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Insolubilization of Coal Soluble Constituents in Some 
Bituminous Coals by Refluxing with Pyridine
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The solvent-treated coals were extracted with CS2-/V-methyl-2-pyrrolidinone (NMP) mixed solvent 
at room temperature to investigate the effect of the treatment on extractability. The refluxing with 
pyridine greatly decreased the extraction yield compared to that of the untreated coal. The treatment 
with pyridine at room temperature needed a longer time, i.e., 1 week, to detect the decrease in the 
extraction yields of coals. A similar treatment with CS2-pyridine mixed solvent at room temperature, 
which is a better solvent than pyridine for coal molecules, for 1 day at room temperature, decreased 
the extraction yield to a great degree compared to that with pyridine. Fractionation of the soluble 
fractions by acetone and pyridine clarified that this decrease in the yields is due to the insolubilization 
of the heavy fraction, i.e., the pyridine-insoluble (E-PI) fraction in the extract. The swelling ratios 
of the E-PI fraction in benzene and methanol were decreased by this treatment, indicating the increase 
of cross-linking density. Spin concentrations of ESR spectra of the E-PI fractions were increased 
by refluxing with pyridine. Insolubilization mechanisms are discussed for the formation of covalent 
and/or noncovalent bonds between the heavy E-PI molecule and other heavy molecules (E-PI or 
residue) during the treatment.

Introduction
Coals have been considered to consist of covalently 

cross-linked network and relatively low molecular weight 
soluble constituents.1-3 The thermal cleavage of the co
valent bonds is a key step in the coal liquefaction process. 
Recently attention, however, has been directed to the 
significance and importance of noncovalent intra- and 
intermolecular interactions. The importance of hydrogen 
bonds in the coal structure has been established by many 
researchers.4-6 As for other interactions, Mallya and 
Stock,7 and Miyake and Stock8 indicated that the dimin
ution in stacking interactions between aromatic com
pounds for high-rank coals results in an increase in coal 
solubility. Quinga and Larsen9 and Nishioka and Larsen10 
suggested that the formation of adducts between maleic 
anhydride and coals increased the pyridine extractability, 
due to the blocking noncovalent interactions. We found11 
that 40-65% of the extraction yields were obtained for 
some bituminous coals from extraction at room tempera
ture with CS2-N-methyl-2-pyrrolidinone (NMP) mixed
solvent, which might cleave some noncovalent bonds be
tween coal molecules, like other good solvents.

Nishioka and Larsen10 reported a decrease in pyridine 
Soxhlet extraction yields after pretreatment in several

(1) Given, P. H.; Marzec, A.; Bartle, W. A.; Lynch, L. J.; Gerstein, B. 
C. Fuel 1986, 65, 166-163.

(2) Lucht, L. M.; Peppas, N. A. Fuel 1987, 66, 803-809.
(3) Green, T.; Kovac, J.; Brenner, D.; Larsen, J. W. In Coal Structure; 

Meyers, R. A., Ed.; Academic Press: New York, 1982; pp 199-282.
(4) Liotta, R.; Rose, K.; Hippo, E. J. Org. Chem. 1981, 46, 277-283.
(6) Patel, K. M.; Stenberg, V. I.; Baltieberger, R. J.; Woolsey, N. F.;

Klabunde, K. J. Fuel 1980, 59, 449-450.
(6) Larsen, J. W.; Baakar, A. J. Energy Fuels 1987, 1, 230-232.
(7) Mallya, N.; Stock, L. M. Fuel 1986, 65, 736-738.
(8) Miyake, M.; Stock, L. M. Energy Fuels 1988, 2, 815-818.
(9) Quinga, E. M. Y.; Larsen, J. W. Energy Fuels 1987, I, 300-304.
(10) Nishioka, M.; Larsen, J. W. Energy Fuels 1990, 4, 100-106.
(11) lino, M.; Takanohashi, T.; Ohsuga, H.; Toda, K. Fuel 1988, 67, 

1639-1647.

0887-0624/91 / 2505-0?08$02.50/0

solvents at 25-115 °C. They concluded that the decrease 
can be attributed to new noncovalent interactions between 
coal constituents formed when the treated coal became 
conformationally more stable than the raw coal, after the 
removal of treatment solvent. We preliminarily reported 
the similar decrease in the extraction yields with the 
CS2-NMP mixed solvent by mild acetylation, methylation, 
and treatment with pyridine for some bituminous coals.1 2 3 4 * 6 7 8 9 10 11 * 12 
Our result differs from the result of Nishioka et al. in the 
effect of the kind of solvent and the effect of solvent re
moval after treatment. In the present study, the behaviors 
of this insolubilization of coals by treatment with solvents 
are studied and the mechanisms are discussed.

Experimental Section
Materials. The ultimate and proximate analyses of coals used 

are shown in Table I. Zao Zhuang (China), Shin-Yubari (Japan), 
and Miike (Japan) coals were ground <250 jim, and Upper 
Freeport (USA) coal which is from Argonne Premium Coal Sample 
Program was already ground <150 #im. Coal samples were dried 
in vacuo at 107 °C to constant weight (2-3 h). Reagent grade 
solvents were used without further purification.

Solvent Treatments. Three different solvent treatments were 
carried out: 2-4 g of samples were refluxed with 200 mL of 
pyridine, THF, or chlorobenzene, under nitrogen for 1 day; 2-4 
g of samples were stirred in 200 mL of pyridine, THF, or CS2- 
pyridine mixed solvent (1:1, by volume), under nitrogen at room 
temperature, with or without ultrasonic irradiation (38 kHz); 2-4 
g of samples were kept for 1 week in pyridine vapor in a desiccator.

Extraction and Fractionation Procedures. Two to four 
grams of samples were extracted with 50-100 mL of CSg-NMP 
mixed solvent (1:1 by volume) under ultrasonic irradiation (38 
kHz) for 30 min at room temperature, and centrifuged at 14000 
rpm (25 400g), and then the supernatant was separated by de
cantation. This extraction procedure was repeated until the 
supernatant became almost colorless (usually 6-7 times). Fil
tration was carried out with a membrane paper of an average pore 
size of 0.8 jim. According to the procedure shown in Figure 1,

(12) Takanohashi, T.; lino, M. Energy Fuels 1990, 4, 333-335. 

© 1991 American Chemical Society
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Table I. Ultimate and Proximate Analyses of Coals

coal
ultimate analyses, wt %, daf proximate analyses, wt %, db

C H N S O6 VM ash FC
Zao Zhuang 86.9 5.1 1.5 1.6 4.9 28.6 7.4 64.0
Shin-Yubari 86.6 6.0 2.0 0.8 4.6 38.3 6.2 55.5
Upper Freeport" 86.2 5.1 1.9 2.2 4.6 28.2 13.1 58.7
Miike 83.4 6.0 1.2 2.7 6.7 36.6 22.5 40.9

“Argonne Premium Coal Sample Program. 6 By difference.

CS.-NMP
extraction

Extract Residue

Pyridine

Acetone
insoluble

Acetone
soluble
(E-AS)

Pyridine
soluble
(E-PS)

Pyridine
insoluble

Figure 1. Solvent fractionation procedure of extracts obtained 
from CS2-NMP mixed solvent extration.

the extract was fractionated with acetone and pyridine, respec
tively, under ultrasonic irradiation, into acetone-soluble (E-AS) 
fraction, and acetone-insoluble and pyridine-soluble (E-PS) 
fraction, and pyridine-insoluble (E-PI) fraction, which is the 
heaviest fraction of the extract obtained from the CS2-NMP 
mixed solvent extraction. The residue and E PS and E-PI 
fractions were washed with acetone, and the E-AS fraction was 
washed with acetone-water mixed solvent (2:8 by volume) which 
was found to be able to remove the retained solvent almost 
completely.11 The extract fractions and the residue were dried 
in vacuo at 80 °C for 12 h. The extraction yield was calculated 
on dry ash-free (daf) basis by using the following equation, where 
the db means a dry basis, 
extraction yield (wt %, daf) =

1 - (residue (g)/coal feed (g))
1 - (ash (wt %, db)/100) * ^

Swelling Measurement. The volumetric method by Hom- 
bach,13 Liotta et al.,14 15 and Green et al.16 was used to measure the 
swelling ratio, Q, of the sample. The sample of 0.1 g was placed 
in an 8 mm outer diameter of glass tube and centrifuged for 30 
min at 1500 rpm. The height of the sample layer was measured 
as hv About 1.0 mL of the solvent then was added and mixed 
with the sample using a spatula and ultrasonicated for 30 min. 
The content was again centrifuged and the height of the sample 
up taking the solvent was measured as h2. Q is defined as /i2//iv
The mixing and centrifugation procedures were repeated until
a constant height was attained (2-3 days).

ESR Measurement. About 20 mg of the sample (<250 nm) 
in a glass tube of 3 mm outer diameter was degassed for 2-3 h 
in vacuo, and then sealed. The ESR spectra were obtained on 
a Varian E-4 spectrometer system (100 kHz field modulation 
frequency, 9.52 GHz operating frequency) at room temperature. 
The resonant frequency of the sample cavity was set to yield a 
maximum detector current on microwave bridge controls in the 
spectrometer. The measuring condition was as follows: microwave 
power, 0.5 mW; centerfield value, 323 mT; scan range, 10 mT. 
Spin concentration was determined by using diphenylpicryl- 
hydrazyl (DPPH) as a standard sample.

FT IR Measurement. A 4-mg portion of the sample was 
ground <74 jam and diluted with 200 mg of KBr powder (<74 pm). 
The FT-IR spectra were measured by a diffuse reflectance method 
using a JEOL JIR-100 FT-IR spectrometer. The intensities of

Table II. Extraction Yields of Coals with CS2-NMP Mixed 
Solvent at Room Temperature after Solvent Treatments

coal
Zao Shin-Yu- Upper

solvent treatment Zhuang bari Freeport Miike
none 63.0 56.8 59.4 31.1
Py, 115 °C, 1 day 46.3 50.2 41.7 32.3
Py, 115 °C, 1 day" 43.5
Py, 115 °C, 1 day3 45.5
Py, room temp, 1 week 51.6 56.7
Py, room temp, 1 day 64.1 53.9
Py, room temp, 1 hc 62.9 51.4 62.5
THF, 66 °C, 1 day 64.6 56.5
THF, room temp, 1 63.4 57.0 33.5

day
THF, room temp, 1 hc 65.9 54.5
chlorobenzene, 132 °C, 63.1

1 day
CS2-Py, room temp, 1 44.7

day
Py vapor, 1 week 63.6

"The extraction was done without removing pyridine. 6 The
mixture of sample and solvent was thoroughly vacuumed before 
the treatment. c Sample was treated under ultrasonic irradiation.

the spectra were calculated by the Kubelka-Munk function after 
200 scan times.

Results and Discussion
Solubility. The effects of the treatments on the ex

traction yield with CS2~NMP mixed solvent are summa
rized in Table II. When Zao Zhuang, Shin-Yubari, and 
Upper Freeport coals were treated with pyridine in re
fluxing (the treatment temperature reached near its bp 
(115 °C)), the extraction yields greatly decreased, i.e., from 
63.0, 56.8, and 59.4% to 46.3%, 50.2, and 41.7%, respec
tively. The treatment with pyridine with stirring at room 
temperature for 1 day did not change the yields, but the 
treatment for longer time (1 week) decreased the extraction 
yields to a lesser degree than refluxing. Nishioka and 
Larsen10 reported a decrease in pyridine extractability after 
the pretreatment, i.e., with chlorobenzene at 113 °C for 
1 week, or with pyridine at 25 °C for 1 day, and also re
ported that the extraction yield did not decrease when the 
solvent was not removed after the treatment. They sug
gested that the solvent treatment swelled the coal mole
cules and enhanced their mobility, and after the solvent 
was removed, new noncovalent interactions were formed. 
However, in our case of CS2-NMP solvent extraction, the 
extraction yield decreased even without the removal of the 
solvent used, i.e., without the evaporation and drying of 
the treated coal (column 3, Table II). Table II also shows 
that the treatments with chlorobenzene or THF, which is 
a poorer solvent than pyridine, had no effect on the ex
traction yields with the mixed solvent. The treatment with 
CS2-pyridine mixed solvent, which is a better solvent than 
pyridine alone,16 for only 1 day at room temperature, de
creased the yield with CS2-NMP extraction to a similar

(13) Hombach, H. P. Fuel 1980, 59, 465-470. ____________________________________________________________
(14) Liotta, R.; Brown, G.; Isaacs, J. Fuel 1983, 62, 781-791. (16) lino, M.; Li, Q.-T.; Matsuda, M. Nenryou Kyoukai Shi 1985, 64,
(15) Green, T. K.; Larsen, J. W. Fuel 1984, 63, 1538-1543. 248-254.
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Table III. Fractionation of Raw Coals, and the Samples 
after Treatment0

. . , .. extrac-
extract fractions, total tion

wt %, db residue, yield, wt
sample E-AS EPS E-PI wt %, db %, daf

Zao Zhuang Coal
raw coal 6.7 24.3 26.0 41.7 63.0
treated coal 7.5 24.2 8.7 57.1 46.3
treated extract 0.3 0.9 5.0 62.8 40.2*
treated E-PI 0.0 4.0 2.4 60.7 42.46

Upper Freeport Coal
raw coal 6.1 18.3 24.9 48.4 59.4
treated coal 7.1 26.5 2.1 63.8 41.7
treated E-PI 0.0 3.8 6.9 62.5 43.2*

"Refluxing with pyridine, 1 day. 6The yields on a raw coal basis.

degree as that for the refluxing in pyridine.
These results indicate that the treatment temperature 

and time, and the kind of solvents, are the important 
factors for the insolubilization behaviors. Pyridine at a 
high temperature or CS2-pyridine mixed solvent even at 
room temperature increase the mobility of the coal mol
ecules17 and, moreover, remove a great amount of the ex
tracted component from the coal to the solvent phase. 
Pyridine at room temperature could change the coal 
structure more slowly than that at high temperature. 
These results may be responsible for the insolubilization 
behavior observed here. When Zao Zhuang coal was 
treated with pyridine vapor for 1 week (Table II), the 
extraction yield did not decrease at all, although the 
treated coal increased 11.9 wt % by the absorption of 
pyridine. In this case, the increased mobility by this 
pyridine-vapor treatment is lower, and pyridine-soluble 
components are not removed from the coal, as compared 
with the case of the liquid-state pyridine (column 5, Table 
II).

