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ABSTRACT

Work has continued in Task A to focus this quarter omn 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 1ﬂ which real coal liquéfaction
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 imporﬁant 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

¢oal structures to the dinaphthylmethane.

In the second approach to testing our liquefaction mechanism
hypothesls, we have constructed a "simplified” numerical model for
"liquefaction” of some coal-like structures, incorporating some of the
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 measured in the laboratory. - In several
respects, this model does wimic the actual experiments, but 1in at least

one important respect, agreement is not complete.
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Our efforts in Task B, "Conversion in CO/HZO Systems,” were con-
centrated on Subtask B.l 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
COq 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
reaction parameter that controls cnal conversion at 400°C is the amount

uof CO rhat 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 thils 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 cqggqunds and real coals, and (2) numerical integration of 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 1pso

position of a substituted aromatic.

H H . (coal)

@Q + O)=—= (O + RS a;
6 =0y o~
fast

H
: (:> + «coal (1b)
coal
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These reactions result in what is formally equivalent to hydrogenolysis
resulting from addition of free hydrogen atoms to substituted aromatics,
but in this case, it occurs where substantial concentrations of free
hydreogen 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 presencé of real coals and
various solvents to test not only the capabilities of the coals to
promote, by hydrogen transfer, the cleavage of specific bonds, bur also
the capabllitica of the varioﬁs solvents to shuttle the hydrogens made

available by the coals.

The second approach consists of two parts. The first part‘is éo
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 1s to compare the predicted and the
observed cffectiveness for these "solvent-mediated hydrogenolysis,”
using various solveuls, for bond srission 1in model compounds and fur
"liquefaction of real coals.  The latter results come both from the
present work and from the recent work of uther groups, in particular
those of Davies et al.,2 Guin and coworkers,3 Burke and Winschel,4 and
earlier work by Orchin et al.? The bond scission effectiveness with
coal models and real coals is also comparéd with the relative
effectiveness of various donor-solvents as radical scavengers, as
carefully determined by Bockrath and coworkers®(3)»(P) and Franz and
Caimioni.7 All of these comparisons tend to support our general
hypothesis that such solvent-mediated hydrogenolysis are, in fact, the
ma jor determining factor in donovr~solvent wffectiveness. However, there
1s not a complete quantitative correspondence between predictions of |
relative effectiveness from the pumerical model and experimental
observations. Because of the uncertain coupling between chemical and

mags transport factors in real coals (and the uncer;ainty 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.

Inadequécy 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 §ears. This mechanism has been implicitly
extended to cover coal dissolution with nondonor solvents,'where the
hydrogen required must originally come by disproportidﬁation of the coal
structure. It has been commonly assumed that the solvents that function
nmost effectively as hydrogen shuttlers in this dissolution do so because
of in-situ production of donor molecules (Aer, ArH,, and so forth) -
which then function as radical scavengers or "capping” agents. ‘Howeve:,
as discussed in previous reports,l(a)'(c) 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 1s most evideant for conversion in solvents
with low or zero hydroarcmatic content. That is, from results in the
literature,z'.5 it is abundantly clear that the solvents in which it is
expected that both the highest concentrations and the most effective
radical scavengers would be generated by hydrogen transfer from the coal

are not the most effective liquefaction agents.

0f 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)’(b)’7
bNevertheless, anthracene has been repeatedly found to be a much poorer
liquefaction solvent than either phenanthrene or pyrene. Results of ‘
this type, together with our own results, led us to invoke reactions of
the type shown above (equation (1)] as being responsible for a

substantial fraction of the bond scissions in coal liquefactidn. In



work performed under this contract,. linkages too strong to break by .
thermal scission (e.g., the central bond in 1,2'-dinaphthylmethane with
a thermal scission half—life >107 h) undergo central bond scission in
various hydroaromatic solvents with a half-life ranging from 10 to 200
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 trom Coal Radlcals

Sulvent-mcdiated hydrngenolysis, such as that shown in eyuation
(1), are clearly gond candidates for explaining the active role of
solvents in coal structure fragmentation (liquefaction) The majot
questions to be answered are the following.

