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ABSTRACT 

Work has continued in Task A to focus this quarter on Subtask A.3, - 

"Derivation of an Improved Correlation Between Coal-Conversion 

Effectiveness and Donor-Solvent Structure." We are taking two new 

approaches to test the hypothesis that the critical class of reactions, 

which distinguishes between good donor and poor donor solvents, is 

bimolecular transfer of hydrogen atoms from solvent radicals to the ipso 

positions of substituted aromatics Ar-X, resulting in "solvent-mediated 

hydrogenolysis. " 

In the first approach, experiments in which real coal liquefaction 

mixtures were doped with specific model compounds showed that hydrogen- 

transfer reactions promoted by the coal do engender bond scission in the 

dinaphthylmethane to an extent that the half-life for cleavage at 400°C 

in tetralin is decreased from 200 hours to about 4 hours. This result 

greatly strengthens our suggestion that the cleavage of phenyl-alkyl 

bonds, formerly considered to be very refractory under liquefaction 

conditions, may play an important role in coal liquefaction. Further 

experiments of this type surprisingly did - not show pyrene to be a better 

solvent (at least under these conditions) for shuttling hydrogen from 

coal sLructurco to the di,naphfhylmethane. 

In the second approach to testing-our liquefaction mechanism 

hypothesis, we have constructed a "simplified" numerical model for 

"liquefaction" of some coal-like' structures, incorporating aunt ef tho 

rate constants for bond'cleavage measured in this work to determine 

whether the calculated relative bond cleavage rate with various 

hydroaromatic contents successfully mimics the relative model compound 

and coal conversion rates measnred In the laboratory. .In several 

respects, this model does mimic the actual experiments, but in at least 

one important respect, agreement is not complete. 



Our efforts in Task B, "Conversion in C0/H20 Systems," were con- 

centrated on Subtask B.1 this quarter. The study of conversion behavior 

of an Illinois No. 6 coal was extended to different reaction times and 

lower pH's. The results reveal that significant conversion to soluble 

products can be achieved even under neutral conditions, providing that 

the reaction time is extended to allow significant conversion of CO to 

C 0 2  via 'the water-gas-shift reaction (WGSR) . The amount of toluene- 

soluble material produced in any given run follows the CO disappearance, 

irrespective of the initial pH or reaction time. Thus, the primary 

rcaccion parameter that c~ntrols cnal conversion at, 400°C i s  the a~~rount 

uf CO rha t  is allowed to enter the reaction pathway. 
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SUBTASK A.3: IMPROVED CORRELATION BETWEEN DONOR-SOLVENT 
STRUCTURE AND COAL CONVERSION EFFECTIVENESS 

Donald F. McMillen, Ripudaman Malhotra, 
Georgina P. Hum and Sou-Jen Chang 

Introduction 

In this quarter, work has continued on Subtask A.3, "Improved Cor- 

relation Between Donor-Solvent Structure and Coal Conversion Effective- 

ness." In this subtask, we hope to extend the insight gained with model 

coal structures to the chemistry of fragmentation of real'coal 

structures. The current effort involves (1) reactions of mixtures of ' 

model compounds and real coals, and (2) numerical integration of a a '  . . .  . - . . . . . 

"simple" coal liquefaction model based on the results of the model com- 

pound studies. 

Efforts were continued in this quarter to test our hypothesis that 

the specific reactions by which donor-solvents promote coal liquefac- 

tion, and which distinguish the good solvents from the poor solvents, 

all involve hydrogen transfer from a solvent radical to the ipso 

position of a substituted aromatic. 



These reactions result in what is formally equivalent to hydrogenolysis 

resulting from addition of free hydrogen atoms Lo substituted aromatics, 

but in this case, it occurs where substantial concentrations of free 

hydrogen atoms are not expected and has indeed been shownl(a)-(c) to 

take place without the intervention of free hydrogen atoms. 

Two parallel approaches are being taken to test the hypothesis that 

this class of reactions contributes significantly to donor-solvent coal' 

liquefaction. The first approach is to determine the rate of bond 

cleavage for model coal linkages in the presence of real. coals and 

various solvents to t e s t  not only the capabilities of the coals to 

promote, by hydrogen transfer, the cleavags of specific  bond.^, bur; also 

the capabllitica of the various solvents to shuttle the hydrogens made 

available by the coals. 

The second approach consists of two parts. The first part is to 

construct a numerical model containing the chemical and rate equations 

for the various reactions postulated as important in the hydrogen- 

shuttling process. The second part is to compare the predicted and the 

obsecved cffectfveness for these "solvent-mediated hydrogenolysis," 

using various solvenLs, for bond scission in model compounds and Iur 

liquefaction of real coals: The latter results come both from the 

present work and from the receOt work of uther groups, in particular 

those of Da.vies et a1. ,2 Guin and  coworker^,^ Burke and ~inschel,~ and 

earlier work by Orchin et a ~ . ~  The bond scission effectiveness with 

coal models and real coals is also compared with the relative 

effectiveness o f  various donor-solvents as radical scavengers, as 

carefully determined by Bockrath and coworkers6(a),(b) and Pranz and 

~airnioni .' All of these comparisons tend to support orrr aeneral 

hypothesis that such solvent-mediated hydrogenolysis are, in fact, the 

major determining factor in donor-eolvenc uffectivenesa. However, there 

is not a complete quantitative correspondence between predictions of 

relative effectiveness from the numerical model and experimental 

observations. Because of the uncertatn coupling between chemical and 

mass transport factors in real coals (and the uncertainty in 



thermochemical estimates for various solvent species), it is not yet 

clear whether the chemical model should be modified. This question is 

being addressed in the work now in progress. 