The extract from the treated coals was fractionated with 
acetone and pyridine (Figure 1), and its fractionation 
distribution was compared with that for the extract from 
raw coals, and the result is shown in Table III. When the 
raw coal was refluxed with pyridine, the quantity of E-PI 
fraction, i.e., pyridine-insoluble fraction in the extract, 
exclusively decreased from 26.0% and 24.9% to 8.7% and 
2.1%, for Zao Zhuang and Upper Freeport coals, respec
tively, and no decrease in E-AS and E-PS contents for both 
coals was observed, though a small increase in the E-PS 
content for the treated Upper Freeport coal can be also 
seen. Thus, the decrease in the extraction yield observed 
by the refluxing with pyridine is due to the decrease in the 
E-PI fraction. It is reasonable that Miike coal,18 which has 
little E-PI fraction (0.1 wt %, dry raw coal basis), shows 
no decrease in extraction yield by the refluxing with 
pyridine, as shown in Table II. This suggests that this 
insolubilization is not observed for lower rank bituminous 
coals and subbituminous coals.

When the extract obtained from the CS2-NMP mixed 
solvent extraction for Zao Zhuang coal was treated simi
larly, the E-PI content was found to decrease to the similar 
degree to that for the treated raw coal, as shown in Table 
III. Table III also shows a similar result was obtained 
when only the E-PI fraction was treated with pyridine.

During pyridine treatment, pyridine-soluble components 
are removed and pyridine-insoluble E-PI fraction is re
tained in the coal network. It seems likely that the non- 
covalent interactions such as hydrogen bondings, aro-

(17) Larsen, J. W.; Mohammadi, M. Energy Fuels 1990, 4, 107-110.
(18) lino, M.; Takanohashi, T.; Ohara, S.; Tsueta, H ; Sanokawa, Y. 

Fuel 1989, 68, 1588-1593.

Table IV. Swelling Ratios of E-PI Fractions and Residues 
and Their Treated Samples"

Zao Zhuang coal Upper Freeport coal 
solvent E-PI treated E-PI E-PI treated E-PI

benzene 1.78 1.31 1.84 1.51
methanol 1.40 1.27 1.54 1.33

"Refluxing with pyridine, 1 day.

treated E-PI

4000 3000

Wavenumber (cm”)

Figure 2. FT-IR spectra of the E-PI fraction from Upper 
Freeport coal, before and after refluxing with pyridine for 1 day.

matic-aromatic interactions, and charge-transfer com
plexes, and/or physical entanglement may be formed be
tween two E-PI molecules or the E-PI fraction with the 
coal network. Yokokawa19 and Duber20 suggested the 
occurrence of recombination of coal radicals during solvent 
treatment or extraction. So, the formation of covalent 
bonds by the recombination between coal radicals or the 
addition of the radicals to the aromatic rings may also be 
possible. The formation of the interactions and/or the 
bonds can lead to the decrease in the extraction yields as 
described above.

Swelling Ratio. The formation of new noncovalent 
interactions and/or covalent bonds by the treatment with 
pyridine is expected to increase cross-linking density, re
sulting in a decrease in swelling ratio. Larsen and Mo
hammadi17 found a decrease in swelling ratio after the 
solvent treatment, due to the formation of noncovalent 
interactions. The swelling ratios of E-PI fraction before 
and after the pyridine-refluxing were measured in benzene 
or methanol, as shown in Table IV. The treatment de
creased the swelling ratios of E-PI fractions for both Zao 
Zhuang and Upper Freeport coals, indicating the formation 
of the new cross-linkages. Table IV also shows that the 
degree of the decrease in the swelling ratio of E-PI frac
tions in benzene is larger than that in methanol, suggesting 
that some noncovalently cross-linking sites, which could 
be released with benzene before treatment, were released 
by pyridine-refluxing, and then formed new strong non
covalent cross-linkages during the treatment. The swelling 
ratios before and after refluxing with pyridine for the 
residues obtained from CS2-NMP extraction of Zao 
Zhuang and Upper Freeport coals were measured, and they 
did not change by the treatment.

FT-IR Measurement. FT-IR spectra for the E-PI 
fraction from Upper freeport coal, before and after the 
pyridine treatment, were measured to investigate structural 
changes and are shown in Figure 2. No detectable change 
by the treatment can be seen, except that the treated E-PI

(19) Yokokawa, C. Fuel 1969, 48, 29-40.
(20) Duber, S.; Wieckowaki, A. B. Fuel 1984, 64, 1641-1644.
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Table V. Spin Concentrations0 of E-PI Fractions and 
Residues and Their Treated Samples6

treated treated
E-PI E-PI residue residue

Zao Zhuang coal 6.9 14.9 8.7 16.7
Upper Freeport coal 9.7 11.4 16.1 21.9

01018 spin/g daf basis. 6 Refluxing with pyridine, 1 day.

shows a very small shoulder at 1600-1750 cm'1, which we 
could not assign.

ESR Measurement. Table V shows spin concentra
tions of the E-PI fractions and residues, before and after 
the treatment of each fraction. For all fractions, treatment 
with pyridine increased spin concentrations. At present 
the reason is not clear, but Fowler, Bartle, and Kandiyo
ti21,22 found a similar increase in the spin concentration by 
heat treatment and attributed this to the desorption of 
absorbed oxygen and water.

Figure 3 shows the ESR spectra of the E-PI fractions 
and residues before and after treatment, for Zao Zhuang 
and Upper Freeport coals. For the E-PI fractions, there 
is no change in the shape of ESR spectra before and after 
the treatment. The spectra of the residue from Zao 
Zhuang coal is composed of two components, i.e., a broad 
and a narrow line. The treatment with pyridine showed 
no detectable narrow line. The origin of the narrow line 
is not clear at present. The disappearance of the narrow 
line may be related to the change of the mobility of coal 
segments by the pyridine treatment, although other ex
planations such as the change in chemical structure of the 
radicals have been suggested.23,24

Mechanisms for the Insolubilization of Coals. We 
reported21 22 23 24 25 26 that addition of various compounds such as 
7,7,8,8-tetracyanoquinodimethane (TCNQ), p-phenylene- 
diamine, and anthracene increased the solubility of the 
E-PI fraction. We suggested that additives broke non co
valent interactions between coal molecules and made them 
extractable. However, in this case, the addition of TCNQ 
to the pyridine-treated Zao Zhuang coal did not increase 
the extraction yield at all.

Nishioka, Gebhard, and Silbernagel26 suggested that a 
decrease in pyridine extractability for high-volatile bitu
minous coal by soaking in solvents is due to solvent-in
duced association by a charge-transfer interaction. In our 
case, however, no decrease was seen in the amount of

(21) Fowler, T. G.; Bartle, K. D.; Kandiyoti, R. Fuel 1987, 66, 
1407-1412.

(22) Fowler, T. G.; Bartle, K. D.; Kandiyoti, R. Fuel 1988, 67, 
1249-1254.

(23) Retcofaky, H. L.; Stark, J. M.; Friedel, R. A. Anal. Chem. 1968, 
40, 1699-1704.

(24) Flowera II, R. A.; Gebhard L. A.; Larsen, J. W.; Silbernagel, B. 
G. Energy Fuels 1989, 3, 762-764.

(25) Sanokawa, Y.; Takanohashi, T.; lino, M. Fuel 1990,69,1577-1578.
(26) Nishioka, M.; Gebhard, L. A.; Silbernagel, B. G. Fuel 1991, 70,

341-348.

Zao Zhuang 
E-PI before treatment

0 5mT
Zao Zhuang 

residue

Upper Freeport 
E-PI /

Upper Freeport 
residue

Figure 3. ESR spectra of the E-PI fractions and residues, before 
and after refluxing with pyridine for 1 day, for Zao Zhuang and 
Upper Freeport coals.

pyridine-soluble fraction (E-PS). As a result, the following 
reasons may be considered for the insolubilization after 
the pyridine treatment. Some of coal soluble components 
were released and moved to the solvent phase from the 
coal, while the components retained inside the coal, i.e., 
mainly the E-PI fraction and residue, have many active 
(polar) sites, which before the treatment, might have in
teracted with the soluble components. So, the E-PI com
ponents retained in the coal could undergo any polymer
ization reaction (including the formation of noncovalent 
bonds) with other heavy molecules (E-PI or residue). We 
have also studied27 the insolubilization behavior of extract 
fractions at 100-350 °C, in relation to a retrogressive re
action in coal liquefaction, and it will be reported else
where.

Registry No. E-PI, 110-86-1.

(27) Shen, J. L.; Takanohashi, T.; lino, M., unpublished data.
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On the solvent soluble constituents originally existing in 
Zao Zhuang coal

{Received 22 April 1991)

Dear Sir
Zao Zhuang coal (ZZ-1, Shan Tong 

province in China) was found to give a 
high extraction yield (63.0wt%, daf) 
when it was exhaustively extracted with 
CS2-/V-methyl-2-pyrrolidinone (NMP) 
mixed solvent (1:1 v/v) at room tempera
ture1. Table 1 shows that another Zao 
Zhuang coal (ZZ-2), which was recently 
obtained, gave a much higher extraction 
yield (77.9 wt%, daf) with the mixed 
solvent under similar experimental condi
tions. The usual Soxhlet extraction of 
ZZ-2 coal with pyridine for 48 h gave 
an extraction yield of 36.3 wt%. Table 1 
also shows the ultimate, proximate and 
maceral analyses for the ZZ-1 and ZZ-2 
coals. The maceral compositions were 
determined by microscopic analysis in an 
oil immersion using a reflected light 
according to Japanese Industrial Stan
dard (JIS) 8816. Both coals are similar 
in elementary composition, volatile mat
ter and fixed carbon content but differ in 
ash content and maceral composition. 
The higher extraction yield obtained for 
ZZ-2 coal may be attributed to the lower 
inertinite content, which is more difficult 
to extract than the other two macerals. 
Table 2 shows the ultimate and proximate 
analyses of the CS2-NMP mixed solvent 
extract [acetone insoluble (AI) fraction 
of the extract] and residue for ZZ-2 coal. 
The ash content was negligible for the 
extract. Figure I shows the i.r. spectra of 
ZZ-2 coal, the AI fraction and the residue. 
The spectra are similar except there are 
no peaks due to mineral matter in the AI 
fraction.

Table 3 shows the results for solvent 
fractionation1 of the extracts from the 
ZZ-1 and ZZ-2 coals. The pyridine 
insoluble (PI) fraction is a heavier frac
tion of the extract than a preasphaltene 
and can be obtained only by the use of 
the mixed solvent. The interesting solu
bilization behaviour of the PI fraction
has been reported elsewhere2. Table 3

shows that ZZ-2 coal has a similar 
acetone soluble content to ZZ-1 but a 
lower acetone insoluble and pyridine 
soluble (PS) content and higher PI 
content.

Coals are often considered to consist 
of solvent insoluble, covalently cross- 
linked networks and solvent soluble, low 
molecular weight substances trapped in 
the networks. Generally the quantity of 
the latter, i.e. the solvent soluble sub
stances, is considered to be small, since 
even exhaustive Soxhlet extractions using 
pyridine, a good solvent for coal mole
cules, gave extraction yields of <40% 
(usually <30%) for bituminous coals3. 
There are several experimental results 
which suggest that for this mixed solvent 
extraction no solubilizing reactions such 
as covalent bond scissions in the coals 
between the solvents (CS2 and NMP) and 
the coals occur1. So, the 79% extraction 
yield indicates that 79% of the extra
ctable, solvent soluble substances exist 
originally in the coal. It is impossible to 
imagine that 80% of the solvent soluble 
substances are ‘trapped’ in the 20% of 
crosslinked networks.

Coals and their extraction residues are 
well known to swell upon exposure to a 
solvent due to their crosslinking struc
tures. Recently extracts have also been

reported4,5 to swell with a solvent which 
does not dissolve the extract, suggesting 
that extracts also have a crosslinking 
network. This network may, however, 
consist of non-covalent crosslinks such as

4000 3000 2000

Wavenumber (cm ')

Figure 1 FT-i.r. spectra of: a, Zao Zhuang 
coal (ZZ-2 coal); b, its extract (AI fraction); 
c, the residue. f(Rx) is the Kubelka - 
Munk function for the diffuse reflectance 
measurement

Table 2 Ultimate and proximate analyses of ZZ-2 coal, its extract and residue

Proximate analyses
Ultimate analyses (wt%, dry basis)

C H N S-t-O"
Volatile
matter Ash

Fixed
carbon

ZZ-2 coal 87.8 5.2 1.4 5.6 26.4 13.1 60.5
Extract" 86.7 5.4 2.4 5.5 28.6 0.0 71.4
Residue 84.2 4.3 1.3 10.2 14.3 41.2 44.5

" Acetone insoluble fraction (acetone insoluble and pyridine soluble + pyridine insoluble fraction) 
of the extract 
" By difference

Table 1 Properties and extraction yields of the two Zao Zhuang coals

Ultimate analyses 
(wt%, daf)

Coal Extraction yield-----------------------------------------------------------
(wt%, daf)1 C H N S + Ob

ZZ-1 63.0 86.9 5.5 1.5 6.1
ZZ-2 77.9 87.8 5.2 1.4 5.6

Proximate analyses
(wt%, dry basis) Maceral composition-------------------- (vol %)

Volatile Fixed-------------------------------------
matter Ash carbon Vf P L'

28.6 7.4 64.0 68.5 29.7 1.8
26.4 13.1 60.5 78.3 19.3 2.4

“ The coals were extracted with CS,-NM P mixed solvent (1:1 v/v) exhaustively (five to six times under ultrasonic irradiation) at room temperature 
h By difference 
r Vitrinitcs 
d Inertinites 
*' Liptinites

0016-2361/91/101236-02 
© 1991 Butterworth-Heinemann Ltd.
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Table 3 Fractionation of the extracts Masashi lino,

Extraction
yield

Coals (wt%. daf)

Residue 
(wt%. 
dry basis)

Extract 
(wt%, 
dry basis)

Extract (

AS"

wt%.

PS*

dry basis)

IT

Toshimasa Takanohashi, 
Tadashi Ohkawa 

and Takayuki Yanagida

ZZ-I 63.0
ZZ-2 77.9

4I.7
32.3

57.6
67.5

6.7
6.6

24.3
17.7

26.0
43.2

Institute for 
Chemical Reaction Science, 

Tohoku University,
"Acetone soluble fraction
* Acetone insoluble and pyridine soluble fraction

Katahira 2-1-1, 
Aoba-ku, Sendai 980, Japan

‘ Pyridine insoluble fraction

REFERENCES

hydrogen bonds and n-n interactions, 
and the contribution of covalent bonds 
is probably small, since extracts are 
soluble in the solvent which extracted 
them and the network consisting of 
mainly covalent bonds should be in
soluble in any solvent. It is not unlikely 
that extraction residues also have mainly

non-covalent bonded crosslinks and few 
covalent ones, at least, for some bitu
minous coals. The nature of the crosslinks 
in coals is a key factor not only for the 
elucidation of coal structure, but also for 
the development of a new, effective coal 
conversion process. Further studies are 
needed in this area.

