da), there is substantial "stlllcture" in the spectra. 
Moreover, the same peaks appear as prominent in spectra of all the fifteen resids. The six major series apparent 
in the spectra of these resids begin at m/z 242,276, 282,300, 308, and 316. In Figure 1 we have labeled some 
of these prominent peaks. 

Curiously enough, the six major peaks apparent in these resid spectra are either the same as, or closely 
related to, those recently identified by Sullivan, Boduszynski, and Fetzer ( 5 )  as showing substantial increases 
during hydrotreating of pemleum vacuum gas oil fractions. Based on the evidence presented by Sullivan et al. 
(5). and the very striking correspondence between the major peaks seen here and some of those identified by 
them, we consider it to be very likely that most of the prominent peaks noted here are causally related to the 
difficulty of catalytic/thermal breakdown to smaller species (distillate) and to the buildup of more refractory resid 
and IOM. At present, it is difficult to make a more quantitative statement regarding the importance of these 
peaks. However, a few of the trends that emerge from an initial examination are listed below. 

* Consistent with the fact that the Pittsburgh resid is the most difficult to upgrade, the intensities 
for m/z 276, benzo[ghi]perylene, observed for the Pittsburgh coal (Run 259) are generally 
higher than those for any other sample. However, this relationship appears not to always 
hold. In the interstage and recycle oils for Run 259, the levels are 2 to 2.5 times higher than 
the respective samples for Run 257, the catalytic/catalytic Illinois No. 6 run, but for the 
product oil the levels are essentially equal. 

The cadcat run with Illinois No. 6 coal (Run 257). produces more of m/z 276 by about a factor 
of two than the t h e d c a t  run (Run 250). even though the resid produced in 250 was 
considered to have been more difficult to upgrade. If the large PCAH are produced in 
significant pan by the cracking activity of the alumina-supported catalysts, we might rationalize 
that without the first stage catalyst, less benzo[ghi]perylene is formed. But if we accept this 
explanation, we are then forced to say that the difficulty in upgrading the Illinois t h e d c a t  
fresh resid is not due to benzoperylenes, coronenes, etc., but is due instead to the fact that less 
cracking occurred in the fust stage. While this latter rationalization may be correct, it is 
apparent that the situation is complex and not susceptible to analysis by simple inspection. 

If instead of comparing the absolute levels, we compare the ratios of peaks at m/z 276 and 300, 
we find that in going from the recycle stream to the intentage oil the relative amount of 
benzo[ghi]perylene increases in the more difficult-to-process Runs 250 and 259, while it 
decreases in Run 257. 

Changes in the ratios of hydroaromatic/ammatic pairs as the resid moves through the system 
provide an additional point for comparison. We find that the hard-to-convert Runs 250 and 
259 show distinct decreases in the ratio of hexahydrobenzo[ghi]prylene to 
benzo[ghilperylene. On the other hand, the "good" run 257 actually shows an increase in this 
hyharomatic/aromatic ratio as a result of addition of coal to the recycle oil and reaction in the 
fust stage reactor. The appearance of high levels of benzoperylene in Run 259 is presumably 
related to the fact that the level of cyclic-a-hydrogen (is., hydroaromatic hydrogen. as 
determined by NMR) in the recycle oil was the lowest of these three runs. 

These h-ends do not extend to the entire set of runs. In other words we were not able to consmct a 
consistent set of correlations between the most prominent homologous series and the processing behavior in all 
five runs. However we believe it is very likely that the difficulty in significant pan is that the mn-to-run 
comparisons attempted are anything but all-other-things-being-equal comparisons. A more careful examination 
of these data is warranted. One correction that ought to be included in this analysis is for the background 
intensity of all other components that might be present at these specific masses. The background could be 
adequately represented by the "fit" to the profile described in the previous section. The correction is small for 
peaks at 242 Da. but probably substantial for those at 300 Da. An alternative strategy would be to perform a 
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factor analysis on this set of peaks and identify the major trends. We suggest that these tasks be undertaken in a 
future effort. 

Sample point 

SUMMARY 

bimodal molecular weight distribution. The relative amounts of the low and high molecular weight components 
differ significantly from sample to sample, and simple mathematical deconvolution into Components A and B has 
revealed a correlation between the variations in A and B on the one hand and coal type, process conditions, and 
process performance on the other. While the correspondence is not perfect, the deconvolution leads to 
conclusions reasonably in concert with what is already recognized in coal liquefaction. It is satisfying to see 
so many observations about reactivity reiterated, not on the basis of yields, but on the basis of differences in 
molecular weight dismbution of streams that are already constrained by process conditions and product 
fractionation to be. as similar as possible. The mass spectra consistently showed a same set of few prominent 
peaks in the low mass end. Interestingly, these masses were identical with those previously associated by 
Sullivan et al. with increased difficulties in hydrotreating vacuum gas oils. This similarity prompted us to seek 
correlations between processing variables the intensity of these peaks. Our partial success in finding such 
correlations warrants a more extensive examination of the variations in these prominant masses, which when 
coupled with the deconvolution into lumped low and high molecular weight components, is likely to provide 
substantial independent information for cross-correlation with other resid properties and processing parameters. 
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Table 1 

PERCENTAGE OF LOW-MOLECULAR WEIGHT COMPONENT A IN RESIDS 

TAKEN FROM DIFFERENT RUNS AND SAMPLING POINTS 

21.5 11.4 13.9 22.4 13.7 
18.2 9.0 10.4 32.0 9.2 
21.6 10.0 8.6 13.1 18.5 

Wt% A in the Sample Determined from Even-Mass Profile 
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Figure 1. FIMS of the Pittsburgh (Run 259) recycle oil showing the pro&nent PCAH smcmres in the 
200-350 Da range. 
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ABSTRACT 

In the early stages of the thermal depolymerization of coaI, its cross-linked 
macromolecular structure may restrict the diffusion of reactive intermediates and 
alter the reaction pathways. In an effort to  model the effects of restricted mass 
transport on the thermally induced free radical decomposition of polymethylene 
units bridging aromatic clusters in coal, a series of diphenylalkanes [Ph(CH2lnPhl 
have been cross-linked to an inert silica surface by the condensation of the 
corresponding phenol, HOC~H~(CH~),CCH~OH. Results 6om the thermolysis of the 
diattached substrates a t  350-400 "C will be presented and compared to the thermolysis 
of fluid phase and mono-attached diphenylalkanes [=Ph(CH&Ph] to  highlight the 
impact that restricted diffusion has on the reaction mechanisms. 

INTRODUCTION 

The study of the fundamental reaction mechanisms associated with the thermal 
decomposition of coal is hindered by its heterogeneous, cross-linked, macromolecular 
structure. One solution to  this problem has been to investigate the thermal 
decomposition of model compounds representing structural features present in coal, 
but extrapolation of the results back to coal is difficult and sometimes unreliable.1 In 
order to provide a more relevant model for exploring the reaction mechanisms 
associated with coal pyrolysis, some of the complexities imparted by the 
macromolecular network structure of coal must be taken into account. 

Our research has focused on modeling the effects of restricted mass transport on 
thermal free radical reaction pathways.2-6 Thermolysis studies at 350-400 "C of a, o- 
diphenylalkanes covalently attached to an inert silica support has provided evidence 
that restricted radical and substrate diffusion can alter the free radical reaction 
pathways as compared to their liquid or gas phase behavior. In the thermolysis of 
surface-immobilized 1,2-diphenylethane, unimolecular rearrangement and 
cyclization were favored over bimolecular coupling reactions.2 Thermolysis of 
surface-immobilized 1,3-&phenylpropane (=DPP)3 and 1,4-diphenylbutane (=DPB)4 
showed that a free radical chain reaction can efficiently occur under the effects of 
restricted diffusion, and an unexpected regioselectivity in the hydrogen abstraction 
process was observed. These studies have also shown that cross-linking reactions 
can occur under conditions of restricted diffusion. For example, in the thermolysis of 
=DPP and =DPB, surface-attached benzyl radical adds to a surface-attached styrene 
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to form a cross-linked DPP (=Ph(CH2)3Ph= or -DPP-) after hydrogen abstraction. 
Although the reactions responsible for cross-linking have been investigated,7 the 
effects of cross-linking on the thermal decomposition reaction pathways has not been 
investigated. Therefore, in this paper, we will explore the effects of cross-linking on 
the thermolysis of 1,3-diphenylpropane and 1,4-diphenylbutane as model compounds 
for coal. 

EXPERIMENTAL 

1,3-di@-hydroxyphenyl)propane and 1,4-di@-hydroxyphenyl)butane were prepared by 
the procedure of Richardson8 and purified by repeated crystallizations from 
benzenehexanes until the purity was >99.9% by GC. The surface-attached materials 
were prepared by the condensation (225 "C for 1-4 h) of the diphenol with the surface 
hydroxyls of a high purity hmed silica (Cab-0-Sil, M-5, Cabot Corp.) and sublimation 

=DPP= =DPPOH 

of the excess phenol under vacuum (5x10-3 Torr) at 275 "C, as previously described.2-4 
Complete diattachment could not be obtained even at  the lowest surface coverages, 
and the surface contains a mixture of mono- and diattached material. Surface 
coverages were determined by liberation of the surface-attached phenol by base 
hydrolysis, silylation to the corresponding trimethylsilyl ethers, and analysis by GC. 
Three batches of =DPP=/=DPPOH were prepared with surface coverages of 0.465, 
0.181, and 0.105 mmol of organic per gram of derivatized silica with purities of 99.9, 
99.5, and 99.6%, respectively, and one batch of =DPB= was prepared with surface 
coverage of 0.113 mmoVg and purity of 99.6 %. The fraction of mono-attached 
substrate was determined from the quantity of HOPhCH3, a product from the 
thermolysis of -DPPOH and =DPBOH, which distills into the cold trap. 

Thermolyses were conducted in sealed, evacuated (<5x10-6 Torr) T-shaped tubes as 
previously d e ~ c r i b e d . ~ - ~  Volatile products were collected in a cold trap and analyzed 
as  phenols and their trimethylsilyl ethers, while surface-bound products were 
removed from the surface by base hydrolysis and silylated to the trimethylsilyl ethers. 
The samples were analyzed by GC and GC-MS with the use of internal standards. 

RESULTS AND DISCUSSION 

Thermolysis of =DPP=. In order to determine the effect of cross-linking on the 
thermolysis of 1,3-diphenylpropane, a series of surface-attached DPPs were 
synthesized in which the fraction of diattachment was varied. As shown in Table 1, 
the extent of diattachment increased with decreasing surface coverage, but complete 
diattachment could not be achieved. This is most likely a consequence of the 
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geometric constraints of the short aliphatic chain (see =DPB- below). Thermolysis of 
the high coverage -DPP= at 375 "C at low conversion produces approximately equal 
amounts of surface-immobilized toluene and styrene as the major products and a 
small amount of surface-immobilized ethylbenzene (ca.l%), eq 1. The parentheses 

=PhCH2CH2CH2Ph(=) < (=)PhCH3 + (=)PhCH=CH2 + (=)PhCH2CH3 (1) 

indicate that both a surface-immobilized species and a gas-phase species are present 
since the starting DPP is not completely cross-linked to  the surface. At higher 
conversions, isomers of C22H22O3 and C23H2403 (after work-up) are formed as 
secondary products. 

The products from the thermolysis of -DPP= can be rationalized by a f?ee radical 
chain reaction analogous to the one determined for =DPP3 and DPP.9 Assuming that 
all of the DPP is diattached to the surface, the chain propagation steps are shown in 
equations 2 and 3. The mono-attached DPP (=DPPOH) decomposes analogously, but 

0 

=PhCHy + =Ph(CH&Ph= + =PhCH3 + -PhCHCH2CH2Ph= (2) 

=PhCHCH2CHzPh= + =PbCH=CH2 + =PhCH2* (3) 
a 

produces a mobile gas-phase (vide infra) benzyl radical (p-HOPhCH2.). The surface- 
immobilized ethylbenzene could result from the initiation reaction or hydrogenation 
of styrene. Alkenes such as stilbene and styrene are known to  be reduced to the 
alkane in the presence of hydrogen donors such as tetralin as well as DPP itself.98 
The secondary products C23H2403 and C22H22O3 are formed from reaction of the 
diattached 1,3-diphenyl-l-propyl radical with surface-attached styrene or benzyl 
radical.1° Although radical addition to styrene has been observed in the thermolysis 
of =DPP and DPP, radical coupling involving a 1,3-diphenyI-l-propyl radical is a 
unique chain terminating reaction that has not previously been observed. 

The rate of decomposition of =DPP= should be sensitive to the extent of cross-linking 
since the geometric constraints placed on the chain carrying benzyl radical and the 
neighboring DPP molecules would influence the hydrogen abstraction reaction. 
Comparing the rate of conversion of a high coverage =DPP= and =DPP (see Table l), it 
is found that the small degree of cross-linking (24%) has only a modest effect on the 
rate. The free phenolic functionality of the mono-attached DPP is not expected to  
inhibit the rate of decomposition since it has been shown that in the thermolysis of 
DPP in the liquid phase at  350 and 400 "C, phenol and alkylated phenols have no effect 
on the rate of decomposition or product distribution.11 Surprisingly, at lower 
coverages, the rate of decomposition of =DPP= is only slightly slower than that of 
=DPP. This could indicate that (1) hydrogen abstraction reactions are not more 
hindered by diattachment a t  these surface coverages, (2) gas phase HOPhCH20, from 
the decomposition of the mono-attached DPP, is an effective chain carrying radical, 
or (3) the rate of initiation is accelerated by strain introduced into the aliphatic chain 
by cross-linking. The effects of cross-linking on the rate of decomposition is under 
further investigation. 
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No new products are observed from the thermolysis of =DPP= as the fraction of cross- 
linking increases. However, retrogressive reactions dramatically increase a s  a 
consequence of cross-linking. A comparison of the mole % secondary products from 
the thermolysis -DPP= and -DPP a t  similar coverages and conversions reveals that 
as cross-linking increases, retrogressive reactions increase over 100-fold at the lowest 
surface coverage as  shown in Table 2. Additionally, the mole % of -PhCH2CH3 
increases with decreasing surface coverage and is approximately independent of 
conversion. If the ethylbenzene is formed from the reduction of styrene, the yields 
would likely be conversion dependent.3 

Thermolysis of =DPB=. The thermolysis of a diattached 1,4-diphenylbutane (=DPB-) 
was used to study the effects of cross-linking on the selectivity of hydrogen 
abstraction. In thermolysis of 1,4-diphenylbutane (DPB), four products are formed (eq 
4) bv a free radical chain mechanism in which the chain Dropagation steps are . -  - - -  
shown in equations 5-9. 

Ph(CH2)ah + PhCH3 + PhCH2CH=CH2 + PhCH2CH3 + PhCH=CH2 

PhtHCH2CH2CH2Ph + PhCH3 

PhCH2tHCH2CH2Ph + PhCH3 
PhCH2* + Ph(CH2)flh 

2 

Ph(CH2)ah + 2 1 + Ph(CH2)flh 

PhCHCH2CH2CH2Ph + PhCH=CH2 + PhCH2CH2. 

PhCH26HCH2CH2Ph + PhCH2CH=CH2 + PhCH2* 

1 + PhCH2CH3 

2 + PhCH2CH3 
PhCH2CH2. + Ph(CH2)flh 

A -DPB= was prepared with a surface coverage of 0.113 mmoVg with 94% of the 
material cross-linked. The fraction of diattachment is larger than that found for 
=DPP= (82%) and must be a result of the longer aliphatic chain. Thermolysis of 
=DPB= at  400 "C produced the four products shown in eq 10. A mechanism similar 

=Ph(CH2)flh= + =PhCH3 + =PhCH2CH=CH2 + =PhCH2CH3 + =PhCH=CH2 (10) 

to that proposed for the thermolysis of DPB can be invoked for the cross-linked DPB. 
The selectivity of formation of 1 t o  2 as determined by the PhCH2CHflhCH3 ratio is 
dramatically altered compared to  selectivity found for =DPB (see Table 3), and favors 
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the thermodynamically less stable aliphatic radical 2. This perturbation of selectivity 
could result from the geometric constraints placed on the hydrogen abstraction 
reaction by restricted mass transport. Additionally, the rate of decomposition is 
significantly reduced as a consequence of cross-linking. The impact of cross-linking 
on the selectivity will be studied further. 

CONCLUSION 

This paper presents the preliminary results from the study of the effects of cross- 
links on the thermolysis of coal model compounds. Our previous studies have shown 
that restricting mass transport can alter reaction pathways. Results from this study 
indicate that cross-linking can dramatically increase retrograde reactions, alter the 
selectivity of hydrogen abstraction reactions and reduce the rate of decomposition. 
Additional studies are in progress to probe the impact of restricted mass transport on 
retrograde reactions. 
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I 

Table 1. Rate of Conversion of =DPP= and =DPP as a 
Function of Surface Coverage. 

Compound Coverage % Diattachment Ratea 
(mmollg) (% h-1) 

=DPP= 0.465 24 3.5 
0.181 60 0.56 
0.105 82 0.096 

=DPP 0.57 7.0 
0.14 0.40 
0.10 0.26 

aDetermjned hom the slopes of the linear regression of 
conversion vs time 

Table 2. Yield of Secondary Products as a Function of Surface 
Coverage. 

Coverage Secondary Products: =PhCH2CH3c 
(mmoYg) =DPP= 1 =DPPa (mole %) 

0.465 2.8 12 
0.181 22 5.3 
0.105 >120b 8.5 

aRatio of the mole % secondary products horn thermolysis of 
=DPP= and =DPP compared at similar coverages and conversion. 
bSecondary products for 0.10 mmoVg =DPP below detection limit 
of 0.05 mole %. CIndependent of conversion. 

Table 3. Selectivity and Rate of Decomposition of =DPB= and =DPB. 

Compound Coverage (mmoYg) 1/2 Selectivitya Rate (% h-l)b 

=DPB= 0.113 0.60 1.1% 
=DPB 0.117 2.0 9.5% 

aPhCH2CH3PhCH3 product ratio. b b t e  determined from the slope of a conversion 
vs time plot. 
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INTRODUCTION 

Coal petroleum resid coprocessing is fast becoming a cost effective means of coal liquefaction. 
The reaction mechanisms, however, are not well understood and are very important to the 
development and improvement of the technology. The coprocessing reaction is carried out at high 
temperatures and under a dihydrogen atmosphere that donates hydrogen to the fossil fuels to 
provide higher yields of liquids and to increase their hydrogen content. Accordingly, we have 
undertaken a study of the role of dihydrogen in the coprocessing reaction. The initial research in 
which Illinois No. 6 coal or Wyodak coal and Lloydminster resid or Hondo resid was mixed with 
a molybdenum based UOP propietary catalyst was carried out under a 3000 psi dideuterium 
atmosphere at 420OC with a heat up time of 120 minutes and a residence time of 120 minutesl. 
Quantitative 1H and 2H NMR analyses yielded similar results for the four combinations of coals 
and resids. Specifically, the degree of deuteration, (D/H+D), of the coprocessed products 
approached 0.25, the value that was expected for complete equilibration of the isotopes among the 
available positions in the oil, resin, and asphaltene. These results established the unselective 
character of the severe coprocessing reaction. However, we sought information on the limiting 
processes. Accordingly, additional coprocessing reactions with Illinois No. 6 coal and 
Lloydminster resid have been carried out under less severe conditions to investigate how the 
dideuterium utilization in the reaction products is affected by changes in the temperature and 
pressure. 

EXPERIMENTAL 

Materials. Illinois No. 6 coal was prepared by the Kentucky Center for Energy Research (KCER) 
and used as received (Anal. %C, 68.60; %H, 4.51; %N, 1.39; % S ,  3.04; %0, 9.65; %H20, 
3.15; %Ash, 9.65). Lloydminster Resid (Anal. %C, 83.6; %H, 11.5; % S ,  4.77; %N,) was 
obtained by UOP Research Center and used as received. The catalyst used was a molydenum 
based UOP propietary catalyst. 

Weighed amounts of Lloydminster and Illinois No. 6 coal in a 
two to one ratio (resid/MAF coal) and the catalyst (2%wt) are added to an 1800ml rocking 
autoclave. The autoclave is sealed and is pressurized first with hydrogen sulfide and then with 
dihydrogen or dideuterium to give a 10 vol% hydrogen sulfide and 90 vol% dideuterium such that 
the desired pressure is obtained at reaction temperature. The autoclave is heated to the desired 
temperature for a residence time of 0.0.0.5, or 2 hours. At the reaction conditions, dideuterium is 
added automatically so that the desired reaction pressure (1770 or 3OOOpsi at temperature) is 
maintained. After the desired time-at-temperature, the autoclave is cooled to r w m  temperature, and 
is then depressurized with the gas passing through a foam trap, caustic scrubbers, metering 
system, and then a sample is collected for analysis. To remove additional gas from the remaining 
reaction mixture, the material in the autoclave is shipped with dinitrogen. This gas also is passed 
through the foam trap, caustic scrubber, metering system, and analyzed. Any slurry product 
recovered in the foam trap is recovered with toluene and added to the toluene rinse solution. The 
slurry product from the autoclave is decanted. The material that remains in the autoclave is 
removed by rinsing the vessel with toluene until the autoclave is clean. The combined sluny 
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product is solvent separated into four fractions (oil, resin, asphaltene, and insoluble) according to a 
previously reported procedure'. 
Analvsis. Deuterium spectra were obtained on a Varian XL 400 MHz spectrometer. Two hundred 
fifty six scans were acquired by using a 900 pulse and a 5 second delay between pulses. 
Benzaldehyde-a-d- 1 was used as a quantitative internal standard. Proton spectra were obtained 
similarly on the same instrument by using a 900 pulse and a 20 second delay between pulses. 
Elemental analyses for carbon and hydrogen for each solvent separated product were obtained from 
Huffman Laboratories by using an instrument that detected both hydrogen and deutenum2. 

RESULTS 

The autoclave reactions were camed out with Illinois No. 6 coal, Lloydminster resid and a 
molybdenum based UOP propietary catalyst. Temperature was varied from 390 to 420OC and 
pressure was varied from 1770 to 3000 psi of dideutenum. The actual reaction time is a sum of the 
heat up time, approximately two hours, and the residence time, 0.0, 0.5, or 2 hours. The 
coprocessed products were solvent separated into four fractions; oil (isopentane soluble), resin 
(heptane soluble-isopentane insoluble), asphaltene (toluene soluble-heptane insoluble), and 
insolubles (toluene insoluble). The yields of each fraction, the coal conversion, and the asphaltene 
conversion for each reaction are provided in Table I. 

The solvent separated products were quantitatively analyzed by proton and deuterium NMR 
methods and elemental analysis. The NMR spectra were partitioned into regions: aromatic 
resonances (12.0 - 6.0 ppm), total aliphatic resonances (5.0 - (-2.0) ppm), alpha aliphatic 
resonances (5.0 - 2.0 ppm), beta aliphatic resonances (2.0 - 1.0 ppm), and gamma aliphatic 
resonances (1.0 - (-2) ppm). Hydrogen content, deuterium content, and % deuteration at each 
position in the oil, resin, and asphaltene fractions were determined as shown in Table 11, and 
(H+D)/C ratio is shown in Figure I. 

The data in Tables I and II clearly show the effects of temperature and pressure on the yields and 
conversions in the copmessing reaction. Temperature proves to be the dominant driving force for 
conversion. An increase in dideuterium pressure from 1770 to 3000 psi at 390OC has essentially 
no effect on either coal or asphaltene conversion, or on the yields of any of the solvent separated 
products. However, except for the aromatic positions, an increase in pressure does increase the 
deuteration at all positions, and the (H+D)/C ratio increased in the oil, resin, and asphaltene 
fractions. Aromatic deuteration increased from 17.2 to 19.1%, mainly in the resin and asphaltene 
fractions. The increase in aliphatic deuteration from 9.1 to 12.1% was dominated by incorporation 
at the alpha position. 

An increase in reaction temperature from 390 to 405OC and then to 420OC had a dramatic effect on 
the coal and asphaltene conversions. The coal conversion increased from 42.6 to 75.0% at 405OC, 
and then to 92.1% at 420OC. The coal conversion reached its maximum of about 92% at 420OC 
with no residence time. The same result was realized both when the residence time was 0.5 hours 
and 2.0 hours. The asphaltene conversion steadily increased from 13.0 to 29.6% at 405OC, and 
then to 40.1% at 420OC. The oil and asphaltene yields increased slightly, but most importantly the 
insoluble yield decreased significantly from 19.3% at 39OOC to 2.7% at 420OC enabling the high 
coal conversions. In addition, the increase in temperature from 390 to 405OC, and from 405 to 
42OOC provided almost linear increases in deuteration at all positions. Approximately 9- 10% 
increases are seen in the deuteration of all the aliphatic positions in the oil, resin, and asphaltene 
fractions with the exception of the alpha position in the resin and asphaltene fractions. The lack of 
a comparable increase in alpha % deuteration is almost certainly the result of the already high level 
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of deuterium incorporation in the alpha position at 390OC. Increases in the aromatic region 
averaged about 7.5%. 

Both coal conversion and alpha D exchange reach their maximum at 420OC with no residence time. 
As the residence time was increased, coal conversion remained constant and % alpha deuteration 
declined in all three fractions while the asphaltene conversion exhibited its largest increase. AS the 
residence time and, consequently, the asphaltene conversion were increasing, the % aliphatic and 
% overall deuteration remained essentially constant in the asphaltene fraction while the % aromatic 
deuteration and the % alpha deuteration decreased. The, the increase in % deuteration in the beta 
and gamma positions compensated for the decreases in the other positions to keep the overall % 
aliphatic deuteration of the asphaltene fraction constant indicating the approach to equilibrium of H 
and D in the asphaltenes. The alpha position was still slightly favored. 

However, as the residence time at 420OC is increased, the % deuteration at the other positions 
(aromatic, beta, and gamma) in all three fractions increases, and lead to an increase in the overall 
aliphatic and total deuteration in the oil and resin fractions. In addition, (H+D)/C significantly 
decreases in the resin and asphaltene, and to some extent in the oil. 