Inadequacy of the Thermal Bond-Scission, Radical-Capping Mechanism 

The sequence of thermal scission of critical linkages in the coal 

structure, followed by "capping" of the thermally produced coal 

radicals, has been the most widely assumed and quoted coal liquefaction 

mechanism for the last 30 years. This mechanism has been implicitly 

extended to cover coal dissolution with nondonor solvents, where the 

hydrogen required must originally come by disproportionation of the 'coal 

structure. It has been commonly assumed that the solvents that function 

most effectively as hydrogen shuttlers in this dissolution do so because 

of in-situ production of donor molecules (ArH2, ArH4, and so forth). 

which then function as radical scavengers or "capping" agents. However, 

as disc~lssed in previous reports invoking the traditional 

scavenging function as the most important role that the solvent plays 

does not explain the relative coal liquefaction effectiveness of various 

solvents. This inadequacy is mast evident for conversion in solvents 

with low or zero hydroaromatic content. That is, from results in the 

l~terature,*-~ it is abundantly clear that the solvents in which it is 

expected that both the highest concentrations and the moot effective 

radical scavengers would be generated by hydrogen transfer from the coal 

are not the most effective liquefaction agents. 

Of all the commonly used aromatics solvents, anthracene is the one 

with which the highest concentration of the dihydrocompound should be 

obtained,8 and also the system in which the dihydrocompound thus produced 

should be the most effective scavenger (on a molar basis) .6(a) ~ ( ~ 1  s 7  

Nevertheless, anthracene has been repeatedly found to be a much poorer 

liquefaction solvent than either phenanthrene or pytene. Results of 

this type, together with our own results, led us to invoke reactions of 

the, type shown above (equation (I)] as being responsible for a 

substantial fraction of the bond scissions in coal liquefaction. In 



work performed under this contract,. linkages too strong to break by 

thermal scission (e.g., the central bond in 1,2'-dinaphthylmethane with 
7 a thermal scission half-life >10 h) undergo central bond scission in 

various hydroaromatic solvents with a half-life ranging from 10 to 2.00 

hours, thus supporting our speculation~that they may be important in 

coal liquefaction. In any case, it is clear that the solvent is 

actually engendering bond scission, not merely capping thermally 

generated radicals. 

Bond Cleavage as a Result of Hydrogen Transfer trod Coal Radlcvls -_ - 
Solvent-mcdiated hydrngenolysis, such as that. shown 1n.eyuation 

(I), are clearly gnnd candida_t.es 'for explaining the active role of 

solvents in coal structure fragmentation (liquefaction). The majot 

questions to be answered are the following: 

(1) Xs the hydrogen transfer actually bimolecular, as shown in 
equation (la), or does it involve elimination of hydrogen atom, 
followed by addition of free hydrogen atom to the substrate? 

(2) How is the solvent radical (ArH* ).generated, and what will be 
the rela~lve concentrations of ArHb in varl~ue aromatic and 
hydroaromatic solvents? 

( 3 )  How "should" the presence. of coals affect the ArH* 
concentration? 

(4) How.wil1 the rates of hydrogen transfer fromn ArH* differ for 
diffcrcnt aromatic. systems and'different hydrogenolysis 
substrates? 

( 5 )  How does the presence of coal(8) affect the obaerved cleavage 
rate of diarylmethane model compounds? 

( 6 )  When the answers to (1)-(5) are incorporated idea a nmsilcal 
chemical model of model compound conversion and coal-conversion 
systems, how well can such a model reproduce experimental 
observations with real coals? 

The answer to question (1) and.partia1 answeres to questions (2), 

( 3 ) ,  and (4) were determined in previous This work 

showed that in solvents such as phenanthrene and anthraceae, the 

hydrogen transfer is clearly a single, bimolecular step as suggested in 



equation (la). More complete answers to questions (2) through (4) and 

the answer to (6) will require numerical integration of the model 

described in question (6), using a judicious choice of rate parameters 

for the various reactions. Determination of the answers to (6) will 

help test the mechanism in the numerical model. Progress to date is 

described below. 

,Effect of Addition of Real Coals on Diarylmethane Hydrogenolysis Rates 

It has been repeatedly determined9 from deuterium scrambling . 
reactions that coals are very good promoters of hydrogen exchange, even 

better than radical initiators like bibenzyl. Also, we have determined 

that in aromaticlhydroaromatic mixtures central bond scission in 

diarylmethanes is increased by some five to six orders of magnitude over 

the thermal bond scission rate. The determination that this cleavage 
- b. 

.J results directly from the transfer of a single hydrogen atom from a %-;; 

cyclohexadienyl radical in the solvent system to one of the ipso 

positions in the diarylmethane, prompted the following specula- 

tion: if real coals are added to diarylmethanes in donor-solvent 

systems, accelerated hydrogen transfer may result in increased diaryl- 

methane cleavage rates. 

The data in Table 1 show that the above speculation is correct. 

Addition of coal (PSnC 1116, HV-bitwnluous, Sunnyside, Utah) to a 5% 

1,2'-dinaphthylmethane solution in tetralin increased the dinaphthyl- 

methane cleavage rate by a factor of -50. More importantly, a decrease 

in the cleavage half-life at 400°C from - 200 h to - 5 h brings it well 
into the range of importance in coal liquefaction. Clearly, hydrogen 

transferred from the coal (or coal fragments) induces cleavage of bond 

types that in tetralin at 400°C otherwise cleave too slowly to be 

significant in coal liquefaction.' This does not demonstrate that such 

cleavage reactions are important in coal liquef actioa, only that they 

could be if such linkages were either in the original coal or generated 

during 1.iquef action* 



Table 1 

EFFECT OF COAL ON 1. ,2'-DINAPHTHYLMETWN CENTRAL BOND 

SCISSION RATES UNDER COAL LIQUEFACTION CONDITIONS a 

SUBSTRATE PRODUCTS SOLVENT kl (t3-l) t ,h (h) 
-.-. 

None Pyrene only - (4 x 10 - >' 500 

' l n O O ~ ,  eolvent :coel:dinaphthylmethaae vae 4: 1: 0.14. 



From this point, we wished to test further our that 

the relative effectiveness of coal liquefaction in pure aromatic 

solvents (zero donor content) paralleled both the relative ease of 

formation of solvent radicals ArH- and the relative difficulty that 

AH- exhibits in undergoing successful termination reactions. An 

explanation for the marked effectiveness of pyrene as a shuttling agent 

is as follows: hydrogen transfer to the one-position of pyrene is more 

favored than transfer to any position of any other two-, three-, or 

four-ring polycyclic aromatic (except the 9-posi t ion of anthracenelO(a)-(c)) 

but the 1-hydropyrenyl radical will be a relatively ineffective 

teeinator because 1,2-dihydropyrene is the least stable of all the 
0 

dihydroaromatics in these systems The estimated AHzg8 ~alues 

for hydrogen transfer and radical disproportionation (Table 2) amply , : 

illustrate this- point. 
- .. 