1 lino, M., Takanohashi, T., Obara, S. et 
al. Fuel 1988, 67, 1639

2 Sanokawa, Y., Takanohashi, T. and 
lino, M. Fuel 1990, 69, 1577

3 Green, T., Kovac, J., Brenner, D. et al. 
in /Coal Structure’ (Ed. R. A. Meyer), 
Academic Press, New York, 1982, Ch. 
6, p. 272

4 Aida, T. Report for the 17th meeting of 
the committee on Coal Utilization Tech
nology of Japan Society for the Promo
tion of Science, 1987, p. 18

5 Green, T. K., Chamberlin, J. M. and 
Lopez-Froedge, L. Am. Chem. Soc. Div. 
Fuel Chem. Prepr. 1989, 34(3), 759

FUEL, 1991, Vol 70, October 1237



Carbon Vol. 29. Nos. 4/5, pp. 541-546. 1991 
Printed in Great Britain

OOOK-6223/91 S3.0(1 + .00
Copyright 41 1991 Pergamon Press pic

MODIFICATION OF MESOPHASE FORMATION 
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Abstract—The carbonization of acenaphthylene was affected by the addition of accnaphthcnc, which 
is the dihydride derivative of acenaphthylene. The addition of 10 to 20 wt% accnaphthcnc promoted 
the formation of the spherical mesophasc compared with acenaphthylene alone in the heat-treatment 
temperature region of 500 to 540°C. Further addition of accnaphthcnc (30-40 wt%) reduced the 
mesophase formation and resulted in isotropic materials. The role of added aceaphthene in the car
bonization of acenaphthylene was assessed employing spectroscopic measurements such as FT-1R, 
X-ray diffraction, FD mass spectrometer, and ESR, in addition to solvent separation and elemental 
analysis.

Key Words—Acenaphthylene, cocarbonization, mesophase.

1. INTRODUCTION

It is well known that mesophase pitch is an important 
precursor for further carbonaceous materials such as 
carbon fiberf 1—3]. In the carbonization of aromatic 
hydrocarbons and pitches, hydrogenation treatment 
enhances the formation of the optical anisotropic 
textures including spherical mesophase. It was be
lieved that the hydrogenation decreases the viscosity 
of the reaction system by the formation of the flex
ible naphthenic moiety[4-6]. For the aromatic hy
drocarbons, the partially hydrogenated pyrene can 
be converted into the optical anisotropic textures, 
especially into spherical mesophase in high yield[7]. 
In the case of acenaphthylene, although acenaph
thylene alone yields the mesophase spheres[8], hy
drogenation of acenaphthylene pitches promotes the 
formation of the spherical mesophase[9]. Thus, it is 
important to clarify the relation between the degree
of the hydrogenation and the property of the re
sultant carbonaceous materials. It is, however, dif
ficult to determine quantitatively the degree of 
hydrogenation of intermediate pitches. In this study, 
we examined the carbonization of acenaphthylene 
(AN) by adding known amounts of acenaphthene 
(ANH) under various heat-treatment conditions 
(Fig. 1). ANH is also considered as one of the in
termediates of carbonization of AN and plays an 
important role in mesophase formation! 10].

In such reaction systems, we can control the 
amount of ANH and find out its role explicitly. We 
report that the addition of a small amount of ANH 
exhibits an excellent promotion effect on the for
mation of the mesophase of AN. The chemical struc
tures of the carbonaceous materials and the reaction 
mechanism were examined by applying various spec
troscopic methods.

2. EXPERIMENTAL

2.1 Materials, heat treatments, and 
solvent extraction

AN and ANH (reagent grade; Wako Chemical 
Co., Ltd.) were used without further purification. 
Benzene and pyridine used for the solvent separation 
of carbonaceous components were also reagent 
grade.

In a Pyrex tube (14 mm diameter and 50 cm long) 
a mixture of acenaphthylene and acenaphthene 
in various ratios (5 g) was heated under a flow 
of N2 at atmospheric pressure with the heating 
rate of 10°C/min. During the heat treatment of the 
lower part (25 cm) of the reaction tube in a vertical 
furnace, reddish material began to reflux at the 
upper part. After maintaining the sample at the heat- 
treatment temperature (HTT) for a time, the reac
tion tube was gradually cooled down to room tem
perature.

The carbonaceous materials obtained were pul
verized and separated with hot benzene into the sol
uble fraction (BS) and insoluble one (BI). After 
weighting both fractions, the BI fraction was sepa
rated with hot pyridine into pyridine soluble (BI-PS) 
and insoluble (PI) fractions.

2.2 Microscopic observation and 
spectroscopic measurements

The carbonaceous materials were potted in epoxy 
resin, polished, and observed with an Olympas BH- 
2 microscope with crossed Nicol polarizers. FT-IR 
spectra were measured with a JEOL J-100 FT-IR 
spectrometer equipped with a diffuse reflectance ap
paratus^ 1],

X-ray diffractions of the PI fractions (<60 mesh) 
were measured with a JEOL DX-GO-SR x-ray dif-
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a

acenaphthylene(AN) acenaphthene(ANH)

Fig. 1. Structure of starting compounds.

fractometer equipped with a JRX-12-VB rotating 
x-ray generator. Analyses of (002) and (11) bands 
yielded the average structural parameters such as 
interlayer distance, stacking number, and size of the 
layer[12].

Field desorption (FD) mass spectra were mea
sured with a JEOL D-300. The PI fraction was at
tached to the carbon emitter after dissolving it in a 
mixed-solvent (N-methyl-2-pyrrolidinone-CS2), 
which could dissolve the PI fraction and be evapo
rated more easily than quinoline.

ESR spectra were measured with a JEOL FE3X 
spectrometer at room temperature. The sample (20 
mg) in a quartz sample tube connected with Pyrex 
tube was degassed and sealed off under vacuum. The 
spin concentration was obtained by comparing the 
double integration with that of a standard sample. 
Since the ESR intensity of the carbonaceous mate
rials showed saturation phenomenon with micro- 
wave power, the spin concentrations were evaluated 
at powers before the onset of saturation. From the 
saturation phenomenon, we can evaluate the micro- 
wave power which results in maximum intensity 
(Pmax), which is related to the spin-lattice relaxation 
time[13,14].

3. RESULTS AND DISCUSSION

3.1 Microscopic observation
In Table 1, microscopic observations are sum

marized; in Fig. 2, some photographs are shown. As 
shown in Fig. 2a, carbonization of AN alone at 500°C 
tends to yield fine anisotropic optical texture with 
many pores; we referred to this texture as fine flow. 
On addition of 10 wt% ANH to AN at 500°C (Fig. 
2b), stick-like mesophase was formed. On addition 
of 20 wt% ANH, corolla-like mesophase begins to 
form (Fig. 2c). These shapes suggest that both the 
carbonization reaction and the orientation of the car
bonaceous materials seem to be incomplete because 
of high viscosity of the reaction system at such a low 
temperature. With an increase in HTT up to 540°C, 
the AN pitch produced by adding 20 wt% ANH 
exhibits spherical mesophase (Fig. 2d). This indi
cates that the viscosity of the carbonaceous material 
becomes sufficiently low for the formation of meso
phase spheres. By the heat treatment of the spheri
cal mesophase at a higher temperature (580°C), 
it changed into bulk flow optical texture (Fig. 
2e). On prolonged heat treatment of the spheri
cal mesophase at 540°C, the spherical mesophase 
also changed into the bulk flow texture. Further ad
dition of 30 wt% ANH gives rise to a needle-like 
texture (Fig. 2f), suggesting that the carbonization 
of AN was retarded by excess ANH. On addition 
of more than 40% ANH, the most part was iso
tropic.

In the case of carbonization of AN containing 20 
wt% ANH, it can be clearly shown that the carbon
ization steps proceed from the spherical mesophase 
to the bulk flow texture when HTT and HT-time

Table 1. Optical texture

ANH(%) HTT(°C) HT-time(h) Optical texture Fig. 1

0 500 2 Fine flow (ffl)f a
10 500 2 Stick-like (st) b
20 500 2 Spherical mesophase (sm(co))f c
30 500 2 Isotropic (iso)
40 500 2 iso

0 500 4 ffl
20 500 4 sm(co)
40 500 4 iso

0 540 1 ffi
10 540 1 ffl
20 540 1 sm d
30 540 1 Needle-like (nd)
40 540 1 iso

0 540 2 ffl
10 540 2 Bulk flow (bfl) e
20 540 2 bfl
30 540 2 nd f
40 540 2 iso

0 580 1 ffl
10 580 1 ffl
20 580 1 bfl
30 580 1 iso
40 580 1 iso

t Abbreviations given in parentheses, 
tCorolla-like shape is abbreviated as sm(co).
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Table 2. Elemental analysis for some PI 
fractions

Carbonaceous material! C(%) H/C

ANH00-500-4-ffl 94.6 0.41
ANH20-500-4-sm 93.6 0.55
ANH40-500-4-iso 95.3 0.54
ANHOO-540-l-m 95.2 0.36
ANH20-540-l-sm 94.1 0.48
ANH40-540-l-iso 93.1 0.49
ANH00-540-2-ffl 94.7 0.42
ANH20-540-2-bfl 94.7 0.46
ANH40-540-2-iso 94.3 0.53
ANH00-580-l-ffl 94.9 0.35
ANH2U-580-l-bfl 94.0 0.43
ANH40-580-l-iso 93.8 0.53

tDesignated as follows: (ANH; wt%)-(HTT; 
°C)-(HT-time; h)-(optical texture).

when ANH is not added. The high H/C value of 
isotropic material suggests that the aromatization re
action of AN is retarded by excess ANH. The mod
erate H/C value indicates that the carbonization of 
spherical mesophase is a stage intermediate between 
the isotropic material and flow texture. A change 
from the spherical mesophase to flow texture by pro
longed heat treatment (ANH 20 wt% at 540°C) oc
curs without appreciable change in the H/C value, 
suggesting that this change is caused by the phase 
change with only small chemical changes.

The H/C values of decacyclene and zethrene, 
which are well-known intermediates of the carbon
ization of AN, are 0.50 and 0.58, respectively[15,16]; 
the H/C values of zethrene dimer and trimer are 
0.42 and 0.36, respectively. Thus, it is presumed that 
the former compounds are contained in carbona
ceous materials produced at low 1 ITT with high 
ANH content. The latter compounds are included 
in the products obtained at high HTT with less ANH.

3.4 FD-mass spectral data
The FD mass spectra are shown in Fig. 4. Figure 

4a is the spectrum for the PI fraction of the isotropic 
material with excess ANH. A main peak at m/e =

450 is due to decacyclene. At higher molecular 
weight region than m/e = 450, weak peaks appear. 
In the FD mass spectrum for the spherical meso
phase (Fig. 4b), the peaks at higher molecular 
weights than the decacyclene peak increase. Some 
of the strong peaks are attributed as follows: 
m/e = 600 and 900 are zethrene dimer and trimer, 
respectively. The peak at m/e = 750 is due to adducts 
such as decacyclene-zethrene or 5 pentamer of AN. 
Since the PI fractions showing flow textures are in
soluble in any solvent, the FD mass spectrum was 
not measured.

3.5 FT-IR measurements 
The diffuse reflectance spectra of the carbona

ceous materials are shown in Fig. 5. Before the 
solvent separation of the carbonaceous material 
exhibiting spherical mesophase, the sharp IR bands 
characteristic of low molecular weight compounds 
appeared as shown in Fig. 5a, which seems to be a 
mixture of starting compounds, polymer, decacy
clene, and highly condensed aromatic hydrocar
bons} 17|. The PI fraction of the isotropic material 
with excess ANH (Fig. 5b) may also show the sharp 
IR bands; the polymers connecting the low molec
ular weight compounds with C—C single bonds may 
be included. The bands at 3030 and 900 to 600 cm 1 
which are attributed to the aromatic C—H[ 18] de
crease in the order of isotropic < spherical meso
phase < flow texture. The broad absorption band 
in the near-lR region is attributed to the aromatic 
hydrocarbons with large size} 11]. With the decrease 
in the aromatic C—H bands, the broad near-IR band 
increases on going from isotropic material to spher
ical mesophase (Fig. 5c). In the PI fraction showing 
the flow texture (Fig. 5d), the aromatic C—H bands 
decrease with the further broadening of the near-IR 
band, suggesting that the further carbonization to 
coke occurs. The IR band of the aliphatic C—H 
groups would be expected in 2950 to 2850 cm 1 and 
1500 to 1400 cm ', in which the latter is superim
posed with other bands. The weak band at 2900 cm ~1 
implies that a very small amount of aliphatic C—H

a) ANH40-540-1- i s o

, i i i " ■ | 'i| I I Mil) i * ^

Fig. 4. FD mass spectra of PI fractions.
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a) ANH20-540-1-mixture

b) ANH40-540-1-PI(iso)

c) ANH20-540-1-PI(sm)

d)ANH00-540-1-PI(ffl)

O.Ol______ ,______ ,__
6000 5000 4000 100020003000

Wavenumber cm"

Fig. 5. FT-IR spectra measured with diffuse reflectance 
method in the region of near-IR and IR (1 mg sample/ 

150 mg KBr).

is involved in the spherical mesophase even though 
ANH is added.

In Fig. 5a, the peaks at 2919 and 2837 cm ' are 
characteristic of ANH; considerable amounts of 
added ANH remain in the reaction system after heat 
treatment at 540°C. The ANH peaks were observed 
by the heat treatment of AN alone at 540°C, when 
HT-time was shorter than 1 hour. This suggests that 
ANH is produced from AN as indicated by Lewis 
and Edstron [10]. It is presumed that the presence 
of appropriate amount of ANH in the reaction sys
tem may play an important role in the mesophase 
formation of the carbonaceous materials from AN 
(i.e., at moderate HTT, ANH affords an appropri
ately viscous reaction system in addition to the role 
of the hydrogen donor).

3.6 X-ray diffraction
From x-ray diffraction of the PI fractions, the av

erage distance between the stacked layers (d), thick
ness of each stack (Lc), number of layers per stack 
(n), the size of the layer (Lti), and the ring number 
of the layer (m) were evaluated[12]; they are sum
marized in Table 3. Although there may be a large 
estimated error in the analysis of the (ll)-band, the 
La and m values seem to be invariant for the car
bonaceous materials exhibiting different optical tex
tures. On the other hand, the L, and n values differ 
among the kinds of the carbonaceous materials; the 
spherical mesophases have smaller Lc and n values 
than those of flow optical textures.