CONCLUSIONS 

Increasing pressure and temperature both lead to increased deuterium uptake from the dideuterium 
atmosphere. Temperature is, however, the driving force behind the conversion chemistry. 
Deuterium uptake, asphaltene conversion, and coal conversion all increase as temperature is raised 
from 390 to 420OC. Once 4200C is reached, coal conversion chemistry and % alpha deuteration 
have reached their maximum levels. As residence time at 420OC is increased, the chemistry 
responsible for increased asphaltene conversion and the upgrading of these asphaltenes to resins 
and then to oils takes place. The initially high levels of deuterium atoms in the alpha positions 
decrease as reactions at the less reactive beta and gamma positions occur. The deuteration at all 
sites in the asphaltene fraction essentially remains constant at about 27% as residence time at 
420OC is increased , but the (H+D)/C ratio decreases as the asphaltene conversion and upgrading 
of asphaltenes to resins and oils takes place. Concurrently, (H+D)/C is also decreasing in the oil 
and resin. However, the overall deuterium uptake is still increasing from 18.6 to 26.7% in the oil, 
and from 23.9 to 30.9% in the resin. 
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Table I. Reaction Conditions. Yields (wt%MAF). and Conversions (wt%MAm 

Recovered Coal 
Conditions &sin Asohallena Insolubles &~JLC& Conversion 

O.Ohra1390,1770psi 53.4 3.8 17.1 18.9 93.2 43.3 

O,Ohrat390,3000psi 54.1 3.3 17.7 19.3 94.4 42.6 

0.0hral405,3000psi 59.7 1.1 21.2 8.3 90.3 75.0 

0.0hral420,3000psi 55.4 3.6 22.8 2.7 84.5 92.1 

0.5 hrat420,3000psi 60.8 1.7 19.3 2.7 84.4 91.9 

2.0 hr at 420,3000psi 62.3 3.9 8.5 2.4 71.1 92.8 

Asphaltcne 
Conversion 

15.1 

13.0 

29.6 

40.1 

47.3 

74.2 

Fieure I. (H + DI / C 

1- Oil 4 3  Resin -*- Asphaltcne 

........................................................... 

T 
S I  - - - 1.50 ......................................... 

1.40 .............................................................. 

1.30 .......................................................... I 
1.20 

1.10 

1 .oo 

0.90 

0 hr at 390 0 hr a1 390 0 hr at 405 0 hr at 420 .5 hr at 420 2 hr at 420 
177Opsi D2 3OOOpsi D2 3OOOpsi D2 3OOOpsi D2 3OOOpsi D2 3ooOpsi D2 
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Table 11. % Deuteration in Solvent Seoarated Products 

Conditions Qil 
Yo TOTAL D 12.0- 6.0 & 5.0 4-2) PPM 
0.0 hr at 390, 177Opsi 6.59 

8.60 
0.0 hr at 405.3ooOpsi 13.05 
0.0 hr at 420,3ooOpsi 18.57 
0.5 hr at 420,3ooOpsi 20.33 
2.0 hr at 420,300Opsi 26.70 

Yo AROMATIC D 12.0 - 6.0 PPM 
0.0 hr at 390, 177Opsi 13.28 
0.0 hr at 390,3ooOpsi 13.25 
0.0 hr at 405,300Opsi 16.97 

22.50 

2.0 hr at 420,300Opsi 25.30 

9% ALIPHATIC D 5.0 - (-2.0) PPM 
0.0 hr at 390, 177Opsi 6.09 
0.0 hr at 390,300Opsi 8.26 
0.0 hr at 405,300Opsi 12.72 
0.0 hr at 420,3ooOpsi 18.23 
0.5 hr at 420,300Opsi 20.17 
2.0 hr at 420,3ooOpsi 26.85 

5 ALPHA D 5.0 - 2.0 PPM 
0.0 hr at 390, 177Opsi 19.38 
0.0 hr at 390,3ooOpsi 25.14 
0.0 hr at 405, 3ooOpsi 29.63 
0.0 hr at 420, 300Opsi 36.29 
0.5 hr at 420,3ooOpsi 35.61 
2.0 hr at 420,3000psi 34.27 

0.0 hr at 390, 3ooOpsi 

0.0 hr at 420, 3ooOpsi 
0.5 hr at 420,300Opsi 22.00 

-M 
0.0 hr at 390, 177Opsi 3.82 
0.0 hr at 390,300Opsi 5.43 
0.0 hr at 405,3000psi 9.65 
0.0 hr at 420,3000psi 15.85 
0.5 hr at 420,300Opsi 18.72 
2.0 hr at 420,3000psi 27.35 

%GAMMA D 1.0 - (-2.0) PPM 
0.0 hr at 390. 177Opsi 2.48 
0.0 hr at 390,3000psi 3.26 
0.0 hr at 405, 3ooOpsi 6.86 
0.0 hr at 420,300Opsi 9.86 
0.5 hr at 420, 3oWpsi 11.56 
2.0 hr at 420,3000psi 18.70 

Besin 

10.33 
13.97 
17.75 
23.88 
25.07 
30.88 

16.30 
19.10 
22.05 
26.22 
25.47 
3 1.25 

9.42 
13.25 
17.04 
23.40 
24.98 
30.75 

21.30 
29.41 
31.65 
35.44 
34.35 
35.01 

5.14 
7.54 
11.30 
17.48 
20.31 
28.61 

5.25 
7.54 
11.57 
16.26 
17.98 
24.19 
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14.76 10.03 
17.95 12.89 
24.43 17.62 
27.89 22.78 
26.67 23.55 
27.59 28.17 

20.38 17.23 
22.69 19.14 
27.42 23.00 
29.47 26.70 
26.58 25.18 
26.66 28.12 

13.58 9.06 
16.99 12.08 
23.70 16.82 
27.46 22.11 
26.70 23.23 
27.97 28.18 

25.27 22.09 
30.36 28.46 
34.42 32.02 
36.52 36.06 
33.64 34.45 
3 1.69 33.68 

8.25 5.19 
10.25 7.15 
16.96 11.62 
21.20 17.41 
21.39 19.70 
24.74 27.13 

8.47 4.87 
11.32 6.54 
18.36 11.11 
21.72 14.16 
22.72 15.54 
25.35 2 1.25 
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INTRODUCTION 

Direct coal liquefaction involves complex and insufficiently defined chemical reactions. In order to 
improve direct coal liquefaction processes, it is necessary to improve our understanding of key 
chemical reactions. Unfortunately, due to the high pressure and high temperature requirements of 
most coal liquefaction processes, real-time on-line reaction monitoring by advanced spectroscopic 
and/or chromatographic techniques has generally been impossible until now. Thus, relatively little 
is known about the precise reaction pathways as well as the intermediate reaction products involved. 
This is particularly true for conversion reactions carried out in batch reactors such as autoclaves. Due 
to the relatively long residence times primary reaction products formed in batch type autoclaves are 
quite susceptible to secondary, or even tertiary reactions. Consequently, real-time on-line monitoring 
experiments are needed to elucidate reaction pathways in autoclaves. 

Although several on-line systems have been developed for coal conversion at near-ambient pressure 
or high vacuum conditions [l-41, there are no reports of on-line chromatographyhpectroscopy based 
systems built for monitoring high pressure conversion reactions. Therefore, the development of a 
direct GC/MS interface for near-real time analysis of high pressure reaction products, while 
minimally disturbing the reaction process, has been undertaken in our laboratory. 

It is well established that coal contains fused aromatic and hydroaromatic ,ring clusters, composed 
of an average of two to four condensed ring units, connected by various alkylene, ether, sulfide and 
direct (Ar)C-C(Ar) bridges [5]. Liquefaction reactions are primarily thought to involve these 
connecting bridges, especially ether linkages and alkylene linkages [6]. In recent years, a number of 
workers [7-171 have subjected coal-model compounds to various coal conversion conditions in order 
to confirm that certain coal structures are reactive during coal conversion and to infer the conversion 
mechanisms of real coals from mechanisms determined for such compounds. 

The present paper reports the design and testing of a newly developed on-line GC/MS monitoring 
system for high pressure reactions and its application to the investigation of hydrogenation and 
hydrodeoxygenation (HDO) of model compounds, such as diphenyl methane and dibenzyl ether, 
under both catalytic and thermal conditions. 

EXPEFUMENTAL 

Instrumental Design: Figure 1 shows that the on-line system consists of (1) a 50 ml flow-through 
micro-autoclave reactor (Autoclave Engineers Inc.), with a continuous stream of mixture feed flowing 
through a preheater, entering the reactor from the bottom, and continuously sweeping solubilized 
products into a collecting reservoir; (2) a pressure reduction line (15 pm i.d. fused silica capillary) 
which reduces the pressure from about 1650 psig to ambient at a mass flow of approximately 1 
mg/min for toluene while minimizing dead space at the high pressure end and minimally disturbing 
the reaction process; (3) a novel automated vapor sampling (AVS) inlet developed at the University 
of Utah, Center for Micro Analysis and Reaction Chemistry (US. Patent No. 4,970,905) for diluting 
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and pulsed sampling of ambient vapor sample streams; and (4) a GC/MS system with a 1 m long, 
150 pm i.d. fused silica capillary "transfer line" GC column directly coupled to a Finnigan Mat Ion 
Trap Mass Spectrometer (ITMS) with tandem MS capabilities and electron ionization (EI) as well 
as chemical ionization (CI) options. 

Materials: Diphenylmethane, dibenzyl ether, decalin and biphenyl, were obtained from Aldrich 
Chemical Co. as G.R. grade without further purification. A commercial catalyst, 3C08Mo/y-Al,03, 
was sulfided before use for the reaction. A protonic acid catalyst, FeCIJSiO,-Al,O,, was prepared 
by means of a special impregnation technique in this laboratory. 

Experimental procedure: About 300 ml of a mixture containing 10%(wt) feed, 86% solvent (decalin) 
and 4% internal standard (biphenyl) were used for each experiment. Under catalytic reaction 
conditions, about 1 g of the catalyst was placed in a self-containing basket with 52 wire mesh. The 
liquid flow was about 30 mlhr  after the first reactor fill with feed mixture. The reactor was 
pressurized at 1600 psi with a continuous H, supply. After analysis start-up, normally 10 samples 
were taken at 2 min/sample at ambient temperature for checking system stabilization. Then the 
GC/MS was started at the same time as the reactor started heating. The reactor temperature was 
recorded for each sample. After the reactor reached the reaction temperature, the reaction time was 
recorded. Detailed parameters for each reaction are listed in Table 1. Both reactor temperature and 
reaction time effects will be discussed. 

RESULTS AND DISCUSSLON 

On-line system function: Aside from occasional plugging of the 15 pm i.d. capillary pressure 
reduction line and the protective 2.0 and 0.5 pm frits the system exceeded design specifications with 
regard to GC/MS performance, especially isothermal GC results (note the separation of decalin 
isomer peaks in Figure 2) and dynamic range (solvent peaks representing > 80 % of the reactor 
contents were as readily measurable as small product peaks representing less than 100 ppm thus 
establishing an effective dynamic range > lo4). As also demonstrated in previous work, the 
combination of automated pulsed vapor sampling and short column capillary "transfer" line GC 
enabled repetitive recording of complete isothermal GC ~ n s  at 1-4 minute intervals. Moreover, the 
transfer time of nonretained sample components between reactor and detector was found to be less 
than 1 minute. In short, the system shown in Figure 1 is capable of detecting minute changes in 
sample composition in a time which is short compared to typical reaction times in autoclave reactors. 

Diphenylmethane: Figure 2 shows the reactor temperature effect on diphenylmethane decomposition 
under thermal and acid-catalytized reaction conditions. As seen, the first products can be detected 
at about 330°C for the catalytic reaction, but not for the corresponding thermal reaction (even at 
about 350°C). Kinetic profiles of the effect of reaction time on the decomposition of diphenylmethane 
at thermal and catalytic reaction conditions at 350°C are illustrated in Figure 3. As expected, the 
concentrations of the products and the feed are increasing and decreasing, respectively, as a function 
of reaction time for both thermal and catalytic reactions. At 350°C, conversion yield at the 
equilibrium stage (flow reactor!) is about 50% of the feed for the acid-catalyzed reaction, whereas 
the thermal reaction produces detectable products by GC/MS, but achieves a very low conversion 
yield, which is consistent with previous results [15,17]. Figure 4 shows typical single ion 
chromatograms with the corresponding mass spectra of the decomposition product of 
diphenylmethane (benzene, toluene, and xylene) under catalytic reaction conditions. Figure 5 
demonstrates the concentration of benzene, toluene and xylenes as a function of reaction time under 
catalytically controlled conditions. Obviously, benzene is the dominant product, whereas the 
concentration of toluene is increasing with reaction time, and xylene concentrations attain only about 
1% of the benzene concentration. The results infer that a-bond cleavages are preferable under the 
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acidcatalyzed conditions which agrees with other results [ll]. That the active form of the metal 
chloride is aqua complex [18], H*[MCL,OH], has been considered. Thus, the mechanism of 
diphenylmethane decomposition under the acid-catalyzed condition is proposed as follows: 

Main Reaction (hydrodealkylating cleavage of the a-bond) 

Secondary Reactions of toluene 

(a) hydrodealkylation 

0 Q% CHCI- 
"2 

@snrllic 
clrbodvm ion) 

@) disproportionation (trans-alkylation) 

a1 
pC.rncric xylsncr) 

The rate-limiting step in the overall process is protonation of diphenylmethane to form an 
intermediate carbonium ion, which undergoes acleavage to yield benzene and toluene. The small 
extent of secondary reactions of toluene can not be avoided under the acidcatalyzed reaction 
condition. 

In the thermal reaction, toluene is the most important product and the ratio of toluene to benzene 
shows no clear trend with reaction time. A free radical mechanism is suggested. Due to very low 
conversion yields, the reaction pathway of diphenylmethane under the thermal conditions is not 
discussed. 

Dibenzvl Ether: Figure 6 illustrates dibenzyl ether decomposition under both thermal and catalytic 
reaction conditions. This reaction proceeds at much lower temperatures than the diphenyl methane 
decomposition reaction, due to the bond energy differences listed in table 2. Figure 7 shows the 
kinetic profiles of the decomposition of dibenzyl ether under both thermally and catalytically 
controlled reaction conditions. The conversion of dibenzyl ether under catalytic reaction conditions 
is approximately 96%, as opposed to 30% under thermal reaction conditions. The G C N S  results 
reveal six products, namely: benzene, toluene, benzaldehyde, dibenzyl, 4-methyl diphenyl methane 
and 2-methyl diphenyl methane, from the thermally controlled reaction, while only one product, 
toluene, is observed from the catalytically controlled reaction. This implies that the reaction pathways 
under both conditions are different. The thermal decomposition of dibenzyl ether has been well 
defined following the free radical mechanism [8-lo]. The reaction pathway of the HDO reaction of 
dibenzyl ether in the presence of a sulfided 3C08MoEy-A120, catalyst is as follows: 

a"" "2Q - p+ [PI 
H2 I - H z O I  

UM3 

The benzyl alcohol intermediate has been observed as the only intermediate at temperatures between 
140-260°C in the presence of the same type of catalyst (3Co8Mo) at 1000-1500 psig H, [19]. Due 
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I to the more severe conditions under which our experiment was performed (300 C), the intermediate 
benzyl alcohol was not detected. 

CONCLUSIONS 

A newly developed, on-line GC/MS monitoring system for high pressure reactions performed 
reliably. This represents a significant over conventional off line methods and should facilitate 
elucidation of the mechanisms and kinetics of coal liquefaction. 

The results obtained suggest that the protonic acid catalyst, FeCIJSiO,-AI,O,, acting as an aqua 
complex, H+FeCl,OH]', cause  cleavage of the a-bond in diphenylmehtane to produce approximately 
50% each of benzene and toluene, whereas very low product yields (< 1 %) are observed in the 
absence of a catalyst. 

The decomposition of dibenzyl ether under catalytic conditions is almost complete (96%). The only 
product, toluene detected, under such conditions reveals that an HDO reaction occurred. The thermal 
reaction mainly breaks C-0 bonds by a free radical mechanism. 
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TABLE 1 
EXPERIMENTAL CONDITIONS 

Reactor Conditions: 
- Pressure 1600-1650 p i g  
- Feed Flow Rate 30 m l h  
- Reaction Gas Continuous flow H2 50 sccm 
- Heating Speed ambient--> 300°C in -18 min 
- Final Reaction Temperature 350°C for diphenylmethane, 340 and 300°C for dibenzyl 

ether under thermal and catalytic conditions, respectively 
- Catalyst -1 g Sulfided 3C08MO/y-A1203 
Pressure Reduction Line Conditions: 
- Temperature 175°C 
- Pressure 1600-1650 psig--> ambient 
Sample Inlet Conditions: 
- Temperature 270°C 
- Pressure ambient 
- Dilution He Flow Rate 100 ml/min 
- Carrier Gas He Flow Rate 40 ml/min 
- Sampling Valve Flow Rate 43 ml/min 
- Bleed Flow Rate 10 ml/min 
- Sampling Pulse 550 ms at 2 min intervals 
Transfer Line Conditions: 
- Column 
- Temperature 105°C 
- Pressure ambient -->lo" torr 
MS Conditions: 

- Ion Trap Temperature 96°C 
- Ionization electron impact (with automatic gain control) 
- Spectrum Scanning Speed 4 spcctra/s 
- Mass Range m h  50-100 

1 m x 150 pm i.d. coated with 0.12 pm CP-SIL 5CB 

- Pressure 10" torr 

TABLE 2 
PROPERTIES OF THE MODEL COMPOUNDS SOLVENT AND INTERNAL STANDARD 

Name Structure Molecular Weight Boiling Point BDE (Kcal/mol) 
P a  , - I  

diphenylmethane ph-CH,-ph 168 264 350',33Y 

diphenyl Ph-Ph 154 256 480',485' 
decalin 138 187.1-196.4 

dibenzyl ether phCH2-O-CHsh 198 298 33ob 

-_ 

a - 

b - 
c - 

Ross, D.S. et al., in: Coal Liquefaction Fundamentals, (Whitehurst, D.D., ed.), 1980, 
ACS Symposium Series 139, p. 303. 
Schlosberg, R.H., et al., Fuel, 1981, 60, 202. 
Vernon, L.W., Fuel, 1980, 59, 103. 
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Figure 1. On-line GC/MS monitoring of high pressure reactor. 
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Figure 2. Total ion chromatograms of diphenylmethane at different reactor temperatures under 
thermal (a-c) and catalytic (d-f) conditions. 
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Figure 3. Kinetic profiles of the 
decomposition of diphenylmethane at 350 
C under thermal and catalytic conditions. 
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Figure 4. Typical single ion chromatograms (a-c) and corresponding mass spectra (d-f) of the 
products from the decomposition of diphenylmethane under catalytic conditions. 
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Figure 5. Relationship between reaction 
time at 350 C and the concentrations of the 
products from the decomposition of 
diphenylmethane under catalytic 
conditions. 
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Figure 6. Total ion chromatogram of dibenzylether at different reactor temperatures under 
thermal (a-c) and catalytic (d-f) conditions. 
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Figure 7. Kinetic profiles of the decomposition of dibenzylether under thermal (a) and catalytic 
(b) conditions. 
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MASS SPECTROUJFlWIC ANALYSIS OF THE REACTION OF ISOTOPICALLY 
LABELLED ALCOHOLS ON GAlwL ALUHINA AND HODIFIED ALUMINA 

MATWIALS 

Vincent p. Nero and Elaine C. DeCanio 
Texaco Inc, Beacon, NY 12508 

INTRODUCTION 
A novel temperature programmed desorption (TPD) technique has been 

developed in which the direct insertion probe of a mass spectrometer 
is used as the reactor. This technique has been used to investigate 
the adsorption sites of alcohols on gamma alumina by monitoring the 
dehydration products and has been found to provide both greater 
sensitivity and a more precise experimental record for these reactions 
than conventional TPD techniques. Reactions involving 0-18 labelled 
alcohol produce two isotopomeric ether products (R"0R and R"0R) , in 
addition to H,"O, and alkene. This shows that the alcohol is initially 
chemisorbed onto the A1,0, to form alkoxides via two routes, a.).a 
dissociative adsorption on Lewis acid sites, and b) a nucleophilic 
attack by a surface oxide on an alcohol which is probably activated 
toward C-0 cleavage. 

Experiments involving either poisoning the alumina with 2,6- 
dimethylpyridine or modifying the alumina with fluorine treatments have 
been used to elucidate the mechanism of alkoxide formation and the 
dehydration reactions. Observed product distributions and temperature 
trends can be related to changes in the nature of the Lewis and 
Bronsted acid sites brought about by the inductive effect of fluorine 
and to site blocking by bulk AlF, phases or dimethylpyridine. 

EXPERIMENT 
Both a Finnigan-MAT TSQ70, operating in a single quadrupole mode, 

and SSQ710 mass spectrometer were used. Both instruments were operated 
under electron impact conditions with a 70 eV ionizing potential and 
200 ua ion current. The source temperature was 150°C. A mass range 
from 12 to 170 Daltons was scanned every 0.5 seconds. 

Norton 6375C (20/40 mesh) gamma alumina with a surface area of 221.8 
m2/g and a pore volume 1.4 cc/g was used for all experiments. The 
gamma alumina was calcined in flowing air (60 cc/min) at 500°C for 3 h 
and then stored in an air tight container. Approximately 0.2 g of the 
alumina was then transferred to a 5-ml beaker which was placed into a 
25-ml sealed vessel containing about 0.5 ml of ethanol or ethanol-l'O 
(99%) at room temperature and exposed to its vapor for at least 1 h. 
About 0.2 mg of the alumina with the absorbed alcohol was placed into 
a quartz insertion tube which loaded into the temperature programmed 
probe of the mass spectrometer. Immediately the probe was inserted 
into the mass spectrometer source, which is at a vacuum of 1 x 10- 
torr. The temperature of the sample was increased from 25°C to 300"c 
at a rate of 25°C per min. The probe tip was within 1 mm. of the 
ionizing electrons which ensures that the desorbed specles are 
immediately analyzed upon desorption from the alumina surface. This 
results in minimal diffusion losses and time delays and is therefore 
much more sensitive than conventional temperature programmed 
experiments. 

For the experiment involving poisoning with 2,6-dimethylpyridine, 
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the calcined alumina was exposed to its vapor for 24 h. The poisoned 
alumina was then transferred to a clean vessel and exposed to the 
vapors of 0.5 ml ethanol-”0. For the experiments involving modified 
alumina with fluorine loading, the alumina was treated with ammonium 
fluoride at 2%, 5%, and 10% levels and then calcined before exposure 
to the alcohol. 

RESULTS AND DISCUSSION 
Reconstructed partial ion chromatograms of the reaction of ethanol 

(not enriched in ”0) on calcined alumina are shown in Figure 1. At 
25°C only desorption of physisorbed water and ethanol is observed as 
shown in the selected ion traces of m/z = 17, 18 and m/z = 4 5 ,  46. The 
phyisorbed water and ethanol is rapidly evolved in the vacuum of the 
mass spectrometer. As the temperature is increased to lOO”C, diethyl 
ether begins to form and reaches a maximum at 2OO0C. This is shown in 
the selected ion trace m/z = 59, 74. At 210°C ethene starts to form, 
peaking at 260°C (selected ion trace m/z = 26, 28!. These products are 
the result of dehydration reactions involving ethoxide. The 
coproduction of water is seen in the m/z = 17, 18 ion trace, which 
shows a broad peak with inflections corresponding to the formation of 
the ether and the ethene. The ether formation is a bimolecular 
reaction requiring the alkoxide groups to be on adjacent sites, while 
the alkene is presumably formed by the unimolecular elimination of 
water from isolated ethoxide species.’ 

The same experimental procedure was repeated substituting ethanol- 
“0. The ether formation splits into distinct regions as indicated in 
figure 2. The reaction produces two isotopomeric ether products as 
evidenced by the selected ion chromatograms for m/z = 59, 74 and m/z 
= 61, 76, which correspond to CH,CH,’“OCH,CH, and CH,CH,”OCH,CH, 
respectively. The ether incorporating the “0 appears first and peaks 
at 179OC. The I6O ether does not reach its maximum intensity until 
22OOC. A summary of the peak temperatures and peak areas appear in 
Table I. The relative amounts of these isotopomers did not change 
even after the Al,O,-ethanol-”0 was allowed to stand for several 
months. This indicates that the alkoxides leading to the ether 
products are irreversibly formed. 

The two isotopomeric ethers originate from two different alkoxide 
species, one incorporating an “0 and the other, l60. The presence of 
these two alkoxides suggest that alkoxide is formed via two routes. The 
first involves a direct reaction at a Lewis site resulting in 
deprotonation of the complexed alcohol and formation of “0-alkoxide as 
shown in the upper scheme in figure 2 .  The second involves a reaction 
with a nucleophilic surface base site resulting in “OH displacement and 
the formation of 160-alkoxide, as shown in the lower scheme in figure 
2. This latter pathway probably involves a secondary interaction of 
the alcohol hydroxylwith an adjacent acid site, since hydroxide itself 
is a relatively poor leaving group. 

The 2,6-dimethylpyridine poisoning experiment provides further 
evidence for the formation of distinct alkoxide sites. This base is 
expected to adsorb onto either Bronsted acid sites or Lewis acid 
sites.‘ The adsorption of 2,6-dimethylpyridine prior to ethanol-”0 
adsorption has a significant effect on the ratio of ether-”0 and ether- 
‘“0 as shown in Table I. The untreated alumina yields ethers 
approximately 3:l in favor Of the “0 isotopomer. This ether ratio 
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changes to 0 . 6 : l  for the base treated alumina. This clearly 
establishes that both ethers are formed from different alkoxide species 
and that the ether-"0 i s  formed from an alkoxide associated with Lewis 
acid sites. It also shows that the relative amount of the ether-"O to 
the ethene actually is increased by effect of the 2,6-dimethylpyridine 
poisoning. This result also indicate that the ether-I60 did not form 
at a Bronsted acid site (via protonolysis of alcohol hydroxide), since 
the latter would be strongly inhibited by the pretreatment with 2,6- 
dimethylpyridine; this would have led to a decrease in the ratio of 
ether-160 to ethene, rather than the observed increase. 

Modification of alumina by fluorine treatment is known to increase 
the Bronsted acid character of the surface.' At 2% fluorine loadings 
the observed ether and ethene distributions show no significant 
changes, although the peak temperatures of various reactions 
increased substantially, probably due to the the inductive effect of 

the fluorine. (Table I) At the 5% fluorine level the peak temperatures 
have increased to the point of favoring elimination as the major 
reaction pathway. The yield of the ether-'*O is greatly reduced since 
the fluorine is now occupying sites previously occupied by the "0 
ethoxide. At the 10% fluorine level even the ether-"0 is reduced. 
This can be attributed to site blocking due to the formation of bulk 
AlF, on the alumina surface. 