The effedt of added 'coal on the rate of dinaphthylmethane central 

bond scission in several additional . .. solvent systems is shown in Table . ' 

3. In contrast to our expectation, these results .indicate that the 

transfer of.hydrogen from this coal to the ipso positions of the 

substrate is no better in pyrene than in tetralin or in naphthalene.' .: 

Either we are incorrect in speculating that the net transfer rate (the" 

efficiency ' of hydrogen shuttling) should be increased by increasing ease 

of acceptance of hydrogen atoms from the coal and by 'decreasing ease of 

termination or the bulk of the effective hydrogen transfer is directly 

from coal fragments to dinaphthylmethane, and the shuttling "agent" in 

this case makes little difference. The absence of a substantial solvent 
. . - . . . . . . . 

effect on hydrogen transfer maximized the need for shuttling in spite of 
. . 

our intentional use of a low-fluidity coal. It then occurred to us, 

however, that our reasoning was inverted and that we should have chosen 
. . 

a coal with a very high maximum fluidity: it is only for high-fluidity 

coals that previous workers1' have found that a good hydrogen shuttler 

(e.g., pyrene) can be substituted for a good hydrogen donor (e.g., 4 ;5 -  

dihydropyrene) and result in an extent of liquefaction that is well 

beyond that provided by solvents that are neither donors nor shuttlers 

(e.g., decalin or biphenyl). 



T a b l e  2 

ESTIMATED THERMOCHEMISTRY OF HYDROGEN TRANSFER AND 
R ~ D I C A L  DISPROPORTIONATION FOR POLYCYCLIC AROMATIC SOLVENTS~ 

Reaction 2 k n d  + 0 0 9 =  A r +  q 
Reaction 2 ArR' + ArR" e Ar + ArH2 . . 

.- 

9rom 8 and 9. 

b ~ f  different than ArH. 



T a b l e  3 

EFFECT OF SOLVENT SYSTEM ON ACCELEXATION BY COAL 
OF 1 ,2'-UPNAPHTHYLMETHANE CLEAVAGE 

solvent 
+c.m 

3 

Solventa Coal kll (e'l) tl/* (h) 

Tetraiin PSOC 1116 4.6 x 10'~ 4 

Tetralin/Pyrene PSOC 1116 3.3 lo+ 6 
(1/1) . . 

Pyrene PSOC 1116 1.5 x 16' . 13 

Pyrene/4,5-Dihydropyrene PSOC 1116 1.4 10-5 14 
(1/1) 

Naphthalene PSOC 1116 4.1 x 10'~ 5 

Pyrene PSOC 1099 1.7 x i0'5 11 . 

Anthracene PSOC 1116 1.2 10'~ 16 

a4000~, solvent: coa1:dinaphtylmethane wae 4: 1:O: 14. 



However, repeating the PSOC 1116 in pyrene with PSOC 1099-(HVA 

bituminous, Pittsburgh seam, maximum fluidity, 14,700, Gieseler dial 

divisions/min) did not indicate that pyrene was a better shuttler of . 

hydrogen from the coals to the dinaphthylmethane than naphthalene. It 

may be that the system benefits significantly from good shuttling capa- 

bilities only when both the source and the acceptor of the shuttled 

hydrogen are in imiscible phases. To determine whether this was the 

case, we began the next step necessary to understand in a more 

quantitative way the combined effect of the.various hydrogen-transfer 

processes now believed to operate in these systems. Results to date 

from the numerical modeling of the important chcmlcal reactions in thece 

solvent-substrate systems are discussed below. 

Numerical Integration of' the Solvent-Mediated-Hydrogenolysis' 
.Coal-Liauefaction Model 

At present, the model for testing the mechanism of coal 

liquefaction by hydrogen transfer from ArH* includes 14 species and 33 

reactions. For shorthand purposes, the species are designated in the 

computer input and output by names of up to four characters. Because 

the identities of some of these are not self-evident, they are all shown 

in Table 4. 

Table  5 is the list or 'reactions for the case of liquefaction in 

pyrene, arranged as required for the numerical integration computer 

program input. For the cases of phenanthrene and anthracene at this 

same level of detail, there are. f ewes reactions beca~~sa  hydrng~n-a tom 

transfer occurs almost exclusively to the 9-position for both solvents. 

The numerical integration program is based upon the GEAR Algorithm. An 

example of the tabular output is shown in Table 6 where, for all 14 

species, concentrations and net ratee are listed at a partlculat 

reaction time (500 s). Also listed are the rates for each of the.33 

individual reactions. The validity of the present hypothesis will be 

judged in large part by the ability of the model to reproduce the 

repeatedly observed, but not yet explained, relative effectiveness of 

various aromatic and. hydroaromatic liquefaction solvents. 



Table 4 

SYMBOLS USED IN THE MODELING OF COAL LIQUEFACTION 
BY RADICAL HYDROGEN TRANSFER 

Symbol 
Structural 

Identity Example 

CO "Coai zero" (starting coai)  

Starting coal  cleaved 

Cleaved, capped coai 

Cleaved coal - 
minus 1 hydrogen 

I I Coal zerof'(starting coal not . 

subject t o  cleavage by homolysis) 

Fragment of "coal zero " 
. . 

~ l e a v i d  coai  minus . 
, 2 hydrogens 

coal *. . 

coal)  



Table 4 (continued)  

CO-H 

Cieaved coai minus 
3 hydrogens 

Unfragmented coal minus 
1 hydrogen 

Pyrene 

. . 