3.7 ESR parameters
The carbonaceous material produced from AN 

with and without ANH showed the symmetric single 
ESR signal at g = 2.00, indicating the existence of 
carbon radicals; in Fig. 6, four typical spectra are 
shown. By addition of ANH, a broadening of the 
ESR signal was observed; at ANH = 30 wt%, the 
ESR signal was composed of two signals. The spin 
concentration and linewidth are summarized in Ta
ble 4, in which the Pmax values are also listed.

At HTT = 540°C, the spin concentration is high
est, excepting isotropic material. At low HTT such 
as 500 and 540°C, the spin concentration decreases 
by the addition of ANH. The linewidth tends to 
increase with the hydrogen content in Table 2, in
dicating that the linewidth is determined by the hy- 
perfine interaction; this implies that the linewidth 
reflects the hydrogen content near the radical center. 
For each HTT, the linewidth increases with the ANH 
content. This is an evidence that ANH is a main 
source of hydrogen atoms during the carbonization 
reaction of AN.

The Pmax value is decreased by addition of 10 to 
20 wt% ANH compared with that of AN. By further 
addition of ANH more than 30 wt% , the Pmax value 
is increased. This suggests that the mobility of the 
molecules in the carbonaceous material produced by 
the presence of appropriate amount of ANH is in- 
creased[14]. On addition of excess of ANH, the mo
bility of the molecules in the carbonaceous mate
rials decreases. From these findings, the spherical

Table 3. X-ray diffraction data for some representative PI samples

Samples

Stack thickness Distance

n't

Size

m+Lc, A d, A A

ANH00-500-2-ffl 31.4 3.45 9.1 13.8 24
ANH00-540-l-ffl 25.5 3.45 7.3 15.0 27
ANH20-540-l-sm 29.1 3.48 8.4 15.1 27
ANH00-540-2-ffl 28.1 3.46 8.1 15.3 25
ANH20-540-2-bfl 40.8 3.47 11.8 14.2 25
ANH20-580-l-bfl 40.8 3.45 11.8 14.2 25

number of layers per stack. 
tm\ ring number.

CAR 29:4/5-C
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500 °C

0% 10%

x 1/10

30%1 mT

Fig. 6. Typical ESR signals for PI fraction obtained at H IT = 500°C.

mesophase and bulk-flow optical texture can be pre
sumed to consist of loosely stacked aromatic hydro
carbons, which is probably caused by the formation 
of hydroaromatic moieties in the presence of appro
priate amounts of hydrogen generated from ANH.

4. CONCLUSIONS

We examined the effect of the addition of ANH 
on the carbonization of AN under various condi
tions. It was found that addition of 10 to 20 wt% 
ANH led to a significant improvement of the for
mation of spherical mesophase. Carbonization of 
AN alone yielded fine flow texture, suggesting that 
the carbonization proceeds rapidly without passing 
through the spherical mesophase stage. On addition

Table 4. ESR parameters

Samples

Spin con.t

x 10"/g

Linewidtht

mT mW

ANH00-500-2-ffl 1.3 0.09 14
ANH10-500-2-st 0.34 0.14 10
ANH20-500-2-sm 0.21 0.49 8
ANH30-500-2-iso 0.47 0.35 HI
ANH00-540-l-ffl 30 0.20 10
ANH10-540-l-ffl 13 0.34 HI
ANH20-540-1 -sm 17 0.36 7
ANH30-540-l-iso 1.5 0.50 17
ANH00-580-l-ffl 3.3 0.09 8
ANH10-580-l-ffl 3.8 0.24 7
ANH20-580-l-bfl 6.1 0.21 13
ANH30-580-l-iso 3.0 0.10 10

tTotal spin concentration.
fThe broader linewidth is cited when dual signals were 

observed.
§Pma, for the broader signal is cited for dual signals. 
||The saturation was not observed.

of 2U wt% ANH, the carbonaceous materials exhib
ited the spherical mesophase and flow optical tex
ture. The chemical and spectroscopic observations 
suggest that the carbonization of AN is appropriately 
controlled by the addition of ANH.
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Heat treatment of THF-insoluble, CS2-/V-methyl-2-pyrrolidinone (NMP) mixed solvent (1:1 by 
volume) soluble fraction (TIMS) of the extract, which was obtained from the extraction of Zao 
Zhuang coal with the same mixed solvent at room temperature, was carried out in several organic 
solvents at 100-350 °C under atmosphere. Retrogressive reaction of TIMS, i.e., its conversion 
to the mixed solvent-insoluble fraction (MI), was observed in tetralin (TET), naphthalene (NAP), 
and 9,10-dihydrophenanthrene (DHP) at temperatures as low as 100 and 175 °C, while MI formation 
at 175 °C was suppressed by adding 9,10-dihydroanthracene (DHA) or 1,4,5,8,9,10-hexahydroan- 
thracene (HHA), which are much stronger hydrogen donors than TET, NAP, or DHP. Moreover, 
by these treatments, the THF-soluble fraction (TS), the lighter fraction than TIMS, was formed 
from TIMS. The quantity of hydrogen transferred from the solvents to TIMS and/or TIMS moieties 
was found to be well correlated with the quantity of MI formed. By a similar heat treatment in DHA 
at 175 °C, Zao Zhuang raw coal was found to undergo dissolution reactions, i.e., the increase of TS 
and the decrease of MI, compared with those originally existing in the raw coal. The mechanism 
of the MI formation and its suppression during the heat treatments of TIMS at low temperatures 
is discussed.

Introduction

CS2~/V-methyl-2-pyrrolidinone (NMP) mixed solvent 
(1:1 by volume) gave high extraction yields (40-65%, daf) 
at room temperature for many bituminous coals.12 No 
significant occurrence of reactions of the solvents with 
the coals, which would result in an increase of the extraction 
yields, is indicated, suggesting that the extracts obtained 
originally existed in the coals.* 2 It was also found3 that the 
extracts obtained with the CSg-NMP mixed solvent 
include a considerable amount of the heavy fraction which 
is not soluble in THF or pyridine but is soluble in the 
mixed solvent.3

We have used the mixed solvent as an extraction solvent 
for the dissolution reaction products of the bituminous 
coals at 300-450 °C in tetralin (TET) or naphthalene 
(NAP) without a catalyst.4 The extracts obtained after 
the dissolution reaction were fractionated into THF- 
insoluble, mixed solvent-soluble fraction (TIMS), pre
asphaltene, asphaltene, and oil by using THF, benzene, 
and n-hexane, respectively. The change of the yields of 
each fractions with experimental conditions showed that 
retrogressive reactions occur most readily for the heaviest 
fraction, i.e., TIMS, which can be obtained only by the use 
of the mixed solvent.

Berkowitz, Calderon, and Liron5 reported that sub
stantial retrogressive reactions (reversions of toIuene-

Cl) lino, M.; Kumagai, J.; I to, O. J. Fuel Soc. Jpn. 1985, 64, 210-212.
(2) lino, M.; Takanohashi, T.; Ohsuga, H.; Toda, K. Fuel 1988, 67, 

1639-1647.
(3) lino, M.; Takanohashi, T.; Ohara, S.; Tsueta, H.; Sanokawa, Y. 

Fuel 1989, 68, 1588-1593.
(4) Wei, X.-Y.; Shen, J.-L.; Takanohashi, T.; lino, M. Energy Fuels 

1989, 3, 575-579.
(5) Berkowitz, N.; Calderon, J.; Liron, A. Fuel 1988,67,626-631,1017— 

1019, 1139-1142.

soluble to toluene-insoluble matter) occur during heating 
to, as well as cooling from, 400 °C in the dissolution 
experiments of Canadian subbituminous coals in TET at 
400 °C under nitrogen atmosphere. They also found the 
occurrence of dissolution reaction at temperatures as low 
as 250 °C and discussed the mechanisms from the 
possibilities of homolysis of weak bonds, preasphaltene- 
asphaltene equilibria, and partial dispersal of physically 
entangled molecules.

In this study, the heat treatments of TIMS from Zao 
Zhuang coal, which gave 50% (daf, based on the raw coal) 
of TIMS by the extraction with the mixed solvent, were 
carried out at low temperatures of 100-350 °C in various 
solvent systems including TET, NAP, 9,10-dihydro
phenanthrene (DHP), 9,10-dihydroanthracene (DHA), 
1,4,5,8,9,10-hexahydroanthracene (HHA), anthracene 
(ANT), and NMP. TIMS was found to be converted to 
the heavier fraction (the mixed solvent-insoluble fraction 
(MI), the residue) or the lighter fraction (THF-soluble 
fraction (TS)), depending on the solvent system used. The 
mechanism for these conversions is discussed.

Experimental Section

Materials. Zao Zhuang coal (China) was ground to -60 mesh 
(-250 pm) and dried in vacuo at 107 °C to constant weight (2-3 
h). Its ultimate and proximate analyses are given in Table I. 
TIMS was obtained as follows: Zao Zhuang coal was extracted 
exhaustively with the CSa-NMP mixed solvent (1:1 by volume) 
at room temperature. The extraction yield (daf) was 65%. The 
extract obtained was washed with an acetone-water mixed solvent 
(2:8 by volume) and fractionated into TIMS (77 % of the extract, 
50% (daf) of the raw coal) and THF-soluble fraction (TS) with 
THF at room temperature under ultrasonic irradiation (38 kHz), 
by the procedure described elsewhere.24 The ultimate analysis

0887-0624/92/2506-0854$03.00/0 © 1992 American Chemical Society

-53-



Thermal Behavior of Coals at 100-350 °C Energy & Fuels, Vol. 6, No. 6, 1992 855

Table I. Ultimate and Proximate Analyses of Zao Zhuang 
Coal and Its TIMS Fraction

ultimate analysis proximate analysis
(wt %, daf) (wt %, db)

C H N S 0° VM ash FC

raw coal 86.9 5.1 1.5 1.6 4.9 28.6 7.4 64.0
TIMS 86.3 5.4 1.9 1.8 4.6 0.0

0 By difference.

CSz-NMP 
mixed solvent

THF insoluble

( TIMS )

CSz-NMP soluble 
( MS )

THF soluble

CSz-NMP insoluble

Heat treated TIMS

Figure 1. Fractionation procedure of the heat-treated TIMS.

of TIMS is also shown in Table I. Reagent grade solvents were 
used without further purification.

Heat Treatment and Solvent Fractionation. Heat treat
ment of TIMS was carried out at 100, 175, 250, 300, and 350 °C 
for 1 h in a solvent or a solvent mixture, under N2 atmosphere, 
by using a 100-mL magnetically stirred autoclave. Then, 1 g of 
TIMS, 5 g of a solvent, and 5 MPa of N2 were charged, and after 
the heat treatment the mixture was fractionated into the mixed 
solvent-insoluble fraction (MI) and -soluble fraction (MS) and 
then further into TIMS and TS (and the solvent), at room 
temperature with the mixed solvent and THF under ultrasonic 
irradiation, as shown in Figure 1. The MI and TIMS obtained 
were washed with acetone and the acetone-water mixed solvent 
(2:8 by volume) respectively and were dried in vacuo at 80 °C and 
weighed. The conversion (wt %) into TS was calculated by the 
difference, i.e., 100 - MI - TIMS.

Analyses of the Heat-Treated Products. FT-IR spectra of 
TIMS and other fractions after the heat treatment were measured 
by the diffuse reflectance method. *H NMR spectra were 
measured in CS2-pyridine-d5 mixed solvent (1:1 by volume). ESR 
spectra were obtained on a Varian E-4 spectrometer at room 
temperature, and the spin concentrations were determined by 
using diphenylpicrylhydrazyl (DPPH) as a standard sample. The 
quantities of NAP, ANT, and phenanthrene, which were formed 
from the corresponding hydrogenated solvents, were determined 
by GC analysis, assuming that the area ratios of non-hydrogenated 
solvent/hydrogenated solvent equal are to their weight ratios.

Results

Heat Treatment of TIMS in TET, NAP, and Their 
Mixtures with DHA and HHA. Figures 2 and 3 show 
the fraction distributions after the heat treatments of 
TIMS in TET and NAP at 100-350 °C. The raw TIMS 
was found to include a small amount ofTS (3.6%) and MI 
(0.4%) due to the incomplete solvent fractionation, as 
shown in Figure 2. The formation of MI, a heavier fraction 
than TIMS, was observed at 100-350 °C in NAP and at 
100-250 °C in TET. TS, a lighter fraction than TIMS, 
was also formed by these treatments. The plots (Figure 
4) of the yield of MI vs the heat treatment temperature 
for the both solvents show that TET gave the yields similar 
to those for NAP at 100-250 °C but zero yield at 300-350 
°C.

raw TIMS 100

Heat Treatment Temperature ( °C )

Figure 2. Fraction distribution after the heat treatments of 
TIMS in TET.

Heat Treatment Temperature ( °C )

Figure 3. Fraction distribution after the heat treatments of 
TIMS in NAP.

• NAP

O TET

Heat Treatment Temperature ( 'C )

Figure 4. Plot of MI weight percent (based on TIMS used) 
formed versus heat treatment temperatures in NAP (•) and TET 
(O).

Figure 5 shows the fraction distributions after heat 
treatment of TIMS in mixtures of TET with DHA, HHA, 
and DHP. As the weight ratio of DHA increased, the 
quantity of MI formed at 175 °C decreased, and HHA was 
more efficent than DHA but DHP was inefficient. DHA 
is also efficient for the suppression of MI formation at 250 
°C. Figure 6 shows the results for the mixed solvents of 
NAP with HHA at 175 °C. Like the case of TET-DHA 
mixed solvents, the quantity of MI formed decreased as 
HHA increased. NAP-HHA, 10:1 mixed solvent gave 
similar MI yield as the corresponding TET-HHA mixed 
solvent.

Heat Treatment of TIMS in TET-ANT Mixtures 
and Other Solvents. The results for the heat treatments 
of TIMS in 1:1 TET-ANT mixed solvent are shown in 
Figure 7, together with those for TET alone. The mixed 
solvent gave lower yield of MI at 250 °C but higher yield
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50:1 10:1 11 10:1 11 1:1 

------------------- 175‘C ------------------- 250'C

Figure 5. Fraction distribution after the heat treatments of 
TIMS in the mixtures of TET with DHA, HHA, and DHP mixed 
solvents. Solvents, their weight ratios (TET:solvent), and the 
heat treatment temperatures are shown below the abscissa.

100

1
80 

I
I 60 
I
| 40

1 20
2

o
50:1 10:1 1:1 10 1

Figure 6. Fraction distribution after the heat treatments of 
TIMS at 175 °C in the mixtures of NAP or TET with HHA 
mixed solvents. Solvents and their weight ratios (NAP or TET: 
HHA), are shown below the abscissa.