1. Knozinger, H., Kockloefl, K. and Meye, W., J. Catal., 28, 69 
(1973) 

2. Hatulewiez, E. R. A., Kerhof, F. P. J. M., Houlign, J. A. and 
Reitsma, H. J., J. Coll. Interface Sci., 77, 110 (1980). 
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H Y D R O G E N O L Y S I S  M E C H A N I S M S  F O R  P O L Y C Y C L I C  A L K Y L A R E N E S  

C. Michael Smith and Phillip E. Savage' 
University of Michigan, Department of Chemical Engineering 

Ann Arbor, MI 48109-2136 

KEYWORDS: Alkylpyrenes, Hydrogenolysis, Pyrolysis 

INTRODUCTIOX 
Recent neat pyrolyses of polycyclic alkylaromatics have demonstrated the relatively facile cleavage of strong aryl-alkyl 
bonds.'-7 Because these compounds mimic the analogous moieties in coal and oil, their reaction pathways and 
mechanisms provide insight to reactions occurring in co-processing, coal liquefaction and gasification. and heavy oil 
upgrading and coking. The hydrogenolysis mechanisms responsible for aryl-alkyl C-C bond cleavage in alkylarenes have 
not been fully elucidated. but the literalure does provide some possibilities.6-8 

We desired to understand this hydrogenolysis more completely and to employ this understanding to develop a general 
mechanistic model for alkylarene pyrolysis that was consistent with experimental observations. A general mechanistic 
reaction model can be developed by conducting experiments with different alkylarenes, laking advantage of results in the 
literature, and employing the principles embodied in thermochemical kinetics and molecular orbital (M.O.) theory. We 
have previously reported expcrimenlal data (e&, product molar yields, selectivities. rate constants) for a large number of 
n-alkylarenes, and we proposed a general pyrolysis network3 We also conducted experimental studies using probe 
molecules to explore different mechanistic scenarios for the hydrogenolysis.'.* This paper reports our initial activities 
aimed at developing a general mechanistic model. We have relied on OUT experimental results and the literature to provide 
probable elementary reaction steps, and we used thermochemical kinetics and M.O. theory to estimate their reaction rate 
constants. Our initial mechanistic models explore the pyrolysis of I-methyl- and I-ethylpyrene. Our logic for studying 
these compounds is twofold. First. the mechanisms responsible for the cleavage of the aryl-alkyl bond in methyl- and 
ethylpyrene must also be operative during the pyrolysis of alkylarenes with longer chains. Second, the pyrolysis of these 
compounds leads to a smaller number of products than does the pyrolysis of long-chain alkylarenes. Thus, there is a 
smaller pool of species from which the hydrogenolysis agents can be chosen, and this reduces the complexity of the 
mechanistic models. Additionally. for methylpyrene ncithcr a-alkylpyrene radicals nor aliphatic radicals can participate 
in the radical hydrogen transfer reactions that others have suggested as potential hydrogenolysis  step^^,^ for long-chain 
alkylpyrenes. Thus, it is apparent that the simplicity of these pyrolysis systems makes them convenient initial tools for 
probing different mechanistic scenarios and developing more complex mechanistic models for longchain alkylarenes. 

EXPERIMENTAL 
1-Meihylpyrene and I-ethylpyrene pyrolyses were conducted neat at 400, 425, and 450°C in constant-volume, 316 
stainless steel, micro-batch reactors. The reactors were typically loaded with about 10 mg of alkylpyrene and 10 mg of o- 
terphenyl as an internal standard. After being loaded, the reactors were purged and sealed in a nitrogen-filled glove box 
and then placed in an isothermal, fluidized sand bath. Upon reaching the desired holding time. the reacton were removed 
from the fluidized bath, and the reaction was quenched. The products were recovered by repeated extraction with benzene. 
The reaction products were identified by gas chromatography-mass spectrometry, and their molar yields (Le.. moles of 
product formedholes of reactanl loaded in reactor) were quantified by capillary column gas chromaiography. Details 
about the experimental protocol have been given previously, 

EXPERIMENTAL RESULTS 
1-Methylpyrene: The pyrolysis of methylpyrene led to pyrcne and dimethylpyrene as the major products, and Table I 
lists the molar yields of these products at different reaction conditions. The minor products included a second 
dimethylpyrene isomer, ethylpyrene, and four trimethylpyrene isomers. Of these minor products, only the 
dimethylpyrene isomer was present in yields sufficiently high to quantify. Its molar yield increased steadily at all three 
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temperatures, and its maximum yield was 1.8% at 150 minutes at 450°C. The recovery of pyrene moieties in the 
quantified products ranged from nearly 100% to a low of 12% for the reaction at 450°C and 300 minutes. The failure to 
achieve 100% recovery at  the more severe reaction condilions is likely due LO the formation of high molecular weight 
products that did not elute from the GC. 

1-Ethylpyrene: The pyrolysis of ethylpyrene led to pyrene and methylpyrene as major products, and Table I1 lists 
representative results from these experiments. The minor/trace products were diethylpyrene, methylethylpyrene, 
vinylpyrene, dihydropyrene and a benzene-insoluble char. The molar yield of diethylpyrene typically reached a maximum 
and then decreased with time. Vinylpyrene and methylethylpyrene were only observed in trace quantities. so their yields 
were not quantified. The lowest recovery of pyrene units in the quantified products was 72% for the reaction at 450°C and 
12 minutes. 

MECHANISTIC MODELING AND RESULTS 
The development of mechanistic models for methyl- and ethylpyrene pyrolysis was guided by experimental observations, 
by previous mechanistic models for toluene and ethylbenzene pyrolysis. and by previous investigations into the pyrolysis 
of polycyclic aromatic hydrocarbons. We simulated the pyrolyses using Acuchem, a software package developed by the 
National Institute of Standards and Technology? The program sets up and solves the differential equations that describe 
species'concentrations as a function of time for reactions in a conslant-volume batch reactor. 

1-Methylpyrene: The 18 elementary step free-radical reacrion mechanism used to describe the pyrolysis of 
methylpyrene is depicted in Figure 1. Methylpyrene undergoes initiation through two possible routes: unimolecular 
homolylic dissociation and bimolecular reverse radical disproportionation (RRD).lO.ll Chain propagation proceeds via 
radical hydrogen transfer (RHT),I2 H-atom and methyl radical addition, and methyl radical and H-atom elimination. 
Finally, termination occurs through the recombination and disproportionation of methylpyrenyl radicals and 
alkylhydropyrenyl radicals. This mechanism omits potential secondary reactions such as RRD of dimethylpyrene 
molecules or RHT to pyrenc molecules. Thus, this model will be most valid at low methylpyrene conversions where 
these secondary reactions are unirnpormt. The Arrhenius parameters estimated for each step in Figure 1 are listed in 
Table 111, and details of the estimation procedure are given elsewhere4 

Figure 2 displays the comparison of the model prediction and experimental observation for the temporal variation of 
product yields from methylpyrene pyrolysis at 425°C. The model (solid lines) predicts the experimental data (discrete 
points) well at conversions less than 30%. At higher conversions, however, the model tended to underpredict 
methylpyrene reactivity. This lack of quantitative agreement at higher conversions could be due to the model's omission 
of secondary reactions. For example. pyrene could serve as a hydrogen acceptor in RRD reactions, but the model does 
not include such steps. If it had, the predicled reactivity of methylpyrene would have increased. Overall, however, the 
agreement between the calculated and the experimental molar yields was reasonably good. 

Figure 3 displays the model's prediction of the rates of RRD (reaction 2). RHT (reactions 4 and 5 )  and H-atom addition 
(reaction 8), reactions that add hydrogen to the ipso position in methylpyrene, as a function of conversion for the 
pyrolysis at 425OC. The results at 400 and 450°C were similar to those presented in Figure 3. It is apparent from Figure 
3 that the rate of H-atom ipso substitution is typically lower than the rates of RHT and RRD. The rate of RHT by 
methylhydropyrenyl radicals (step 4) is initially faster than the rate of RRD, but at a conversion of about 0.1 the rate of 
RRD becomes more significant. The model predicted that this transition point occurred at methyl-pyrene conversions of 
about 0.2 and less than 0.1, respectively for pyrolysis at 400"C and 450°C. respectively. Thus, the importance of RHT 
by methylhydropyrenyl radicals relative to RRD decreases as temperature increases. 

The rates of RHT by dimethylhydropyrenyl radicals (step 5) and H-atom substitution (step 8) are lower than those of 
steps 2 and 4. At'42S°C, the rate of  RHT by dimethylhydropyrenyl radicals is greater than the rate of H-atom 
substitution for methylpyrene conversions less than about 0.68. At conversions greater than 0.68, there is a shift in the 
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importance of these two steps as the rate of step 8 becomes greater than the rate of step 5. This behavior was also 
observed at the olher temperatures studied. For example, at 400 and 450°C. respectively. this mnsition occurred at 
melhylpyrene conversions of 0.85 and 0.48, respectively. This vend suggests that the imponance of step 8 relative to 
step 5 increases as the temperature increases. This observation that H-atoms become more imponant as  the temperature 
increases is consistent with previous work. 6,'3 

The results of the pyrolysis simulation have revealed that the relative imponance of RHT by methylhydropyrenyl radicals 
decreases and the role of H-atoms increases with increases in temperature. This behavior arises because high temperalures 
favor p-scission of hydropyrenyl radicals to yield a hydrogen atom rather than direct hydrogen mnsfer by RHT. This is 
because the p-scission step has the higher activation energy. Thus, at higher temperatures there is a greater concenmtion 
of hydrogen atoms and consequently a higher rate of H-atom ipso substitution. 

I-Ethylpyrene: The free-radical mechanism for ethylpyrene pyrolysis is shown in Figure 4, and the estimated 
Arrhenius parameters for each elementary step are summarized in Table IV. Details of their estimation have been 
discussed elsewhere4 As was the case for methylpyrene pyrolysis, initiation in ethylpyrene proceeds through both 
homolytic dissociation and RRD. The resulting radicals propagate the chain through hydrogen abstraction. RHT, and 
additionlelimination reactions. Termination prcceeds through radical disproportionation. 

Figure 5 compares the model predictions and the experimental molar yields of elhylpyrene at 400,425. and 450°C. 
Inspection of Figure 5 reveals essentially quantitative accord between the model calculations and the experimentally 
determined yields of ethylpyrene. Although the model accurately predicted the kinetics of eihylpyrcne disappearance. it 
underpredicted the amount of pyrene and methylpyrene formed. and it overpredicted vinylpyrene formation. For example, 
at a batch holding time of 150 minutes and at a pyrolysis temperature of 425T, the predicted molar yields of 
vinylpyrene, pyrene, and methylpyrene are 0.36.0.36 and 0.008 respectively. Experimentally. however, vinylpyrene was 
not Observed. and the molar yields of pyrene and melhylpyrene were 0.47 and 0.08. One reason for this discrepancy is 
that the model. which focuses on the primary reactions. does not include the secondary decomposition reactions available 
for vinylpyrene. Omitted reactions include vinylpyrene polymerization. its reduction to ethylpyrene, and i n  
decomposition lo pyrene or  methylpyrene. The kinetics and mechanisms of these reactions are not completely resolved 
and it is for this reason that they were not included in the model. If such steps were included, however. the model would 
predict a much lower yield of vinylpyrene and increased molar yields of methylpyrene and pyrene as observed 
experimentally. 

Examination of Figure 6,  which displays the rates of different elementary reaction steps at 425'12 as a function of 
elhylpyrene conversion, reveals the relative importance of each of the different hydrogen addition mechanisms. Step 15, 
RHT by ethylhydropyrenyl radicals has the fastest rate of reaction. The next fastest hydrogenolysis step is RRD (step 2) 
fOllOWed by H-atom addition (step 13). RHT by ethyl radicals (step ZO), and RHT by a-ethylpyrene radicals (step 19). 
The tends h a t  are depicted in Figure 6 were also ObSeNed for the simulations at 400 and 450°C. As was observed for the 
pyrolysis simulation of methylpyrene, RHT by alkylhydropyrenyl radicals and RRD are the major steps that lead to aryl- 
akyl  bond cleavage. The rates of the other hydrogenolysis steps. however, are not insignificant and can not be ignored. 
Indeed, the relative importance of H-atoms in ethylpyrene pyrolysis at high conversions stands in convast to the model 
results for 1-methylpyrene where H atoms had a less significant contribution to the total hydrogenolysis rate. The 
increased role of H-atoms in ethylpyrene pyrolysis is likely due to their production through the p-scission of a- 
elhylpyrene radicals. To  summarize. the results of this simulation suggest that all of the modes of hydrogenolysis 
included in Ihe simulation can be important in engendering aryl-alkyl bond cleavage in I-ethylpyrene pyrolysis. 

CONCLUSIONS 
1. Hydrogenolysis was the dominant reaction during the neat pyrolysis of methylpyrene. The major pyrolysis products 
were pyrene and dimethylpyrene. This experimental observation is noteworthy because radical hydrogen transfer by alkyl 
radicals or by a-alkylpyrene radicals is not an operable mechanism in this system. 

939 



2. The pyrolysis of ethylpyrene led IO pyrene and methylpyrene as the major products with pyrene being present in much 
higher yields. The rak of hydrogenolysis for ethylpyrene was greater than that for methylpyrene. 

3. Mechanistic modeling of methylpyrene and ethylpyrene pyrolysis revealed that RRD played an impomnt role in 
adding hydrogen to the ipso-position and in generating alkylhydropyrenyl radicals that then participated in radical 
hydrogen transfer steps. In the pyrolysis of methylpyrene, alkylhydropyrenyl radicals generated from methyl radical 
addition were also hydrogenolysis agents. In ethylpyrene pyrolysis alkylhydropyrenyl radicals were also largely 
responsible for hydrogenolysis along with contributions from H-atoms, ethyl radicals, and a-ethylpyrene radicals. 
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TABLE I : MOLAR YIELDS OF MAJOR PRODUCTS FROM 1-METHYLPYRENE 
PYROLYSIS 

TEMP ("C) 400 400 400 400 400 400 400 
TIME (min) 30 60 90 120 150 240 300 
PYRENE 0 0.01 0.01 0.01 0.02 0.05 0.06 
DIMETHYLPYRENE 0 0.00 0.01 0.01 0.01 0.03 0.04 
METHYLPYRENE 1.01 1.05 0.98 1.03 0.95 0.87 0.85 

TEMP ("C) 425 425 425 425 425 425 425 
TIME (min) 30 60 90 120 165 240 300 
PYRENE 0.01 0.05 0.07 0.1 0.15 0.22 0.22 
DlMETHYLPYRENE 0 0.04 0.04 0.06 0.09 0.12 0.11 
METHYLPYRENE 0.97 0.90 0.90 0.83 0.67 0.57 0.54 

TEMP ("C) 450 450 450 450 450 450 450 
TIME (min) 30 60 90 120 150 240 300 
PYRENE 0.06 0.15 0.22 0.26 0.31 0.39 0.37 
DIMETHYLPYRENE 0.03 0.08 0.10 0.10 0.09 0.01 0.01 
METHYLPYRENE 0.88 0.66 0.50 0.42 0.41 0.35 0.35 

TABLE 11: MOLAR YIELDS OF MAJOR PRODUCTS FROM I-ETHYLPYRENE 
PYROLYSIS 

TEMP ("C) 400 
TIME (min) 45 
PYRENE 0.20 
METHYLPYRENE 0.02 
ETHYLPYRENE 0.91 

TEMP ("C) 425 
TIME (min) 65 
PYRENE 0.52 
METHYLPYRENE 0.07 
ETHYLPYRENE 0.55 

TEMP ("C) 450 
TIME (min) 20 
PYRENE 0.45 
METHYLPYRENE 0.08 
ETHYLPYRENE 0.58 

400 
70 
0.47 
0.05 
0.80 

425 
80 
0.49 
0.08 
0.41 

450 
30 
0.48 
0.08 
0.46 

400 
90 
0.13 
0.01 
0.82 

425 
115 
0.54 
0.10 
0.32 

450 
42 
0.56 
0.10 
0.25 

400 
110 
0.37 
0.04 
0.52 

425 
135 
0.64 
0.11 
0.33 

450 
50 
0.47 
0.10 
0.19 

400 
150 
0.44 
0.05 
0.47 

425 
150 
0.47 
0.09 
0.18 

450 
60 
0.68 
0.14 
0.17 

400 
200 
0.61 
0.11 
0.4 1 

425 
180 
0.61 
0.07 
0.13 

450 
72 
0.48 
0.11 
0.13 

400 
320 
0.60 
0.11 
0.26 

425 
205 
0.62 
0.13 
0.17 

450 
80 
0.74 
0.13 
0.13 



TABLE 111: ARRHENIUS PARAMETERS FOR 1-METHYLPYRENE PYROLYSIS 

Reaction Number log A (s-l or Aclivation Energy Reaction Path 
in Figure 1 (kcal mole ) Degeneracy 

1 16 82.9 3 
Liter mole -1 s-') 

2 8 45.8 6 
3 8 45.8 18 
-3 9.5 0 
4 8.1 16.5 2 
5 8. I 16.5 1 
6 8.1 16.5 3 
7 10.4 2.3 3 
8 10.4 2.3 1 
9 8.8 4.1 3 
-9 13.9 29.4 1 
10 13.9 35.3 2 
11 13.9 29.4 1 
12 11.1 5.6 3 
13 8.5 6.9 3 
14 9.5 0 
-14 16 51.2 1 
15 9.5 0 

TABLE IV: ARRHENIUS PARAMETERS FOR 1-ETHYLPYRENE PYROLYSIS 

Reaction Number log A (s-l or Activation Energy Reaction Path 

in Figure 4 Liter mole -1 s-1) (kcal mole -1 ) Degeneracy 
1 16 69.6 1 
2 8 42.8 4 
3 8 42.8 12 
4 14.0 53.6 3 
5 13.9 35.3 2 
6 14 20 1 
I 12.9 38.4 3 
8 11.1 5.6 2 
9 8.5 5.4 2 
10 8.5 8.9 2 
1 1  8.8 15.5 2 
12 10.3 2.3 3 
13 10.3 2.3 1 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

9 
8.1 
8.1 
8.1 
8.1 
8.1 
8.4 
8.4 
9.5 
9.5 

6 3 
16.5 2 
16.5 1 
16.5 3 
25 9 
25 3 
14.5 3 
14.5 9 
0 
0 
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initiation 
M P = P + H .  ( 1 )  
2MP 3 p + p1 ( 2 )  
?MP t) p + p" (3)  

MP + pH =3 w + p, 
Radical Hxdrogen Transfer 

(4) 
( 5 )  
(6) 

W + pD 3 DMP + p, 
W + pD 3 DiMP + pH 

Addition Reactions 
h4P + Ha 3 pH (7) 
h 4 P + H * *  pI (8) 
h4P + CH3. o po (9) 

p,, M p  + H* (10) 
pI =$ PY + CHI* (11) 

MP + H* a P +H, (12) 
(1 3) 

Ehination Reactions 

Hydrogen Abstraction 

h4P + CHI. 3 p +CH, 

Termination Reactions 
P + P P-P (14) 

+ p * MP +DMP (15) 

I Legend I 

I 

I " I 
I P I  W P  

Figure 1: 1-Methylpyrene Pyrolysis Mechanism 
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Figure 2: Model and Experimenral Results for 1-Merhylpyrene Pyrolysis at 42YC 

Figure 3: Hydrogenolysis Rates Calculated for I -3lethylpyrene Pyrolysis 31 Qj'C 
(srep 2 I S  R R D .  steps I and j are RHT, srep S is H :![om :\ddiuon) 
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Initiation 
EP p + CH,. 
2EP p +p, 
2EP =) p + pH 

p-scission 
p j VP + H. 
pH 3 EP + H* 
p, * PY + CH,CHl* 
CH,CH,* 3 H* + CH,CH, 

Hydrogen Abstraction 
EP + H- j p +H, 
EP + CHI* s p +CH, 
EP + CH,CH,- p +CH,CH, 
E P + P  * p + M P  

Addition Reactions 
EP + Ha *pH 
EP + H- ‘pI 
EP + CH3. ‘po 

Radical Hydrogen Transfer 
EP + pH EP + pI ( 1 3  
EP + pD EMP t pI (16) 

E P + p * V P t &  (18) 
EP+p *VP+p,  (19) 
EP + CH,CW p, +C&CH, (20) 
EP + CH,CH,. a p,, +CH,CH, (21) 

E P +  & EMP + & (17) 

Termination Reactions 
p,, + p * EP +EP (22) 
p + p VP +EP (23) 

I Legend 
E! Et 

w n 

EP 

H % Y 
El 

Figure 4: 1-Erhylpyrene Pyrolysis Mechanism 
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Figure 5 :  Model and Experimental Results for I-Ethylpyrene Pyrolysis Kinetics 

0 0.2 0.4 0.6 0.8 1 
ETHYLPYRENE CONVERSION 

Figure 6: Hydrogenolysis Rates Calculated for 1 -Ethylpyrene Pyrolysis at 12j0C 
(step 2 is RRD. step 15 is R H T  by ethylhydropyrenyl radicals. step 13 is H atom 
addition, step 20 is R H T  by ethyl radicals, and step 19 is R H T  by a-cthylpyrene radicals) 
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PATHWAYS FOR THERMOLYSIS OF 9,lO-DIMETHYL-ANTHRACENE. 

P.S. Virk and VJ. Vlastnik 
Department of Chemical Engineering, M.I.T., Cambridge, MA 02139. 

Keywords: 

ABSTRACT. We report experiments on thermolysis of 9,lO-dimethyl-anthracene (DMA) at 
temperatures from 315-409 C with initial concentrations from 0.1-3.0 M. Substrate 
conversions ranged from 0.05 to 0.98 with quantitative assays of major products. The 
substrate appears to decompose rimarily by two parallel pathways, namely, demethylation 
(major) to 9-methyl-anthracene ?MA) Ius methane and disproportionation (minor) to MA 

. plus tri-methyl-anthracenes (TMA). &ese reactions are also associated with hydrogen 
transfer, as inferred from the detection of 9,lO-dihydro-9,lO-dimethyl-anthracenes 
(DHDMA). At the higher substrate conversions, the primary reaction products appear to be 
secondarily operated u on by a arallel pathway pair analogous to the primary pair, 
eventually forming antiracene ?ANT). Also, minor amounts of the 1- and 2-methyl- 
anthracenes (lMA, 2MA) were detected, both arisin subsequent to the appearance of the 
parent acene. A preliminary mechanism is presentei for DMA thermolysis, based on 
elementary free-radical and molecular reactions relevant to the present conditions, combined 
with the experimentally observed kinetics and product selectivities. Also, frontier-orbital 
theory is applied to model the observed 1MA and 2MA isomer distributions. 

INTRODUCTION 
The present work on DMA thermolysis is part of a continuin study of simple substrates that 
mimic the chemical moieties found in complex fossil materiafs of engineering interest. DMA 
was chosen for two reasons. First, its acene aromatic ring system is prototypical of the 
aromatic molecules found in fossil fuels, and its methyl moieties model the electron donating 
substituents commonly pendant on the aromatic rings of natural materials. Second, its 
thermal destruction is of environmental interest, the intermediate decomposition product, 
MA, being far more toxic than either the original DMA or the final ANT. 

There appear to be no previous studies of DMA thermolysis in the literature, save for a 
preliminary investigation in our laboratories (Pope 1987) that is elaborated here. However, 
the literature does contain references to pyrolyses of the related MA (Pomerantz 1980) and 
ANT (Stein 1981) substrates. 

In outline, we briefly describe the experimental approach and present representative results 
for the concentration histories and product selectivities observed during DMA thermolysis. 
Reaction pathways inferred from these results are then summarized, leading to a preliminary 
mechanism for the early stages of DMA thermolysis. Finally, frontier orbital theory is applied 
to understand the formation of certain minor methylated products. 

Reaction Paths, Pyrolysis, Kinetics, Demethylation 

EXPERIMENTAL 
The chemicals used, DMA (Aldrich 99% punty), bi henyl (BIP) (Aldrich 99% purity) and 
methylene chloride (EM Science omnisolv), were a{ obtained commercially and used as 
received. 

Pyrolyses were conducted in batch reactors, volume 0.49 ml, made from 1 / 4  stainless steel 
Swagelok parts. The reactors, purged with inert gas, were charged with weighed amounts of 
biphenyl (internal standard) and DMA substrate totalling 0.30 g, sealed, and placed in an 
isothermal, fluidized-sand, bath for the appropriate holding time, after which they were 
quenched in ice-water, and their contents extracted into methylene chloride. Based on their 
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melting and critical properties, the biphenyl and DMA reactor contents were in the liquid 
phase during all experiments. 

Products were identified and assa ed by an HP-5890 Series I1 Gas Chromatograph equipped 
with flame ionization (FID) and tgermal conductivity (TCD) detectors and on-column and 
split/s litless injectors. Li uid roducts were analysed using on-column injection, a 25m HP- 
101 cofumn, and the FID. %ro&ct concentrations were calculated from experimentally 
determined response factors, using bi henyl as internal standard. Identified compounds 
typically accounted for >90% of totarproduct mass at low fractional substrate conversions, X 
< 0.4, but only about 70% of total product mass at the highest conversions, X > 0.8. 

Figure 1 shows the experimental grid traversed, DMA bein pyrolysed at initial 
concentrations from 0.1 to 3.0 M, temperatures between 315 and 409 C, and holding times 
from 450 to 28800 s. 

RESULTS 
Representative concentration histories obtained during DMA pyrolysis at T = 409 C and 
[DMAIo = 1.0 M are chronicled in Figure 2, with coordinates absolute mols of each identified 
compound, j, versus time, s. The plot clearly de icts the continuous decay of substrate DMA, 
the initial growth, maximum, and final decay exkbited by the primary product MA, and the 
initial absence and final growth of the secondary product ANT. The major thermolysis 
pathways evidently involve the demethylation sequence DMA + MA + ANT. Closer scrutiny 
reveals small amounts of TMA at low times, and the formation of methyl-anthracenes, with 
1MA > 2MA. Also, though not seen in Figure 2, small amounts of DHDMA were clearly 
visible at lower temperatures. The minor thermolysis pathways thus involve methylations of 
both the DMA substrate and the ANT final product, as well as hydrogen transfers that lead to 
DHDMA. 

Additional insights into the operative pathways are offered by the selectivity diagram in 
Figure 3, which shows the selectivity So), that is, (mols ' formed/mol DMA reacted), versus 
conversion. For low X < 0.6, it is seen that both S(MA{ - 0.5 and S(TMA) - 0.1 are 
essentially constant, implying that MA and TMA are both primary roducts of DMA 
thermolysis, resulting from parallel athways that are respective1 l s t  and slow. For high X > 
0.6, the mirror-image decrease in SfMA) and increase in S(ANT{ is evidence that ANT is a 
secondary product, arising from the primary product MA. Too, S(1MA) and S(2MA) are each 
essentially zero for X < 0.6, where S(MA) is IarEe, and increase only for X > 0.6, when 
S ( A h T )  becomes appreciable. This timing implies that the 1MA and 2MA arise from 
methylation of ANT, and not from isomerization of MA. 

PATHWAYS 
Pathways for thermolysis of DMA, inferred from results over the entire experimental grid, are 
summarized in Figure 4. The main demethylation sequence, shown bold, cascades from DMA 
to MA to ANT. Compounds in the main sequence are all subject to methylation, forming the 
various methyl substituted anthracenes shown to the ri ht, but neither MA nor DMA 
isomerize to their positional isomers. DMA is also hy8ogenated to DHDMA (cis- and trans- 
isomers not distinguished). In overall, unbalanced, terms, based on detected products, the 
primary parallel reactions of DMA are: 

Demethylation fast DMA + MA (+ CH4 + heavy products) 
Disproportionation slow 
Hydrogenation slow DMA + DHDMA 

DMA + MA + TMA 
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A similar set of three pathways presumably operates on MA, by analogy, but we have 
evidence only of the demethylation step, forming ANT. 

Kinetic information was also derived from the experiments that delineated the DMA 
thermolysis pathways. At T = 355 C, initial conversion data for 0.1 < [DMAIo < 3.0 M 
suggested that the overall decomposition was - 3/2 order in DMA. For fixed [DMAIo = 1.0 
M, initial conversion data at temperatures 315 < T < 409 C, showed an apparent activation 
energy - 55 kcal/mol. 