(1) 1Is 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 relatlve concentrations of ArHe in various aromatic and
hydroaromatic solvents?

(3) How "should” the presence of coals affect the ArHe
concentration?

(4) How will the rates of hydrogen transfer fromn ArHe differ for
different aromatic systems and different hydrogenolysis
substrates?

(5) How does the presencé o0f coal(s) affect the observed r1pavage
rate of diarylmethane model compounds?

(6) When the answers to (1)-(5) are incorporated into a numerlcal
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 . partial answeres to questions (2),
(3), and (4) were determined in previous quarters.l(a)_(c) This work
showed that in solvents such as phenanchrene.and anthracene, the

hydrogen transfer 1s 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 deternined? 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 aromatic/hydroaromatic mixtures central bond scission in
diarylmethanes is increased 5y some five to six orders of magnitudé over
‘the thermal bond scission rate. The determination that this cleavage
results directly from the transfer of a single hydrogen atom from a ! ?v%
cyclohexadienyl radical in the solvent system to one of the 1ipso o
positions in the diarylmethane,l(a)—(c) prompted the following specula-
tion: 1if 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 1s correct.
Addition of ceal (PSOC 1116, HV-bitumlunvus, 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 ét 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 liquefacéion, only that they
could be if such linkages were either in the‘original coal or generated

during liquefaction.



Table 1

EFFECT OF COAL ON 1 ,ZI-DINAPHTHYLMETHANE CENTRAL BOND
SCISSION RATES UNDER COAL LIQUEFACTION CONDITIONS 2

SUBSTRATE PRODUCTS SOLVENT K (s71) tp (M

@@ . None Pyrene only L x 10 > 500
H, _

l::"i;};cxh
o - ll A Tetralin 1 x 1076 ~200
" " Tetralin/PSOC 4.6.x 1073 4
1116
2n)

“600_°C, solvent:coal:dinaphthylmethane was 4:1:0.14.



From this point, we wished to test further our speculationl(b) that
the relative effectiveness of coal liquefaction in pure aromatic
solvents (zero donor content) paralleled both the relative ease of
formation of s&lvent radicals ArHe and the relative difficulty that
AHe 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-poéition of anthracenel0(3)-(c))
but the l-hydropyrenyl radical will be a relatively ineffective
terminator because 1,2-dihydropyrene is the least stable of all the -

dihydroaromatics in these systems.l0(3)~ (¢)  The estimated AH values

298
for hydrogen transfer and radical diSproportionation (Table 2) amply

illustrate this. point.

The effect of added coal on the rate of dinaphthylmethane centra;
bond scission in Qeveral adgitional solvent systems is shown in Table
3. 1In 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 tranmsfer rate (tﬁé"
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 shou;d have chosen
a coal with a very high maximum fluidity: it is only for high-fluidity
coals that previous workersl1 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).



Table 2

ESTIMATED THERMOCHEMISTRY OF HYDROGEN TRANSFER AND
RADICAL DISPROPORTIONATION FOR POLYCYCLIC AROMATIC SOLVENTS?

Reaction 2: ArR’ +

== | Ar + (:Hﬁg
@@@@ %% S .o S
R B B

8prom 8 and 9.

br¢ different than ArH.



Table 3

EFFECT OF SOLVENT SYSTEM ON ACCELERATION BY COAL
OF 1,2 -DINAPHTHYLMETHANE CLEAVAGE

@@ | solvent
H, ' — @@ +  CH,
‘o0 00 * »€0

Solventd Coal : Ky, (s'l) . tl/z (h)
Tetraiin PSOC 1116 4.6 x 1075 4
Tetralin/Pyrene . PSOC 1116 3.3 x 1075 ‘ 6
/1) '
Pyrene PSOC 1116 1.5 x 1073 4 13
Pyrene/4,5-Dihydropyrene PSOC 1116 1.4 x 1075 14
/1) . ;
Naphthalene " PSOC 1116 4.1 x 1075 5
Pyrene PSOC ;699 1.7 x 1075 n
Anthracene PSOC 1116 1.2 x 1075 16

8400°C, solvent:coal:dinaphtylmethane was 4:1:0:14.