-

Ml

-

TIMS

-

TS

----- NAP-HHA — TET-HHA

— 175‘C— —250‘C— —300‘C—

Figure 7. Fraction distribution after the heat treatments of 
TIMS in TET and TET-ANT mixed solvent (1:1 by weight). 
Solvents and the heat treatment temperatures are shown below 
the abscissa.

at 175 °C. Figure 8 shows the results for the heat 
treatments of TIMS in TET, NAP, ANT, DHA, HHA, 
DHP, and NMP at 175 °C. DHA, HHA, and NMP gave 
little MI, but DHP gave much more MI than TET and 
NAP.

Heat Treatment of Zao Zhuang Raw Coal, MI, and 
TS. Figure 9 shows the fraction distribution after the 
heat treatments of Zao Zhuang coal, together with that for 
the raw coal, which was obtained from the fractionation 
of the extract from the extraction of the raw coal with the 
CSg-NMP mixed solvent at room temperature. Figure 9 
shows that TET gave higher yields of MI and TS, and

Figure 8. Fraction distribution after the heat treatments of 
TIMS at 175 °C in TET, NAP, ANT, DHA, HHA, DHP, and 
NMP.

175*C 250*C 175*C 250*C

Figure 9. Fraction distribution before and after the heat 
treatments of Zao Zhuang raw coal in TET and DHA. Solvents 
and the heat treatment temperatures are shown below the 
abscissa.

DHA gave lower yields of MI and higher yields of TS at 
175 and 250 °C, than those for the raw coal. The heat 
treatments of MI, in NAP, DHA, and HHA at 175 °C, 
gave 3.6, 5.0, and 5.7% of TIMS and 4.7,10.1, and 10.5% 
of TS, for NAP, DHA, and HHA, respectively, while the 
heat treatments of TS in NAP and DHA at 175 °C 
recovered 99.5 and 100% of TS for NAP and DHA, 
respectively.

IR Spectra of MI and TIMS after the Heat Treat
ment. IR spectra of raw TIMS (a) and MI formed by the 
heat treatment of TIMS in TET at 250 °C (b), 175 °C (c), 
and 100 °C (d) are shown in Figure 10. Little difference 
between TIMS and MI formed was observed. Other IR 
spectra such as MI formed and TIMS by the heat 
treatments of TIMS in NAP, TET-DHA, and TET-ANT 
also show little difference, as compared with the raw TIMS.

Hydrogen Transferred from the Solvents to TIMS. 
The quantities of hydrogens transferred from DHA and 
DHP to TIMS (and/or its moieties formed during the heat 
treatment) were determined from the GC analysis of the 
ANT and phenanthrene formed, respectively. For HHA 
it was determined from the quantity of tetrahydroan- 
thracene which was identified as a main product by GC/ 
MS analysis of the the mixture after heat treatment. For 
the TET-ANT mixture at 250 °C, the hydrogen shuttling 
mechanism in Figure 11 (see Discussion) was assumed 
and the quantity of hydrogen transferred from the mixture 
to TIMS was determined from the difference of NAP and 
DHA formed from TET and ANT, respectively. The 
quantities of hydrogen transferred were well correlated to 
those of MI formed during the heat treatments at 175-300 
°C in various solvent systems used here, as shown in Figure 
11.
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a:raw TIMS

b:250*C

c:175'C

d:100*C

160024004000 3200

Wavenumber ( cm ’)
Figure 10. FT-IR spectra of raw TIMS and MI formed by the 
heat treatments of TIMS in TET.

Hz Transferred (x10 4.mol)

Figure 11. Plot of MI formed versus Hz transferred during the 
heat treatments of TIMS.

Discussion

Solvent Effects on the Heat Treatments of TIMS. 
The results obtained at temperatures above 300 °C in 
Figure 4 were reasonably explained by the fact that TET 
has more donatable hydrogen than NAP to the coal radicals 
formed by the breaking of covalent bonds. However, 
Figure 4 also shows that even at temperatures below 250 
°C some retrogressive reactions of TIMS to MI occur and 
little difference between TET and NAP was observed. 
However, when we use DHA and HHA, which have much 
more donatable hydrogen than TET,6-9 as the solvent, MI 
formation was suppressed (Figures 5 and 6). DHP, which

Figure 12. Hydrogen shuttling mechanism in the heat treatment 
of TIMS in TET-ANT mixed solvent.

is known6 7 to be less hydrogen donating than DHA, gave 
no suppression of MI formation. The relative reactivities 
of the hydrogen abstraction from TET, DHP, and DHA 
by benzyl8 (170 °C) and diphenylmethyl9 (275 °C) radicals 
were reported to be 1:1.5:33 and 1:1.9:39, respectively, in 
agreement with the order of the suppression of MI 
formation observed here. Figure 11 clearly shows that 
the degree of the suppression of MI formation during the 
heat treatments at 175-300 °C is well correlated with the 
quantity of hydrogens transferred to TIMS and/or its 
moieties from the solvents systems widely used here.

In Figure 11 the data with TET-ANT mixture are 
included, in which the quantities of hydrogen transferred 
were estimated from the difference of NAP and DHA 
formed from TET and ANT, resepctively, assuming the 
hydrogen shuttling mechanism shown in Figure 12. The 
formation of NAP or DHA was not observed when TIMS 
was treated in TET or ANT alone, respectively, at 
temperatures below 250 °C.

Figure 8 shows that NMP is also effective for the 
suppression of MI formation from TIMS. Since NMP 
does not seem to be a strong hydrogen-donating solvent, 
a different mechanism from that above described may be 
considered. The detailed study on this treatment is being 
done.

Heat Treatment of Zao Zhuang Coal in DHA. Figure 
9 indicates that Zao Zhuang raw coal undergoes dissolution 
reactions in DHA at temperature as low as 175 °C. The 
formation of ANT indicates the occurrence of the hydrogen 
transfer from DHA to Zao Zhuang coal, resulting in the 
increase of TS and the decrease of TIMS and MI. The 
heat treatment of MI in DHA at 175 °C also resulted in 
the formation of lighter fractions, TIMS and TS. This 
low-temperature dissolution of bituminous coals is also 
being studied.

Mechanism of Insolubilization and Dissolution 
Reaction of TIMS by the Heat Treatment at 175 °C. 
The insolubilization behavior of pyridine-insoluble fraction 
(PI) of the extracts from the extraction of some bituminous
coals with CSg-NMP mixed solvent (1:1 by volume) was
observed10 when we tried to redissolve this fraction in the 
CS2-NMP mixed solvent. The effectiveness of the ad
dition of the compounds such as p-phenylenediamine, 
7,7,8,8-tetracyanoquinodimethane, and LiBr for the re- 
dissolution of the PI indicates that this insolubilization 
may be attributed to the association of PI molecules.10 
The THF-insoluble fraction of the extracts from Zao 
Zhuang coal, i.e., TIMS used here, which is a lighter fraction 
than PI, however, is completely soluble in the mixed 
solvent, unlike PI, suggesting that the insolubilization 
found here may proceed by a different mechanism from 
that for the PI.

(6) Bedell, M. W.; Curtis, C. W. Energy Fuels 1991, 5, 469-476.
(7) Poutsma, M. L. Energy Fuels 1990, 4, 113-131.
(8) Bockrath, B.; Bittner, E.; McGrew, J. J. Am. Chem. Soc. 1984,106,

135-138.

(9) Manka, M. J.; Brown, R. L.; Stein, S. E. Int. J. Chem. Kinet. 1987, 
19, 943-957.

(10) Sanokawa, Y.; Takanohashi, T.; lino, M. Fuel 1990, 69, 1577- 
1578.
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NAP TET DHP

100-250°C

DHA. HHA

>300°C
TET.DHAHHA

TIMS(+TS)

TIMSHTS)

Radical 
( Reactive )

Radical
(Less reactive)

Figure 13. Reaction scheme for the heat treatment of TIMS in 
several solvents at 100-350 °C.

The result that hydrogen donatability of the solvent 
correlates with the suppression of the insolubilization of 
TIMS at temperatures below 250 °C (Figure 11) suggests 
the participation of coal radicals in this phenomenon. The 
radicals considered here are not so reactive as those formed 
by the breakings of covalent bonds at temperatures above 
350 °C, which are the intermediates in the usual coal 
liquefaction, since Figure 4 indicates little difference in 
MI formation between TET and NAP at temperatures 
below 250 °C, unlike the case of the usual liquefaction. 
Two kinds of the radicals are conceivable. One is from 
thermally very weak bonds existing in coals that are broken 
to form radicals even at these low temperatures. For 
example, the dimer of some ring-substituted diphenyl- 
methyl radicals is known to be in equilibrium with the 
radicals even at room temperature.11 The radical forma
tion through molecular disproportionation (hydrogen 
transfer) between polyaromatic moieties is also conceiv
able.12 Another possibility is that the radicals originally 
existing in coals become reactive at temperatures above 
100 °C to be able to undergo the insolubilization reaction 
and abstract hydrogens from DHA and HHA, but not from 
TET and DHP. Fowler, Bartle, and Kandiyoti found in 
the in situ ESR measurement of a bituminous coal that 
spin concentration increased from room temperature up 
to 180 °C and then decreased between 180 and 300 °C.13 
They attributed13 the decrease of the spin concentration 
to the recombination of free radicals brought about by 
thermally activated mobility.

The reaction scheme for the heat treatment of TIMS 
at 100-350 °C in several solvents is summarized in Figure 
13. When there is no strong hydrogen-donating solvent, 
the radicals assumed above may undergo coupling reac
tions with each other and/or addition reactions to aromatic 
rings of other TIMS molecules, resulting in MI formation 
from TIMS. Table II shows the spin concentrations of 
MI, TIMS, and TS from the extraction of the raw Zao 
Zhuang coal and from the heat treatment of TIMS at 175 
0 C in the several solvents. MI formed in the heat treatment 
of TIMS in DHA and HHA has smaller spin concentrations 
than those in TET and DHP, suggesting that the former 
gave hydrogens to the radicals and decreased the radical

(11) Lankamp, H.; Nauta, W. Th.; MacLean, C. Tetrahedron Lett. 
1968, 249-254.

(12) Billmers, R.; Griffith, L. L.; Stein, S. E. Prepr. Pap.—Am. Chem. 
Soc., Div. Fuel Chem. 1985, 30 (4), 283-290.

(13) Fowler, T. G.; Bartle, K. D.; Kandiyoti, R. Fuel 1987, 66, 1407-
1412.

Table II. Spin Concentrations* of the Extract Fractions 
from the Zao Zhuang Raw Coal and after the Heat 

Treatment of TIMS in Several Solvents

heat treatment (175 °C, 1 h) 

raw coal6 TET DHP DHA HHA

MI 4.45 (33.8) 2.17 (31.9) 2.15 (40.7) 1.83 (5.1) 1.70(4.4)
TIMS 2.05 (51.0) 1.95 (52.9) 1.77 (49.9) 1.87 (83.5) 1.71 (78.9) 
TS 0.18(15.2) 0.37(15.2) c c c
total6 2.57 1.78 1.76d 1.66d 1.43d

* 1019 spin/g daf basis. The values in parentheses are wt %, daf 
based on the raw coal or TIMS. 6 The average value for three 
extractions. c TS could not be isolated due to the high boiling point 
of the solvent used. d Total spin concentrations were determined 
from MI and TIMS alone, since the contributions of TS to it are very 
small.

concentrations. It is also noticed that total spin concen
trations after the heat treatment of TIMS all decreased 
compared with that of the raw TIMS. A simple calculation 
shows that the number of the spins (radicals) capped with 
a hydrogen, which are estimated by assuming that every 
hydrogen transferred from the solvent (Figure 11) capped 
one of the radicals, are 1.35 x 1021 and 1.45 x 1021 for the 
treatment in DHA and HHA at 175 °C, respectively, while 
the corresponding numbers of the radicals, which are 
estimated from the decrease of the radical concentration 
(ESR, Table II) by the treatment, are quite small, i.e., 3.9 
x 1018 and 6.2 x 1018, respectively. This suggests the 
possibilities of the occurrence of the hydrogen transfer to 
the radical newly formed during the heat treatment (the 
first mechanism) and/or that of the hydrogen transfer 
through nonradical intermediates. The fact that TS, a 
lighter fraction than TIMS, does not increase in DHA and 
HHA as much as MI increases in TET (Figures 5, 6, and 
8) suggests that the first mechanism, i.e., radical formation 
by the weak bond breaking, is less likely, since the bond 
breaking should accompany the formation of TS, together 
with the suppression of MI formation. So, at present it 
is uncertain which mechanism explains this phenomenon.

Conclusion
TIMS was found to undergo retrogressive reaction to 

MI by heat treatment in TET, NAP, and DHP at 
temperatures as low as 175 °C. The MI formation was 
suppressed by adding a strong hydrogen-donating solvent 
such as DHA and HHA. The Zao Zhuang raw coal was 
also found to undergo dissolution reaction in the presence 
of DHA and HHA at 175 °C. The quantities of hydrogen 
transferred were well correlated to those of MI formed, 
suggesting the participation of coal radicals in this heat 
treatment. The nature of coal radicals and the mechanism 
of this behavior were discussed.
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Solvent swellings of the raw coals, their extracts and residues, which were obtained by carbon 
disulfide-N-methyl-2-pyrrolidinone mixed solvent extractions of some bituminous coals at room 
temperature, were studied. The swelling ratios (Q) of the raw coals were generally lower than those 
of the corresponding extracts and residues, like the results of Larsen et al. for the swelling of two 
bituminous raw coals and their residues. Swelling ratios of PS (pyridine-soluble and acetone-insoluble 
extract fraction), PI (pyridine-insoluble extract fraction), and residue in four solvents were in the 
order of cyclohexane < methanol < benzene < THF for three bituminous coals. For Illinois No. 6 
coal, which has a higher oxygen content than the coals above, swelling ratios in methanol are higher 
than those in benzene. Large synergistic effect for the swelling ratios of PI in benzene-methanol 
mixed solvent was observed. These results were discussed from the points of the nature of cross-link 
bonds and cross-link density of raw coals, extracts and residues.