MECHANISM 
A possible mechanism for the early stages of DMA thermolysis, that is consistent with the 
present pathway and kinetic observations, is enumerated below and illustrated by the 'Tolman 
clock formalism in Figure 5. The elementary molecular and free-radical steps are: 

Initiation 
2DMA + HDMA* + DMA* 

CH3* + DMA + DMA* + CH4(g) 
HDMA' + CH3* + MA 

CH3' + DMA-HTMA' 
HTMA* + DMA -. HDMA* + TMA 

(Molecular disproportionation) 

MA formation) 
H abstraction 
CH3 addition1 
TMA formation) I 

Termination 

[E?] 2 DMA' + DMAD 
Radical disproportionation) 
Dimer formation) 

2 HDMA' + DHDMA + DMA 

The initiation reaction, (Rl), involves H atom transfer from the methyl of one DMA molecule 
to the 9 position of another, forming the corresponding DMA' and HDMA' radicals. The 
propagation sequences involve two arallel clocks that respectively form either MA + CH4 
(R2 + R3) or TMA + MA (R2 + 8 4  + R5); the latter slower than the former by the kinetic 
ratio R4/R3 - S(TMA)/S(MA) - 0.2. Of the termination steps, (R6), the 
disproportionation of chain-carrying HDMA' radicals, accounts for the observed DHDMA 
product. However, there is yet no independent evidence for (R7), the combination of DMA* 
radicals to form dimer, although unidentified heavy products do indeed arise. 

Steady-state analysis of the preceding mechanism indicates that the observed reaction orders 
wrt [DMA] should respectively be 1 and 2 for terminations controlled by (R6) and (R7); these 
bracket the experimentally observed order of 3/2. 

FRONTIER ORBITAL MODEL 
The observed formations of 1MA and 2MA from ANT during DMA thermolysis at high 
severities invite interpretation according to frontier orbital theory, as examples of 
periselective methyl radical attack on the ANT nucleus. Following Fukui (1975), an 
interaction diagram for this system is shown in Figure 6. The corresponding expression for the 
FMO stabilization ener 
energies of the CH3 r a g a 1  8OMO (singly-occupied MO) and the ANT HOMO and LUMO 
(highest occupied and lowest unoccupied MOs). The evaluation of these expressions is 
depicted graphically in Figure 7. Here each position on the ANT ring framework is decorated 
with its HOMO coefficients, Ct(HO), derived from MIND0 calculations (Clark 1985, Dewar 
1970), and then positions 9,1, and 2 are shown interacting with the methyl radical SOMO, 
having &(SO) = 1. The resulting, favourable, nondimensional stabilization energy, denoted 
AE(FMO), is respectively 0.232 and 0.117 at positions 1 and 2 ( osition 9 is not in contention 
here). FMO theory thus predicts methyl radical attack favourelin the order position 1 > 

is iven in the bottom line of the figure, using the coefficients and 
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position 2. 
and 3, that 

The latter inequality 
1MA > 2MA. 

accords with the experimental observation, from Figures 2 

CONCLUSIONS 

7. The relative amounts of IMA and 2MA observed experimentally were interpreted by FMO 
theory, as periselective methyl radical additions. 
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HYDROGEN TRANSFER PATHWAYS UNDER RESIRICEJl DIFFUSION 

A C. Buchanan, III and P. F. Britt 
Chemistry Division 

Oak Ridge National Laboratory 
P. 0. Box 2008 

Oak Ridge, Tennessee 37831-6197 

Keywords Pyrolysis mechanisms, hydrogen transfer, restricted mobility 

The impact of restricted mass transport on the thermal processing of coal is being explored through 
the study of organic model compounds that are covalently anchored to an inert silica surface. Two- 
component surfaces are being prepared and pyrolyzed at 375 "C that contain a thermally reactive 
component [Ph(CHd,Ph, n=2-41 in the presence of a second component that is either thermally inert 
[biphenyl or naphthalene] or contains reactive C-H bonds [diphenylmethane (DPM) or 9,lO- 
dihydrophenanthrene (DHP)]. Reactions are found to be highly sensitive to the spatial distribution 
of hydrogen donors and nondonors that surround immobilized frec-radical intermediates. In the 
presence of DPM or DHP, rapid serial hydrogen transfer steps allow radical intermediates to migrate 
acros the surface overcoming normal diffusional limitations. Studies with DHP also reveal a minor 
reaction channel in which strong bond cleavage reactions occur via hydrogen transfer in these 
diffusionally constrained environments. 

INTRODUCTION 

Our research has been concerned with the development of model systems'4 that probe the potential 
perturbations in free-radical reaction pathways that may arise in coal as a result of its cross-linked, 
network structure? This effect may be particularly important in thermal conversions of coals at low 
temperatures, e.g., 350-40O0C, where bonds begin to break but most of the residual framework is 
retained! Important mechanistic insights have now been gained through the study of representative 
organic compounds that are covalently immobilized on an inert silica surface through Si-0-C,,, 
linkages. 

In order to maximize the production of hydrogen-rich products during liquefaction or pyrolysis of 
coal, it is important to understand and potentially control the reactions of native, reactive hydrogen- 
containing molecules. Our current studies employ two-component surfaces to address the influence 
of the structure and distribution of neighboring molecules on pyrolysis decay pathways in diffusionally 
restricted environments, particularly with respect to key hydrogen transfer steps. We have focused 
on the thermolysis of surface-immobilized diphenylalkanes, -Ph(CH,),Ph [n=2-41, in the presence 
of the surface-immobilized spacer molecules, biphenyl, naphthalene, diphenylmethane, and 9,lO- 
dihydrophenanthrene. 

The surface immobilization, pyrolysis, and product analysis procedures have been described in detail 
previously.'.* The syntheses of p-HOC,H,(CH,),C,H,, n=2', 3*, and 43 have also been described. 
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The starting materials, p-HOC,H,C,H, p-HOC,H,CH,C,H,, and Z-HOC,& were commercially 
available, and were purified to >99.9%. A multistep synthesis was employed to prepare 3-hydroxy- 
9,10-dihydrophenanthrene.7 which contained about 0.5% of the 3-hydroxyphenanthrene as impurity. 
The two-component surfaces were prepared by co-attachment in a single step, and had final purities 
299.5%. Gas-phase pyrolysis products were collected in a cold trap (77K) as they formed and were 
analyzed by GC and GC-MS with the use of internal calibration standards. Surface-attached products 
were liberated as phenols following digestion of the silica in base, silylated to the corresponding tri- 
methylsilyl ethers, and analyzed as above. 

RESULTS AND DISCUSSION 

Surface-Immobilized 1.3-Di~henvl~roaane (-DPP). Our most detailed results come from studies of 
the free-radical chain decomposition pathway for -DPP in the presence of the surface spacer 
molecules shown below. Pyrolysis of -DPP alone in sealed, evacuated (2x10" torr) tubes at 375°C 
and low conversions produces the cracking products shown in Eq. 1.' No new products are detected 

$io2 s,02E a s , 0 2 & 2 ) 3 a  

CH2* 0 0  00 
MOPP / NQHP N 9 P P  / NVBP 4 P P  / -.NAP NUDPP / NUDPM 

in the presence of the co-attached -BP, -NAP, or -DPM, while a minor new reaction channel is 
observed in the presence of -DHP (vide infra). The long chain, free-radical decay pathway 
(propagation steps shown in Eqs. 2-4) cycles through the two distinct benzylic radicals, 
-PhCH-CH,CH,Ph (1) and -PhCH,CH,CH*Ph (2) that undergo subsequent rapid unimolecular 

-Ph(CH,),Ph - PhCH, + -PhCH=CH, + -PhCH, + PhCH=CH, (1) 

decay via p-scission (Eqs. 2-3).' Selectivity in the product distribution is determined by the relative 
concentrations of the two benzylic radicals, [2]/11], and is experimentally monitored by the 
PhCH=CH,PhCH, yield ratio, S. In related fluid phase studies of pMe,SiOPh(CH,),Ph at  375 "C, 

-PhCH*CH,CH,Ph (1) - -PhCH=CH, + PhCH,* (2) 

-PhCH,CH,CH*Ph (2) - -PhCH,* + PhCH=CH, (3) 

-PhCH,* (and PhCH,.) + -DPP - -PhCH, (and PhCH,) + 1 + 2 (4) 

a substituent effect, S=0.91, was obsewed indicating a slight inherent stabilization of the benzylic 
radical para to the doxy substituent? 

The initial rates and selectivities for thermolysis of -DPP at 375°C as a function of surface coverage 
and co-attached aromatic are given in Table 1.' For surfaces containing only -DPP, the thermolysis 
rate decreases dramatically with decreasing surface coverage, whilc S increases indicating an increasing 
preference for abstracting the more accessible benzylic hydrogen farthest from the surface. As shown 
in Table 1, the presence of -BP or -NAP results in reaction rates and selectivity values comparable 
with surfaces containing only -DPP at similar -DPP surface coverages. On the other hand, the 
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presence of -DPM leads to a dramatic rate acceleration compared with the -BP or -NAP spacers, 
and gives rate and selectivity values more typical of saturated coverages of -DPP (see Table 1). 

These results suggest that rapid hydrogen transfer steps involving -DPM are occurring that allow 
radical centers to "migrate" on the surface as illustrated below. The result of this process is to 
effectively decrease the distance between a -DPP molecule and a radical center on the surface. This 

enhances the rate at which -DPP reacts by increasing the rate of the hydrogen transfer propagation 
step, which probably contains a distance dependence in the rate constant when the hydrogen 
abstracting radical is also surface attached. In contrast, the presence of a hydrogen donor such as 
tetralin' or diphenylmethane9 had essentially no effect on the pyrolysis rate of liquid-phase DPP at 
ca. 350 "C at  similar dilutions, and behaved similarly to liquid biphenyl' as diluent. The values of 
Sc1.0 for -DPP/-DPM surfaces are also consistent with a reduced separation between -DPP 
molecules and radical centers on the surface. Radical migration effectively removes the distance 
dependent conformational constraints on the hydrogen abstraction reactions from -DPP that resulted 
in the unexpected regioselectivity in product formation at lower coverages. 

Supporting evidence for the involvement of -DPM in the radical relay mechanism depicted above 
comes from studies of surfaces containing -DPP/-DPM-d,.' Consistent with the results for -DPM, 
we find Sc 1.0 and a substantial rate enhancement, although the rate enhancement is slightly less than 
the protium analog perhaps due to a small kinetic isotope effect. Furthermore both the gas-phase 
and surface-attached toluene products show substantial deuterium incorporation providing direct 
evidence for the involvement of H(D) transfer between -DPM-h,(d,) and both chain carrying gas- 
phase and surface-attached benzyl radicals. 

As evidenced by the rate and selectivity parameters in Table 1, the hydroaromatic -DHP is also very 
effective in promoting the radical relay pathway even for an extremely low surface coverage of -DPP. 
In addition, a second reaction channel is observed (accounting for about 2.5% of the -DPP reacted) 
that results in hydrodealkylation of -DPP to form -PhH + PhC,H, and -PhC,H, + PhH in 
comparable amounts. This strong bond cleavage likely results from transfer of hydrogen atoms from 
intermediate surface-immobilized hydrophenanthryl radicals which, as opposed to diphenylmethyl 
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radicals, are known to possess hydrogenolysis activity." Additional studies are in progress that 
examine the influence of -DHF'/-DPP surface coverage and reaction temperature on the selectivity 
for this reaction channel. 

Surface-Immobilized 1.4-Diahenvlbutane f -DPB1. A detailed analysis of the influence of restricted 
mobility on the pyrolysis of -DPB at 400 "C has been recently reported? At low conversions -DPB 
cracks to form four main sets of products, as shown below, resulting from a long chain radical decay 
pathway analogous to that for -DPP that cycles through both benzylic and nonbenzylic radicals at 
positions 1-4. 

1 
* PhCH=CH2 + PhCHZCHJ 

+ PhCH2CH=CH2 + PhCH3 

+ PhCH3 + PhCH2CH=CH2 

1 2 3 4  < 'yv* PhCH2CH3 + PhCH=CH2 

'vvr PhCH2CH2CHzCH2Ph 

Data for initial rates and selectivities as a function of surface coverage and co-attached spacer 
molecule are summarized in Table 2. The selectivities again depend on the relative concentrations 
of the radicals centered on carbons 1-4. The benzylic selectivity, CJC,, shows the same trend with 
decreasing surface coverage and the type of spacer present as did the related selectivity for -DPP. 
The lack of selectivity between benzylic and nonbenzylic sites at high coverage (as typified by the 
values for C,/Q, and the increase in this selectivity with decreasing surface coverage, necessitates 
a rapid hydrogen transfer step that interconverts benzylic and nonbenzylic radical sites prior to p- 
scission as illustrated below. This interconversion step is most efticient at high surface coverages. 

The C,/C, product selectivity is found to be quite sensitive to the nature of the co-attached spacer 
present. The presence of -BP provides a barrier that inhibits the hydrogen transfer step that 
interconverts benzylic and nonbenzylic radicals on  the surface and results in a substantially increased 
value of C,/C, On the other hand, as in the case OC -DPP, the presence of -DPM enhances the rate 
of radical interconversion and leads to a decreased value of C& identical with that of a high surface 
coverage of -DPB alone. 
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SUMMARY 

Investigations of pyrolysis reactions employing two-component surfaces have provided fundamental 
insights into the influence of the structure of neighboring molecules on free-radical decay pathways 
in diffusionally constrained environments. The rates and selectivities of key hydrogen transfer steps 
can be profoundly effected by the structure and spatial distribution of hydrogen donors surrounding 
immobilized free-radical intermediates. The results give dramatic evidence that intervening molecules 
containing reactive C-H bonds can act as "relay catalysts" for radical intermediates allowing them to 
"migrate" under conditions where classical diffusion is prohibited. Diffusional limitations for similar 
intermediates in coal may also be overcome by similar processes. Related studies are now in progress 
for -BB, which has been found to primarily undergo retrogressive rearrangement and cyclization 
reactions when pyrolyzed under conditions of restricted mass transport.' 
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Surface Composition Coverage 
(mmollg) 

-DPP 0.57 

0.14 

0.10 

-DPP I -NAP 0.12 10.44 

-DPP 1 -BP 0.13 10.51 

0.10 IO.51 1.18 

-DPP / -DPM 0.17 10.42 0.82 

0.13 I0.37 0.93 

Rate x IO4 S' 
(% s.1) 

18 0.96 

1.1 1.09 

0.72 1.21 

-DPP / -DPM-d, 

-DPP / -DHF' 

Table 2. Rate and Selectivity in Pyrolysis of 
-Ph(CH,),Ph at 400 "C 

0.16 10.36 13 0.98 

0.065 / 0.47 13 0.89 

Surface 

-DPB 

Coverage Rate x lo4 S" Sb 

I 0.485 I 43 1 1.19 I 0.96 11 

-DPB / -DPM 

I 0.087 

0.060 10.465 49 1.19 0.96 

1 0.054 I 9.2 I 2.07 I 1.08 11 
11 -DPB / -BP 1 0.072 / 0.566 I 20 I 2.9 I 1.06 11 
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Abstract 

A simplified reaction mechanism for propane combustion has been derived. This scheme is based on two 
competitive fuel decomposition reactions. Further, the combustion of hydrogen has been used to derive the 
concentrations of the intermediate reactive species, and the kinetic parameters for the rate equations are 
estimated through comparison of the species concentrations calculated using detailed mechanisms available 
in the literature. Calculated concentrations of nitrogen oxides INOJ and carbon monoxide found using this 
mechanism agree well with previously published experimental data. 

Introduction 

The principal pollutants released in hydrocarbon combustion are carbon monoxide, oxides of nitrogen, organic 
compounds (unburned and partially burned), and particulates, e.g., soot. In general, the observed 
concentrations of these various pollutant species differ from calculated equilibrium level concentrations, 
indicating the importance of reaction kinetics in determining pollutant emissions. 

The formation and decomposition of some pollutants (carbon monoxide, organic compounds, soot, etc.) are 
important aspects of the overall combustion process. To understand the chemistry of these pollutant species, 
some knowledge of the hydrocarbon fuel combustion process is required. However, other pollutants, e.g., 
nitrogen oxides, form independently of the combustion process itself. Under these circumstances, it becomes 
possible to decouple the description of their formation from the combustion process. Even so, the reactions 
involving these pollutants are controlled by the environment established by the combustion process, and hence, 
their chemistry is still intimately connected to combustion. 

Over the last decade, numerical combustion modeling has become an essential part of many research and 
development programs. Although combustion involves a complex coupling of chemistry and transport 
processes, early combustion modeling efforts treated the former in a very simplistic fashion. Unless the 
characteristic times for the flow field and the chemistry are widely disparate, the details of the flow field and 
the finite rate chemistry must be simultaneously taken into account. However, the computational burden soon 
becomes excessive since the level of complexity involved in such coupled calculations increases proportionately 
with the number of reacting species. One way to improve tractability is to reduce the number of reactions 
considered in a coupled solution with the flow field. 

Hydrocarbon combustion is a very complex process, and any attempt to obtain a simplified reaction scheme 
can easily become a daunting task. During combustion, a fuel molecule breaks down into many different 
hydrocarbon fragments. Any reaction mechanism which aims to consider all of these fragments tends to 
become very large. While there have been attempts to simplify the detailed kinetic mechanisms by algebraic 
( 1 . 2 3  and other techniques (4.5). it is difficult to say if any such simplified scheme can substitute the detailed 
mechanisms, and while a few global reaction mechanisms (6,7,8,10) have been reponed, their utility in 
practical applications where the levels of pollutants must be calculated has not been established. 

The level of detail required to obtain the concentrations of Species. particularly minor constituents such as the 
oxides of nitrogen. is difficult to determine. Although a detailed kinetic mechanism is sometimes required to 
understand the process, a global reaction scheme involving a few reaction species will often suffice. 

Of course, it must be emphasized that all descriptions of chemical kinetics are in real sense only approxima- 
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tions. Even detailed kinetic mechanisms are constructed on the basis of reproducing observable phenomena 
which are not necessarily singular events. Moreover, evaluation of specific rate constants over ranges of 
temperatures and pressures adequate for combustion modeling is a difficult problem. Thus, it cannot be 
assumed that any validated mechanism can be divided and the parts used to describe independent phenomena. 
unless the detailed mechanism was constructed in that way. 

The objective here is t o  develop a semi-global reaction mechanism that can predict overall temperatures and 
concentrations of pollutants such as NO. and CO. 

A Simplified Reaction Mechanism 

The formation of thermal NO. is generally slow when compared to combustion itself(9). Therefore, the NO. 
formation mechanism can be divided into t w o  stages: initiation and NO, formation. 

In the initiation phase, the hydrocarbon molecule (propane in the current discussion) is broken down into 
hydrocarbon fragments (1  0). followed by hydrogen combustion reactions to generate the free radicals. For 
simplicity, only one type of hydrocarbon fragment, i.e., CH,, will be tracked in the present mechanism. 

The key steps in these reactions are: 

C,H, - 3CH, + 2H 

H + 0, - 0 + OH 

C,H, + 0 - 3CH, + H,O 

CH, + 0 - CO + H, 

H , t O - H + O H  

These steps generate two key radical species, CO and H,. Further reactions of these species lead to the 
formation of CO, and H,O, the most important reaction for the disappearance of CO being: 

CO + OH - CO, + H 

In the second stage, the NO, is formed. The t w o  principal sources of nitrogen oxide are: (1 )  oxidation of 
atmospheric nitrogen at  high temperatures (thermal NO,), and (2) reactions between hydrocarbon fragments 
and atmospheric nitrogen (prompt NO.). 

The principal reactions for thermal NO. involve two  radical species, 0 and OH, which are formed during the 
initiation stage and are near equilibrium with the corresponding molecular species. 

N + OH - NO + H 

N + 0, - N O  + 0 

The above reactions do not correctly explain the effect of residence times on NO. formation. To overcome this 
problem, the following semi-global reaction has been incorporated into the present mechanism: 

N, + 0, - 2NO 
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which follows from the series of reactions: 

N + 0, - N O  + 0 

o + o - 0 ,  

N + N - N ,  

Thus, the present mechanism postulates the following reactions for thermal NO. formation: 

N + 0, * N + NO 

N + OH - N O  + H 

N, + 0, - 2NO 

In fuel-rich flames, the rapid formation of NO near the flame zone cannot be explained by the equilibrium 
concentrations of 0 and OH. Although there is uncertainty in the mechanisms for such prompt NO. formation,. 
it is normally hypothesized that the principal product of initial reaction is HCN. In the present mechanism, it 
will be assumed that HCN is formed through the reaction between the hydrocarbon fragment CH, and N,: 

CH, + N2 - HCN + NH 

The product species. HCN and NH, are subsequently transformed into other species by other reactions in the 
fuel rich combustion environment. In the current mechanism, these steps have not been considered. Instead. 
we have assumed that HCN and NH are the representative nitrogenous species themselves. 

Combining the above description of the thermal and prompt NO, formation with the previous characterization 
of the hydrocarbon combustion. the reduced mechanism summarized in Table I results. 

Reaction Rates 

Most reaction rates are taken from the literature with minor adjustments to match ignition delay times, flame 
temperatures, and concentrations of species formed during reactions. The activation energy for the fuel 
fragmentation reaction is taken to be equivalent to the activation energy reported by Lefebvre I1 1) in an 
ignition delay measurement. 

Validation of Mechanism 

The purpose of this mechanism is to compute NO. emissions, which as noted earlier, depend on temperature 
and concentrations of radicals. To examine the fidelity of the mechanism, studies based on well stirred reactor 
calculations have been performed using the LSENS program I1 2). with sensitivity analyses generated via the 
decoupled direct method of Radhakrishnan (131. Flame temperatures (Fig. 1 I and species concentrations (Figs. 
2 through 5) for various test conditions have been compared with results found with a standard detailed 
mechanism of Miller and Bowman (14). 

However, since agreement between experimental data and computed results using the Miller and Bowman 
mechanism is less than satisfactory in the case of NO. formation, direct comparisons between calculations 
based on the present mechanism and experimental data obtained by Anderson I1 5) have been made (Figs. 6 
and 7 ) .  These experiments were conducted at an initial pressure of 5.5 atmospheres and initial temperatures 
of 600 K and BOO K. although comparisons are only shown at 800 K in the above figures. 

Finally, since the ultimate use of the reduced mechanism is multi-dimensional reacting flow field calculations, 
the Anderson burner geometry has been modeled using KIVA-II (1 61 with the current mechanism. Favorable 
comparisons (Fig. 8) have been obtained with regards to the NO. emission levels over the range of equivalence 
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ratios and residence times reported by Anderson. 
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Table 1. Reduced Reaction Mechanism for Propane Combustion. 

H, + OH - H,O + H CO + OH - CO, + H CH, + 0, - CO, + 2H 

0 + O H - 0 ,  + H co, + 0 - co + 0, CH, + 0, - CH,O + 0 

0 + H2 - OH + H N, + 0 - N +  NO CH, + 0 - CO + H, 

H + 0, - HO, N, + 0, - 2NO CH,O - CO + H, 

H + HO, - H, + 0, N + OH - NO + H CH, + N, - HCN + NH 

HO, + H + 2 0 H  C,H, - 3CH, + 2H NH + H + N + H, 

HO, + OH c H,O + 0, C,H, + 0 - 3CH, + H,O HCN + 0 - CO + NH 
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INTRODUCTION 

Hydrogen donation is considered to be an important mechanism by which hydrogen is 
transferred from the solvent to coal during coal liquefaction (Bockrath, 1982). Hydrogen 
donation from cyclic olefins such as 1,4,5,8,9,10-hexahydroanthracene @HA) and 1,4,5,8- 
tetrahydronaphthalene or isotetralin (ISO) to coal has been shown to be both rapid and effective 
(Bedell and Curtis, 1991). This investigation examined the mechanisms and kinetics by which 
HHA and IS0  transfer their hydrogen to Pittsburgh No. 8 coal and compared these effects with 
those of hydroaromatic donors. The cyclic olefins readily converted to hydroaromatics at 
liquefaction conditions but still remained more effective than most conventional hydroaromatic 
donors in converting coal. Combinations of cyclic olefins and conventional hydroaromatic 
donors produced effective hydrogen donor combinations providing hydrogen rapidly and 
sustaining hydrogen donation throughout the reaction time. The universality of the effectiveness 
of the cyclic olefin donation was examined with a set of eight coals from the Argonne Premium 
Coal Bank that are of different rank and reactivity. The cyclic olefins effectively converted the 
coals of different rank, being most effective with the coals of intermediate reactivity. 

Efficient coal liquefaction processing requires that hydrogen be transferred to the 
dissolving coal matrix at the rate that it can be accepted by the reacting coal molecules and 
effectively used donors. A key to obtaining high coal conversion in liquefaction through 
donation from solvent is the matching of the rate that hydrogen is released by the donor and 
accepted by the coal. When these rates are not matched, inefficient usage of the hydrogen 
results. When hydrogen is released by the donor too quickly, the hydrogen is not used by the 
dissolving coal and forms gaseous hydrogen; when hydrogen is released too slowly, retrogressive 
reaction of the dissolving coal molecules can occur forming refractory coke precursors. 

The goals of this research were to evaluate the effects of different rates of hydrogen 
donation by evaluating the hydrogen donation from a cyclic olefin, 1,4,5,8,9,10- 
hexahydroanthracene (HHA) in combination with the hydroaromatic, 9,lO-dihydroanthracene 
@HA). The acceptor used in this study was Pittsburgh No. 8 coal. Liquefaction reactions were 
performed with the combined donor system as well as with individual cyclic olefins, HHA and 
ISO, and hydroaromatic donors, DHA, octahydroanthracene (OHA) and tetralin (TET). The 
rate of hydrogen acceptance by Pittsburgh No. 8 coal was determined in terms of coal 
conversion to THF solubles after different reaction times. 

These Same hydrogen donors were evaluated with eight coals from the Argonne Premium 
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Coal Sample Bank. These coals were of different rank and reactivity. The various degrees of 
hydrogen acceptability and, hence, reactivities of the coals were evaluated. 

EXPERIMENTAL 

Reactions with Pittsburgh No. 8 Coal. The reactions of cyclic olefins, HHA and ISO, 
and hydroaromatic donors, DHA, OHA, and TET were performed with Pittsburgh No. 8 coal 
from the Argonne Premium Coal Sample Bank. Information concerning Pittsburgh No. 8 coal 
properties is given in Table 3. Reactions were performed in 50 cm3 stainless steel tubular 
reactors that were agitated at 700 cpm. The reaction conditions used were 30 minutes reaction 
time, 1250 psig H, atmosphere at ambient temperature, 380°C reaction temperature, 2.Og coal, 
4.0g total solvent mixture including 0.5 weight percent donable hydrogen of the donor with the 
balance being hexadecane as the diluent solvent. 