PI l-Hydropyrenyl radical 

4-Hydropyrenyl radical 

.- 
coal 



T a b l e  5 

REACTIONS USED I N  THE MODELING OF COAL LIQUEFACTION 
BY RADICAL HYDROGEN TRANSFER U S I N C  PYRENE A S  THE SOLVENT 

co 
co 2 
C0 2H 
co 2 
C02 
C02 
CO 2 
CO2H 

co 2- 
co 2N 
co 2 
P 1' 
PO 
P4  
PO 
P 1 
PO ' 

P 1 

P4 
C02 . 

co 2 
C02 
C0 2H 
C02H 

CO 
CO. 
CO-H 
CO -H 
CO 2 
co ZI 
co 2- 
P 1 
P4  

Reac t  i on8  

I 

CO 2 I 

co- I 

CO2 I 

PSH I 

P2H I 

P 1 I 

. I 

co 2- I 

co 2r I 

co 2s I 

P 1 I 

P2H I 

P4 I 

PSH I 

P4  0 

P5H I 

BC - 
BC .I 

PO - I 

A-Fac t o r  

C02 
co 
c 0 2  - 
CO2H 
CO 2H 
co 2H 
C02H 
co 2 
co 2 
C02S 
CO2H 
PO 
P 1 

PO 
P4 
PO 
P 1 
PO 
PO 

- C02- 

co2- 
CO2H 

C02 
co 2 
CO-H 

CO -H 

60 
co 
co2- 
co 2 
co 2 
PO 
PO 

C02 - 
co* 
P4  
P 1 
PO 
P 1 

co 2N 
co 2 
co ZFd 
P2H 
P 1 
PSH 
P4 
PSH 
P4 
BC2 C02 
8C2 C02 
P4 . 
P 1 

PO 
P4  
PSH 
p 1 
P4  

PO 
PO 
co 2- 
PO 
PO 
P4 

P 1 



T a b i e  6 

EXAMPLE OF NUMERICAL INTEGRATION OUTPUT FOR LIQUEFACTION 
I N  PYRENE : SFECI ES CONCENTRATT. ONS , NET RATES, 

AND S P E C I F I C  REACTION RATES AS A FUNCTION OF TIME 



Comparison and interpretation of the computed rates of solvent- 

mediated hydrogenolysis engendered by the various radicals under 

different conditions is, itself, a complex process, and output for the 

three different solvents and more than 12 different conditions thus far 

explored is not reproduced in this report. Use of the model and . 
computer programs to explore the effect of different solvents, starting 

conditions, and mechanistic assumptions is still in progress. 

Summarized below are several important respects in which the liquefac- 

tion model in its current stage successfully mimics the liquefaction of 

real coals and also an important respect in which it does not. 

Characteristics of ~iauefaction in Aromatic .and ~vdroaromatic Solvents 
~ 

Successfully Reproduced 

When starting dihydroaromatic (ArH2) concentration is 
low, the order of liquefaction effectiveness.is. . 

pyrene > phenanthrene > anthracene 

Differences between the three solvents are greatest in 
the initial stages of the reaction when more highly 
reactive coal products are rapidly "dumping" hydrogens 
into the respective aromatic systems to be shuttled via 
ArB to the coal. 

- 
The advantage of pyrene over .phenanthrene decreases 
markedly when. there f s a substantial initial. concen- 
tration of ArH2. 

. . 

Quantitative Predictions Borne Out by the Model 

P1 x P1 radical disproportionation (which produces the 
highly unstable 1,2-dihydropyrene) is only 5% efficient 
as compared with 90% for P1 x P4 and P4 x P4. 

When initial PyH2 is zero, the principal.generation of 
carriers PyHe(P1 and P4) is from coal fragments, and the 
carrier steady-state concentrations substantially'exceed 
those that would have been dictated-by equilibriui 
considerations if ArH- had been generated by molecule- 
induced homolysis (reactions 17 and 16 in Table 5). ( 



3 - The extent to which ArH* steady-state concentrations can 
exceed'those dictated by molecule-induced homolysis is 
far less for the anthracene system, where termination by 
disproportionation of A9 radicals is very efficient. 

Factors Not Successfully Reproduced 

o The benefit of  initial nonzero ArH2 concentration is 
actually predicted to be less for anthracene than for.the 
pyrene'system. This is.in.apparent.contrast with the . 

2 -. . general observation ,that,,,whereas anthracene is a 
markedly poorer shuttler than pyrene, high dihydro 
content makes virtually any aromatic solvent a reasonable 

, liquefaction solvent. 

. . , . . - 
. . 

The inronplere correspondence of predicted with observed relative 

. . . .  liquefaction effectiveness notwithstanding, the press11L . . liypathcoio 

concerning the solvent-mediated hydrogenolysis in coal liquefaction does . .  

a substantially better job explaining experimental observations than any 

previous theory of coal liquefaction. We have not discussed here 

several secondary mechanistic assumptions that have been made for all 

conditions explored with the model thus far. We are in the process of 

examining these assumptions by making the appropriate variatinns in the 

moddl. The results of these variations will be presented and discussed 

in the next quarterly report. 
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SUBTASK B.l: DEVELOPMENT AND EVALUATION OF 
CO/H~O/CATALYST SYSTEMS 

David S. Ross, Thomas K. Green, Riccardo Mansani, 
and Georgina P. Hum 

Introduction 

This work is a study of the ~~--~romoted CO/H~O coal conversion 

system. One objective is to determine the pressure, temperature, 

reaction time and initial pH bounds for favorable conversion. We 

therefore extended our study of the conversion behayior of an Illinois 

No. 6 coal at 400°C and 20 min to different reaction times, initial 

pH's, and temperatures. Although the'study is at present incomplete, 

some of the work has progressed far enough to merit discussion. 

In previous reports, we demonstrated that the conversion of an 

Illinois No. 6 coal (PSOC-1098) to toluene-soluble (TS) material 

(400°C/20 min) correlated with the degree of CO disappearance.' '2 

An intermediate in the water-gas-shift reaction UGSR, not the H2 derived 

from it, is principally responsible for the convereion in this system. 

The degree of WGSR, and ultimately the conversion of coal to soluble 

product, is controlled by the initial pH of the solution. At pH's above 

12, thc WGSR is strongly promoted and the'rate of coal conversion is 

high. At pH's below 12, both the rate of CO and coal convereion are 

low. 