However, repeating the PSOC 1116 1in 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 beunefits significantly from good shuttling capa-
bilities only wﬁen 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 cowmbined effect of the various hydrogen-transfer
processes now believed to operate in these systems. Results to date
from the numericai modeling of the important chemical reactions in these

solvent-substrate systems are discussed below.

Numerical Integration of the Solvent-Mediated-Hydrogenolysis
Coal-Liquefaction Model '

At present, the model for teésting the mechanism of coal
liquefaction by hydrogen transfer from ArHe 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 35 1s the list ot 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 fewer reactions because hydrogen-atom
transfer occurs almost exclusively to the 9-position for both solvents.
The ﬁumerical integration program is based upon the GEAR Algorithm. An
examble of the tabular output is shown in Table 6 where, for all 14
specles, concentrations and net rates are listed at a particular
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.

10



Tabie 4

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

Structurai

Symbol Identity Example
Co "Coal zero" (starting coal)

Cco2 Starting coal cleaved

COZ2H Cleaved, capped coal

Ccoz2= Cleaved coal

minus 1 hydrogen
BC "Coal zero'(starting coal not
subject to cleavage by homolysis)
BC2 Fragment of "coal zero "

Cieaved coal minus
2 hydrogens

11

coa




Table 4 (continued)

CO-H

PO

P1

P2H

PSH

P4

Cileaved coal minus
3 hydrogens

Unfragmented coal minus
1 hydrogen

Pyrene
1-Hydropyrenyl radical
1,2-Dihydropyrene

4,5-Dihydropyrené

4-Hydropyrenyl radical

12




Table 5

REACTIONS USED IN THE MODELING OF COAL LIQUEFACTION

BY RADICAL HYDROGEN TRANSFER USINC PYRENE AS THE SOLVENT

Ea O

Reactions - A-Fattor;,

1 co = €02 CO02 2.510E+16 2.997E+04
2 co2 €02 = Co 3.160E+08 0.000E-01
3 CO2H CO2w « €02 02 1.000E+08 2.024E+04
4 o2 Co2 « CO2H CO2= 1.000E+08 0.000E-01
5 coz PsH = CO2H P4 3.160E+08  6.366E+03
6 co2 P2H = CO02H P1 3.160E+08 - 1.007E+03
7?7 c02 P = CO2H PO  3.160E+08  0.000E-01
8 CO2H PO = €02 PI 3.160E+08 2.114E+04
$ CO02= CO2= = C02 COXN '3.160E+07  1.726E+04
10 CO2N CO2= = €025 C€O2 3.160E+07 ~  3.762E+03
11 C02 Co2= = CO2H CO2N 3.160E+07 - - -6.039E+03
12 P’ P =" PO P2H 3.160E+08 ~ ~1:510E+03
13 PO P2H = P1 P 3.160E408  ©.4840E+03
14 P4 P4 - PO PSH 3.160E+08 0.000E~01
15 PO PSH = P4 P4 3.140E+08 2.360E+04
16 P1 P4 =« PO PSH 3.160E+08 . 0.000E-01
17 PO PSH = P P4 3.160E+08 - 1.882E+404
18 P1 8C - PO BC2 Co02 3.140E+08 1.090E+04
19 Pa 8C = PO0O- BC2. CO02 3.160E+08  ©.50SE+03
20 coz2- PO = -CO2= P4 - 3.160E+08  1.039E+04
21 co2 PO ‘= CO02= Pi 3.160E+08° ° 8.002E+03R
22 co2 P4 = CO2H PO 3.160E+08 0.000E-01
23 Co24 PO = C02 P4 . 3.160E+08 2.892E+04
24 Co2H P4 = €02 PSH 3.160E+08  B8.731E+03
25 co PO = CO-H P} 3. 1606408 1.963E+04
26 co. PO = CO-H P4 3.160E+08 2.441E+04
27 CO-H P1 = €0 PO 3.140E+08 0.00DE-O
28 Co-H P4 = €O PO 3.140E+08 0.000E-01
29 co2 Cco2N = CO2= CO2= 3.140E+07 0.000E-01
30 coz= P} = €02 PO 3.160E+08 7.096E+03
31 Co2= P4 = C02 PO 3.160E+08 © 4.704E+03
32 P1 PO - Pp P4 3.140E+08 9.940E+03
33 P4 PO = PO P1 3.160E+08

13

2.391E+03 .