Reactions with Argonne Coals. Reactions were performed with the hydrogen donors, 
both cyclic olefins and hydroaromatic donors, and eight Argonne Premium Sample Bank coals. 
Another coal, Western Kentucky No. 9, from the PSUlDOE sample bank was used for 
comparison. The reactions were performed using the same type of reactor and conditions as 
those with Pittsburgh No. 8 coal. 

Materials and Analysis. The hydrogen donors used were obtained from the following 
manufacturers and were used as received: tetdin, 1,4,5,8,9, IO-hexahydroanthracene, 
1,2,3,4,5,6,7,8-octahydroanthracene, 9,10-dihydroanthracene, and hexadecane from Aldrich 
Chemical Co.; 1,4,5,8-tetrahydronaphthalene (isotetralin) from Wiley Organics Inc.; and 
Pittsburgh No. 8, Illinois No. 6, Upper Freeport, Pocahontas No. 3, Lewiston Stockton, Blind 
Canyon, Wyodak and Beulah Zap coals from the Argonne Premium Coal Sample Bank. 
Western Kentucky No. 9 coal was obtained from the PSU/DOE Coal Sample Bank. 

The hydrogen donor compounds and their products produced during coal liquefaction 
were analyzed by gas chromatography using a Varian 3400 gas chromatograph equipped with 
a HT-5 column from SGE and FID detection. The internal standard method with biphenyl as 
the internal standard was used. The peaks were identified by comparing retention times with 
authentic compounds and by GC mass spectrometry using a VG 70EHF mass spectrometer. 

Coal conversion is defined as 

Conversion = [I - FOM (maf)] / coal charge (ma01 x 100 

where IOM is the THF insoluble organic matter remaining after reaction and maf is defined as 
moisture and ash free. 

RESULTS AND DISCUSSION 

Cyclic olefins, as donors for coal liquefaction, have been shown to release their hydrogen 
readily and quickly to the dissolving coal matrix. The conversion of cyclic olefins occurred very 
rapidly at liquefaction temperatures, forming a number of reactions products including 
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hydroaromatic and aromatic compounds (Bedell and Curtis, 1991). HHA converted quickly at 
temperatures of 380°C and above, forming reaction products of DHA, OHA, and anthracene 
(ANT). DHA has also been shown to be very effective in converting coal at liquefaction 
temperatures (Bedell, 1991); however, the conversion and subsequent release of hydrogen from 
DHA was not nearly as rapid as that from HHA. The purpose of this research was to 
investigate the possible synergism between the hydrogen donating rate of HHA and DHA on coal 
conversion. The idea being explored was that HHA released its hydrogen very quickly making 
it readily available to the coal as it initially began to dissolve while DHA released its hydrogen 
more slowly making hydrogen available to the less reactive components of the coal. 

The reactions performed as shown in Table 1 were comprised of varying amounts of 
HHA and DHA. The reactions were configured to maintain a constant level of 0.5 weight 
percent donable hydrogen. Hence, the amount of donable hydrogen remained the same although 
the relative amount of each donor was varied from 75% HHA and 25% DHA to 75% DHA and 
25% HHA. The reaction that produced the highest coal conversion to THF solubles contained 
equal levels of donable hydrogen from HHA and DHA. Nearly 12% more coal conversion was 
obtained from the combined HHAlDHA system than with HHA alone, while nearly 7% more 
conversion was obtained with the combined system than with DHA alone. The reactions 
containing 75% HHA and 25% DHA produced more coal conversion than the reaction with 
HHA alone, and nearly equivalent coal conversion as the reaction with DHA alone. The 
reaction containing 75% DHA and 25% HHA produced more conversion that either HHA or 
DHA alone. 

These increases in coal conversion with the combined systems suggested that combining 
the two donors provided a synergism in both the amount and rate of hydrogen released in the 
system. Additional reactions were performed to evaluate the effect of time on the behavior of 
the hydrogen donors. Reactions were performed with the combined HHA and DHA system and 
with the individual donors of HHA, DHA, OHA, IS0  and TET for reaction times of 5 ,  15, 30 
and 60 minutes. Hydrogen donation was monitored by evaluating the reaction products from 
the donors. Hydrogen acceptance was measured by evaluating coal conversion to THF solubles. 
At the short reaction time of 5 minutes, HHA produced the most coal conversion, producing 
slightly more than the HHAlDHA combined system, 5% more than the DHA system, and 16% 
more than OHA. Analysis of the reaction products from hydrogen donors showed that more 
than 70% HHA converted while less than 25% DHA converted after 5 minutes of reaction. In 
the combined system, almost all of the HHA had converted after 5 minutes. Comparison of the 
cyclic olefin, ISO, to the hydroaromatic donor, TET, again showed much higher coal conversion 
at short reaction time. IS0 converted very rapidly forming a reaction producfs of 1,2- 
dihydronaphthalene (DHN) and naphthalene (NAP) while TET remained essentially unreacted. 
These experimental results indicate that the rapid release of hydrogen by cyclic olefins promoted 
coal conversion at shorter reaction times compared to the slower hydrogen release. by the 
hydroaromatic donors. 

The liquefaction reactions of Pittsburgh No. 8 coal at 15, 30 and 60 minutes with the two 
types of donors are also compared in Table 2. At the short reaction time of five minutes, the 
cyclic olefin HHA produced the highest coal conversion to THF solubles. At longer reaction 
times of 15 and 30 minutes, the combined HHAlDHA reaction produced the highest coal 
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conversion. At the longest reaction of 60 minutes, the combined HHAlDHA and the individual 
DHA and HHA systems all produced similar coal conversions. Even in the system with no 
hydrogen donor present, the amount of coal conversion increased with time. Hence, coal 
conversion in a hydrogen atmosphere increased with time regardless of the presence or type of 
hydrogen donor present. However, the presence of the hydrogen donor increased the amount 
of coal conversion achieved by 13 to 22% at the long reaction time. Greater benefits were 
observed with some of cyclic olefin donors or the combined cyclic olefin/hydroaromatic donors 
at shorter reaction times. 

Each of the hydrogen donors underwent reactions that released hydrogen from 
themselves. HHA showed the most reactivity while OHA showed the least amount of reactivity 
for the conversion of the donor to other species. In the reaction times of 15 minutes and longer, 
HHA formed OHA, DHA, and ANT; OHA formed DHA and ANT and DHA formed OHA and 
ANT. At short reaction time of 5 minutes, tetrahydroanthracene (THA) was observed in the 
individual reactions of OHA, HHA and DHA. 

The reactions using the two ring donors, IS0 and TET, yielded the same trends. I S 0  
converted coal much more quickly than did TET and showed substantial increases in coal 
conversion compared to the amount produced by TET. However, at longer reaction times of 
15 and 30 minutes, both I S 0  and TET showed similar coal conversion which was substantially 
more than without any donor. IS0 was highly reactive forming TET and naphthalene (NAP) 
at reaction times of 15 minutes and longer, but forming 1,2-DHN rather than TET at the short 
reaction time (5 min.). TET converted very little and only formed small amounts of NAP. 

Argonne Coals. Cyclic olefins have been shown to be effective hydrogen donors for 
bituminous coals, Western Kentucky ( W e l l  and Curtis, 1991) and for Pittsburgh No. 8 coal. 
To establish the universality of these donors, a series of reactions was performed in which cyclic 
olefins were reacted with eight coals from the Argonne Premium Coal Sample Bank. The 
efficacy of the hydrogen donation from the cyclic olefins to coals of different rank was compared 
to the efficacy of hydrogen donation from hydroaromatic donors. These reactions were 
performed using an equivalent amount of donable hydrogen for each hydrogen donor species and 
a reaction time of 30 minutes. The efficacy of hydrogen donation for each hydrogen donor for 
each coal was evaluated in terms of coal conversion to THF solubles. 

The coals, themselves, had considerably different reactivities. Reactions in hydrogen and 
hexadecane without an added hydrogen donor ranked the reactivity of the coals for conversion 
as Illinois No. 6 > Western Kentucky No. 9 > Pittsburgh No. 8 > Blind Canyon > Wyodak- 
Anderson and Upper Freeport > Beulah-Zap and Lewiston-Stockton > > Pocahontas No. 3. 
The reactivity ranking of the coals became less distinct when the different donors were added 
to the reaction system. The addition of hydrogen donors to the system increased the amount of 
coal conversion obtained for most of the coals. The most active donors were the cyclic olefins, 
HHA and ISO, and the hydroaromatic donor, DHA. The hydroaromatic donors, OHA and TET, 
contributed less hydrogen to the system and resulted in less coal conversion. 

The coals of high inherent reactivity, Kentucky No. 9, Illinois No. 6 ,  and Pittsburgh No. 
8 showed similar coal conversions with DNA and HHA. These coals were evidently sufficiently 
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reactive to be able to utilize the hydrogen that was quickly released from the cyclic olefin, HHA. 
The coals of lower reactivity, Upper Freeport, Lewiston-Stockton, Blind Canyon, Wyodak, and 
Beulah Zap, showed a much wider disparity between the coal conversion obtained with DHA 
and that from HHA. For these coals, the quick release of hydrogen from HHA was not 
effective in promoting coal conversion, most probably because these coals were slow to react 
and could not utilize the hydrogen released from the cyclic olefin quickly enough to promote 
coal conversion. 

SUMMARY 

The combination of the cyclic olefin, HHA, with the hydroaromatic donor, DHA, was 
the most effective hydrogen donor system, producing the most coal conversion in the least 
amount of time. HHA released its hydrogen rapidly to produce high initial levels of coal 
conversion to THF solubles. Although coal conversion increased with increasing reaction time, 
the combined HHAlDHA yielded a high level of coal conversion at very short time with only 
small increases being observed with increased time. The high level of reactivity of the cyclic 
olefins resulted in quick release of hydrogen that could then be incorporated into the dissolving 
coal matrix of the reactive coals. However, the coals of lesser reactivity did not benefit to 
nearly the same degree to the quick release of the hydrogen by the cyclic olefin. The slower 
release of DHA was more effective in promoting the desired reactions between donated hydrogen 
and the less reactive coals. 
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Table 1. Effect of Hydrogen Donor Content on Coal Conversion 

Reaction Conditions: Pittsburgh No. 8 coal, hexadecane as solvent, 1250 ps~g H2 at ambient temperature, 
38OOC. 30 minute reaction time. 

972 



91 3 



Y 

u 
P 

[I) t 

II II II I I  II 

914 



91 5 



Temperature -Programmed Liquefaction o f  Low-Rank Coa l s  
in H-Donor and Non-Donor Solvents  

Chunshan Song and Harold H. Schobert 

Fuel Science Program, Department of Materials Science and Engineering, 
209 Academic Projects Building, The Pennsylvania State University, 

University Park, PA 16802 

Keywords: Temperature-programming, Coal Liquefaction. Hdonor 

Introduction 
\ 

US. production of low-rank coals including lignite and subbituminous coals has increased tenfold over the last two 
decades, and production is poised for a funher step increase [I]: Recenlly there has been increasing interest in finding 
ways to improve conversion of low-rank coals, which are often less readily liquefied than bituminous coals [Z]. In coal 
liquefaction, the thermally derived reactive fragments (radicals) must be stabilized to achieve molecular weight reduction. 
otherwise they will promptly recombine or crosslink to form more refractory materials [31. The rate of thermal 
fragmentation is mainly determined by coal reactivity, temperature. and time. while its balance with the rate of radical 
capping by hydrogen-donation is a critical factor [3.4]. It is now recognized that low-rank coals are more reactive than 
had been thought previously, and their conversion in high-severity processes is accompanied by significant 
retrogressive reactions [51. 

Due to the presence of various C - 0  and C-C bonds in coals, there may be a relatively broader distribution of  
dissociation energies of bonds connecting the slructural units in low-rank coals, as can be visualized from the 
dissociation energies of various C-0,  C-C and C-H bonds that are believed to be relevant to coal and coal conversion 
processes [6]. The concept of distribution of  bond energies for coals is also supported by the results of temperature- 
programmed pyrolysis (TPP) of coals ranging from brown to bituminous coals [6,7]. TPP data show that more bonds 
in low-rank coals are thermally broken at lower temperatures as compared to bituminous coals [61. The question that 
arises for liquefying low-rank coals is how to balance the rates of bond cleavage with the rates of hydrogen transfer to 
the radicals. Of some importance to the present work are several recent reports showing that using relatively slow 
heating rates [3.4,8] is effective for liquefying low-rank coals. In catalytic liquefaction, temperature-staged conditions 
have been shown to improve coal conversion and oil yields [9-11], even in the aqueous liquefaction system [IZ]. 

For a given reaction system. controlling the conditions is important for maximizing the yield and quality of products 
and minimizing retrogressive reactions. The retrogressive reactions may include the crosslinking of thermally generated 
radicals and condensation of thermally sensitive compounds. The temperature-programmed liquefaction (TPL) reponed 
here seeks to efficiently liquefy low-rank coals by controlling the rate of pyrolytic cleavage of weak bonds while 
minimizing the retrogressive crosslinking of radicals and thermally sensitive groups. In preliminary communications, 
we reported that temperature-programming appears to be promising for more efficient conversion of low-rank coals in 
temlin [13,141. This paper repom on the temperature-programmed and non-programmed liquefaction (N-PL) of a 
subbituminous coal and a lignite in H-donor and non-donor solvents. Reported separately are the solid-state I3C NMR 
and pyrolysis-GC-MS studies of coal smcture and the TPL reactions [15], and catalytic TPL of a low-rank coal using 
dispersed Mo calalysl[161. 

Experimental 

The coals used were a Montana subbituminous coal and a Texas lignite obtained from the DOE/Penn State 
Coal Sample Bank (DECS-9 / PSOC-1546; DECS-I / PSOC 1538). Table I shows the characteristics of these coals. 
The coals were recently collected and stored under argon atmosphere in heat-sealed. argon-filled laminated foil bags 
consisting of three layers (polyethylene plus aluminum foil plus polyethylene) [171. The coals were crushed to less 
than 60 mesh and dried in vacuo at 95OC for 2 h (before use) by placing a flask containing the fresh coal into a 
preheated vacuum oven. Our preliminary data showed that vacuum dried coal gave similar or slighlly higher conversion 
than the fresh coal. The H-donor vehicle used was teualin. a known H-donor. As non-donor. naphthalene and 1- 
methylnaphthalene were used. The products from low temperature runs with naphthalene at 5350°C were rock-like and 
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difficult to remove from the reactors. However, there were no such experimental problems with I-methylnaphthalene 
because it is a liquid. Liquefaction was carried out in 25 mL microautoclaves using 4 g coal (< 60 mesh) and 4 g 
solvent under 6.9 MF'a H2 using a given temperature program. The liquid and solid products were separated by 
sequential Soxhlet extraction with hexane, toluene and THF for about 24 h. The THF-insoluble residues were washed 
with acetone, then with pentane to remove THF completely. and subsequently dried in a vacuum oven at 100T for over 
6 h before weighing. The conversions of coal inlo THF-solubles were determined from the amount of THF-insoluble 
residues and are based on the dmmf basis. The yields of preasphaltene (THF soluble but toluene insoluble) and 
asphaltene (toluene soluble but hexane insoluble) are. given as the yields of recovered products, and the yields of oil plus 
gases are dewmined by difference between total conversion and the sum of preasphaltene and asphaltene yields. 

Results and Discussion 

Temperature-Programming 

Figure I shows the reactor heat-up profiles for temperature programmed liquefaction. Although the 
tempcram inside the reactor was not measured, the pressure change of the reactor during the heat-up can gives a d k t  
measure of the temperature change. Figure 2 shows the change of sandbath temperature and pressure of the reactor for 
a TPL run of  DECS-9 in teualin with 6.9 MPa cold H2 at final temperature of 400OC. The sandbath temperature was 
controlled manually such that the heating ramp would be the same for all the runs. It can be seen from Figures 1 and 
2 that the programming was successfully achieved. The I-p profile in Figure 2 is typical for a thermal run, but a 
catalytic run shows a different I-p change pattern [6]. No catalyst was used in the present work. The selected 
temperature program consisted of a low-temperature soak at 200°C-for 15 min. programmed heating to a final 
temperature at about 7"C/min, followed by a 30 minute hold at the final temperature (300, 350, 375. 400, and 425 
"C). We expect few chemical reactions to occur at 200°C. The rationale for selecting such a low temperature for 
soaking is to allow the solvent molecules to penetrate into the interior of coal panicle (diffusion and swelling). before 
they are needed as hydrogen donors for stabilizing the radicals and thermally labile compounds in the subsequent hcat- 
up period and high temperature stage. 

Temperature-Programmed Liquefaction 

Figure 3 shows the yields of THF-. toluene- and hexane-soluble products plus gas from duplicate runs of Montana coal, 
as a function of final TPL temperature. At 300°C. the yield of THF-solubles is only slightly higher than that of the 
original coal. It should be noted that the low tempcrature TPL did not cause considerable increase in coal conversion, 
but did result in some desirable change in coal structure. As shown in Figure 3, the conversion of coal to THF-solubles 
increased significantly with increasing final temperature from 300 "C (9%) to 400 "C (aboul79%), but rose to a much 
lesser extent from 400 to 425°C (about 82%). On the other hand, the conversion to toluene solubles displayed a 
monotonic i n m a w  from 300 to 425 OC. 

Figure 4 shows the product dishbution from TPL runs in teualin as a function of final temperature. I t  is clear from 
Figure 4 that from 300 to 350°C, the increase in conversion was due mainly IO gains in preasphaltene and asphaltene 
yields, while the oil yields rose substantially with increasing temperature from 350 to425"C. It is likely that under h e  
TPL conditions, increasing temperature up to 350°C conhbuted to cleavage of the weak bonds that released the larger 
molecules of asphaltene and preasphaltene classes from macromolecular network; increasing temperature from 350 to 
400 directly promoted the formation of oil from coal; and funher increasing temperature from 400 to 425T further 
enhancedoil formation from both coal depolymerization and the thermal cracking of preasphaltene and asphaltene. 

We also conducted the control rum under the conventional non-programmed p -PL)  conditions (rapid heat-up from 2 3 T  
to reaction temperature in 2-3 minutes) at the temperatures of 350425°C. Figure 5 compares the TPL and N-PL data for 
DECS-9 coal in tetralin. As can be Seen from Figure 5 ,  relative to N-PL, TPL afforded more preasphaltene at loHi 
temperatures betwoen 350-375°C. and more toluene solubles and more oil between 375-425T. It should be noted that 
the data in Figure 5 are average of duplicate runs for both TPL and N-PL. The raw data from the duplicate runs show the 
same trend. For example, the THF conversions from duplicate experiments of N-PL are 70.6 and 12.2% for runs at 
400°C. and 75.0,75.7 and 78.4% for runs at 425T in teualin under H2. A longer N-PL run at 400°C for extended time 
period (60 min) only increased the THF conversion by aboul2-3 % as compared to the 30 min N-PL run. However, the 
THF conversions from duplicate TPL runs are 77.0 and 81.4% for TPL at 400°C. and 81.4 and 83.1% for TPL at 
425°C. In the case of  DECS-I Texas lignite. TPL runs also gave considerably higher conversions than N-PL runs in 
tetralin. The average values from duplicate runs of  DECS-I in tetralin are shown in Table 2. 

In order to understand the beneficial effecls of TPL in H-donor tetralin, we also conducted both TPL and N-PL runs in 
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nondonor solvents, The data in Table 2 and Table 3 shows that temperature-programming in a non-donor Solvent such 
as naphthalene or I-methylnaphthalene does not appear to have any significant impact on coal conversion and pmduct 
distribution. This indicates lhac beneficial effects of TPL as compared to N-PL in tetralin solvent are closely associaled 
with hydrogen transfer from tetdin. 

The above results demonsuated that in the presence of H-donor solvenl, TPL can afford considerably higher conversion 
than the conventional run at the same or even higher final temperatures. This comparison clearly showed that the 
programmed heat-up is superior to the rapid heat-up for conversion of the low-rank coals in teualin under H2. although 
it is known that in coal pyrolysis ultrarapid heating increases tar yields [IS]. These results indicate that the 
temperature-programming is a promising approach for converting low-rank coal in H-donor solvent. and further 
improvement may be achieved by finding the optimum program and by using a calalyst. In fact, we also demonstrated 
that catalytic TPL of DECS-9 is superior to N-PL in the presence of a dispersed Mo calalyst and a process solvent 
which has much lower H-donating ability compared to tetralin 1161. Analytical characterization of the residues using 
CPMAS I3C NMR and pyrolysis-GC-MS [I51 points to the progressive loss of oxygen functional groups and 
aliphatic species from the macromolecular network of the subbituminous coal during its depolymerization in tevalin 
under TPL conditions. The higher conversions in TPL runs (relative to the conventional runs in tetralin) suggest lhat 
the removal of carboxylic and catechol groups from lhe coal during the programmed heat-up in tetralin may have 
coneibuted to minimizing the retrogressive crosslinking at higher temperatures. 

Mechanistic Considerations 

Comparative examination between the TPL and N-PL runs using different solvents established that the beneficial effects 
of temperature-programming in telralin are not due to thermal treatment but are closely associated with low temperature 
hydrogen-transfer during programmed heat-up. Although H-transfer is a chemical process. both the physical and 
chemical mechanisms can bc rcsponsible for the desirable effects of TPL as compared to N-PL in teualin. Our initial 
idea in designing the temperature program was to meet the physical as well as chemical requirements for conversion of 
coals which are macromolecular in chemical nature but are microporous in physical nature. The rationale of selecting a 
low temperature soak is associated with the characteristics of mI pore sbucture. A large pan of pore volume of low- 
rank coals is located in mesopores (20-500 A in diameter) and macropores (>5W A). However, most of the surface area 
of coals is enclosed in the micropores ( ~ 2 0  A); hence rates of reaction are limited by rates of diffusion through the 
micropores 119,201. Spears et  al. (201 reported that the micropore walls contain polar functional groups. and their 
abundance is higher for low-rank coals. It is considered that soak at 200°C for 15 min will facilitate the diffusion of 
teualin into the micropores (< 20 A) and smaller mesopores (>20 A). Also, possibility exists that tetralin could induce 
swelling at 200°C which may open up some pores that are solvent-inaccessable at room temperature. However, such 
physical effects would be smaller for liquefaction of biwminous coals. 

The chemically beneficial effect of TPL compared to N-PL in H-donor lies in the programmed heat-up. The H-transfer 
from H-donor could stabilize the thermally derived radicals and thermally sensitive groups. Because of the bond 
dissociation energy disuibution, one could selectively break certain bonds at certain temperature range by using 
temperature programming. which would provide time for radical to abstract H from H-donor. Low-rank coals are 
characterized by low aromaticities and high oxygen funcdonalities [211. Suuberg et al. [22]. Solomon et a1.[18] and 
Lynch et a1.[231 have indicated that during coal pyrolysis. decarboxylation is accompanied by uosslinking reactions and 
the formation of COz. McMillen et a1.[241 have provided some insighu into the retrogressive reactions involving 
polyhydroxy suuctures. It is likely that the retrogressive reactions occurring during liquefaction of low-rank coals under 
conventional high-severity conditions are. at least in pan, associated with the reactions of their oxygen functional 
groups. It Seems possible from comparative examination of the coal conversion data that the TPL conditions may 
facilitate the reduction of crosslinking reactions of the thermally sensitive groups such as oxygen-functional groups at 
low temperatures in H-donor. Both the present and previous resulls [3,4,81 strongly suggest that very fast heating would 
result in ux, fast a thermal fragmenlation of low-rank coals at high temperatures to be balanced by H-donation. which 
consequently leads u) enhanced retrogressive reactions. 
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Table 1. Representative Analyses of DOE I Penn State Coal Samples 
Sample No. DECS-9 or PSOC 1546 DECS-1 or PSOC 1538 
Proximate (wt%) 
Volatile Matter 33.5 (47.l)a 33.2 (55.5)a 
Fixed Carbon 37.1 (52.9)a 25.8 (44.5)a 
Moisture. 24.6 30.0 
Ash 4.8 . 11.1 

U J J f  
Carbon 76.1 76.1 
Hydrogen 5.1 5.5 
Nitrogen 0.9 1.5 
Organic Sulfur 0.3 1.1 
Oxygen (by diff) 17.6 15.8 

State Montana Texas 
County Bighorn Freestone 
City Decker Fairtield 
Seam Dietz Bonom 
Age of Seam Paleo Eocene 
ASTM Rank Subbit B Lig A I Sub C 
Sampling Date 611 2/90 1211 1/89 
a) On a dry, mineral matter free (dmmt) basis. 
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Table 2. Temperature-Programmed (TPL) and Non-programmed Liquefaction (N-PL) with 
H-Donor Teralin and Non-donor I-Methylnaphthalene (1-MN) Solvents at 400 "C for 30 min 

DECS-9 DECS-9 DECS-1 DECS-1 DECS-9 DECS-9 

coal Mont Sub Mont Sub Texas Lig Texas Lig Mont Sub Mont Sub 
Feawe TPL N-PL TPL N-PL TPL N-PL 

Solvent Tetralin Teualin Tebalin Tehalin 1-MN I-MN - 
THF-Con4 19.2 71.4 78.0 69.8 34.1 32.2 

TolueConvb 55.5 50.1 66.1 58.0 27.1 25.4 

Oil + Gas 34.4 29.4 48.5 45.1 18.9 16.0 

AsphaJtene 21.1 20.6 17.5 12.9 8.2 9.4 

Preasphallene 23.7 21.4 11.9 11.8 7.0 6.8 
a-b) Total conversion to a) THF-solubles and b) toluene-solubles plus gas. 

Table 3. Temperature-Programmed (TPL) and Non-programmed Liquefaction (N-PL) with 
H-Donor Teralin and Non-donor Naphthalene Solvents at 350 "C for 30 min 

DECS-9 DECS-9 DECS-9 DECS-9 

coal Monl Sub Mont Sub Mont Sub Monl Sub 

Feature TPL N-PL TPL N-PL 

Solvent Tehalin Tevalin Naphthalene Naphthalene 
Prod. dmmf wr% 

W - C o n v a  42.0 31.9 21.3 21.4 

Tolue-Convb 19.2 17.0 13.7 14.2 

Oil + Gas 2.7 4 .O 9.3 7.9 

Asp ha Item 16.5 13.0 4.4 6.3 

ReasphaIlene 22.8 14.9 7.6 7.2 

a-b) Total conversion to a) THF-solubles and b) toluene-solubles plus gas. 
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Figure 1. Temperature programs examined in TPL of DECS-9 coal. 
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Figure 2. Typical temperature-pressure profile during programmed heat-up and holding 
for non-catalytic TPL of DECS-9 coal in tetralm at a fmal temperature of 400 "C. 