This quarter, we report on the results of the conversion of the - 
Illinois No. 6 coal at varisuo initial.yH9u and reaction times. The 

results reveal that significant conversion of coal to soluhle product8 

can be achieved even under neutral conditions, providing that the 

reaction time is extended to allow significant CO conversion. Moreover, 

the amount of TS material produced in any given run follows the CO 
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disappearance,  i r r e s p e c t i v e  of t h e  i n i t i a l  o r  t h e  r eac t ion  time 

(0-180 min). Thus the  amount of CO t h a t  e n t e r s  the  r eac t ion  pathway, 

not  t h e  r a t e  a t  which i t  e n t e r s ,  c o n t r o l s  the  conversion of coa l  t o  

so lub le  ma te r i a l  in . , th i s  system. 

Experimental D e t a i l s  

The elemental  a n a l y s i s  of the  I l l i n o i s  No. 6 coa l  (PSOC-1098) i s  

given i n  ~ a b i e  7.  

Table 7 

ELEaNTAL ANALYSIS OF DRY, MINEW-MATTER-FREE 
PSOC-1098 ILLINOIS NO. 6 COAL 

Element ( X )  Weight ( X )  - 
Carbon 82.98 

- ' 

Hydrogen . 5.69 

Nitrogen 1.51 

Organia s u l f u r  1.91 

Oxygen (d i f fe rence )  7.91 

Mineral mattera 19.32 

a ~ a l c u l a t e d  according t o  MM = 1.13 Ash + U.47sp, 
where S i s  p y r i t i c  s u l f u r .  P 

The c o a l  was ground and sieved under d ry  N2. The -60 t o  200 mesh 

f r a c t i o n '  was then d r i e d  i n  a  vacuum oven a t  105OC overnight .  

A l l  r eac t ions  were performed i n  a 300 mL Magne-Drive-srirred 

Haste l loy  C autoclave.  The autoclave was loaded with 5 g of dry c o a l  

and 30 g of H20 t h a t  was previously adjus ted  t o  t h e  des i red  pH wi th  

s o l i d  KOH. The system was sea ied ,  purged with N2, purged twice .wi th  CO, 

and t h e n  charged wi th  500 ps ig  CO. 



The coal was converted by heating the autoclave to the appropriate 

temperatures for the appropriate time. Maximum pressures attained 

generally ranged from 3500 to 5000 psig. The heat-up and cool-down 

times for the system were generally 1 h, depending upon. the desired 

reaction temperature. 

Quantitative analyses of the product gases CO, C02, and H2 were 

made by .gas. chromatography. The percent CO conversion was based on the 

measured disappearance of CO at the end of the reaction. 

\. The aqueous phase was pipetted from. the autoclave, and suspended 

material was filtered if necessary. The nonvolatile csal products were 

quantitatively removed from the autoclave with tetrahydrofuran (THI?) a n d  

transferred to a round-bottom flask. The THF was removed by rotary 

evaporation, 400 ml .bf  toluene was added, and the mixture'was refluxed 
. . .  

for 2 h in a DeafiStark trap. 

Azeotropic distillation removed any water. After cooling, the 

mixture was filtered to separate the TS material from the toluene- 

insoluble (TI) material. The toluene was removed from the filtrate by 

rotary evaporation. ~ 6 t h  the TS and TI fractions were dried overnight 

.at 80°c'under vacuum and weighed.. 

Results and Discussion 

The results of the conversion of the Illinois No. 6 coal at various 

times, temperatures, and initial pH's are presented in Table 8. Most of 

the runs were conducted at 400°C, but a few runs were conducted at 

temperatures above and below 400°c. The results of the conversions at 

400°C are discussed in some detail below. 

We will be concerned primarily with the interrelationship between 

the rate of production of .TS material, the rate of CO dibappearance, and 

the initial pH of the aqueous solution. Before proceeding, it is 

important to note that the reaction times refer to the times during 

which the autoclave was maintained at 400°C. For example, a run at 



Table 8 

CONVEKS[ON OF PSOC-1098 IllZtJOtS NO. 6 COAI, IN C)/H?O 

I ~ ~ i t l a l  Fressurr  
Reaction T i m e  Temp. % CC! !.l:iss D?l;~nce'  of CI) 

Run No. I n l t i a l  pH   mi^)*^ .("C) 9. ~ o o ~ l ~ e r i i o n ~  . (x )d  (PA- sl,> )e 

5CO 

5 C.0 

490 

5 10 

490 

5CO 

510 

520 

523 

500 

480 

500 

m 

5 LO' 

*~ i rne  t h a t  au toc l ave  vc_s held  at i n i l c . r t ed  temperature.  
b ~ e i g h t  I dmmf s t a r t i n g  c o a l .  
'~s determlned from CO disappeacance.  
d ~ e i g h t  X of d ry  s tar tYng c o a l  eccocntcd f o r  in nonvo1a:ile p m d l r t s .  
e ~ o l d  p re s su re  (2S°C). 
fMaxirnum pressure  .attained dur ing  rcac:ion. 



400°C/0 min indicates that the autoclave was heated to 400°C and 

immediately allowed to cool. The heat-up and cool-down times for the 

system were about 50 min. Thus, the system has been allowed to react, 

and the "true" reaction time is not 0 min. 

CO and WGSR 

Figure 1 is a plot'of time versus the percent CO disappearance at 

various initial PH's at 40o0C in the pressure of 111indis No. 6 coal 
Three aspects of the figure that deserve consideration are as follows: 

(1) CO reacts much more rapidly at high initial pH's, (2) significant 

levels of CO react even under neutral conditions, and (3) the rate of CO 

disappearance at pH's of 7.0 and 9.5 are virtually identical. 

Because the WGSR is base-catalyzed, the rapid conversion of CO to 

C02 at high pH's is expected. The equilibrium constant, Kp, for the 

WGSR at 400°C is 15.3. Hence, 98% of the CO should be converted to C02 

if the system is at equilibrium. At an initial pH of 13.3, equilibrium 

is quickly approached ahd.virtually achieved at 20 min reaction time. 

Surprisingly, for the less basic and neutral systems, significant 

levels of CO are converted at reaction times on'the orders of tens. of 

minute. However, even after 180 min, the system initially at pH 7 had . . . . 

gone to only about 60% CO conversion. For the runs with initial pH 

values of 12.5 and 7.0, such estimates show a rate difference of only a 

factor of 4 for an apparent hydroxide concentration difference of 5.5 

orders of magnitude.. Clearly, the system is not operating in a simple 

stoichiometric manner, and we conclude the following: . ( I )  added base 

does promote CO conversion, (2) however, a good deal of the added 

hydroxide is irreversibly consumed by the coal, and (3) significant 

participation in the WGSR by the reactor walls and mineral matter in the . 

coal is probable. 