Table 6

EXAMPLE OF NUMERICAL INTEGRATION OUTPUT FOR LIQUEFACTION

IN PYRENE:

SPECIES CONCENTRATIONS, NET RATES,

AND SPECIFIC REACTION RATES AS A FUNCTION OF TIME

TIME = 0.000£-01

co 062 com
025 BC B2
CONCENTRATIONS

$.000E-02 0.000E-01
0.000E-01 9.500E-01

TIME = $.000€+02

o 02 co
£03s B B2
CONCENTRATIONS

2.936€-02 1.12%-07
4126803 9.3006-04

NET RATES
-2.994E-05 1. 41%-11
1.340E~05 -2.241E-05

THE REACTION RATES ARE
3.394E-05  4.000E-04
1.3226-05  2.23%-05
2.438E-04 4. 174E-10
9.994£-08  9.93%€-05

TN = 10008403
o0 t02
T

CoH
8C2

CONCENTRATIONS

1LISE-02 9.420E-08 4. T2 361%UZ LUIR-US §.53€=12

6.099E-09
2.235-05
1.454£-10
1.043E-04

INTERAL = 1.000E-14
Q2 PSH
Co-H L}

M

INTERWAL = 1.524£+01
> P
- M

P4

1.268E-06  4.338€-09
ASSE-14 290313
2.1ME-10  2.010E-06

- INTERWRL = 4.8208402
2= P
(» 2] ‘N

P4

1,126-02 9.27%-01 2.65%-02 &.573E-09 - 2.059E400

. NET RRTES

-1, 778605 -1.47-10 3 17%-05 5.888k-D4 -7.246t-10 0.UUUE-U3

1.394E-05 -1.594E-05 1.594E-05 -2.614E-12 3.37%-05

THE REACTION RATES ARE
2.09%2-03  2.809E-0¢
1.345€-05  1.158E-05

- 2,043E-00  2.3ME-10
8.960E-08 7. 15205

TINE = 2.000E+03

o oz o1y ]
> 73 Bl BC2
cmwzm'r 1088

1.385€:00
1.157E-05
2.567e-10
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Comparison aﬁd interpretation of the computed rates of solvent-
mediated hydrogenolysis engendered by the various radicals under
different conditions is, itself, a complex process, and outp&t for the
three different solvents and more than 12 different conditions thus far
explored is not reproduced in this report. Use of the model énd
computer programs to explore the effect of different solvents, starting
conditions, and mechanistic assumptions is still in progress.
Summarized below are several lmportant 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 Liq&efaction in Aromatic and Hydroaromhtic Solvents
Successfully Reproduced ‘

™ When starting dihydroaromatic (Aer) concentration 1is
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
ArH to the coal.

L] The advantage of byrehe over phenanthrene dectea;es
markedly when there is a substantial initial concen-
tration of ArH,. '

Quantitative Predictions_nofne Qut by the Model

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

L When initial PyH, is zero, the principal -generation of
carriers PyH*(Pl and P4) is from coal fragments, and the
carrier steady-state concentrations substantially exceed
those that would have been dictated-by equilibrium
considerations if ArHe had been generated by molecule—
induced homolysis (reactions 17 and 16 in Table 5).

¢
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3 . The extent to which ArH. steady?state concentrations ¢an
exceed those dictated by molecule-induced homolysis 1is
far less for the anthracene system, where termination by
disproportionation of A9 radicals is very efficlent.