98 1 



280 300 320 340 360 380 400 420 440 

Final Temp of TPL (“C) 

Figure 3. Relationship between fmal temperature of TPL and coal conversion to 
THF-, toluene- and hexane-solubles plus gases. 
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Figure 4. Product distribution from TPL of DECS-9 in tetralin at different 
fmal temperatures ranging from 300 to 425°C. 
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Figure 5. Comparison between temperalure-programmed (TPL) and non-programmed (N-PL) 
runs of DECS-9 coal in tetralin solvent. 
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INTRODUCTION 

The occurrence  of r e t r o g r e s s i v e  r e a c t i o n s  du r ing  d i r e c t  c o a l  l i q u e f a c t i o n  
p rocess ing  i s  harmful because  these  r e a c t i o n s  r e s u l t  i n  t he  format ion  of h igh  
molecular weight m a t e r i a l  t h a t  is r e f r a c t o r y  t o  f u r t h e r  p rocess ing .  The re fo re ,  
t he  y i e l d s  of d e s i r e d  products  a r e  dec reased ,  downstream p rocess ing  cond i t ions  
must he more seve re  than  i f  r e t r o g r e s s i v e  r e a c t i o n s  d i d  n o t  o c c u r ,  and i n  some 
c a s e s ,  an  accumulation of  s o l i d s  causes  p rocess  shutdown. ( l )  The o b j e c t i v e s  of  
t h i s  r e sea rch  p r o j e c t  are 1) t o  de te rmine  the  causes  of r e t r o g r e s s i v e  r e a c t i o n s  
du r ing  the  initial process ing  of c o a l  (known a s  preconvers ion  p rocess ing )  i n  
d i r e c t  l i q u e f a c t i o n  and 2) t o  dev i se  methods f o r  minimizing t h e s e  undes i red  
r e a c t i o n s .  The f i r s t  o b j e c t i v e  involves  eva lua t ing  the  e f f e c t s  o f  p rocess  
cond i t ions  and  a d d i t i v e s  on r e t r o g r e s s i v e  r e a c t i o n s .  The approach t o  
completing t h i s  o b j e c t i v e  i s  twofold.  I n i t i a l  scoping  s t u d i e s  have been done 
us ing  t h e  model compound d ibenzyl  e t h e r  (DBE). Subsequent work w i l l  use c o a l .  
Work on the  second r e sea rch  o b j e c t i v e  w i l l  be performed i n  con junc t ion  wi th  the  
eva lua t ion  o f  t he  e f f e c t s  of  process  v a r i a b l e s  and a d d i t i v e s  on c o a l .  Research 
f o r  comple t ing  the  second o b j e c t i v e  w i l l  involve  s e v e r a l  d i f f e r e n t  approaches 
such a s  the  use  of c leaned  c o a l s ,  and t h e  use  of  d i f f e r e n t  c o a l  p re t r ea tmen t s .  

DBE was chosen f o r  t he  i n i t i a l  scoping  s t u d i e s  for t h r e e  r easons :  1 )  e t h e r  
l i nkages  r ep resen t  one type  of bonding r epor t ed  t o  be  p r e s e n t  i n  coa l (2 ) ;  
2 )  o t h e r  i n v e s t i g a t o r s  have ana lyzed  the  k i n e t i c s  and mechanism of  thermolys is  
of D B E ( 3 . 4 )  and have a l s o  used DBE t o  s tudy  e f f e c t s  of  p rocess  v a r i a b l e s  i n  c o a l  
l i q u e f a c t i o n ( 5 ) ;  and 3)  DBE i s  known t o  undergo r e t r o g r e s s i v e  r e a c t i o n s .  I n  
the  work r epor t ed  h e r e ,  experiments have been  performed t o  e v a l u a t e  t h e  impacts 
of d i f f e r e n t  types  o f  minera l  ma t t e r  ( i nc lud ing  low tempera ture  ash  (LTA) 
sepa ra t ed  from I l l i n o i s  #6 c o a l ,  k a o l i n i t e  ( a  c l a y  mine ra l  commonly found i n  
c o a l ) ,  and p y r i t e )  on the  r e a c t i o n  of DEE. The preconvers ion  p rocess ing  
cond i t ions  used  i n  t h i s  work are s i m i l a r  t o  those  t h a t  occur  between the  time 
the  c o a l  i s  mixed wi th  r e c y c l e  s o l v e n t  and t h e  t ime t h e  c o a l  s l u r r y  e n t e r s  t he  
f i r s t - s t a g e  r e a c t o r  a t  the  Wi l sonv i l l e  Advanced D i r e c t  Coal L ique fac t ion  R & D 
F a c i l i t y .  
up t o  f i r s t - s t a g e  r e a c t i o n  tempera tures .  The i n i t i a l  t empera ture  f o r  
preconvers ion  p rocess ing  i s  abou t  18OW ( t h e  tempera ture  of  t h e  s o l v e n t - c o a l  
mix ture  j u s t  p r i o r  t o  e n t e r i n g  t h e  p r e h e a t e r  a t  W i l s o n v i l l e ) .  
t empera ture  has  no t  been r e p o r t e d  because  t h e  tempera ture  of t he  f eed  t o  the  

Th i s  i nc ludes  the  p rehea t ing  s t e p  i n  which t h e  c o a l  s l u r r y  is  hea ted  

The f i n a l  

+ This  work was suppor ted  by the  U . S .  Department o f  Energy a t  Sandia Nat iona l  
Labora to r i e s  under c o n t r a c t  DE-AC04-76DP00789. 
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first-stage reactor is proprietary. 
first-stage temperature, which is approximately 425oC. 
and feed tank are both at atmospheric pressure; pressurization with hydrogen 
OCCUKS prior to the slurry entering the preheater. 

However, it must be less than the average 
The slurry blend tank 

EXPERIMENTAL 

Materials 
The commercial hydrotreating catalyst used in these experiments was Shell 324E1, 
a NiMo/Al,O, catalyst with 12.4 wt% Mo and 2 . 8  wt% Ni. Prior to use, this 
catalyst was presulfided with a 10 mol% H,S/H, mixture at 380W and atmospheric 
pressure for 2 h, and was then ground to -200 mesh. Three types of fine- 
grained mineral matter were utilized: coal-derived mineral matter, kaolinite 
(AlzSiz05(OH)4), and a coal-derived pyrite sample. The coal-derived mineral 
matter was separated from Illinois #6 coal, which was obtained from the Argonne 
Premium Coal Sample Program, by using an LFE Corp. low temperature asher (model 
LTA 504). The kaolinite, in the form of a Georgia kaolin, was used as 
received, The pyrite sample was obtained by beneficiation of coal at the 
Robena Laboratory of the U. S .  Steel Corporation and was subsequently 
pulverized under nitrogen to a particle size of -5 microns by means of a four 
inch orbital "Micron-Master Jet Pulverizer" at the Jet Pulverizer Co., Palmyra, 
New Jersey. The pyrite sample was cleaned by low-temperature ashing to oxidize 
the associated organic matter. After low-temperature ashing, the pyrite was 
separated from the other mineral matter by using the acid cleaning procedure, 
which consists of washing and filtration using hydrochloric acid, followed by 
hydrofluoric acid, and a repeat of the hydrochloric acid treatment, reported by 
Bishop and Ward(6). 
samples. 

Hvdrotreatinp Exoeriments 
All reactions with DBE were performed in 26 cm3 316 stainless steel 
microautoclaves. The heat up time and quench time for each reaction were less 
than 2 minutes each. Nominal reactant and catalyst loadings for most 
experiments (unless otherwise noted) were 100 mg DBE, 50 mg catalyst, and 50 img 
mineral matter. The microautoclaves for all experiments were charged with 1000 
psig H, cold charge pressure. 
experiments were 15 minutes; reaction temperatures ranged from 180oC to 300oC. 

Product Analvses 
Products from the microautoclave experiments were dissolved in carbon disulfide 
(CS,) and analyzed using a combination of gas chromatography (GC) and GC/mass 
spectrometry (GC/MS). Recoveries of products from runs were determined 
quantitatively by GC using dodecane as an internal standard and response 
factors determined for DBE and toluene. 
reactions included quantitation of all non-CS, related peaks that were detected 
by GC (Figure 1). Unidentified compounds with GC retention times less than DBE 
are classified as low molecular weight unknowns, i.e. the molecular weight (MW) 
is less than 198, which is the MW of DBE. The total amount of low molcculnr 
weight material is equal to the sum of DBE, additional identified compounds 
(all of which have MWs less than DBE), and the low molecular weight unknowns. 
The unidentified compounds with retention times greater than DBE represent 
compounds with MWs greater than DBE, which were formed by retrogressive 
reactions. The total amount of high molecular weight material (HMWM) formed by 
retrogressive reactions is defined in this work as the sum of the amount of 
unidentified compounds detected by GC that had higher retention times than DBE 

X-ray diffraction was used to check the purity of pyrite 

Reaction times at temperature for all 

Recoveries of products from the DBE 
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and the amount of material that was not detectable by GC. 
material, which did not elute from the GC column, was determined by difference. 

Field Ionization Mass Spectrometry (FIMS) analyses, which provide molecular 
weight distributions for products vaporized using a mild ionization source, 
were performed on the products from several of the experiments. These analyses 
were done by Ripu Malhotra of SRI International. 

This non-detectable 

RESULTS and DISCUSSION 

The ImDact of Low TemDerature Ash from Illinois #6 Coal on DBE Reactions 
Results of an experiment performed at 300°C with the low temperature ash 
separated from the Illinois #6 Argonne coal are shown in Figure 2. This 
reaction had a DBE:LTA ratio of 2.25:l. The total recovery of all products 
detectable by GC analysis was only about 9 Wt%, of which about 4 wt% was low 
molecular weight products (including toluene, diphenyl methane (DPM), and C,,H1, 
compounds) and about 5 wt% was unidentified material with a MW greater than 
DBE. The remainder of the reaction product (91 wt%) did not elute from the GC 
column. Therefore, the total amount of HMWM in the product was about 96 ut% 
indicating the occurrence of significant retrogressive reactions. The results 
of this experiment were compared to those of a similar experiment with Shell 
324M catalyst, The experiment with Shell 324M had a 2:1 DBE:Shell 324M ratio, 
other conditions were the same. The total recovery of all products detectable 
by GC was 83 wt%, of which about 71 wt% was low molecular weight material 
(42 wt% toluene, 1 wt% DPM, 11 wt% bibenzyl, 9 wt% other C,,H,, compounds, 8 wt% 
low molecular weight unknowns). 
matter yields a significant improvement in recoveries of low molecular weight 
material. 
with the Shell 324M would give a significantly higher yield of low molecular 
weight material.) A similar thermal reaction with no additives gave about 
98 wt% recovery of low molecular weight material of which 89 wt% was DBE. 

The results of the experiment with Illinois #6 LTA showed that mineral matter 
in coal can produce significant amounts of retrogressive reactions with DBE. 
Since coal-derived mineral matter contains many different components, 
additional experiments were performed with several of the components. 

The Effects of Pyrite on DBE Reactions 
The effects of pyrite on the reaction of DBE were studied because it has known 
catalytic activity in direct coal liquefaction. Results of an experiment with 
freshly cleaned Robena pyrite and DBE are shown in Figure 3. 
ratio was 2:l. 
of material on the CC (about 84 wt%) as Shell 32411. However, the pyrite gives 
more low molecular weight material than Shell 324M (77 wt% versus 71 wt%), and 
the distribution of low molecular weight material is significantly different; 
pyrite gave about 60% more toluene than Shell 324M. Both of these reactions 
were run in duplicate and showed excellent reproducibility. 

An additional experiment was performed with an oxidized sample of Robena 
pyrite. 
using the same procedures as the freshly cleaned pyrite. 
air in a glass sample vial without any special precautions to prevent 
oxidation. 
experiments with these two pyrite samples is shown in Figure 4. 
pyrite yielded about 95 wt% HMWM whereas the freshly cleaned pyrite gave only 

The presence of a catalyst and no mineral 

(Previous work has shown that the presence of a good hydrogen donor 

The DBE:pyrite 
Results show that pyrite yields about the same total recovery 

This sample had been low temperature ashed and acid cleaned in 1980 
It was stored under 

A comparison of the DBE reaction product distributions from 
The aged 
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23 wt8 HMWM. 
aged sample had significant amounts of iron sulfate hydrate present, whereas 
the freshly cleaned sample was pure pyrite. 

The Effects of Kaolinite on DBE Reactions 
Kaolinite was also chosen for 'additional experiments because it is a clay 
mineral present in coal, and clays usually are the most abundant minerals in 
coal. In addition, a previously reported studyC7) has shown that the acidic 
components of coal mineral matter enhance DBE conversion. Figure 5 shows the 
product distributions for five reactions of DBE with varying amounts of 
kaolinite present, These results show that retrogressive reactions OCCUK for 
all the experiments. With the least amount of kaolinite only about 15 wt% of 
the product is HMkl?. However, for higher concentrations of kaolinite, os  much 
as 93 wt% of the product can be HMWM. An additional set of experiments was 
performed to determine the impact of reaction temperature on product 
distribucion with 36 wt$ kaolinite on a weight of DBE basis (Figure 6 ) .  The 
results show that even at a temperature of 180% significant retrogressive 
reactions occur with about 75 wt% HMWM formed. A FIMS analysis of the product 
from the 18OoC reaction is shown in Figure 7 .  The number average MW for the 
product was 804, significantly higher than the MW of DBE (198). The spectrum 
shows that the reaction product had compounds with MWs greater than 1300 amu. 
In addition, it shows groups of peaks that are separated by 90 amu. This 
distribucion is indicative of the occurrence of benzylation reactions. which 
are known to occur in the presence of strong Lewis acids. 

Three experiments were performed to determine the impact of water on the 
reaction of DBE with kaolinite. These results, shown in Figure 8 ,  indicate 
that water does decrease the formation of HMWM. However, the effect is not 
very large and large amounts of water are required. 

X-ray diffraction analyses of both pyrite samples showed that the 

CONCLUSIONS 

The results of these experimencs indicate that the mineral matter in coal can 
have a significant effect on retrogressive reactions. 
amounts of retrogressive reactions that occur down to reaction temperatures at 
least as low as 180OC. 
reactions. Pyrite, in contrast, can be either beneficial or harmful. If the 
pyrite is unoxidized, it can give high yields of desired product. However. if 
the pyrite is oxidized, it can yield significant amounts of retrogressive 
reactions. 
under currently used preconversion processing conditions and that improved 
processing techniques need to be developed to prevent these harmful reactions. 
Coal cleaning involving removal of the clays and readdition of unoxidized 
pyrite may be one technique for improving coal liquefaction. 

Kaolinite yields high 

These retrogressive reactions are due to benzylntion 

It has been demonstrated that retrogressive reactions can occur 
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ABSTRACT 

Coal l i q u e f a c t i o n  has been e f f e c t i v e l y  c a r r i e d  out  w i t h  carbon monoxide reductant 
i n  an aqueous solvent (CO steam process). 
sodium aluminate i s  ab le t o  cata lyze the conversion o f  Aus t ra l i an  coals i n  the 
CO/H,O system and i n  waterlhydrogen donor so lvent  mixtures. To demonstrate an 
economical process f o r  1 i que fac t i on  o f  Wyodak subbituminous coal, aqueous sodium 
aluminate has been u t i l i z e d  as the c a t a l y s t .  High conversions comparable w i t h  
those obtained w i t h  hydrogen donor so lvents  and hydrogen s u l f i d e  were obtained. 
The product cons is ts  o f  a l a r g e  d i s t i l l a t e  f r a c t i o n  composed o f  oxygenated 
compounds and many aromatics. The asphaltene and o i l  f r a c t i o n s  are su i tab le  f o r  
second-stage c a t a l y t i c  hydrogenation. Reactions u t i 1  i z i n g  hydrogen as the 
reductant gave low conversions w i t h  sodium aluminate. 
reduct ive react ions catalyzed by the sodium aluminate i n  aqueous/carbon monoxide 
systems are c u r r e n t l y  being i nves t i ga ted  w i t h  various model compounds. 

Aus t ra l i an  workers demonstrated t h a t  

The nature o f  the 

INTRODUCTION 

The goal o f  the UNDEERC coal science group i s  the development o f  new homogeneous 
ca ta l ys ts  f o r  f i r s t - s t a g e  coal 1 iquefact ion.  
i n  s o l u b i l i z a t i o n  and pre l iminary reduct ion o f  low-rank coals  t o  a h igh q u a l i t y  
intermediate product t h a t  can be e a s i l y  converted t o  d i s t i l l a t e  fue l s  w i t h  low 
heteroatom content. 

Cata lys is  o f  the f i r s t  stage o f  coal l i q u e f a c t i o n  invo lves improving the 
o f  bond cleavage react ions leading t o  improved s o l u b i l i t y  and o f  pre l iminary 
reduct ion react ions so t h a t  o i l s  and asphaltene are produced wi thout  extensive 
re t rog ress i ve  react ions.  These mater ia ls  should be able t o  i n t e r a c t  e f f e c t i v e l y  
w i t h  the s o l i d  and c o l l o i d a l  coal matter, ca ta l yz ing  the conversion t o  so lub le 
o i l s  a t  moderate temperature, whi le  minimizing problems w i t h  low surface areas o r  
mass t rans fe r .  Thus various inorganic  agents t h a t  are so lub le i n  the reac t i on  
veh ic le  o r  so lvent  are being invest igated.  
aluminate) are polymeric a t  t he  reac t i on  condi t ions and are precursors for  the 
c lays  and z e o l i t e s  t h a t  are c u r r e n t l y  under i nves t i ga t i on  as second-stage 
l i q u e f a c t i o n  ca ta l ys ts .  

These c a t a l y s t s  are expected t o  a id  

ra tes  

Some o f  these (e.g., sodium 

EXPERIMENTAL 

C a t a l v t i c  L iauefact ion o f  Coal 

A s l u r r y  cons is t i ng  of 5.0 g of coal (as received Wyodak-Clovis Point )  and a 
so lu t i on  o f  the desired c a t a l y s t  i n  20 g so lvent  (water) was placed i n  a 70-mL 
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Parr reac tor .  The reac tor  was evacuated and charged with a mixture of 1000 psi 
of desired gas. The reac tor  was heated t o  400°C in a rocking autoclave ( i n i t i a l  
heatup time = 11 minutes) and l e f t  a t  t h i s  temperature f o r  30 minutes. A t  the 
end of the  react ion,  the  reac tor  was cooled t o  room temperature, and the  gases 
were removed. The reac tor  was at tached t o  a set of two t raps  cooled in  i c e  and 
l iqu id  nitrogen. The product s l u r r y  was d i s t i l l e d  t o  remove water. 
d i s t i l l a t e  was saturated with NaCl and extracted w i t h  e ther .  The ex t rac t  was 
mixed w i t h  appropriate  in te rna l  standard and analyzed by GC and GC/FTIR/MS. 

The residue was extracted w i t h  pentane, toluene,  and te t rahydrofuran (THF). The 
pentane-soluble f rac t ion  was mixed w i t h  appropriate  in te rna l  standard and 
analyzed by GC. The toluene-soluble, THF-soluble, and THF-insoluble f rac t ions  
were dr ied  i n  vacuo a t  110°C overnight and weighed. The percent conversion was 
calculated on the basis  of the coal (maf) t h a t  d id  not appear i n  t h e  THF- 
insoluble f rac t ion .  

The 

The conversion and y ie ld  da ta  a re  given i n  Table 1. 

Catalvt ic  Hvdrotreatinq of Model Comoounds 

In a typical  run, 0.5 g of model compound, 2 g of solvent (water), and t h e  
desired amount of c a t a l y s t  ( i f  needed) were placed in a tubing bomb (12-mL 
microreactor). The microreactor was evacuated, pressurized with 1000 psig of 
carbon monoxide, placed in  a rocking autoclave, and heated t o  400°C. A t  the  end 
of the specif ied react ion period, t h e  microreactor was cooled i n  a dry ice-  
acetone s l u r r y ,  degassed, and opened. 
d i l u t e  HC1. 
s lur ry ,  and the  product s l u r r y  was extracted with methylene chlor ide.  
methylene chlor ide e x t r a c t  was dr ied  over molecular s ieves  (4A) and analyzed by 
GC/FID and GC/FTIR/MS. 

The resu l t ing  s l u r r y  was ac id i f ied  with 
The desired amount of  the  internal  standard was added t o  the product 

The 

Instrumentation 

Quant i ta t ive  GC/FID analyses were performed with a Hewlett Packard 5880A gas 
chromatograph equipped w i t h  a Petrocol c a p i l l a r y  column. 
and n-octadecane was the  in te rna l  standard. 
Finnigan 800 ITD ion t r a p  de tec tor  with a HP 5890A gas chromatograph and a J&W 
30-m x 0.32-mm (ID), 1.0-micron f i lm of DE-5. A 15-m x 0.25rmm (ID), 0.25-micron 
DB-5 f i lm capi l la ry  column was used for  t h e  ana lys i s  of high boi l ing components. 

A mixture of isooctane 
GC/FTIR/MS was performed on a 

RESULTS AND DISCUSSION 

In the f i r s t  par t  of our study of  homogeneous c a t a l y s t s  f o r  f i r s t - s t a g e  coal 
1 iquefaction, c a t a l y s t s  f o r  improving the conversion and product qua l i ty  of  
l iquefact ions carr ied out in aqueous systems were invest igated.  
react ions t h a t  ut i1  ize  carbon monoxide as  the reductant gas  have been extensively 
invest igated i n  t h i s  and o ther  labora tor ies  over many years  (1-3). 
c a t a l y s t s  have been employed t o  achieve higher conversions. 
reduction has been shown t o  be superior  t o  hydrogen f o r  t h e  f i r s t  s tage of 
1 iquefaction. 

L i t t l e  i s  understood about the mechanism of the aqueous/CO react ion with coal o r  
even with model organic compounds. 
ketone (benzophenone) and an aryl  carbinol are  reduced ( 4 ) .  Bases were required 
f o r  reduction of the  ketone, and higher conversions were obtained f o r  the  
carbinol reduction in the  presence of base. 
quinol ine were also effected with aqueous CO; however, higher conversions of 

Aqueous 

The aqueous/CO 
Basic 

Jones and o thers  have shown t h a t  an aryl  

Reduction of anthracene and 
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anthracene were obtained in the absence of base (5). 'The reduction of ketones 
with CO in aqueous sodium carbonate can be explained by sodium ion activation of 
the CO to give an intermediate such as formate that can donate hydride to the 
carbonyl. Reduction of anthracene or other hydrocarbons would appear to proceed 
by a different mechanism. 

In screening a number of candidates for improving the conversion in aqueous/CO 
1 iquefaction processing, Jackson and others (6,7) found that aqueous sodium 
aluminate gave good conversions of brown coal to oils at temperatures of 350" to 
400°C. Factors such as pH and concentration in aqueous systems of the materials 
are critical in determining the actual aluminate structures present; however, 
Jackson did not report the pH of his system. 
aluminate form may have Lewis acid sites at moderate pH values of 8-12 that would 
be effective in cleavage of covalent bonds in coals. 
aluminate is able to activate the carbon monoxide so as to produce a hydride- or 
hydrogen-donating intermediate or some other form of activated hydrogen is still 
not certain. 

The first priority in our work was to verify that sodium aluminate is also 
effective in improving the aqueous-C0 liquefaction of low-rank western U . S .  coals 
and to measure the solubilities and product qualities of the reaction products 
from these U.S. coals. 
obtained at 400°C without any promoter or catalyst with the low-rank coals, the 
conversion to oils, asphaltenes, and distillate needs to be accurately 
determined. The composition of the distillate, oil, and asphaltene product 
obtained after first-stage liquefaction in aqueous CO must be determined for 
comparison with that obtained in organic solvents with CO or with hydrogen. 
Previous studies have indicated that the volatile first-stage product from 
aqueous liquefaction should contain large amounts of phenolics rather than 
hydrocarbons, as for organic solvent liquefaction. 
distillate can be removed and used elsewhere, so that hydrogen i s  not wasted in 
deoxygenation of phenols. 

The conversion of Wyodak subbituminous coal to THF solubles in the aqueous/CO 
liquefaction with sodium aluminate was 89% (Table 1). This was substantially 
higher than that obtained with no added sodium aluminate (78%). The high 
conversion with sodium aluminate is consistent with that observed by Jackson and 
others for Australian brown coals (6,7). Conversion in an aqueous/CO 
liquefaction experiment with sodium hydroxide catalyst was actually much lower 
than expected on the basis of previously reported work. 
conditions as the sodium aluminate experiments, only 72% of the Wyodak coal was 
converted to THF solubles with sodium hydroxide catalyst. After stirring the 
sodium aluminate and sodium hydroxide solutions with the coal at room 
temperature, the pH of the reactions was measured, and both reactions were at a 
pH of 11. At the end of the reactions, the pHs of the aqueous portions of the 
products were between 6 and 7 as a result of carbon dioxide generation during the 
liquefaction from decarboxylation and water-gas shift reactions. It is likely 
that the sodium aluminate is polymeric during the reaction, but further 
information is needed to understand the nature of the aluminate catalyst under 
these conditions. 

The liquefaction product quality as determined by the distribution of solubility 
fractions was good for the sodium aluminate-catalyzed reaction. As shown in 
Table 1 ,  the toluene solubles amounted to 20% of the maf coal, and 42% of the 
coal was converted pentane solubles, CO,, and H,O. The major products in the 
distillate were oxygenated compounds, such as methanol, 2-propanol (from 

Being amphoteric, the polymeric 

Whether the sodium 

Since high conversions to THF solubles are easily 

If this is the case, the 

Under the same 
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acetone), and phenolics. I n  add i t i on ,  there were hundreds o f  hydrocarbon 
components t h a t  are t y p i c a l l y  found i n  coal-derived products. A s i m i l a r  
d i s t r i b u t i o n  was obtained f o r  t he  NaOH-catalyzed react ion,  but the amounts i n  
each of  t he  f r a c t i o n s  were much lower. 

Reactions were conducted t o  v e r i f y  t h a t  carbon monoxide was the most e f f e c t i v e  
gas for the l i que fac t i on  o f  Wyodak under the m i l d l y  bas ic  condi t ions.  
(1000 ps i  a t  room temperature) gave o n l y  a 43% conversion t o  THF solubles. Since 
n i t rogen (1000 p s i )  gave a s i m i l a r  conversion (41%) and a s i m i l a r  product 
s o l u b i l i t y  d i s t r i b u t i o n ,  i t  i s  u n l i k e l y  t h a t  hydrogen had any e f f e c t  a t  a l l  i n  
t he  l i que fac t i on  and was n o t  a c t i v a t e d  by the  sodium aluminate. 

The second p r i o r i t y  i n  our program was t o  understand something about the  nature 
of the sodium aluminate ca ta l ys i s .  Sodium aluminate could probably a c t i v a t e  CO 
f o r  hydride reduct ion as we l l  as sodium carbonate, perhaps be t te r .  But does i t  
a lso  ac t i va te  CO so t h a t  hydrogenation o f  hydrocarbons occurs? Can it lower 
a c t i v a t i o n  energies fo r  cleavage o f  bonds such as i n  ether  and carboxylate 
groups? The react ions o f  several model compounds were invest igated i n  aqueous/CO 
condi t ions,  and the r e s u l t s  were compared w i t h  those obtained i n  the absence o f  
t he  sodium aluminate. 