Introduction

Many studies on coal swelling in solvents have been 
carried out to elucidate cross-link density, but the studies 
concerning the nature of cross-link bonds are rather few. 
Recently, Painter et al.1 2"3 indicated that the Flory-Rehner 
equation or its revised version may be not applicable for 
coals which have strong inter- or intramolecular interac
tions such as hydrogen bonds and proposed a new model 
to evaluate cross-link density. For the nature of cross
link bonds, Larsen et al.4 5 have found that acetylation of 
hydroxyl groups increases the swelling ratios (Q), sug
gesting hydrogen bonds play a role in cross-link structures 
of coals. The contribution of other noncovalent bonds 
such as aromatic-aromatic (%—%-)3 and dipole (ion)-dipole 
(ion) interactions may be possible, though no studies seem 
to be reported about their contribution to coal swelling. 
Painter et al.2 suggested that noncovalent bonds such as 
hydrogen bonds are dynamic, constantly breaking and re
forming in the presence of solvents, and do not therefore 
prevent the network from reaching an equilibrium swollen 
state. They also suggested that the phase behavior of coal- 
solvent systems, which include phase separation, is a crucial 
factor that has not been addressed in previous studies of 
the swelling of coals. So, the nature and structure of cross
links, especially the role of noncovalent bonds, do not seem 
to be fully elucidated.

One approach to the clarification of this problem is to 
study the swelling of solvent-soluble constituents, i.e., coal 
extracts, since it is more likely for them to have cross-

(1) Painter, P. C.; Graf, J.; Coleman, M. M. Energy Fuels 1990,4,379- 
383.

(2) Painter, P. C.; Park, Y.; Sobkowiak, M.; Coleman, M. M. Energy 
Fuels 1990, 4, 384-393.

(3) Painter, P. C.; Graf, J.; Coleman, M. M. Energy Fuels 1990, 4, 
393-397.

(4) Larsen, J. W.; Green, T. K.; Kovac, J. J. Org. Chem. 1985,50,4729- 
4735.

(5) Nishioka, M.; Larsen, J. W. Energy Fuels 1990, 4, 100-106.
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links by noncovalent bonds than solvent insoluble residues, 
which are considered to have covalent cross-links.

Aida6 found that the swelling degrees of pyridine extract 
of Illinois No. 6 coal (IL) with nonpolar solvents showed 
a similar tendency of solvent effect as the corresponding 
extraction residue. Green et al.7 also reported that the 
O-methylated extract swelled more than the underivatized 
extract for Illinois No. 6 coal, like the results for the swelling 
of raw coals and extraction residues. However, no sys
tematic swelling study on raw coals, their extracts, and 
their residues has been carried out.

In this study, swelling behaviors of the raw coals, their 
extracts, and their residues in several organic solvents, 
which were obtained from the extraction with carbon 
disulfide-N-methyl-2-pyrrolidinone (NMP) mixed sol
vents, were investigated. The mixed solvents gave high 
extraction yields at room temperature, and pyridine- 
insoluble extract fraction which is heavier than preas
phaltene.8 Although we could not offer a clear interpre
tation concerning the nature of cross-links, several findings 
about swelling behavior of coals are shown.

Experimental Section

Materials. The coals were ground to <250 /im (-60 mesh) 
and dried in vacuo at 107 °C to constant weight (2-3 h). The 
ultimate and proximate analyses are shown in Table I.

Extraction of Coals and Fractionation of the Extracts. 
Extraction and fractionation procedures are shown in Figure 1. 
The coals were extracted exhaustively with CS2-NMP mixed 
solvent (1:1 by volume) at room temperature and fractionated 
with acetone into acetone-soluble (AS) and acetone-insoluble 
(Al) fractions, and then Al was fractionated with pyridine into

(6) Aida, T. Report for the 17th Meeting of the Committee on Coal 
Utilization Technology, Japan Society for the Promotion of Science, 1987; 
pp 18-25.

(7) Green, T. K.; Chamberlin, J. M.; Lopez-Froedge, L. Prepr. 
Pap.—Am. Chem. Soc., Div. Fuel Chem. 1989, 34 (3), 759-768.

(8) lino, M.; Takanohashi, T.; Ohsuga, H.; Toda, K. Fuel 1988, 67, 
1639-1647.
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Table I. Ultimate and Proximate Analyses of Coals

coal (abbrev)

ultimate anal, wt % (daf) proximate anal, wt % (db)

C H N S O” VM ash FC
Zao Zhuang (ZZ) 86.9 5.1 1.5 1.6 4.9 28.6 7.4 64.0
Shin-Yubari (SY) 86.6 6.0 2.0 0.8 4.6 38.3 6.2 55.5
Lower Kittanning (LK)6 82.3 5.2 1.7 3.9 6.9 31.4 11.6 57.0
Illinois No. 6 (IL)C 80.0 5.0 1.6 2.9 10.5 38.9 10.4 50.7

” By difference. bx The Pennsylvania State University Coal Sample Bank, PSOC 815 and PSOC 1354, respectively.

Extract Residue

Pyridine

Acetone
soluble

(AS)

Pyridine
soluble

(PS)

Acetone
insoluble

(Al)

Pyridine
insoluble

(PI)

Figure 1. Extraction and fractionation procedures.

Table II. Extraction of Coala with CS2-NMP Mixed 
Solvent and Fractionation of Their Extracts

coal
extraction yield, 

wt % (daf)
residue, 

wt % (db)

extract, wt % (db)

AS PS PI

ZZ 63.0 41.7 6.7 24.3 26.0
SY 56.8 46.7 5.5 30.0 16.1
LK 46.2 59.0 5.8 25.4 8.6
IL 16.7 85.1 4.7 11.7 0.1

acetone-insoluble and pyridine-soluble (PS) fractions, and py-
ridine-insoluble (PI) fraction, respectively, according to the 
methods described before.9 Since a part of the PI fraction was 
found recently to be insoluble in the CS2 -NMP mixed solvent, 
probably due to self-association,10 the symbol was changed from 
MS (the mixed solvent soluble fraction) used before9 to PI.

The yields (db) of the extract fractions and residues are shown 
in Table II.

The residues from the various extraction yields were obtained 
by changing the solvent composition of CS2-NMP mixed solvents.

A 5.0-g sample of raw coal was acetylated with 5 mL of acetic 
anhydride in 60 mL of pyridine under reflux for 20 h. IR spectra 
of acetylated coals showed the large peak of acetyl group at 1764 
cm"9 1.

Swelling Measurement. The swelling ratio (Q) was mea
sured by the volumetric method of Green and Larsen.11 A 0.1-g 
sample of coals, extracts or residues was placed in a 8 mm o.d. 
Pyrex tube and centrifuged for 30 min at 1500 rpm. The height 
of the sample layer was measured as hi. About 1.0 mL of the 
solvent was added and mixed thoroughly with the sample using 
a spatula. The sample was again centrifuged and the height of 
the sample layer (h2) was measured. Swelling ratio (Q) is defined 
as /i2//ii. The mixing and centrifugation were repeated until a 
constant height was attained. Larsen et al.12 recently reported 
that high solvent:sample ratios must be used for accurate 
measurement of swelling ratio, since the permeability of solvent 
into a coal sample is changed by dissolving extractable substances 
retained in the sample, even if the sample is exhaustively 
preextracted with a swelling solvent. Although the solvent:sample 
ratio of 10 used here is within the range of their recommendation, 
the swellings of the raw coals and PS in THF, which gave

(9) Takanohashi, T.; lino, M. Energy Fuels 1990, 4, 452-455.
(10) Sanokawa, Y.; Takanohashi, T.; lino, M. Fuel 1990, 69, 1577— 

1578.
(11) Green, T. K.; Larsen, J. W. Fuel 1984, 63, 935-938.
(12) Larsen, J. W.; Cheng, J. C.; Pan, C.-S. Energy Fuels 1991,5, 57-

Table III. Swelling Ratios (Q) of Shin-Yubari Coal, Its 
Extracts and Residues

extract extract
raw extract (AS + Al) + (Al) +
coal (Al) residue residue” residue”

swelling ratio (Q) 1.12 1.47 1.53 1.42 1.45

” Mixing well AS, Al, and residue or Al and residue in a mortar 
in the same ratio as that in the raw coal.

Extraction yield (wt%. daf)

Figure 2. Swelling ratios (Q) of the extraction residues in benzene 
vs the extraction yields for ZZ (#), SY (O), and LK (A) coals.

considerable amount of extractable substances in the solvents, 
possibly gave a little lower swelling ratio than a true ratio due 
to the effect described above.

Results

Swelling of the Raw Coals, Extracts, and Residues 
in Several Solvents. Table III shows the swelling ratio 
(Q) of SY coal, its extract (Al fraction in Figure 1), and 
residue in benzene. The yields of the Al and residue are 
47.2 and 47.1 wt % based on the raw coal (db), respectively. 
Table III shows that the swelling ratios of the Al and 
residue are considerably higher than that for the raw coal. 
Table III also shows that Q of the recovered “raw” coal, 
which was obtained by remixing the whole extract (AS + 
Al) and residue well in a mortar to -200 mesh particle 
size, was not restored to that of the raw coal and gave 
similar values as the Al or residue. The mixture of the Al 
+ residue gave also a similar value as Al, residue or the 
recovered “raw” coal (Table III). The mixture of Al + 
residue, which was obtained by the evaporation of the 
solvents from the well-mixed suspension of Al + residue 
in the CSg-NMP mixed solvent, also gave a similar value 
as those described above and a higher value than that for 
the raw coal.

Figure 2 shows the plots of swelling ratio of the extraction 
residues in benzene vs the extraction yield for three coals, 
which was varied by changing the solvent composition of 
CSa-NMP mixed solvents. For all the coals used here the 
swelling ratios increased with the increase of the extraction 
yield.
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Figure 3. Swelling ratios (Q) of the raw coals (a), PS (b), PI (c), 
and residues (d) in several solvents.

Table IV. Swelling Ratios ((?) for the Raw and Their 
Acetylated Coals

swelling ratio (Q)

coal solvent raw coal acetylated coal

ZZ cyclohexane 0.94 1.00
methanol 1.00 1.25
benzene 0.92 1.34

SY cyclohexane 0.95 1.11
methanol 1.00 1.15
benzene 1.07 1.39

Figure 3 shows the swelling ratios of the raw coals, PS,
PI, and residue in several solvents. Elementary and
proximate analyses of these constituents including the
raw coals showed13 that PI had higher oxygen % and lower 
H/C atomic ratio than the corresponding AS and PS. The 
solvents used for the swelling measurements are cyclo
hexane, methanol, benzene, and THF, in the order of 
increasing affinity to bituminous coal molecules. In fact, 
the extractions yields of bituminous coals with these 
solvents are generally in this order.

Figure 3 shows that the raw coals gave the lowest swelling 
ratio among them, except for IL coal in cyclohexane. For 
PS, PI, and residue it can be generally said from Figure 
3 that the stronger affinity to coal molecules the solvent 
has, the greater the increase in swelling ratios in this 
solvent. For IL coal, the swelling ratios in methanol are 
higher than those in benzene.

Figure 3 also shows that the differences of the swelling 
ratios between PI and residue are smaller than those 
between PI and the raw coal.

Swelling of the Acetylated Coals. Table IV shows 
that the acetylated ZZ and SY coals gave higher swelling 
ratios than the corresponding raw coals for all solvents
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Figure 4. The effect of solvent composition of methanol-benzene 
(O) and CS^-NMP (•) mixed solvents on swelling ratios (Q) for 
the PI (O) and residue (•) of ZZ coal, respectively.

used. THF could not be used here due to its high solubility 
for the acetylated coals. The swelling ratio of PI and 
residue of the acetylated coals gave no general tendency.

Effect of Solvent Composition of Mixed Solvent on 
Swelling. Figure 4 shows the effect of solvent composition 
on swelling ratios for PI of ZZ coal (ZZ-PI) in benzene- 
methanol mixed solvent and for the residue of ZZ coal 
(ZZ-residue) in CS2-NMP mixed solvent. Swelling ratio 
has the maximum at around 70% of benzene for ZZ-PI 
and 60% of NMP for ZZ-residue, and both mixed solvents 
show large synergistic effect.

Discussion

Swelling Behaviors of the Raw Coals, Extracts, and 
Residues. Coals have several kinds of noncovalent 
interactions, which varies depending on coal rank. Al
though it is suggested2 that noncovalent bonds by these 
interactions are too weak to form cross-links, it may be 
possible to consider that cross-links are formed through 
aggregation of chains by several cooperative noncovalent 
bonds such as dipole-dipole, ir-ir, and hydrogen bonds 
interaction, etc., as considered in physical gels in a sol-gel 
chemistry of synthetic and biological macromolecules.14 
PI and PS swell in cyclohexane, methanol, benzene, and 
THF. The cross-link structure of the extracts may consist 
of mainly noncovalent bonds and the contribution of 
covalent bonds to cross-links may be small, since extracts 
are generally soluble in the solvent (in this case CSg-NMP 
mixed solvent) which extracted them and the cross-linked 
polymer consisting of covalent bonds should be insoluble 
in any solvent, when cross-link structures are three- 
dimensionally developed.

Although we do not know what kind of cross links 
(aggregates) coal extracts have, it may be reasonable to 
consider that the decrease of the cooperative noncovalent 
bonds may decrease the cross-link density and so increase 
Q. The lower swelling ratio of the raw coals than those 
of the corresponding extracts and residues suggests the 
higher cross-link density of the raw coals. Larsen et al.4 
have already found that the pyridine-extracted residue 
gave higher Q than the raw coal and suggested destruction

(13) lino, M.; Takanohashi, T.; Obara, S.; Tsueta, H.; Sanokawa, Y. 
Fuel 1989, 68, 1588-1593.

(14) R088-Murphy, S. B. Prepr. Pap—First Symp. Polym. Gels, 
Tsukuba 1989, 15-18.
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of coal-coal hydrogen bonds during the extraction. So, 
the noncovalent interactions between the extracts and 
residues make an important contribution to cross-link 
formation in the raw coal. The interaction between 
extracts of relatively low molecular weight and residues 
of high molecular weight seems to be more sterically 
favorable than that between the immobile residues them
selves. The interactions between the extracts and residue 
were not recovered by their remixing, probably due to 
insufficient permeation of the extracts into the pores of 
the residue. A similar insufficient recovery by the remixing 
of the extract and residue was observed for the caking 
property of the coals.15 16 Another possible reason for the 
low swelling ratios for the raw coals is that penetration of 
a swelling solvent is very slow, resulting in the apparent 
constant swelling ratios near 1. At present, no evidence 
distinguishing between the two explanations was obtained.