Factors Not Snccessfully Reproduced

L The benefit of initial nonzero ArH, concentration is
actually predicted to be less for anthracene than for the
pyrene system. This is in-apparent. contrast with the

- 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 inrnmplete correspondenee of predicted with oBserved relative
liquefaction effectiveness notwithstanding, the preseut liypothecoie
concerning the solvent-mediated hydrogenolysis 1n 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 variations in the
model. The results of these variations will be presented and distussed

in the next quarterly report.
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SUBTASK B.l: DEVELOPMENT AND EVALUATION OF
co/ uzo/ CATALYST SYSTEMS

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

Introduction

This work is a study of the OH“—promoted.CO/ﬁzo 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 behavior of an Illinois
No. 6 coal at 400°C and 20 min to &ifferent reaction times, initial
pH's, and temperatures. ‘A;though 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
Il1linois No. 6 coal (PSOC-1098) to toluene-soluble (TS) material

(400°C/20 min) correlated with the degree of CO d:l.sappearance.l’2

€O + H)0 T=—= C0, + H, (1)

Aﬁ intermediate in the water-gas-shift reaction WGSR, not the H, derived
from it, is principally responsible for the conversion in this system.
The degree of WGSR, and ultimately the conversion of coal to soluble
product, 1s 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 conversion are

low.

This quartér, we report on the results of the conversion of the
Illinois No. 6 coal at various initial 'pH's and reaction times. The
results reveal that significant conversion of coal to soluhle products
can be achieved even under neutral conditions, providing that the
reaction timg 1s extended to allow significant CO conversion. Mote0vér5

" the amount of TS material produced in any given run follows the CO -
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disappearance, irrespective of the initial pﬁ or the reaction time
(0-180 2in). Thus the amount of CO that enters the reaction pathway,
not the rate at which it enters, controls the conversion of coal to

soluble material in,this system.

Experimental Details

The elemental analysis of the Illinois No. 6 coal (PSOC-1098) is
given in Table 7. -
Table 7

ELEMENTAL ANALYSIS OF DRY, MINERAL-MATTER-FREE
PSOC~1098 ILLINOIS NO. 6 COAL

Element (%) . Weight (%)
Carbon . ' 82.98
‘Hydrogen . , 45.69
Nitrogen 1.51
Organic gulfur 1.91
Oxygen (difference) 7.91

Mineral matter?d T 19.32

‘8Calculated according to MM = 1.13 Ash + U.47s,,

where sp is pyritic sulfur.

The coal was ground and sieved under dry Ny« The -60 to 200 mesh

fraction was then dried in a vacuum oven at 105°C overnight.

All reactions were performed in a 300 mL Magne-Drive-stirred
Hastelloy C autoclave. The autoclave was loaded with 5 g of dry coal
~ and 30‘g of H,0 that was previously adjusted to the desired pH wiﬁh
solid KOH. The system was sealed, purged with Ny, purged twice with CO,
and then charged with 500 psig CO.
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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 heag—up and cool-down
times for the syscém were generally 1 h, dependiné upon'the desired

reaction temperature.

Quantitative analyses of the product gases CO, COZ, and H, were
made by gas.chromatography. The percent CO convgrsioh was based on the

measured disappearance of CO at the end of the reaétion.

. 'The aqueous phase was pipetted from the autoclave, and suspended
material was filtered if necessary. The nonvolatile coal products were
quantitatively removed fromvtﬁe autoclave with tetrhhydrofuran (THF) and
transferred to a rdqnd—bottpm flask. The THF was removed by rotary
evaporation, 400 ml of toluene was added, and the‘mixturevwas :efluxed

for 2 h in a Dean-Stark trap.

Azeotropic distillation removed any water. After cooling, the
mixture was filtered to separate the TS material from the toluene-
insoluble (TI) material. The ﬁoluene waé removed from the filtrate by
'rotary evaporation. Both the TS and TI fractions were dried overnighﬁ

.at 80°C under vacuum and weighed.