The suggested irrevcreible ecavenging 0% hydroxide by the coal is 

consistent with the finding that the pH 7 and 9.5 results are vl.rtually 

identical. Only at high pH's does a .significant quantity of 08- survive 

to catalyze the reaction. This result is consistent with the earlier 
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FIGURE 1 TlME VERSUS PERCENT CO CONVERSION AT 4 0 0 ' ~  AND 
VARIOUS INITIAL pH's FOR AN ILLINOIS No. 6 COAL 
(PSOC-1098) 



r e s u l t s  of Ross e t  a l .  on the  benef i c i a t ed  I l l i n o i s  No. 6 coal .3 I n  

add i t ion ,  we have found t h a t  when the  coa l  is heated i n  N2/Il2O a t  400°C 

f o r  20 min a t  an i n i t i a l  pH of 13, t h e  pH a t  t h e  end of the  r e a c t i o n  

drops t o  8. Thus the  coal  scavenges hydroxide i n  some manner. 

F i n a l l y ,  t h e  r o l e  of base i n  t h i s  system i s  even mo,re complicated. 

Calcula t ions  show t h a t  f o r  our system most of the  hydroxide ion  should 

be  scavenged by t h e  f i r s t  q u a n t i t i e s  of C02 t h a t  a r e  produced. The 

r e s u l t s  of these  c a l c u l a t i o n s ' a r e  presented and discussed i n  an appendix 

t o  t h e  r epor t .  

coal '  Conversion 

Figure  2 i s  a p l o t  of t i m e  versus  t h e  amount of TS mate r i a l  

produced from the  coal .  The r e s u l t s  suggest ,  but do not confirm, t h a t  '\ 

t h e  u l t ima te  conversion o f , t h e  c o a l  i s  a funct ion  of the  i n i t i a l  pH, 

Approximately 50 w t %  of TS mate;ial i s  produced within 20 min a t  an 

i n i t i a l  pH of 13.3. The amount of TS m a t e r i a l  then gradual ly  inc reases  

t o  60 wt% a t  a r eac t ion  of 180 min. Note i n  Figure 1 t h a t  v i r t u a l l y  a l l  

t h e  CO i s  deple ted  wi th in  20 min. One might expect repolymerizat ion 

reac t ions  t o  dominate a f t e r  the  CO is depleted because CO is the  a c t i v e  

,reducing s p e c i e s , i n  t h i s  system. I n  t h i s  regard,  the .product  H2 may 
. . 

play a r o l e  i n  the  prevention of such react ions .  The s o l v o l y t i c  power 

of t h e . s u p e r c r i t i c a 1  water may play an impor tan t ' ro le  here  a s  w e l l .  

F ina l ly ,  Figure 3 is a p lo t  of the  percent CO conversion ( a s  

measured by i t s  disappearance) aga ins t  t h e  amount of TS mate r i a l  

produced f o r  a l l  runs a t  400°C. There e x i s t s  a good s i n g l e  genera l  

c o r r e l a t i o n  between t h e  percent CO converted and the  amount of TS 

mate r i a l  produced from the  coal ,  r ega rd less  of the  i n i t i a l  pH o r  the  

r e a c t i o n  time. Thus, t h e  amount of CO t h a t  is allowed t o  e n t e r  t h e  
. .. r e a c t i o n  pathway, not the  r a t e  a t  which i t  e n t e r s ,  appears t o  c o n t r o l  

t h e  conversion t o  TS mate r i a l  i n  t h i s  system. 
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FIGURE 2 TlME VERSUS CONVERSION TO TOLUENE-SOLUBLES 
AT 4 0 0 ' ~  AND VARIOUS INITIAL pH's FOR AN 
ILLINOIS NO. 6 COAL (PSQC-1098) 



0 
0 20 40 60 . -80 100 

P E R C E N T  CO C O N V E R S I O N  

JA-3JU4-59 

FIGURE 3 PERCENT CO CONVERSION VERSUS CONVERSION TO 
TOLUENE-SOLUBLES AT 4 0 0 ' ~  AND VARIOUS TIMES 
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I n t e r p r e t a t i o n  

A scheme f o r  t h i s  behavior  i n  t h i s  system can be sugges ted .  It 

must t ake  i n t o  c o n s i d e r a t i o n  the  fo l lowing  f a c t s :  

(1)  The conve r s ions  of both CO and coa l  a r e  promoted by t h e  
a d d i t i o n  of hydroxide t o  t he  system. 

( 2 )  The conve r s ions  t a k e  p l ace  i n  p a r a l l e l ,  wi th  t h e  observed 
c o a l  t r a c k i n g  the  CO conversion over  a  wide range of  
i n i t i a l  pH v a l u e s  and r e a c t i o n  t imes .  

( 3 )  From e a r l i e r  work on t h i s  t a s k ,  t h e  s u b s t i t u t i o n  of D20 
fu r  n Z O  r r ~ u l t e  + n  a h ighe r  c o a l  convers ion  f o r  a  g iven  
CO c 6 n v e r ~  I~ ILI .  Wooc s ign1 t i  c ~ n c l y .  ~ l l e  altidance (1 .* . , 
exhaus t ive)  coaVe~sLuu of c o a l  was i n c r ~ a s e d  by going t o  
t he  d e u t e r i o  medium. 

The fo l lowing  scheme s e r v e s  a s  a working model f o r  t h e  conve r s ions  

and is  c o n s i s t e n t  w i t h  t h e  obse rva t ions .  This scheme is  somewhat 

d i f f e r e n t  from conven t iona l  exp lana t ions  f o r  convers ion  and is Lased on 

cne s imple view t h a t  whsn coal is h e c t d ,  i t  is  c c c ~ ? ~ r t e d  t o  bo th  

s o l u b l e  and i n s o l u b l e  products .  Th i s  e lementary p o s i t i o n  becomes a  b i t  

more complex wi th  t h e  added requirements  t h a t  (1) the  degree  of s o l u b l e  

product  format ion  i s  a  f u n c t i o n  of t h e  e f f e c t i v e n e s s  of t h e  reduc iug  

system, and (2)  t h e , i n s o l u b l e  p o r t i o n  ( cha r )  is  not  c o n v e r t i b l e  i n  

subsequent  convers ion  a t t empt s .  
(1)  

CO f OH- - "'"- -L_ (2) .  