Although the increase in the swelling ratio of the 
acetylated coals can be explained by the decrease of cross
links due to the loss of hydrogen bonds, the situation is 
more complex. The blank experiments of acetylation, i.e., 
only refluxing in pyridine, increased the swelling ratio of 
ZZ coal in benzene from 0.92 to 1.44, which is a similar 
value as the swelling ratio (1.34) for the acetylated coal in 
benzene. This increase by pyridine refluxing may be 
caused by the release of pyridine-soluble constituents from 
the coal, like the case of the separation of the extract and 
the residue described above. So, the net effect of the 
acetylation could not be evaluated in this study. Refluxing 
in pyridine also changes the extraction yields and were 
discussed elsewhere.16

Solvent Effect of Swelling. Swelling ratio is deter
mined by the balance of the elastisity of the cross-link

(15) Seki, H.; Ito, 0.; lino, M. Fuel 1989, 68, 837-842.
(16) Takanohashi, T.; lino, M. Energy Fuels 1991, 5, 708-711.

network and the permeability of the solvent into the 
network. Solvents which have greater affinities to coal 
molecules give greater permeabilities, resulting in the 
greater swelling ratios. Among the solvents used here the 
order of the affinity for bituminous coals may be cyclo
hexane < methanol < benzene < THE. The order of the 
swelling ratios in the four solvents for the PI, PS, and 
residues are in the above order, except those for IL coal, 
in which methanol gave higher swelling ratios than 
benzene. This can be explained by the fact that IL coal 
has a higher oxygen content, and therefore higher hydroxyl 
groups, than the other coals (Table I).

Nelson et al.17 have reported that swellings of raw coals 
of various carbon % in benzene have a maximum at 75 
carbon % and the difference between those in benzene 
and methanol (methanol > benzene) is larger at lower 
carbon %, in agreement with the result here. These results 
suggest that methanol and benzene have an affinity to 
diffeent interaction sites of coals, i.e., hydroxyl groups 
(hydrogen bonds) for methanol and aromatic rings (x—ir 
interaction) for benzene. Synergistic effect obtained with 
methanol-benzene mixed solvents (Figure 4) can be 
explained by this consideration.

We have already shown the strong synergistic effect on 
swelling of the residue of SY coal in CS2-NMP mixed 
solvents.8 The results for the residue of LK coals here is 
an another example with CSg-NMP mixed solvents. The 
reasons for this strong synergistic effect were discussed in 
relation with the extraction mechanism in the previous 
paper.8

Registry No. NMP, 872-50-4; THE, 109-99-9; CS2, 75-15-0; 
CH3OH, 67-56-1; cyclohexane, 110-82-7; benzene, 71-43-2.

(17) Nelson, J. R.; Mahajan, O. Walker, Jr., P. L. Fuel 1980, 59, 
831-837.
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Abstract

Ring-opening radical polymerization has been followed by the flash photolysis method. As an 
initiator radical, the arylthiyl radical (ArS) was used; the addition reaction rate constants of 
ArS" to vinyl monomer containing epoxy-ring such as vinyloxiranes (CH2 = CHCROCH2) have 
been determined at first. The rate constant of ring opening reaction of the adduct radical 
(ArSCHgC HCROCH2) changing to ArSCH2CH = CROCH2" were determined in the form of 
the relative values, which were converted to the absolute values. The ring-opening reaction rate 
constants were ca. 10b s-1, which indicates that the ring-opening rates are faster than usual 
radical propagation rates. The rate constants for vinyl monomer with 5-member ring (1,4-epoxy- 
1,4-dihydronaphthalene) were similarly evaluated.

Introduction

Some vinyl monomers such as vinyl cyclopropanes and vinyloxiranes un
dergo radical ring-opening polymerization to afford polymers containing the 
functional groups in the backbone [1-5]. ESR study using stopped flow 
method revealed that the radical attacks at C = C of vinyloxirane followed 
by the C —C or C —O cleavage of oxirane ring [6], The kinetic data for the 
ring-opening radical polymerization, however, have not been reported, be
cause of the difficulty in the analysis of kinetics.

(1) CH2 = CHCHX(CH2)„ [YCH2C'HCHX(CH2)„
YCH2CH = CHX(CH2V] 

-f-CH2CH = CHX(CH2)n-^H,

In our previous articles, the absolute rate constants of the addition reac
tion of the arylthiyl radicals (ArS ) to various vinyl monomers have been de
termined by the flash photolysis method [7-9]. Since the addition reaction 
mode of ArS' is reversible, the kinetic behavior characteristic to the re
versible reaction system was observed; i.e., the third material which is only 
reactive to the adduct radical has to be added to accelerate the decay of 
ArS'. As the carbon radical scavenger, we found that oxygen was most ap
propriate since ArS' is quite unreactive to oxygen. Similar observation was

International Journal of Chemical Kinetics, Vol. 23, 853-860 (1991)
© 1991 John Wiley & Sons, Inc. CCC 0538-8066/91/100853-08$04.00
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reported in the ESR measurements of the addition reaction of the thiyl radi
cal to styrene by Gilbert et al. [10].

In this study, we try to determine the rate constants for the ring-opening 
reactions of the propagating radicals during the polymerization of vinyloxi- 
ranes initiated by the addition reaction of ArS using the flash photolysis 
method. The vinyl monomers used in this study are as follows;

CH2=CHCH2OC2H5

allyl ethyl ether 
(AEE)

ch2=chch-ch2
xoz

vinyloxirane
(VO)

ch3
ch2= chc-ch2 \ / o

2-methyl-2-vinyloxirane
(MVO)

CH2==CHCH-CHPh
V

2-phenyl-3-vinyloxirane
(PVO)

1,4-epoxy-1,4-dihydronaphthalene 
(EPN)

Experimental

Vinyl monomers used in this study were commercially available except 
PVO which was prepared by the method described in the literature [4]. As a 
radical source, (p-BrC6H4S)2 was used. Oxygen concentration in cyclohexane 
solvent was controlled by varying the partial pressure of oxygen after de
gassing up to 10-1 Pa.

The flash photolysis apparatus was of standard design equipped with two 
xenon flash photolysis lamps (Xenon Corp. N-815C; half duration of 8 /as 

and input energy of 50 J). All the measurements were performed at 23°C.

Results and Discussion

Insert of Figure 1 shows the transient absorption spectrum observed af
ter the flash photolysis of (p-BrC6H4S)2. The absorption peak at 520 nm 
was attributed to p-BrCe^S" (abbreviated as ArS"), since similar absorp
tion band was observed by the flash photolysis of p-BrCGH4SH. Figure 1 
shows the first-order plot of the decay of ArS'. The decay rate of ArS" in the 
presence of oxygen is similar to that in degassed solution, suggesting low re
activity of ArS" to oxygen. On addition of ordinal vinyl monomer such as 
ally ethyl ether (CH2 = CHCH2OC2H5) to the degassed solution, the decay of 
ArS" was not accelerated, which indicates the reversible mode of the addi
tion reaction of ArS" to this vinyl monomer. Only when oxygen was added 
to the solution containing the vinyl monomer, the decay of ArS" was ac
celerated; oxygen selectively scavenges the carbon centered radical 
(ArSCH2C"HCH2OR), which results in the shift of the equilibrium to the 
peroxide radical side.

(2) ArS-SAr *=j=* 2ArS'
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at 520 nm (AEE

X , nm

Figure 1. First-order plot for decay of p-BrC6H4S": (a) in cyclohexane; (b) in degassed 
solution in presence of CH2 = CHCH2OC2H5 (1.5 M); (c) 4 mM of oxygen was added to 
solution b; and (d) [02] = 11 mM was added to solution b. Insert: Transient absorption 
spectrum of p-BrC6H4S' produced by flash photolysis of 5 x 10”4 M of (p-BrCeH4S)2; 
the absorbance immediately after flash is depicted.

(3) ArS' + CH2 = CHCH2OR *=* ArSCH2C HCH20R
oo

ArSCH2CHCH20R
In reaction (3), the anti-Markownikoff addition reaction mode of ArS has 
been confirmed in the literature [7-9]. On assuming the steady state con
centration about the intermediate adduct radical (ArSCH2C'HCH2OR), the 
first-order rate constant (&first) was expressed as eq. (4) for AEE is in excess 
and with the assumption that ArS does not recombine significantly com
pared with its reaction with olefin;

(4) [AEE]/& fin* = l/k\ + k-i/kik2[02]
In the lower part of Figure 2, eq. (4) is plotted for AEE; from the intercept 
and slope, the rate constants were evaluated as follows, respectively; k\ =
3.1 x 104 M'1 s" 1 and k-\/k2 = 1.3 x 10™3 M. By substituting the reported 
value k2 = 4 x 109 M"1 s_1 in the literature [11], k-\ and the equilibrium 
constant K (= ki/k-{) can be calculated. The rate parameters are summa
rized in Table 1.

In the case of VO, the decay of ArS" was accelerated even in the degassed 
solution as shown in Figure 3. This indicates that the adduct radical 
changes into other radical which leads to the shift of the equilibrium even 
though the selective radical scavenger such as oxygen is absent. By the addi
tion of oxygen to the solution, the decay rate of ArS" was further increased; 
the addition step of ArS" to VO is partially reversible. The reactions can be 
shown in reactions (5)—(8); the attack of ArS to the terminal carbon of 
C = C in VO was confirmed by Stogryn and Gianni [12]. Although the hy
drogen in the epoxy ring at the allylic position seems to be reactive, the
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Figure 2. (a) Plot of eq. (4) for reaction of p-BrCglLS with CH2 = CHCH2OC2H5 and 
(b) Plot of eq. (11) for reaction of p-BrC6H4S' with CH2 —CHCHOCH2.

Table I. Rate constants obtained in cyclohexane at 23°C.

monomer

k\ k-x

Ka

ko/k2 ko*

S

s"1 M s'1

AEE 3.1 x 104 5.1 x 106 6.7 x 10'3

VO 1.5 x 106 3.1 x 105 4.8 9.0 x 10'4 3.6 x 10®
MVO 4.3 x 105 1.1 x 106 3.9 x 10"1 1.1 x 10"3 4.4 x 10®
EPN 5.7 x 106 1.7 x 105 3.4 6.5 x 10'4 2.6 x 10®

ak2 = 4 x 109 M"1 s'1.

product arisen from the hydrogen abstraction reaction was not found [12]. 
Low reactivity of ArS" to hydrogen abstraction was confirmed in various 
methods [8]. Thus, the reactions are presumed as follows;

(5)

(6)

(7)

(8)

ArS‘ + CH2 = CHCH-CH2 *=* ArSCH2CHCH-CH5 
\/ ' \/

ArSCH2CHCH-CH2 ^ ArSCH2CH = CHOCH2

ArSCH2CHCH-CH2 ^ ArSCH2CH = CHCH20

OO

ArSCH2C HCH-CH2 ArSCH2CHCH-CH2
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at 520 nm (BMO)

-5
0 100 200 300 400 500

time, /is

Figure 3. First-order plot for decay of p-BrCeH4S': (a) without monomer; (b) degassed 
solution in the presence of CH2 = CHCHOCH2 (25 mM); and (c) 4 mM of 02 was added 
to solution b.

In the case of cyclopropenylmethyl radical, the reverse rate constant of the 
ring opening reaction is smaller than that of the forward reaction by a fac
tor of 105 [13,14]. Thus, the reverse processes of reaction (6) and (7) are not 
taken into consideration in the following treatment. Although both reaction 
paths (6) and (7) were presumed by ESR study [6], the analysis of the poly
mer structure indicates that reaction path (6) is predominant [4]. In the ab
sence of oxygen, k 'first was expressed as follows;

k 'first = {k\ - k\k-i/{ko + &-i)} [VO](9)

In the presence of oxygen, reaction (8) may become predominant, since the 
spin trapping reagent traps the radical before the bond cleavage [6]. In this 
case, the first-order rate constant (&"nrst) can be described as follows;

& "first = {kX ~ klk-J(k0 + L, + ife2[0a])}[V0](10)

Since the decay of ArS was accelerated by the addition of oxygen more than 
that in the degassed system, k0 < k2\02\ Thus, eq. (10) reduces to a form 
identical to eq. (4). From the plot of the upper part in Figure 2, kx and k-x/k2 
are evaluated for VO to be 1.5 x 106 M-1 s™1 and 7.8 x 10-5 M, respectively.

In Figure 4, eqs. (9) and (10) are plotted. From the ratio of eqs. (4) for VO 
to the reverse of eq. (9), the following equation can be derived;

(11) ([VO]/A"nrJ - l/Ai)/([VO]/A'nr,i) - ) = &o/&2[02]

By substituting the slopes in Figure 4 and the observed kx value, the ratio of 
kQ/k2 can be calculated from eq. (11). The rate parameters thus evaluated 
are summarized in Table I; relative values are converted to the absolute 
values for k0 by replacing reported k2. The k0 value of 3.6 x 106 s-1 for VO 
satisfies the assumption of k0 < &2[02] for aerated cyclohexane solution 
([02] = 2.1 mM).
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[BMO] x 102, M

Figure 4. Plot of eqs. (9) and (10) for reaction of p-BrCsH^S with CH2==CHCHOCH2-

In the same manner, the rate constants for MVO and EPN were evalu
ated; they are also listed in Table I. The k0 value of MVO is similar to that 
of VO. These k0 values are smaller than that of cyclopropylmethyl radical by 
a factor of ca.100 [13,14], The activation energy of the ring-opening process 
(mainly reaction (6)) can be estimated to be ca. 10 kcal/mol, assuming the 
frequency factor of 1013 s"1 [13]. This activation energy is smaller than that 
of dissociation of oxirane (ca. 57 kcal/mol) [15]. The former reaction accom
panying by the double bond formation has extremely lower barrier than the 
latter biradical formation reaction.

The k0 of EPN is slightly smaller than those of VO and MVO; since the 
former is bicyclo-derivative, it is not clear that the cleavage of the 3-member 
ring is easier than that of 5-member ring. In the case of EPN, two cleavage 
paths yielding the alkoxy and phenyl radical are possible (eq. (12)). We, how
ever, did not succeed in the detection of the alkoxy and phenyl radicals by 
the flash photolysis method, because of their high reactivities in solution.
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Compared with the kx value of AEE, kx of VO is larger by a factor of 50. 
Although both the monomers belong to the nonconjugated monomer, the pz 
orbital of the radical center in ArSCH2C HCHOCH2 may be conjugated with 
the orbitals of the epoxy ring. The kx value of EPN is quite large compared 
with those of other nonconjugated olefins; this seems to be characteristic to 
bicyclo-olefins [16]. In Table I, a tendency that the larger the K value, the 
larger the kx value is seen.

Figure 5 shows the decay of ArS' in the presence of PVO; the decay rate of 
ArS' in degassed solution is faster than that in oxygen-containing solution. 
In the ring-opening polymerization of PVO, the C —C cleavage occurs pro
ducing benzyl radical (reaction 13) [4].