Results and Discussion

The results of the conversion of the Illinois No. 6 coal at vafious
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 conéerned primarily with the interrelationship between
the rate of production of TS material, the rate of CO disappearance, and
the initial pH of the aqueous solutionm. Befdre proceeding, it is .
important to note that the reactiqn times refer to the times dufing

which the autoclave was maintained at 400°C. For example, a run at
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Table &
CONVERSION OF PSOC-1098 I111iNOLS NO. 6 COAL 1IN C)/HQO

Inftial Fressure

Reaction Time Tenp. R HMass Balance: of CO Filnal Pressuro Reaction Pressure

Run No. Initial pH (min)? (°C) 2 1s® Conversion® ) ("/o)d (psiz)® (psig)® L _ (psl,:)f o
 uc-s 13.3 20 400 53 €5 82 - 5CO 820 5000
HC-36 7.0 20 400 27 k! 82 G0 580 4300
HC-52 7.0 20 400 29 . . 2 83 o s¢o 560 4300
'gc-xbo 7.0 0 400 W Y 91 _ 5Ga 580 3650
HC-142 7.0 0 400 20 L4 92 490 520 3700
HC-146 9.5 20 400 34 0 88 510 580 3900
HC-148 9.5 20 400 29 22 87 490 530 3650
HC-150 9.5 0 400 20 - 16 9 5¢o 520 3750
HC-162 12.5 0 400 - 23 19 94 510 610 3750
HC-166 12.5 20 400 38 70 88 520 790 4190
HC-168 12.5 70 400 49 88 82 . 520 830 4250
HC-170 7.0 70 400° 43 54 86 500 640 4100
HC-172 7.0 180 400 40 . 67 : 80 480 630 3900
HC-174 13.3 180 400 29 2 83 500 560 4300
HC-178 13.3 0 400 27 23 82 500 580 4300
HC-152 13.0 105 330 33 a1 93 : ,’- 510 769 3250
HC-160  13.1 15 430 45 90 84 510 810 4500
HC-164 12.5 o 475 46 a 80 510 785 4500

8Ti{me that autoclave wes held at inclcated temperature.

bwelght % domf startin2 coal.

€As determined from CO disappearance.

Weight % of dry starting coal accountad for in nonvolatile products.
€Cold pressure (25°C).

Maximum pressure .attained during reac:fon.



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 O min.

CO and WGSR

Figure 1 is a plot of time versus fhe percent CO disappearance at
various initial pH's at 400°C in the pressure of Illinois 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 aﬁd 9.5 are virtually identical..

Becauéé the WGSR is base-catalyzed, the rapid conversion of CO to
CO, 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 co,
if the system 1s at equilibrium. At an initial pH of 13.3, equilibrium
is quickly approached and virtually achieved at 20 min reactioﬁ time.

Surprisingly, for the less basic and neutral systems, significant
levels of CO are converted at reaction times on the orderé of tens of
minute. However, even after 180 min, the system initially at pH 7 had
gone tb only about 60% CO coﬁvérsion; For the runs with i;itial 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

ofders of magnitude. Cle#rly, the system 1s not operating in a simple
| stoichiometric manner, and we conclude the following: . (1) added base
does promote CO conQersion, (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 irreversible scavenging of hydroxide by the coal 1is
consistent with the finding that the pH 7 and 9.5 results are virtually
identical. Only at high pH's does a significant quantity of OH™ survive

to catalyze the reaction. This result is consistent with the earlier
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results of Ross et al. on the beneficiated Illinois No. 6 coal.3 1In
addition, we have found that when the coal is heated in Ny/H,0 at 400°C
for 20 min at an initial pH of 13, the pH at the end of the reaction

drops to 8. Thus the coal scavenges hydroxide in some manner.

Finally, the role of base in‘this system 1s even more complicated.
Calculations show that for our system most of the hydroiide ion should
be scavenged by the first quantities of,COz that are produced. The
results of these calculations are presented and discussed in an appendix

to the report.