' . 

.. . 
Soluble  Product  

r 

I ( 3 ) .  * 
Coal ' 

( I n s o l u b l e  and u n r e a c t i v e  
toward CO/H20) 



Routes 2 and 3 represent  the  branching paths f o r  coa l  l i q u i d s  o r  

char and a r e  competitive with one another. The r a t e  of route 2 i s  a 

funct ion  of t h e  e f fec t iveness  of the  conversion system, so t h a t  t h e  

f a s t e r  the  conversion i s ,  the  more u l t imate  conversion takes place.  

The s i m i l a r  branching i n  the  reducing system i t s e l f ,  rou tes  2 and 

1, is a necessary consequence of the  p a r a l l e l  i n  CO and coa l  conversion 

and f u r t h e r  expla ins  t h e  inverse  i so tope  e f f e c t .  Route 1 experiences a 

normal i so tope  e f f e c t ,  t h a t  i s ,  a dec l ine  i n  r a t e  i n  s u b s t i t u t i o n  of 

deuterium f o r  protium, and the re fo re  the  r e l a t i v e  r a t e  of 2- i nc reases .  

We note t h a t  the  production of H2 and C02  a r e  "wasteful" i n  the  sense 

t h a t  t h e  in termedia te  formate i s  the  a c t i v e  reducing species* and i s  

withdrawn from the  system i n  the  production of the  two gases. 

As regards t h e  s p e c i f i c  e f f e c t s  of hydroxide concentra t ions  i n  t h e  

conversibns, we can suppose a s ' a  working hypothesis t h a t  the  r a t e  a t  

which c o a l  goes t o  coal '  is independent of t h e . i n i t i a l  hydroxide 

concentrat ion.  Then the  r e l a t i v e  r a t e s  through routes  2 and 3 would be 

governed by t h e  i n i t i a l  hydroxide concentrat ion.  A s  t he  b a s i c i t y  of t h e  

i n i t i a l  so lu t ion  decreases ,  the  r a t e  through route  2 decreases r e l a t i v e  

t o  t h a t  through rou te  3.. Under t h i s  cir&unstance, one might expect  more 

coal  t o  follow route  3 than 2, thus  r e s u l t i n g  i n  lower conversion t o  

so lub le  products.  

However, t h e  p i c t u r e  is  not  a l l  that  c l e a r .  R ~ r r r l . 3 ,  t h a t  i n  Figurc  

3 the  amount of TS mate r i a l  produced from the  coal  always follows the  CO 

disappearance, r ega rd less  of the  i n i t i a l  pH o r  t h e  r eac t ion  t i m e .  For 

example coasldur t h a t  ac an I n i t i a l  pH 7 and a r eac t ion  of 180 min, 

about 70% of t h e  CO i s  converted, which r e s u l t e  i n  40 w t %  TS product.  

Now consider t h a t  a t  an i n i t i a l  pH of 12.5 and 20 min, about 70% of t h e  

CO is  converted, which a l s o  r e s u l t s  i n  40 w t X  TS product. Thus, t h e  

- *  
We have no evidence t h a t  formate is t h e  s p e c i f i c  reducing species .  It 
has been demonetrated, however, t h a t  aqueous sodium formate conver ts  
coal .  4-7 



r a t e  a =  which CO e n t e r s  t h e  r e a c t i o n  pathway has  no u l t i m a t e  e f f e c t  on 

t h e  aaount  of c o a l  conver ted  t o  s o l u b l e  product ;  t h e  amount of TS 

product  i s  only  a  f u n c t i o n  of t h e  amount of CO t h a t  e n t e r s  t h e  r e a c t i o n  

pathway. This r e s u l t  t h e r e f o r e  sugges t s  t h a t  r o u t e s  2  and 3 a r e  no t  

s imply  r e l a t e d  as p re sen t ed  i n  t h e  scheme, and t h e  n a t u r e  of t h e i r  

compe t i t i on  must be ques t ioned .  

To e s t a b l i s h  t h e  i n t e g r i t y  of t h e  scheme, i t  is  necessary  t o  t e s t  

t h e  r e l a t i o n s h i p  between proposed r o u t e s  2  and 3. This  work has  begun, 

and i n  t h e  f i r s t  run  we t r e a t e d  t h e  1 l l i n o i s . N o .  6 c o a l  f i r s t  i n  N2/H20 

a t  pH 7 (400°C/20 min) and then i n  CO/H20 a t  pH 13 (400°C/20 min). 

R a s ~ d  on she  amount of  CO t h a t  was converted (83%) ,  w e  p r e d i c t  t h e  c o a l  

t o  bc converted rn  50% T3 product (from Pig~.~r.t? 3). Ilowcver, t h e  tnl.ueae 

s o l u b i l i t y  of t h e  product  was 36%. Thus, t h e  pre t rea tment  i n  N2/H20 

lowered t h e  conve r s ion  by abo.ut 302. 

Although i t  i s  c l e a r  t h a t  t h e  convers ion  was lowered by t h e  

p re t r ea tmen t  i n  N2/H20, t h e  c o a l  n e v e r t h e l e s s  remained substantially 

react've toward CO/H20. This r e s u l t  may h e l p  t o  e x p l a i n  why a change i n  

t h e  r a t e  of CO conve r s ion  does no t  have a  s u b s t a n t i a l  e f f e c t  on t h e  

amount o f  TS m a t e r i a l  produced from t h e  c o a l .  More experiments  of  t h i s  

n a t u r e  may provide a  more complete p i c t u r e ,  i nc lud ing  runs  in N2/H20 at 

pH 13. 