Anthracene was heated i n  water a t  400°C (2 h r )  w i th  1000 p s i  o f  carbon monoxide 
(measured a t  room temperature). I n  the  reac t i on  w i t h  no promotor, a 79% 
conversion o f  the anthracene was observed (Table 2). The main reac t i on  product 
was 9,10-dihydroanthracene, w i t h  1,2,3,4-tetrahydroanthracene being a minor 
product. 
conversion o f  anthracene increased t o  82%. An anthracene reac t i on  c a r r i e d  out  
w i t h  an equivalent amount o f  sodium hydroxide gave a lower conversion (64%). 
lower anthracene conversion w i t h  sodium hydroxide i s  cons is tent  w i t h  the lower 
conversion Stenberg and o the rs  repor ted f o r  react ions o f  anthracene c a r r i e d  out  
w i t h  added sodium carbonate (5). Stenberg’s r e s u l t s  were obtained a t  more severe 
condi t ions (425”C, 1500 p s i  CO a t  room temperature), and the main product was 
tetrahydroanthracene, r a t h e r  than dihydroanthracene. Dihydroanthracene may be an 
intermediate i n  the  format ion o f  tetrahydroanthracene, and more t ransformat ion o f  
t he  i n i t i a l  dihydroanthracene may occur a t  t he  h igher  temperature. 
aluminate can, therefore,  promote t h e  reac t i on  o f  carbon monoxide w i t h  
polynuclear aromatic hydrocarbons somewhat b e t t e r  than water i n  a process t h a t  i s  
retarded by the presence o f  o ther  bas ic  compounds and, i n  addi t ion,  can cata lyze 
the reac t i on  of carbon monoxide i n  the reduc t i on  o f  carbonyl groups i n  a process 
tha t  i s  catalyzed by sodium carbonate o r  hydroxide. 

Subst i tu ted naphthalenes were no t  s i g n i f i c a n t l y  reduced by CO w i th  the  sodium 
aluminate promotor under t h e  same cond i t i ons  used f o r  anthracene. 
naphthoate was converted t o  naphthalene w i t h  complete decarboxylat ion and on ly  2% 
reduct ion t o  t e t r a 1  i n  and t o  1-methylnaphthalene. 
naphthol were recovered most ly  unreacted, w i t h  3% reduct ion t o  naphthalene and t o  
t e t r a l i n .  
reduct ion resu l ted  i n  on l y  a s l i g h t  increase i n  the  y i e l d  o f  t e t r a l i n .  

Further work on the  mechanisms and nature o f  the intermediates invo lved i n  these 
react ions j s  i n  progress. 

Hydrogen 

When sodium aluminate (1.25 mmole/g o f  subst rate)  was added, the 

The 

The sodium 

Sodium 1- 

Sodium 1-naphtholate and 1- 

Increasing the amount o f  sodium aluminate t e n f o l d  i n  the  naphthol 
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Table 1 Catalytic Liquefaction of Wyodak Coal 

Reaction Temp. = 400"C, Reaction Time = 30 min 
Coal (as rec.) = 5.0 g, Reductant gas = 1000 psi (at room temp.) 

Catalyst Reductant Conv. (%)* Products (%) 
(mmol/g coal) 

To1 .-s THf -S Pent .-S# 

NaAl 0, 

NaOH 

None 

NaAl 0, 

NaAl 0, 

(0.5) 

(0.5) 

(0.5) 

(0.5) 

co 89 20 27 42 

co 72 16 22 34 

co 
N, 

78 n 44 34 

41 n 18 23 

H, n 25 l7 . 43 

* = Conversions are based upon the amount o f  initial coal (maf). 
# = Pentane solubles are by difference, also includes the products extracted by 

n = Not determined. 
ether f rom the distillate. 

Table 2 Reactions o f  Anthracene 

Reaction Temperature = 400"C, Reaction Time = 2 hours 
Solvent (Water) = 2 g, CO = 1000 psig 

Catalyst Substr. Conv. Major Products 
(mmol/g substr) (mmol) (%I (mmol) 

None 

NaAl 0, 
(1.25) 

NaOH 
(1.25) 

2.77 79 9,lO-Dihydroanthracene (2.02) 

2.81 8 2  9,lO-Dihydroanthracene (2.19) 

2.79 64 9,lO-Dihydroanthracene (1.70) 

Tetrahydroanthracene (0.11) 

Tetrahydroanthracene (0.13) 

Tetrahydroanthracene (0.10) 
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DRYING OF BEULAH-ZAP LIGNITE. 
PRETREATMENT WITH SOLVENTS AND REHYDRATION 

Karl S .  Vorres 
Chemistry Div., Bldg. 211 
Argonne National Lab. 
Argonne, IL 60439 

Keywords: Drying, Solvent pretreatment, Rehydration 

ABSTRACT 

Lignite (-100 mesh from the Argonne Premium Coal Sample Program) 
was dried in nitrogen under various conditions in a Cahn 121 ther- 
mobalance as part of a program on drying low rank coals for li- 
quefaction. Samples were pretreated with solvents to determine 
the solvent's ability to displace water from the pores. Toluene 
had little effect. Acetone and methanol, selected because of 
water miscibility, were examined also. The methanol accelerated 
the drying, apparently because it was able to diffuse into the 
pores. The effect of drying on reactivity was examined by deter- 
mining the rate of rehydration. Hysteresis was also examined. 
Rehydration is slow, and incomplete within a 23 hour period. The 
ability of carbon dioxide to substitute for nitrogen was ex- 
amined. The behavior was similar with slight advantages for 
using nitrogen. 

INTRODUCTION 

Liquefaction of coals at low severity conditions is an important 
goal of coal research to maintain an economical, stable, long 
term supply of liquid fuels. Lignite is an abundant and reactive 
U. S. coal. One of the detracting properties of lignite is the 
high moisture content. Drying is usually carried out to minimize 
the impact of this constituent in the conversion process. Drying 
affects the reactivity of the coal. This effect is thought to be 
due to physical changes, such as irreversible pore collapse 
and\or other structural changes. Earlier work has indicated 
changes in the oil yield derived from raw, partly dried and more 
completely dried lignite samples (1). 

Comments by some speakers to the effect that carbon dioxide can 
more effectively displace moisture from coal than nitrogen, 
reminiscent of use for surface area measurements or oil displace- 
ment from source rock, led to tests of the substitution of carbon 
dioxide for nitrogen in drying experiments. 

It has aLso been suggested that the use of light oil to ag- 
glomerate coal prior to liquefaction may be beneficial in terms 
of moisture removal. There are benefits in terms of mineral 
reduction. Some added experiments were carried out to determine 
the capability of a light aromatic hydrocarbon and some other 
small hydrophilic molecules to accelerate drying rates. 

The reactivity of the product coal is always of concern. A loss 
in reactivity due to a drying method, even though drying is im- 
proved, may preclude the use of the drying method. A standard 
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test adopted here for comparison of reactivity has been the 
ability to rehydrate the sample, as measured by the rate under a 
standard set of conditions. 

EXPERIMENTAL 

Coal drying was done with a Cahn model 121 thermobalance attached 
to an IBM PC/XT microcomputer. Vendor-supplied software was used 
to monitor the progress of individual runs, and convert data 
files to a form that could be further studied with Lotus 123. 

The data were obtained as files of time, temperature and weight 
at 10 second intervals. Run times varied from 7-23 hours. 
Sample sizes started as about 80 mg. Temperatures were 30 or 40 
C. The gas velocity past the sample was typically 8 0  cc/min in 
the 25 mm diameter tube. The sample was placed in a quartz flat 
bottom pan. The sample was the -100 mesh Argonne Premium Coal 
Sample - Beulah-Zap lignite (5). 

Samples were quickly transferred from ampoules which had been 
kept in constant humidity chambers with water at room temperature 
(293'K). In the thermobalance system a period of about 5 minutes 
was used to stabilize the system and initiate data acquisition. 
A condenser was made to replace the usual quartz envelope that 
surrounds the sample. An antifreeze solution was circulated from 
a constant temperature bath through the condenser to maintain con- 
stant temperature during the experiments. This was more stable 
than the original furnace and provided very uniform temperature 
control during the experiments. 

The gas atmosphere for the nitrogen gas runs was cylinder 
nitrogen (99.99%) or "house" nitrogen from the evaporation of liq- 
uid nitrogen storage containers used without further purifica- 
tion. For the carbon dioxide the gas was 99.9% carbon dioxide 
from a gas cylinder. The gas velocity was measured with a float- 
type flowmeter and adjusted for the density difference between 
carbon dioxide and air. 

Data were analyzed as reported earlier (1,2,3,4). The best fit 
was obtained with a first order or unimolecular expression. 
Regression analysis was used to obtain the kinetic constants. 
Lotus 123 was used for analysis of individual run data. ~ p -  
proximations to a first and second derivative of the rate expres- 
sions were made in Lotus 123 by averaging over 20 of the io 
second time intervals before and after the point of interest. 
These derivatives were plotted with the rate data for further 
interpretation of the data. 

Experiments with solvents were carried out by weighing the 
samples as usual and then adding solvent so that the sample was 
just covered with liquid. This was done on a balance to deter- 
mine the amounts of solvent. The sample was then transferred to 
the TGA 
lier samples. There was about five minutes of contact time 
before the beginning of the drying run. 

and a drying run was carried out in nitrogen as with ear- 
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The reactivity of the sample was checked by measuring the rate of 
hydration. Tests of rehydration or humidification involved 
switching the gas atmosphere by passing the same gas flow through 
a coarse fritted gas bubbler filled with distilled water at room 
temperature (293OK). Typical times for the change were about 5 ’ 
minutes. Finally hysteresis checks were made by redrying the 
humidified sample following the procedure for the initial drying. 

RESULTS AND DISCUSSION 

Earlier work by the author with higher rank coal samples (3,4) 
included studies of humidification of dried samples to determine 
hysteresis, observe consistency or changes in mechanism of reac- 
tion and compare rates of moisture loss and gain. 

Basis for Comparison 

The solvent based runs were carried out at 3OoC and the runs with 
carbon dioxide were carried out at 4OoC and a gas flow rate of 80 
cc/min with sample sizes of about 80 mg. Runs with nitrogen at 
those conditions were used for comparison. The sets of runs in- 
clude 135-7, 145-146, 150-2. 

In this series of runs the sample was initially dried in 
nitrogen, then the gas atmosphere was changed to humid nitrogen 
to allow humidification to take place, and then the sample was 
redried to compare with the original drying. Three series of 
runs are summarized in Table 1. 

Table 1. 

Run # 

135-7 
145-6 
150-2 

A typical 

Runs in Nitrogen for Comparison 

Coal type kl dry Moisture khumid 

raw .00269 31.86% -00264 

equil .00503 32.25% .0092 

run series in which the three runs are 

equil .00323 29.6% -00445 

%,dry Temp 
not run 30 C 
not run 30 C 
.00367 40 C 

superimgosed is 
MC? 

shown in Figure 1. The runs indicate that the raw coai (fresh 
from the ampoule) does not lose moisture as rapidly as the 
sample which has been allowed to equilibrate with water in a 
desiccator chamber at room temperature for at least a few days. 
Under similar conditions the equilibrated coal does not lose as 
much moisture as the fresh one. The rate of hydration of the 
equilibrated coal is greater than the rate for the raw coal. The 
indicated rate reflects the speed of approach to the final state 
for the system. The final state for rehydration or humidifica- 
tion involves a significantly lower moisture content than the 
starting material (i.e. 5% vs 31%). Therefore a comparison, per 
unit time, of the mass of water initially lost with the amount 
regained by the coal indicates that the rate of loss in the ini- 
tial drying surpasses the rate of rehydration by a significant 
amount. 

The rate of humidification of the dried coal from experiments at 
40 C increases more than the rate of drying compared to the rates 
at 30 C. The shape of the rate function versus time curve is dif- 
ferent for the redrying of the humidified coal than for the 
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original drying of the coal, implying a change, probably to a 
desorption mechanism. A slightly higher amount of moisture is 
removed by drying at higher temperature. 

Drvins in Carbon Dioxide 

Two samples (about 8 0  mg) were each placed through a series of 
three runs without removing them from the TGA. The purpose was 
to establish the drying rate, rehydration rate and hysteresis by 
measuring the redrying rate of the humidified sample (one was at 
57 cc/min gas flow, while the other was at 8 0  cc/min). These 
rates were to be compared to those in nitrogen. 

A comparison of the data with that indiacted above using nitrogen 
indicated that the drying behavior in carbon dioxide is very 
similar. The C02 drying rate (run 166) was .00398 based on mg 
water/gm sample per 10 second interval at 4OoC with a gas flow 
rate of 57 cc/min. The weight loss amounted to 30.12% moisture 
removal. The indicated rate followed an induction per’iod of 
about 1800 seconds while the rate slowly increased from .00333 to 
-00398. Following the initial 4,200 seconds of the run the rate 
gradually slowed so that in the period from 28,000 to 44,000 
seconds the rate was .00056 based on mg water/gm sample/lO 
second interval. The rate slowed even further after that and the 
run was ended after 68,040 seconds. 

Following a five minute changeover to humid C02, data on hydra- 
tion were obtained. The rate of hydration (run 167) following 
drying in carbon dioxide also followed a first order expression. 
About 200 seconds were needed for the moist carbon dioxide to dis- 
place the dry gas. The rate gradually increased over about 1600 
seconds until it became constant at about .00521 mg water/gm 
sample/lO second interval at the 57 cc/min flow rate. After 3600 
seconds the rate gradually decreased. It should be noted that 
the rate of rehydration was greater than the rate of drying. The 
moisture addition resulted in restoration of the moisture content 
to only 4.45% compared to 30.1% originally. 

The humidified sample was redried in run 168 to compare the be- 
havior with the raw sample and establish hysteresis effects. The 
weight loss data no longer followed a first order expression, so 
a direct comparison of rates was not possible. The data appear 
to be closer to a desorption kinetic form, indicating a sig- 
nificant change in mechanism. Figure 2 shows the weight change 
data for the three runs. 

Another sample was run through the same three steps of drying, 
rehydration and redrying to check the reproducibility of results 
and compare the behavior at 8 0  cc/min gas flow. Runs 169-171 
showed the same behavior and the weight curves superimpose very 
well. 

When the gas flow rate was 8 0  cc/min the drying rate increased 
from .00326 to .00403. The duration of the interval for the high 
rate was about 3,300 seconds and then the rate gradually 
decreased to .00177, about three times the rate for run 166. 
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The rate constant for humidification in run 170 at 80 cc/min was 
initially .0053 and increased to .0062. 

The redrying of the humidified sample in run 1 7 1  indicated that 
the mechanism has again shifted as the rate constantly decreased 
if a first order plot was attempted. Again, desorption kinetics 
seem more appropriate. 

The initial changes in the rate during the first drying prompted 
a re-examination of a number of runs to determine if the rate 
change might be due to some induction step or thermal lag as the 
sample changed temperature or possibly induced by the gas flow. 
Runs 1 3 5  at 3OoC in nitrogen and 150 at 4OoC in nitrogen were 
studied for this purpose. Each of these involved sample sizes of 
about 80 mg with the same flat bottom quartz bucket and 80 cc/min 
gas flow past the sample. 

A superposition of Figures 1 and 2 indicates that similar runs in 
nitrogen show a more rapid loss of moisture. 

Drvins with Solvents 

Several solvents were used to explore the effects of treatment 
with volatile hydrocarbons and water miscible solvents (toluene, 
acetone and methanol). A run using water in place of a solvent 
was carried out for a check on the experimental procedure. The 
experimental results are indicated in Table 2. 

The rates of drying for the toluene treated sample appear to be 
less than that for the others. Treatment with acetone is essen- 
tially similar to the base water case. Treatment with water ap- 
pears to cause a slight increase. The addition of methanol ap- 
parently permits diffusion of the miscible solvent into the pores 
such that the measured mass change is accelerated. The change 
can be due to a combination of a real rate increase and the in- 
crease in mass of methanol compared to water (neglecting volume 
effects). 

The solvents rapidly evaporated following a linear weight loss 
with time. The drying then appeared to be similar to normal 
drying in mechanism and in terms of rates, except as noted above. 
Humidification and redrying were similar also to the cases of 
ntirogen drying of normal samples. 

Table 2. Drying Lignite After Exposure to Solvents at 3OoC 

solvent Run # kl dry Moisture 

Toluene 137-9 . .00317  29.0% 
Acetone 140-2 .00333 30.3% 
Methanol 142-4 .00397  31.1% 
Water 147-8 .00363 30.4% 

Drvins in Humid Nitroaen 
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A series of runs were carried out in humid nitrogen to determine 
the limits of water reabsorption and search for changes in rate 
or mechanism. Runs 154-5 at 40% and 156 at 6OoC are summarized 
in Table 3. 

Table 3. Drying Lignite in Humid Nitrogen 

154 40 .00414 23.7% 
156 60 .01227 28.5% .00531 .01736 

It is no surprise that the rates of drying are less than those 
under dry conditions, in this case about 80% of the rate at 4OoC. 
The amount of moisture lost at 40°C is about 7-8% less than that 
lost using dry nitrogen. 

CONCLUSIONS 

A base set of rates is available to compare the results of ther- 
mogravimetric analysis (TGA) experiments over the temperature 
range of interest. 

The curves for drying and humidification with moist nitrogen or 
carbon dioxide are very similar. 

The curves for redrying humidified Samples are different from the 
drying of the original sample, implying a different mechanism for 
the second moisture loss, probably following a desorption rate 
control. 

The use of solvents to accelerate the rate of drying does not 
seem to be beneficial with a non-miscible aromatic light hydrocar- 
bon like toluene. A water miscible solvent like acetone was not 
beneficial either when the contact time before the experiment was 
only five minutes. A smaller water miscible molecule did have an 
effect, indicating that the rate would increase. 

The use of humid nitrogen in place of nitrogen reduces the amount 
of moisture that will be removed in an initial drying. The 
amount that can be restored in humidification at a given tempera- 
ture is also reduced indicating a limited reactivity compared to 
a nitrogen dried material. 
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HOT VAPOR TREATMENT OF GULF PROVINCE LIGNITES 
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Zoeller, Jr. Engineering Biosciences Research Center, Texas 
Engineering Experiment Station, College Station, Texas TX 77843- 
2476 
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INTRODUCTION 

Fluidized steam beds are used in Germany ( 1, 2 ) ,  Australia 
( 3 ) ,  Hungary ( 4 ) and more recently in The United States ( 5 ) 
for the drying of low rank coal. The technologies developed for 
this process can be carried out on a continuous mode, and provides 
an economical alternative to dewatering the fuel before, or during, 
the combustion operation. Fuels which contain sulfur do produce 
sulfurous effluent gases under steam drying conditions. It has 
long been known that treatment of coals with hot hydrogen produces 
hydrogen sulfide, and sulfur dioxide with hot oxygen. In fact, 
sulfurous fumes are sometimes noted when sulfur-containing coals 
are heated in air at temperatures below 2 0 0  "C. The present work 
is to study conditions under which this effect could be enhanced. 
The possibility of achieving significant desulfurization under the 
comparatively mild thermal conditions in a fluidized steam bed - 
typically 160 "C. with a wide range of residence times - prompted 
a search for vapor phase reagents that would induce chemical 
desulfurization of coal under hot vapor conditions. 

Studies of chemical reagents for coal desulfurization are of 
several types. Chemicals of promise to us are the redox reagents, 
studied in water solution. Notable examples of these include the 
CO/HO water gas shift couple ( 6 ) ,  numerous mineral acids ( 7, 8 
) , arkali bases ( 9 ,  10 ) , transition metal cations ( 11 ) , peroxy 
radical generators ( 12, 13 ) , and the HBr/Br, redox couple ( 14 ) . 
Perchloroethylene is a reagent that has demonstrated 
desulfurization potential ( 15 ) ,  and can be vaporized. EPRI has 
in fact sponsored research into the behavior of coals under hot 
vapor treatment ( 16 ) .  For our initial experiments, nitrous 
oxide, trimethylamine and dimethyl ether were selected. All three 
are well-documented electron transfer reagents. 

Two reactors were constructed for the study ( 17 ) .  A fixed 
bed reactor was made from stainless steel tubing. The reactor is 
fed with premixed hot vapor, heated continuously, and monitored for 
temperature and pressure. It is the results of these experiments 
that will be discussed here. A fluidized bed was made from a 
section of tubing seven cm. in diameter, to study the process under 
more realistic conditions. Three typical Gulf province lignites 
were used. The hot vapor reagents consisted of nitrogen or air 
mixed with 0.2 % steam and 15 to 30 % of the reagent. 
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EXPERIMENTAL 

Reactors A f ixed  bed r e a c t o r  was f a b r i c a t e d  from s t a i n l e s s  
steel tub ing  1 .9  c m .  i n  diameter  by 15.2 c m .  long. S in te red  
s t a i n l e s s  steel p l a t e s  threaded a t  t h e  bottom ( 100 um. pores  ) and 
t o p  ( 90 um. pores  ) of t h e  u n i t  conta in  t h e  sample and t h e  f i n e s  
t h a t  are generated.  Line connect ions lead ing  t o  and from t h e  
r e a c t o r  a r e  1 . 2 7  c m .  i n  diameter. Figure 1 is a diagram of t h e  
apparatus. Close t o  t h e  en t rance  and e x i t  p o r t s  t o  t h e  r e a c t o r  a r e  
thermal w e l l s  f o r  thermocouples, and p o r t s  f o r  t h e  d i f f e r e n t i a l  
flow m e t e r  probes. The r e a c t o r  is wrapped with hea t ing  tape.  
G a s e s  are led through flowmeters i n t o  a s e c t i o n  of 3/4" s t a i n l e s s  
steel tub ing  wrapped with hea t ing  tape.  Water is a l s o  metered i n t o  
t h i s  prehea ter .  The heated vapors  are l e d  i n t o  t h e  bottom of t h e  
reac tor .  

A f l u i d i z e d  bed system w a s  made froma s t a i n l e s s  
steel tube 7 c m .  i n  diameter and 1 2  inches high,  f i t t e d  a t  t h e  
bottom with a removable d i s t r i b u t o r  p l a t e  of  s i n t e r e d  s t a i n l e s s  
steel. A 90 urn. pore f i l ter  a t  the e x i t  contained t h e  f i n e s .  This 
u n i t  t a k e s  a much l a r g e r  g a s  volume than t h e  f i x e d  bed u n i t .  The 
prehea ter  is a series of p a r a l l e l  tubes  pos i t ioned  i n s i d e  of a 
Lindberg t u b u l a r  furnace. The r e a c t o r  i t s e l f  i s  heated by a 
tubular  furnace a s  wel l .  

L i s n i t e s  Yegua sequence l i g n i t e  w a s  a polydisperse  run-of- 
mine sample from t h e  Texas Municipal Power Authori ty  generat ing 
p l a n t  a t  Gibbon Creek. P a r t i c a l s  a s  l a r g e  as 7 mm. a r e  present  
w i t h  in te rmedia te  and f i n e  p a r t i c a l s .  Wilcox sequence l i g n i t e s  
were a l s o  provided by TMPA, from t h e i r  mines i n  Freestone County 
and Martin Lake. These two l i g n i t e s  were s ieved  t o  16  X 30 mesh 
and 30 X 200 mesh respec t ive ly ,  and deslimed. Table  1 lists t h e  
p r o p e r t i e s  of t h e s e  l i g n i t e  samples. 

Reaqents Nitrous oxide was obtained from t h e  Nitrous Oxide 
Corporation. Trimethylamine and dimethyl e t h e r  w e r e  suppl ied by 
t h e  Aldrich Chemical Company. The gas  mixtures  c o n s i s t  of n i t r o u s  
oxide i n  moist a i r ,  trimethylamine i n  moist  n i t rogen ,  and dimethyl 
e t h e r  i n  m o i s t  n i t rogen.  The composition of t h e  gases  is given i n  
Table 2 .  

Hot VaDor Treatment Temperaturesunderwhichthe l i g n i t e s  
were treated a r e  shown i n  Table 3. Also shown here  a r e  t h e  s u l f u r  
conten ts  and c a l o r i f i c  va lues  of t h e  unt rea ted ,  n i t rogen  c o n t r o l ,  
and t r e a t e d  l i g n i t e s .  Treated samples were sea led  under n i t rogen  
u n t i l  t h e i r  analyses .  

Analvsis  Proximate a n a l y s i s  were done on a l l  samples, with 
a n a l y s i s  f o r  t o t a l  s u l f u r .  I n  s e l e c t e d  experiments, samples of t h e  
e f f l u e n t  gases  w e r e  analysed by gc-ms. 
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RESULTS AND DISCUSSION 

Results from the gas mixtures in Table 2 ,  at the temperatures 
listed in Table 3, for the three lignites treated in the fixed bed 
reactor, are listed in Table 3. Here is listed the total sulfur 
content, calorific value and the sulfur emissions parameter. Al- 
though none of these experiments show significant desulfurization, 
some aspects of the data deserve note. None of the Gibbon Creek 
samples show a change in their calorific value, but both the Free- 
stone County and Martin Lake samples increase in calorific value by 
15 to 20%. 

Analysis of selected samples of the effluent gases ( Freestone 
County, Nz ; Martin Lake, NMe, and Martin Lake MezO ) showed that 
hydrogen sulfide is evolved. The apparent increase in the sulfur 
content of the treated lignites indicates that mass loss is 
occurring. The volatile matter yield of the treated samples is 
never more than 3 to 4 %  higher than the values given in Table 1. 
Tar does collect in the effluent gas tubing. All this suggests 
that mass loss from the samples, by decarboxylation or resin 
devolatilization, is larger than any desulfurization effect. 

When heated at 110 'C. for an hour, all the treated samples 
show an increase in mass, typically from 2 to 5 % .  The treatment of 
Martin Lake lignite in the fluidized bed at 110 'C. results in the 
formation of dust, which is not present in the original lignite. 
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Table 1: Properties of the Lignites Studied. 

Lignite ~~0 S t o t  Ash Yield Matter Value 
% Whole % Dry % Dry % DAF Btu/# 

Gibbon 
Creek 30.5 1.45 37.0 58.7 7630 
Freestone 
County 12.2 0.73 9.2 50.0 9421 
Martin 
Lake 11.8 1.79 10.7 ’ 51.0 9219 

Volatile Calorific 

Table 2: Hot Vapor Treatment Conditions. Temperatures are 

Label Treatment vapor Composition Residence 

UN Untreated - - 

listed in Table 3. 

Time, Min. 

Lignite 

Control 
Nitrous 

Tr imethyl 

Wet Nitrogen N2/H20 = 99.8/0.2 20 

Oxide N20/Air/H20 = 2 4.8/75. O/O .2 20 

Amine NMe3/N2/H20 = 19.2/80.6/0.2 20 

Ether Me20/N2/H20 = 23.9/75.9/0.2 20 

N2 

N2O 

me3 
Me20 Dimethyl 

Table 3: Treatment temperatures, Sulfur contents and calorific 
values fo r  the untreated lignites ( UN ) ,  wet nitrogen 
controls ( N ) ,  and representative samples of the 
treated lignftes. 