Coal.Converéion

Figure 2 is a plot of time versus the amount of TS material
produced from the qoal. The results suggesf, but do not confirm, that
thé ultimate cogvérsion of:ﬁhe coal 1s a function of the initial pﬁ.
Approximately 50 wtZ of TS material is produced within 20 min at an
initial pH of 13.3. The amount of TS material then gradually increases .
to 60 wt%Z at a reaction of 180 min. Note in Figure 1 that virtually all
the CO is depleted within 20 min. One might expect repolymerization
reactions to dominate after the CO is depleted because CO is the active
reducing species in this system. 1In ;h;s regard, the product H2 may
play a role in the prevention of such reactions. The solvolytic power

of the supercritical water may play an important role here as well.

Finally, Figute 3 18 a plot of the percent CO conversion (as
‘measured by its disappearance) agéinst the amount of TS material
produced for all runs at 400°C. There exists a good single general
correlation between the percent CO converted and the amount of TS
material produced from the coal, regardless of the initial pH or the
reaction time. Thds, the amount of CO that is allowed to enter the
reaction pathway, not the réte at which it enters, appears to control

the coanversion to TS material in this system.
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Interpretation

A scheme for this behavior in this system can be suggested. It

must take 1lnto consideration the following facts:

(1)

(2)

(3

The conversions of both CO and coal are promoted by the
addition of hydroxide to the system.

The conversions take place in parallel, with the observed
coal tracking the CO conversion over a wide range of
initial pH values and reaction times.

From earlier work on this task, the substitution of D,0
Lor 1,0 rcgulcs in a higher coal conversion for a given
CO converslou. Moot signiticantly, tlhe ultimace (L.~.,
exhaustive) conversluu of coal was increased Ly going to
the deuterio medium.

The fbllowingrscheme serves as a working model for the conversions

and is consistent with the observations. This scheme 1s somewhat

different from conventional explanations for conversion and 1s based on

the simple view that when coal 1s hect2d, 1t is converted to both

soluble and insoluble products. This elementary position becomes a bit

more complex with the added requirements that (1) the degree of soluble

product formation is a function of the effectiveness of the reduciug

system, and (2) the insoluble portion (char) is not convertible in

subsequent conversion attempts.

CO + O = HCO.

— H + co, (+OH)

2
2

W'(Z) Soluble Product

Coal

(3)

—_— Coal'

(Insoluble and unreactive
toward CO/HZO)
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Routes 2 and 3 represent the branching paths for coal liquids or
char and are competitive with one another. The rate of route 2 is a
function of the effectiveness of the conversion system, so that the

faster the conversion is, the more ultimate conversion takes place.

The similar branching in the reducing system itself, routes 2 and
1, is a necessary consequence of the parallel in CO and coal conversion
and further explains the inverse isotope effect. Route 1 experiences a
normal isotope effect, that is, a decline in rate in substitution of
deuterium for protium, and therefore the relative rate of 2 increases.
We note that the productlion of H, and CO, are "wasteful” in the sense
that the intermediate formate is the active reducing species* and is

withdrawn from the system in the production of the two gases.

As regards the specific effects of hydroxide concentrations in the
conversibns, we can suppose as a working hypothesis that the rate at
which coal goes to coal' 1is independent of the'initialhhydroxide
concentration. Then the relative rates through routes 2 and 3 would be
governed by the initial hydroxide concentration. As the basicity of the
initial solution decreases, the rate through route 2 decreases relative
to that through route 3. Under this ciréumstanée, one might expect more |
coal to follow route 3 than 2, thus resulting in lower conversion to '

soluble products.

However, the picture is not all that clear. Rerall that in Figurc
3 the amount of TS material produced from the coal always follows the CO
disappearance, regardless of the initial pH or the reaction time. For
example couslder that at an initial pH 7 and a reaction of 180 min,
about 70% of the CO is converted, which results in 40 wtZ TS product.
Now consider that at an initial pH of 12.5 and 20 min, about 70%Z of the
CO is converted, which also results in 40 wtX TS product. Thus, the

*We have no evidence that formate is the specific reducing species. It
has bzeg demonstrated, however, that aqueous sodium formate converts
coal.®” . : - « - . . _
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rate zt which CO enters the reaction pathway has no ultimate effect on
the amount of coal converted to soluble product; the amount of TS
product is only a function of the amount of CO that enters the reaction
pathway. This result therefore suggests that routes 2 and 3 are not
simply related as presented in the scheme, and the nature of their

competition must be questioned.