This f e s u l t  a l s o  rrquirce t h a t  a e u h a t a n t i a l  n w b e r  of  s t r u c t u r a l  

groups t h a t  a r e  r e a c t i v e  toward CO/H20 s u r v i v e  t h e  thermal  p r e t r e a t -  

ment.  The t y p e s  uf s c r u c t u r e o  i n  b i t umino~ l s  c o a l  t h a t  a r e  bo th  r e a c t i v e  

toward CO/H20 and l e a d  t o  s o l u b l e ,  lower molecular  weight products  a r e  

n o t  a t  p r e s e n t  known. Our l abo ra to ry  i s  sea rch ing  f o r  model oc ruc tu re s  

t h a t  s a t i s f y  both requirements .  

Work i n  P rog re s s  

We a r e  a t  p r e s e n t  conduct ing mass and atom ba lances  on t h e  s t a r t i n g  

coal  and products  of conversion.  Of p a r t i c u l a r  concern i s  t h e  oxygen 

l o s s  w e  r epo r t ed  l a s t  qua r t e r . 6  Thus, w e  are examining t h e  oxygen 

f u n c t i o n a l i t i e s  t h a t  a r e  l o s t  o r  r e t a i n e d  du r ing  t h e  convers ion  process .  

S u l f u r  forms a r e  a l s o  being examined. This  work has  no t  proceeded f a r  

enough t o  mefit d i s c u s s i o n .  

30 



REFERENCES 

- 
1. D. S. Ross, D. F. McMillen, W. C. Ogier, S. J. Chang, G. P. Hum, R. 

Mansani, and T. K. Green, "Exploratory Study of Coal Conversion 
Chemistry," Quarterly Report No. 7, Contract No. DE-AC22-81PC40785, 
SRI International, Menlo Park, California (March 1983). 

2. D. S. Ross, D. F. McMillen, W. C. Ogier, S. J. Chang, G. P. Hum, R. 
Mansani, and T. K. Green, "Exploratory Study of Coal Conversion 
Chemistry," Quarterly Report No. 8, Contract No DE-~~22-81~~407845, 
SRI International, Menlo Park, California (June 1983). 

3. D. S. Ross, D. F. McMillen, W. C. Ogier, and Q. Nguyen, "Exploratory 
Study of Coal Conversion Chemistry," Final Report, Contract' No. DE- 
AC22-79-ET14855, SRI International, Menlo Park, California (August 
1981). 

4. F. Fischer and H. Schrader, Brennstoff Chem. - 2, 161 (1921); -- C.A. 15, 
3193 (1921). 

5. E. Gorin in "Chemistry of coal Utilization, Second Supplementary 
Volume,". M. A. Elliott, ed. (John Wiley and Sons, New York, 1981), 
pp. 1894-1896. 

6. D. S. Ross, D. F. McMillen, W. C. Ogier, S. J. Chang, G. P. Hum, R. 
Mansani, and T. K, Green, "Exploratory Study of Coal Conversion 
Chemistry," Quarterly Report No. 9, Contract No. DE-AC22-81PC40785, 
SRI International, Menlo Park, California (September 1983): 

. .. . . 

. 7. D. S. Ross, T. K. Green, and R. Mansani, Proceedings o,f the 198.1 
IuLerutttfonal Cdnfefence on Coal Science, Pittsburgh, PA, August 
1983. 



Appendix 

THE ROLE OF HYDROXIDE ION IN CO/H20 

CONVERSION SYSTEMS 

In our conversion, we used catalytic quantities of potassium 

hydroxide (1-3 mmoles) to bring about the ultimate transfer of hydrogen 

C o  the coal using initially 78 atm of CO (hot, 500 mmole). The reaction 

eequenc& we have used fui somatime is 
. . 

- 
HC02 + Coal +- Reduced Coal + OH- ( 3 )  

The reduction of coal thcrofote parallels the water-gas-shift reaction 

and a key part of the series is the maintenance of a steady-state level 

of hydroxide to in turn maintain the chain. 

It is, of course, recognized Clint: ckrbon dinrir ne 1s #enerato8 

Thi.is, before we can use this scheme as an explanation, we have to 

appreciate that carbon dioxide could scavenge the hyd'ru~ldc via 

and the reaction might be a self-limiting system. The calculated value 

for K4 aL 400°C l e  6 . 3 1  a t d l ,  with the position of the equillbriw 

being fully variable according to the partial pressure of carbon 

dioxide. Some pressures and fractions of hydroxide conversions are 

presented below for a solution initially 0.1  M in hydroxide and at 



PC02 (atm) OH- Converted (Z) 

Because i n  our  convers ions  we accumulate C02 t o  y i e l d  p r e s s u r e s  . 

nea r  80 atm, t h e  hydroxide a v a i l a b l e  qu ick ly  f a l l s  t o  very  low l e v e l s .  

And i f  we cons ide r  t h a t  t h e  r a t e  r e a c t i o n  is  p r o p o r t i o n a l  t o  hydroxide,  

t hen  t h e  r a t e  f a l l s  s i m i l a r l y .  For example, 16 atm of carbon d iox ide  

r e p r e s e n t s  about 20% convers ion  of t h e  CO and t h e r e f o r e  about 20% 

r e a c t i o n .  A t  t h a t  p r e s su re ,  t h e  hydroxide c o n c e n t r a t i o n ,  and t h e r e f o r e  

t h e  r e a c t i o n  r a t e ,  i s  down t o  1% of i t s  o r i g i n a l  va lue .  I n  o t h e r  words, 

a f t e r  o n l y  one f i f t h  of  t h e  r e a c t i o n . h a s  t aken  p l a c e ,  i t s  r a t e  i s  

1/100th of i ts  i n i t i a l  va lue .  We must t h e r e f o r e  a s k  how t h e  r e a c t i o n  

proceeds.  A t  p r e sen t  we have no s a t i s f y i n g  exp lana t ion ,  bu t  t h e s e  

' r e s u l t s  sugges t  t h a t  t h e  r e a c t i o n  does no t  r e q u i r e  hydroxide f o r  t h e  

r e a c t i o n  of  CO. Th i s  s u g g e s t i t h a t  o t h e r  chemis t ry  may be ope ra t i ng ,  

and we p l an  i n v e s t i g a t i o n s  a long  t h e s e  l i n e s .  
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