Lignite 

Gibbon Creek 

Treatment Temp. S t O t  Calorific #so, 
(Table 2) OC . 8 Dry Value, BTU/# MBTU 

- UN 1.45 7630 3.8 
220 1.33 7666 3.5 
220 
130 1.36 7666 3.6 
220 1.44 7623 3.8 

UN 0.73 9421 1.6 
220 1.00 11335 1.8 
220 1.27 11466 2.2 
130 0.91 11063 1.7 
220 0.93 11213 1.7 

UN 1.79 9219 3.9 
120 2.15 10909 3.9 
110 2.39 10784 4.4 

N2 
N2O 
me3 

- - - 
Me20 

Freestone County - 
N2 
N2O 
me3 Me20 

Xartin Lake - 
N2 
N20 
me3 110 2.29 10837 4.2 

120 2.09 10919 3.8 Me20 
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Figure 1: Diagram of the Fixed Bed Reactor. In the 
Fluidized Bed Reactor, the preheater and 
Reactor are heated by Lindberg tubular 
furnaces. 
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COAL SOLUBILIZATION USING 
METAL ALKOXIDES IN REFLUXING ALCOHOLS 

Kuntal Chatterjee, Sao Jiralerspong and Leon M. Stock 
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5735 South Ellis Ave., Chicago, IL 60637 

INTRODUCTION 

The inability to quantitatively solubilize coal in common organic solvents has been a 
detriment to the use and study of this vast fuel resource. Our efforts in the past few years have 
been directed toward its solubilization through 0- and C-alkylation and base-promoted 
depolymerization.1 0-Alkylation, which completely disrupts intermolecular hydrogen bonding, 
only increases the solubility of low rank coals such as Wyodak and Illinois No. 6 coals to the 35% 
level.1 C-Alkylation, which can be extremely effective for the solubilization of high rank coals, is 
only moderately more effective for these coals than 0-alkylation alone.2 We were intrigued by 
the possibility that their solubilization could be improved by basic reagents without alkylation 
when we found that two high rank coals were rendered about 40% soluble merely by treatment 
with strong bases (most notably Lochmann's base).j We concluded that this procedure was 
effective because the carbanions generated by the strong bases underwent carbon-carbon bond 
cleavage and produced smaller, more soluble coal fragments.3 Our prior work with basic reagents 
did not conven the two low rank coals to soluble products and we reasoned that the carbanions that 
are produced by very strong bases also undergo condensation reactions to retrogressively increase 
the size of the coal molecules. We, therefore, sought to eliminate this undesirable reaction by 
trapping the carbanions with a proton donor. The present study describes an approach to 
solubilize Illinois No. 6 coal (APCSP 3) by base treatment with metal alkoxides in refluxing 
proton donating alcohols. 

EXPERIMENTAL SECTION 

Materials. The Illinois No. 6 coal (APCSP 3) was obtained from the Premium Sample hogram at 
Argonne National Laboratory4 Elemental analysis (wt.%) of moisture-free coal: C, 65.7 ; H, 4.2; 
N, 1.2; S, 4.8; 0 (by difference) 9.8; Ash, 14.3. Pyridine was purified by distillation over barium 
oxide. Sodium, potassium, sodium methoxide, n-octanol, and benzyl alcohol were used as 
received from Aldrich Chemical Company. Methanol, n-butanol, and fur-butanol were used as 
received from J.T. Baker Inc. 

General Reaction Procedure. In general, the alcohol (420 mmol) and solid potassium (80 mmol) 
were added to a flame-dried round-bottom flask and stirred under dinitrogen at room temperature 
for 30 to 45 minutes to form the metal alkoxide. The coal (2 g) was then added and the reaction 
mixture was stirred for 5 minutes before heating to reflux. Usually, a small pool of potassium was 
visible when the coal was added. The reaction mixture was refluxed for 24 hours. It was cooled 
in a 0 OC bath and any remaining base was diluted with fen-butanol followed by methanol and 
water. It was then acidified with dilute hydrochloric acid (2 M) until the pH was less than 1. This 
acidified mixture was stirred under dinitrogen for 48 hours and the solvents were removed from 
the reaction product either by rotary evaporation or by vacuum distillation, depending upon the 
boiling points of the solvents. The reaction product was then washed under dinitrogen on a 
Nucleopore polycarbonate membrane filter (pore size 0.8 mm) with dilute hydrochloric acid (2 M, 
5 L), with methanol until the filtrate was colorless (8 L), and with aqueous methanol (50% by 
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volume) until the filtrate was free of halide ions (12 L). Finally, the reaction product was dried at 
1 10°C under high vacuum for 48 hours. A sample was submitted for elemental analysis. 

A portion of the product was subjected to pyridine extraction and unless otherwise 
mentioned, the solubility of the reaction product was determined from the weight of the insoluble 
portion. 

Analysis of Products. Elemental analyses were performed by Commercial Testing and 
Engineering Company of South Holland, Illinois. Infrared spectroscopy was carried out on a 
Nicolet 20SXB FTIR spectrometer. ZH NMR spectroscopy was carried out on a Varian XL-400 
spectrometer. 

RESULTS AND DISCUSSION 

Significant work has been done with alcohols as solvents and reagents for the liquefaction 
of coal. Use of low boiling alcohols under super critical conditions or in hydrogen donor solvents 
in the presence or absence of bases has been investigated by a number of Ross et al. 
have investigated potassium isopropoxide in isopropanol and potassium hydroxide in methanol at 
400 'C.5 More recently, Ouchi and his coworkers have reported the reactions of coals with 
ethanolic sodium hydroxide at temperatures ranging from 260 to 450 Similar reactions were 
also performed with ethylene glycol as solvent by Winans et al. 7 The yields of the liquified coals 
in these studies were high but the conditions were also severe. We sought milder conditions for 
the conversion so that the side reactions, if any, could be minimized. Also, some investigators 
have neglected the possibility that alcohols transform and adduct to coal molecules. Accordingly, 
we measured the conversion exclusively on the basis of the weight of the insoluble coal residue 

Potassium or sodium alkoxides, as described in the Experimental Section, were used in 
different alcohols at reflux for 24 hours and then the products were quenched with dilute acid. The 
results are presented in Table 1. 

The reaction of Illinois no. 6 coal with sodium methoxide in refluxing methanol yielded a 
product which was only 33% soluble in pyridine. The pyridine solubility of the raw coal is 27%. 
Treatment with potassium n- and terr-butoxide in n- and rerr-butanol with boiling points 118 and 
83OC, respectively, increased the solubility of the coal to 42%. There was no significant difference 
between the effectiveness of the two isomeric butanols. Potassium n-octoxide in n-octanol (b.p. 
196'C) gave an even more soluble product, 53%. Finally, potassium and sodium benzoxide in 
refluxing benzyl alcohol (b.p. 205OC) provided more than 70% soluble material . 

We also briefly investigated the optimum conditions. There were differences in the yields 
at 6 and 24 hours, so we adopted the 24 hour reaction time for all our reactions. Selected other 
results are shown in Table 2. With sodium benzoxide, concentrations from 40 to 120 mmol per 
gram of coal gave good results and the product obtained was about 70% soluble in pyridine. 
However, higher concentrations of the base resultedin reaction products with masses much greater 
than those of the starting materials. Thus, it was evident that at higher base concentration, 
chemical addition reactions take place. 

The results also show that the extent of solubilization does not depend on the basicity of the 
alkoxides. Rather, the differences in their effectiveness apparently arise as a consequense of the 
differences in their boiling points. There are two lines of evidence. First, the two higher-boiling 
alcohols, benzyl alcohol and n-octanol with boiling point near 2OO0C, gave more soluble products 
than the lower-boiling alcohols. Second, the use of sodium methoxide in refluxing benzyl alcohol 
was as effective as sodium benzoxide in the same solvent (Table 1). These results strongly 
suggest that there is a significant activation energy for the key conversion reachon. 

We believe that there are two underlying reasons for the success of this strategy. First, 
hydrogen is probably transfered from the solvent to the coal. Previous work performed by the 
Argonne group demonstrated that the aromatic rings in coal underwent reduction in proton donor 
solvents with alkali hydroxides.' In this study, benzaldehyde was detected among the reaction 
products. The microanalytical data for the reaction products, however, indicate that the increase in. 
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the hydrogen content is modest. Second, subtle base-catalyzed carbon-oxygen, carbon-sulfur and 
carbon-carbon bond cleavage reactions fragment the low rank coals. It has been shown previously 
that strong bases such as Lochmann's base, can cleave carbon-carbon bonds in hydrocarbons if the 
resulting carbanions are stable.' Also, it has been shown that sulfidic carbon-sulfur bonds 
undergo cleavage under basic conditions.8 In presence of proton donor solvents, the anions 
formed in such bond scisson processes are trapped and the possibility for their recombination to 
yield a condensation product is reduced. 

A major point of interest was the large decrease in the total sulfur content of the 
products.8 The reduction ranged from 16% for rerr-butoxide in rerr-butanol (4.1 wt% S) to 80% 
for benzoxide in benzyl alcohol (1.0 wt% S). This result implies that all the pyrite and at least 50% 
of the organic sulfur were removed. The extent of sulfur removal for the various alkoxides in the 
corresponding alcohols paralleled their ability to solubilize the coal. 

CONCLUSIONS 

Treatment of Illinois No. 6 coal with alkoxides in refluxing alcohols yields products that 
are 40 to 70% soluble in pyridine, compared to 27% for the starting material. The extent of 
solubilization depends upon the boiling point of the alcohol and not upon the structures of the 
alkoxide and the alcohol. The best results were obtained with 40 mmol of sodium or potassium 
benzoxide per gram of coal in benzyl alcohol. Significant sulfur removal was achieved, an 80% 
reduction from 4.8 to 1.0 wt% S by using the benzoxide. Thus, base-catalyzed reactions at 
temperatures near 200 "C solubilize and desulfurize this Illinois No. 6 coal. 
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TABLE 1. 
RESULTS FOR ALKOXIJlE TREATMENT OF ILLINOIS NO. 6 COAL IN REFLUXING 

ALCOHOLS. DETERMINING THE OPTIMUM REACTANT-SOLVENT SYSTEM. 

reaction conditions: base, reaction coal recovered, pyridine 
solvent, time temperature, wt%, db solubility, 

O C  wt% 

raw coal 21 
NaOMe (40 mmol/g), MeOH, 65 86 33 
24 h, protonation 
KOn-Bu (40 mmol/g), n-BuOH, 118 16  42 
24 h, protonation 
KO?-Bu (40 mmol/g), t-BuOH, 83 83 42 
24 h, protonation 
KOn-Oct (40 mmol/g), n-OcOH, 196 19 53 
24 h, protonation 
KOBz (40 mmol/g), BzOH, 205 43a 82 
24 h, protonation 

NaOBz (40 mmol/g), BzOH, 205 5 la 14 
24 h, protonation 

KOBz (40 mmol/g), BzOH, 205 95 66 
24 h, protonation 

NaOMe (40 mmol/g), BzOH, 205 68a 64 
24 h, protonation 

aThe recovery of the products after the reaction was low since a significant portion of the coal was 
soluble in the alcohol, and this material was removed during washing and filteration. 
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TABLE 2. 
RESULTS FOR SODIUM BENZOXIDE TREATMENT OF ILLINOIS NO. 6 COAL IN 

REFLUXING BENZYL ALCOHOL AT 205 OC. EFFECT OF CHANGING THE BASE 
CONCENTRATION. 

concentration of sodium coal recovered, pyridine 
benzoxide (mmol/g coal) wt%, db solubility, 

wt% 
raw coal 27 

40 5 l a  74 
14 77a 52 

121 

253 

63a 70 

285 31 

486 457 35 

aThe recovery of the products in these experiments was low since a significant portion of the coal 
was soluble in the alcohol and this material was discarded in these experiments. 
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ENHANCED LOW SEVERITY COAL LIQUEFACnON 
USING SELECTIVE CALCIUM REMOVAL 

K. Shams, R.L. Miller, and R.M. Baldwin 

Chemical Engineering and Petroleum Refining Department 
Colorado School of Mines 
Golden, Colorado 80401 

ABSTRACT 

This paper re orts results from an on-going process development study in which coal is converted 
to liquid pro%ucts at relatively mild reaction conditions. The process consists of three main steps: 
1) mld pretreatment of the feed coal at ambient conditions using methanol (or other common 
organic solvent) and a trace amount of hydrochloric acid to enhance dissolution reactivity and dry 
the coal, 2) low severity thermal dissolution to obtain a very reactive coal-derived residual interme- 
diate product amenable to u p r d i n p  and 3) catalytic up rading of the residual products to distil- 
late liquids. We have found t at mi d pretreatment of \$yodak subbituminous coal using metha- 
noJ,+ICl can provide an improvement in THF conversion of greater than 30 wt% at 350° C reaction 
temperature. Analysis of treated Wyodak and Illinois #6 coal samples indicates that no organic 
phase alteration such as alkylation occurs during pretreatment, but that over 90 wt% of the calcium 
is removed from each coal. Calcium is thought to catalyze retrogressive reactions during coal 
pyrolysis, and thus calcium removal prior to low severity liquefaction minimizes the production of 
THF-insoluble products. 

1NTRODUCTION 

Much of the recent research in direct coal liquefaction seeks to develop methods for dissolving 
coal at low reaction severity (defined as tem eratures below 35O0 C and pressures of 1000-1500 
psi). The incentives for developing a viable pow severity liquefaction rocess are numerous; they 
include: 1) reduced hydrocarbon as production resulting in reduced Feed gas consumption and 
enhanced hydrogen utilization efgciency, 2)  suppressed retrogression of rimary coal dissolution 
Products resulting in enhanced distillate and residuum product quali 3rproduction of high boil- 
ing residuum which is less refract0 and thus more amenable to cat$& u grading in a conven- 
tional second-stage hydrocracker, 8 substitution of less expensive off-the-sIelf vessels, pi ing 
valves, pumps, etc. in place of expensive, custom-desi ned units, and 5) less severe slurry landling 
and materials of construction problems as a result of kwer operating temperatures and pressures. 

However, as shown schematically in Figure 1, lowering the liquefaction seven9 reduces coal con- 
version and liquid product yields unless the intrinsic coal reactivity can be sufficiently enhanced 
usin some method of physical or chemical pretreatment. The main challenge to developing a 
viabfe low severity liquefaction process scheme involves finding an efficient and inexpensive means 
of coal pretreatment which will provide high levels of conversion and liquid roduct 'elds at low 
reaction seven$ Researchers at several locations including the Pittsburgh Energy Zchnology 
Center (I), the and Environmental Research Center (z), Car- 
bon Resources, Inc. @), and the Colorado SchooEf Mines (4) have investigated various methods 
for improving coal reactivity and liquid yields at mild reaction conditions. These studies showed 
that coal can be readily converted to tetrahydrofuran (THF) soluble products via selective chemi- 
cal attack rather than thermal bond scission, but that the rate and extent of coal dissolution at mild 
conditions is strongly dependent upon intrinsic coal reactivity. 

Numerous chemical treatments including reductive and non-reductive alkylation (&@, acylation 
(T), partial oxidation (S), alkali hydrolysis (e), and solvent swelling (u) have been used to disrupt 
the coal's organic structure and increase solvent solubility. Limited work has been reported in 
which the liquefaction reactivity of alkylated coals has been studied. Schlosberg et al. (11) meas- 
ured the reactivity of alkylated Wyodak subbituminous and Illinois #6 bituminous coals in tetralin 
at 427O C, 1500 psi hydrogen pressure and 130 min. reaction time. A 10-21 wt% (maf and alkyl 
group-free basis) increase in cyclohexane conversion was noted for the alkylated coals. 

mversity of North Dakota Ener 
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More recently, the effect of chemical pretreatment on the inorganic constituents of coal Vis B vis 
liquefaction reactivity has been studied. Mochida (a) reported that hydrochloric acid can be used 
to destroy cationic bridges present in low rank coals, thereby reducing coordination between oxy- 
gen-containing functional groups and allowing better contacting between coal and solvent durin 
the initial stages of dissolution. Joseph (u) reported that removal of sodium, potassium, and caf- 
cium from low rank coals enhances 11 uefaction reactivity. He attributes this effect to inhibited 
hydrogen transfer in the presence of %ese cations. 

The objective of this pa er is to present experimental results from a stud in which mild chemical 
pretreatment using metlano1 and hydrochloric acid was used as a methodYto improve intrinsic coal 
reactivity at low liquefaction reaction conditions. Possible explanations for the observed reactivity 
enhancement will also be discussed. 

EXPERIMENTAL PROCEDURE 

The entire suite of eight coals from the Argonne Premium Coal Sample Bank was used as the 
source of feed coals for this study. Ultimate analyses for these coals are listed in Table I (U). 
Coal samples were stored under argon in sealed ampules prior to pretreatment and liquefaction 
experiments. 

Coal was pretreated by suspendin 5 g of undried coal in 40 cms of methanol and 0.6 cm3 of con- 
centrated hydrochloric acid in a 110 cmS round bottom flask and continuously stirring the 
coaVmethano1 slurry on a ma netic stirring plate for 3 hrs. The flask was connected to a cooling 
water condenser to reduce soyvent losses by eva oration. Several experiments were completed in 
which dry nitrogen was used to blanket the coagmethanol slurry; elemental analyses of the treated 
coals showed no difference in the extent of oxidation when the system was purged with nitrogen 
and when it was vented to the atmosphere. Several experiments using hexane or acetone in place 
of methanol were also completed. 

After pretreatment, most of the organic solvent was decanted off and the moist coal sample 
washed with three 50 cm3 aliquots of fresh solvent to remove residual acid. Any remairung solvent 
was recovered by vacuum drying (SOOC, 10-20 millitorr ressure, 24 hrs.). Untreated coal samples 
were vacuum dned at the same conditions before liqueiction. After drying, all treated and 
untreated coal samples were stored at room temperature in a vacuum dessicator (0.1 torr) before 
analysis or liquefaction. Reactor runs were scheduled so that each coal sample was stored for less 
than 12 hours before use. Portions of each untreated coal and pretreated coal were sub'ected to 
elemental analysis and ash analysis, as well as H CRAMPS and 
Mossbauer, and XRD spectroscopy. 

Li uefaction experiments were conducted in a 20 cm3 tubing bomb reactor attached to an agitator 
an3 immersed in a fluidized sandbath. Low severity reaction conditions were set at 350oC reaction 
temperature, 1000 sig initial cold hydrogen ressure, and 30 min. reaction time. Dihydro- 
phenanthrene (D&) was used as hydrogen gonor solvent (Ul  solventlcoal wt. ratio) In these runs. 
Coal conversion was measured using THF extraction data corrected for the intrinsic THF solubili- 
ties of treated and untreated coals. Solubility measurements were conducted at ambient condi- 
tions and consisted of three steps: 1) sonicating the liquid roducts from the tubin bomb reactor 
( o ~  feed coal sample) in excess THF for 10 min., 2) cent& in the mixture at 2OfO m for 15 
min., and 3) decanting THF-soluble products and excess T d F  from the THF-insolu8 residuum. 
This procedure was repeated at least two times until no additional THF-soluble products were 
recovered. Remaining THF-insolubles were dried at looo C for 24 hours to remove residual THF, 
weighed, and finally ashed. Coal conversion to THF-soluble products was computed on a moisture 
and ash-free basis, correcting for the intrinsic solubility of the feed coal. 

RESULTS AND DISCUSSION 

Effect of uretreatment n low severitv huefaction reactivi . Reactivity data for the untreated 
f i t  ese data points re resents the average 
of 2-3 reactor e eriments; conversion &ferences of 2.1 d or greater (maf {asis) re resent 
statistically s ig scan t  differences in liquefaction reactivity at the 95% confidence lever At the 
low severity reaction conditions studied, three of the high volatile bituminous coals [nlinois #6 

1018 

C CP/MAS NMR, h, 



(72.1 wt%), Blind Can on (69.6 wt%), and Pittsburgh #8 (57.0 wt%)] gave the highest THF con- 
versions. Wyodak subkuminous coal was the next most reactive coal (44.4 wt%), while Pocahon- 
tas low volatile bituminous coal was the least reactive Sam le studied (15.6 wt%). These reactivity 
data follow the same trends reported for the Argonne c o p  by other investigators (l.5). 
Pretreatment with methanol and HCI using the rocedure described earlier enhanced low severity 
liquefaction reactivity for all eight Argonne coai. The absolute increase ranged from only 5.5 
wt% for Blind Canyon coal to 31.5 *% for Wyodak coal, and averaged 18.Owt% for the ei 
coals. No simple trends in reactivity improvement with chemical or hysical pro erties of t e coals 
were obvious, although the reactivity of pretreated low rank coals (dyodak and Eeulah-Zap) 
increased much more than reactivity of the six bituminous coals. 

Although va or phase methanol/HCl mixtures have been shown to partially alkylate bituminous 
coals (u), J M R  and FTIR measurements indicated no alkylation occurred during our pretreat- 
ment experiments. This result was confirmed by replacing methanol with hexane or acetone (two 
solvents which cannot participate in acid catal zed alkylation chemistry) during pretreatment; the 
reactivity of coals pretreated with hexane/HCrand acetone/HCl was also enhanced. 

In an attempt to separate the effects of methanol and HCI on reactivity enhancement, a series of 
experiments was completed in which samples of Wyodak subbituminous coal and Illinois #6 bitu- 
minous coal were pretreated using methanol only (no HC1 addition) and HC1 only (1.5 wt% HCl in 
distilled water, no methanol addition). Results of low severity liquefaction e enments using 
these treated coals are summarized in Figure 3. As expected, no reactivity ezancement occurred 
when coal samples were pretreated with only methanol. However, coal samples treated with 
HCUwater exhibited significant reactivity improvement, although less than observed using metha- 
nol/HCl. Blank pretreatment using only distilled water did not affect the low severity reactivity of 
either coal. Thus, we can conclude that, while the presence of a small concentration of HCl is 
essential for successful pretreatment, the addition of methanol or other organic solvent such as 
hexane or acetone improves pretreatment effectiveness. Mochida (U) attributes this effect to 
improved wettability of the coal surface by the organic solvent and thus better contacting between 
coal and acid. 

p. To begin elucidating the cause of the reactivity 
enhancement shown in Figure 2, weused several analytical techniques to study chan es in the 
organic and inorganic phases of Wyodak and Illinois #6 coals during retreatment. hMR and 
FTIR analyses indicated no measurable organic phase alterations wt! one exception. The 
Wyodak FTIR spectra indicated formation of carboxylic function groups during pretreatment, 
probably as a result of divalent (CqMg) cationic bridge destruction (a,u). Mossbauer spectro- 
scopy results demonstrated that pyrite was largely unaffected by treatment with methanol and HCI, 
eliminating the possibility that FeC1, , a known coal dissolution catalyst, was being formed in the 
treated coal. 

X-ray diffraction measurements were conducted on the low temperature ash (LTA) from 
untreated and treated Wyodak and Illinois #6 coals. These results indicated that over 90 wt% of 
the calcium was leached from each coal during pretreatment. In these spectra, calcium was 
observed only as CaCO with no CaO or CaSO, present. This observation agrees with a report by 
Miller and Givens (IZ) that organically-bound calcium will convert to CaCO, rather than CaO 
during low temperature ashing. Elemental analyses of treated coal samples confirmed the extent 
of calcium loss during pretreatment, and also showed that a lesser amount of magnesium was also 
extracted. 

Effect of calcium content on low severitv Iiauefaction reactivi . To study further the effect of 
calcium content on liquefaction reactivity, Wyodak and Illinoi!#6 coal samples with varying cal- 
cium contents were prepared by varying the amount of acid used during pretreatment. Other pre- 
treatment conditions were the same as described earlier. Results of low severity liquefaction runs 
using these samples are shown in Figure 4. The reactivity of both coals was enhanced as calcium 
was removed; once again, the effect was more pronounced for Wyodak coal, particularly at a cal- 
cium content of less than about 0.2 wt%. 

p' 
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Several low severity liquefaction experiments were completed in which calcium as CaCO, was 
added back to the reactor prior to liquefaction. In each experiment, the amount of calcium added 
was equivalent to the amount extracted during retreatment. Results of these e eriments .are 
summarized in Figure 5. As these data show, &e beneficial effect of MeOWHgpretreatment was 
almost completely negated by adding CaCO, to the liquefaction reaction system. A similar effect 
was observed when CaO was added during low severity liquefaction of pretreated Wyodak and 
Illinois #6 coals. 

The mechanistic role of calcium during low severity coal dissolution is not completely understood. 
Mochida (2) attributed accelerated rates of low rank coal dissolution to the destruction of calcium 
dicarboxylate structures and therefore, less coordination of o gen containing function groups. 
Joseph (u) speculated that calcium and other exchangeable gkaline and alkaline earth cations 
impeded hydrogen transfer durin coal dissolution; removal of these cations would improve the 
rate of hydrogen transfer to coal gee  radicals as they form, and thus improve the extent of coal 
conversion. Joseph also cited the propensity of calclum dicarhoxylate structures to undergo cross- 
linking reactions during the initial stages of coal dissolution. 

We hypothesize that, in addition to the effects cited above, the presence of calcium can directly 
catalyze retro essive reactions involving coal-derived free radical species during low severity 
liquefaction. 8;,merous studies have cited the role of calcium (as CaCO, or CaO) in increasing 
char yields and reducin tar yields during coal pyrolysis; the char yield enhancement has been 
attributed to catalysis of metaphast recombination prior to devolatilization (18) and catalysis of 
repolymerization and seconda cracking reactions (?e). We are presently conductin a series of 
model compound studies to h& elucidate the mechanistic effects of calclum during fow severity 
liquefaction. 
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Table I 

Ultimate Analysis of Feed Coals 

................................................................................................. 
Wt% Dry Basis Wyodak Beulah-Zap Illinois #6 Pittsburgh #8 

Carbon 68.4 65.9 65.7 75.5 

Nitrogen 1.0 1.0 1.2 1.5 
Sulfur 0.6 0.8 4.8 2.2 

16.3 18.2 8.6 6.7 
8.8 9.7 15.5 9.3 As 

Coal Rank Subbit. Lignite HVB HVB 

Hydrogen 4.9 4.4 4.2 4.8 

oxggen 

Symbol WY BZ ILL PIT 

Table I (cont.) 

Ultimate Analysis of Feed Coals 

Blind kwiston- Upper 
Wt% Dry Basis Canyon Stockton Freeport Pocahontas 

Carbon 76.9 66.2 74.2 86.7 
Hydrogen 5.5 4.2 4.1 4.2 
Nitrogen 1.5 1.3 1.4 1.3 
sulfur 0.6 0.7 2.3 0.7 zy" 10.8 7.8 4.8 2.3 

4.7 19.8 13.2 4.8 

Coal Rank HVB HVB MVB LVB 
Symbol BC Ls UF POC 

1021 



T r e a t e d l L S  

C 
0 UntreatedIHS 

ul 
i 
w 
P U n l r e a t e d l L S  
C 
0 

.- 

u 

100 

Reaction Time 

0 Untreatel 

M ~ O H I H ~  
. . . . . . . . . . . . . .  

Figure 1 - Schematic Representation of Reactivity Enhancement Using Coal Pretreatment 
(LS = low reaction severity, HS = high reaction severity) 
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Figure 2 - Effect of Pretreatment with MeOH/HCI on Low Severity 
Liquefaction Reactivity of Argonne Coals 
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