To establish the integrity of the scheme, it 1is necessary to test
the relationship between proposed routes 2 and 3. This work has begun,
‘and in the first run we treated the Illinois-No. 6 coal first in NZ/HZO
at pH 7 (400°C/20 min) and then in CO/H,0 at pH 13 (400°C/20 min). '
Rased on the amount of CO that was converted (83%), we predict the coal
to bc coanverted ro 30% TS product (from Figure 3), Illowever, the toluene
solubility of the product was 36%. Thus, the pretreatment in N,/H,0

lowered the conversion by about 307%.

Although it 1s clear that the convérsion was lowered by the
pretreatment in NZ/HZO’ the coal nevertheless remained substantially
reactive toward CO/HZO. This resuvlt may help to explain why a change in
the rate of CO conversion does not have a substantial effect on the
amount of TS material produced from the coal. More experiments of this
nature may provide a more complete picture, including rums in N,/H,0 at
_pH 13. '

This resilt also requires that'a gubstantial pumber of structural
groups that are reactive toward CO/H20 survive the thermal pretreat-
ment. The types uf structures in bituminous coal that are both reactive
toward CO/HZO and lead to soluble, lower molecular‘weight products are
not at present known. Our laboratory is searching for model otructures

that satisfy both requirements.

QOrk in Progress

We are at present conducting mass and atom balances oh the starting
coal and products of conversion. Of particuiar concern is the oxygen
loss we reported last quatter.6 Thus, we are examining the'oxygen _
functionalities that are lost or retained during the conversion process.
Sulfur forms are also being examined. Thié,work has not proceeded far

enough to metit discussion.
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Appendix

THE ROLE OF HYDROXIDE ION IN CO/H90
CONVERSION SYSTEMS

In our conversion, we used catalytic quantities of potassium
hydroxide (1-3 mmoles) to‘bring about the ultimate transfer of hydrogen
to the conal using initially 78 atm of CO (hot, 500 mmole). The reaction

gequence we have used fur somectime is

OH + (0 ~——= HCO, | (1
Hco; +H)0 —= OH + co, + H, (2)
HCOE + Coal ———= Reduced Coal + OH™ (3)

The reduction of cual thecrofore parallels the water-gas-shift reaction
~and a key part of the serles is the maintenance of a steady-state level

of hydroxide to in turn maintain the chain.

It is, of course, recogniZed that carbon din¥ide 1y peneratod .
Thus, before we can use this scheme as an explanation, we have to
appreciate that carbon dioxide could scavenge thé hydruxide via

OH + CO, /=/———= ch; (4)

2

and the reaction might be a self-limiting system. The calculated value
for K, aL 400°C is 6.33 atm-y, with the position of the equilibrium
being fully variable according to the partial pressure of carbon
dioxide. Some pressures and fractionsAof hydroxide conversions are
presented below for a solution initially 0.1 M in hydroxide and at
400°C. - |
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PCO, (atm) OH~ Converted (%)

0.02 10
0.16 50
1.4 . 90
3.0 95
16.0 99
158.0 99.9

Because in our conversions we accumulate CO, to yield pressures
near 80 atm, the hydroxide available quickly falls to very low levels.
And if we consider that the rate reaction 1s proportional to hydroxide,
then the rate falls similarly. For example, 16 atm of carbon Aioxide
represents about 20% conversion of the CO and therefore about 207%
reaction. At that pressure, the hydroxide concentration, and therefore
the reaction rate, is down to 1% of its original value. 1In other words,
after only one fifth of the reaction has taken place, its rate is
1/100th of its initial value. We must therefore ask how the reaction
proceeds. At presént‘we have no satisfying explanation, but these
results suggest that the reaction does not require hydroxide for the
reaction of CO. This suggests that other chemistry may be operating,

and we plan investigations along these lines.
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