For the reaction in degassed solution, if the C —C bond partially breaks 
forming the resonance-stabilized benzyl radical in the transition state, the 
rate of the addition reaction becomes faster than those of VO and MVO [17]. 
On the other hand, when oxygen is present, oxygen may trap the delocalized 
radical (ArSCH2C'HCHOCHPh) before the C —C cleavage (reaction 14); 
thus, the reaction rate of the addition process may be slowed down. The 
method of analysis for the decay curves derived in this study can not be ap
plied to PVO.

00

(14) ArSCH2C HCH—CHPh ArSCH2CHCH-CHPh
X0Z

-2
£v

0 TOO 200 300

time, >15

Figure 5. First-order plot for decay of p-BrC6H4S': (a) without monomer; (b) degassed 
solution in the presence of CH2 = CHCHOCHPh (140 mM); and (c) 11 mM of 02 was 
added to solution b.
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In general, the radical-propagating rate constants for nonconjugated vinyl 
monomers are 102 - 103 M-1 s_1 [181. Even in bulk polymerization, which 
contains ca. 10 M of vinyl monomer, the ring-opening reaction occurs prior 
to the propagation of the radical polymerization by attacking other vinyl 
monomer.
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Effect of maceral composition on the 
extraction of bituminous coals with carbon 
disulphide-/V-methyl-2-pyrrolidinone mixed 
solvent at room temperature

Toshimasa Takanohashi, Tadashi Ohkawa, Takayuki Yanagida and 
Masashi lino
Institute for Chemical Reaction Science, Tohoku University, 2-1-1 Katahira. Aoba-ku, 
Sendai 980, Japan 
(Received 12 May 1992)

The residues obtained from the extraction with carbon disulphide /V-methyi-2-pyrrolidinone mixed solvent 
at room temperature were optically examined and their maceral composition was determined. At low 
extraction yields, below 30 wt% (daf), a significant amount of scmifusinite and pscudovitrinitc were 
extracted. The solvents penetrated the vitrinite particles, softening and extracting them. Pseudovitrinite. 
an intermediate component between vitrinite and scmifusinite, was fragmented like the vitrinite by the 
penetration of the solvents. Scmifusinite was also fragmented and extracted. Fusinitc. macrinite, and 
micrinite were hardly extracted with the mixed solvent. Above 50 wt% (daf) extraction yield, vitrinite was 
preferentially extracted, but even at 74.1 wt% (daf) extraction yield, some vitrinite components remained 
in the residue.

(Keywords: solvent extraction; macerals; bituminous coals)

Coals consist of three optically different maceral groups: 
exinite, vitrinite, and inertinite, the chemical and physical 
properties of which arc significantly different. Therefore, 
the maceral composition of coal is recognized to be very 
important in coal utilization such as coking and 
liquefaction.

It is generally considered that inertinites are chemically 
inert to reactions such as liquefaction, exhibiting no 
fusibility, low volatile matter, high reflectance and high 
aromaticity1, although their properties also depend on 
coal rank. Shibaoka et al. reported that hydrogenation 
of inertinites in Australian coals became significant only 
above 400 C without added catalyst2, and that a 
significant amount of oil was obtained at 450 C3, whereas 
virtrinites started to dissolve above 300 C4. Inertinite 
seems to be neither swollen nor dissolved significantly in 
tetralin at low temperatures (c.g. <330 C).

Inertinites and vitrinites consist of several maceral 
components distinguished optically. The chemical 
reactivities of individual maceral components arc not
fully understood. Schapiro and Gray5 regarded one-third
of the semifusinite, one of the components of inertinite, 
as reactive in coking. Mochida et al.h reported that the 
major portion of scmifusinite could be fully liquefied, 
although its reactivity depended on the kind of coal. 
Mochida et al.1 examined the correlation of inertinite 
reactivity with microscopic characteristics and concluded 
that each maceral component had a different condition 
appropriate for liquefaction. Maceral components in the 
vitrinite group also show different reactivities for 
liquefaction8.

The present authors reported910 that carbon disulphide- 
AMncthyl-2-pyrrolidinonc (CS2-NMP) mixed solvent 
gave very high extraction yields (45 66 wt% daf) for 
many bituminous coals at room temperature, probably 
without any cleavage of covalent bonds. The effect of 
coal rank on the extraction and the extraction mechanism 
were discussed9. For solvent extraction of coals under 
mild conditions, the penetration of the solvent into the 
coal as well as the solubility of the coal components are 
important factors in obtaining a high extraction yield9. 
Zao Zhuang coal (China), which showed a high 
extraction yield (66 wt%), contained 28.4 vol% of 
inertinites11. It is therefore worth while to clarify the 
solubility of macerals in this particular solvent.

In this study, bituminous coals were extracted with the 
CS2-NMP mixed solvent at room temperature to 
determine the extractability of individual macerals, 
which were identified microscopically before and after 
extraction.

EXPERIMENTAL
Coals

Five bituminous coals were ground to < 850 pm and 
dried in vacuo at 107 C. Their ultimate and proximate 
analyses are shown in Table I. The two kinds of Zao 
Zhuang coal were obtained from the same seam.

Extraction procedure
A coal sample (4 g) was added to 100 ml of the 

CS2-NMP solvent (at various mixture ratios) in a flask

0016 2361 93 01 (1051-05 
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Table I Ultimate and proximate analyses and vitrinite reflectances of coals

Coal Country

Ultimate analysis (wt% daf) Proximate analysis (wt% db)
Ro.m.,
(%)C H N S + 0“ VM Ash FC

Sewell B" USA 88.4 5.3 1.4 4.9 30.8 4.6 64.6 0.86
Zao Zhuang I China 87.8 5.2 1.4 5.6 26.4 13.1 60.5 0.87
Zao Zhuang II China 86.9 5.5 1.5 6.1 28.6 7.4 64.0 0.86
Shin-Yuba ri Japan 86.7 6.2 2.0 5.1 38.3 6.2 55.5 0.86
Lower Kittanning' USA 82.3 5.2 1.7 10.8 31.5 12.1 56.4 0.83

“By difference
"PSOC726
'PSOC8I5

Table 2 Maceral group compositions and extraction yields of coals

Maceral group composition (vol % ) Extraction
yield
(wt% daf)Coal Vitrinite Exinite Inertinite" Mineral matter

Sewell ‘B’ 64.8 9.5 23.1 2.6 37.1
Zao Zhuang I 70.1 0.5 21.4 8.0 78.8
Zao Zhuang II 59.4 1.1 35.0 4.5 66.8
Shin-Yubari 95.2 0.6 0.6 3.6 59.8
Lower Kittanning 87.5 1.5 3.3 7.7 46.8

“Including pseudovitrinitc

and extracted with magnetic stirring for 60 min at 
room temperature under atmospheric pressure. After 
ccntrifuguation at 14 000 rev min'1 (25 400 y) for 40 
min, the supernatant was immediately filtered through a 
membrane paper with an average pore size of 0.8 /tm. 
The retained solid was again extracted with fresh mixed 
solvent in the same way. This extraction procedure was 
repeated twice. The residue was washed three times with 
acetone for 15 min to remove CS, and NMP retained 
in the coal, and dried in vacuo at 90°C for 12 h. The 
extract was washed with acetone water (2:8 v/v) after 
evaporation. The yield of residue plus extract was 
98- 102 wt% of the raw coal.

Coal was also extracted under ultrasonic irradiation 
for 30 min at room temperature, after which the residue 
was treated by the same procedure as above.

The coals ( < 850 pm ) were also extracted in a Soxhlet 
extractor with pyridine for 48 h under nitrogen. The 
residues were washed thoroughly with acetone.

The extraction yield was calculated on a dry ash-free 
basis according to the equation

Extraction yield ( wt% daf) =

1 - residue (g)/coa!feed (g) ^
1 — ash ( wt% db)/100

Microscopic analysis
Microscopic analysis was carried out in oil immersion 

by reflected light according to the Japanese Industrial 
Standard (JIS 8816). About 4 g of the coal sample 
(250-850 /tm) was mounted in epoxy resin. The block 
was cured at 60 C for 3 h and was polished with abrasive 
papers and then with 1.0, 0.3 and 0.06 //m alumina on

silk. The maceral composition was determined with a 
polarizing microscope, using more than 500 counts. The 
mineral matter content (vol%) was calculated from the 
ash content (wt% ) and total sulphur content (wt%) by 
the Parr equation11.

RESULTS AND DISCUSSION

Maceral composition and extraction yield
Table 2 shows the maceral group composition and the 

extraction yield with 1:1 (v/v) CS2-NMP mixed solvent 
for five raw bituminous coals. Since pseudovitrinitc is 
considered to he an intermediate between vitrinite and 
semifusinite1, pseudovitrinitc is here included in the 
inertinite group. Shin-Yubari coal, with a high vitrinite 
content of 95.2 vol% and little inertinite, gave a high 
extraction yield of 59.8 wt% (daf). Zao Zhuang I and 
Zao Zhuang II coals, with relatively high inertinite
contents, nevertheless showed higher extraction yields 
than Shin-Yubari coal. Zao Zhuang I gave a higher 
extraction yield than Zao Zhuang II, which had a similar 
ultimate analysis, volatile matter and fixed carbon but a 
higher inertinite content than Zao Zhuang I. No 
correlation was found between the maceral group 
composition and the extraction yield with the mixed 
solvent at room temperature.

Table 3 shows the maceral analyses of Zao Zhuang I 
and II coals. Telocollinite (>90 vol%) dominates the 
vitrinite group in both coals. For Zao Zhuang I, the 
macrinite + micrinite content is relatively low, whereas 
the pseudovitrinitc is high compared with Zao Zhuang 
II. Both coals have similar semifusinite and fusinite 
contents. The exinite group consisted almost entirely of 
sporinite.
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Table 3 Maceral compositions of maceral groups

Vitrinite (vol% dmmf) Inertinite and pseudovitrinite (vol% dmmf)

Coal Telocollinite Telinite Degradinite Pseudovitrinite Semifusinite Fusinite
Macrinite + 
micrinite

Zao Zhuang I 96.0 4.0 0.0 41.1 40 0 5.1 13.1
Zao Zhuang II 90.7 8.4 0.9 28.0 40.3 2.7 29.0

Table 4 Maceral group composition of extraction residues

Mixed solvent 
volume ratio Extraction

yield
(wt% daf)

Maceral group composition 
(vol% dmmf)

Coal CSjiNMP Vitrinite Exinite Inertinite”

Zao Zhuang 1 raw coal 0.0 76.2 0.5 23.3
90:10 11.0 73.9 0.6 25.5
80:20 28.5 73.5 0.6 25.9
65:35 59.1 64.4 0.6 35.0
50:50 74.1 59.9 0.0 40.2

Sewell ‘B’ raw coal 0.0 66.5 9.7 23.8 __
50:50 28.3 67.0 11.0 22.0

“Including pseudovitrinite

Vitrinite

Inertinite

50
Extraction yield (wt%, daf)

Figure 1 Contents of vitrinite and inertinite (including pseudovitrinite) 
in extracted residues versus extraction yield: #, A, CS2-NMP; 
O, A, pyridine

Maceral compositions of the extracted residues
Table 4 shows the extraction yields with various 

volume ratios of the mixed solvent, as well as the maceral 
compositions of the extracted residues. The extraction 
yield can vary with the volume ratio9. The inertinite 
(including pseudovitrinite) content did not increase in 
the residue after the extraction of 28.5 and 28.3 wt% 
from Zao Zhuang I and Sewell ‘B’ coals respectively, 
suggesting that the extraction rates for the reactive and 
inert macerals were similar at such extraction yields. 
Preliminary experiments on the extraction of maceral 
concentrates prepared by the sink-float method also

showed that significant amounts of semifusinite and 
pseudovitrinite were extracted with the mixed solvent.

When the extraction yield increased to 59.1 wt%, 
inertinite was found to be concentrated in the residue 
from Zao Zhuang I coal. Figure I shows the contents of 
inertinite (including pseudovitrinite) and vitrinite in the 
extracted residues versus the extraction yield. Above 
59 wt%, vitrinite was somewhat preferentially extracted. 
However, even at 74.1 wt% extraction yield, some 
vitrinite still remained in the residue, indicating that there 
is a significant difference in extractability among vitrinite 
components.

When the residue from Soxhlet extraction with 
pyridine was optically analysed, the result was similar to 
that obtained with the mixed solvent, as shown in 
Figure l.

Microscopic observation
Photomicrographs of the extracted residues from Zao 

Zhuang 1 coal at various extraction yields arc shown in 
Figure 2. At I 1.0 wt% extraction yield, no significant 
change was found in the maceral components, except 
that the edges of vitrinite and pseudovitrinite particles 
became somewhat dark. As the extraction yield increased
to 28.5 wt%, the dark regions spread inside the particles,
and some cracks appeared, indicating that the solvents 
gradually penetrate4 vitrinites and pseudovitrinite. Some 
semifusinite grains were fragmented, whereas there was 
no change in fusinitc, macrinitc and micrinitc.

At 59.1 wt% extraction yield, most of the unextracted 
vitrinite (telocollinite) particles were finely fragmented, 
although breakage may have occurred in the fragile 
vitrinites when the epoxy resin block was cured. This 
observed difference of extractability in vitrinites may be 
attributed not to differences in their maceral components, 
but to the heterogeneity of the chemical structure in 
telocollinite, such as the cross-link density and the
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Table 5 Compositions of inertinile in Zao Zhuang l coal and its extraction residues

Extraction Composition (vo!% dmmf)
yield
(wt% daf)

Inertinite0 
(vol% dmmf) Pseudovitrinite Scmifusinite Fusinite Macrinite + micrinite

0.0 23.3 41.1 40.0 5.1 13.8
11.0 25.5 37.9 41.5 8.0 12.6
28.5 25.9 36.3 39.4 7.0 16.8
59.1 35.0 23.0 40.2 14.5 22.1
74.1 40.2 14.9 43.1 17.8 24.2
36.3* 30.8 23.7 49.4 6.8 20.0

“Including pseudovitrinite 
‘‘Soxhlet extraction with pyridine

"E 60

"o 40 -

x 20

Extraction yield of inertinite group (wt%)
Figure 3 Contents of unextracted inertinite macerals and pseudo
vitrinite versus toal extraction yield: #, O, pseudovitrinite;
A, A, scmifusinite; V, fusinite; ■, □, macrinite + micrinitc; 
e, A, T, ■. CS2-NMP; o. A, V, □, pyridine

analysis of the inertinite macerals in the Zao Zhuang I 
coal and its residues. As the extraction yield increased, 
pseudovitrinite in the residue decreased, scmifusinite did 
not change, and fusinite and macrinite + micrinite 
gradually increased, indicating that a significant amount 
of pseudovitrinite and scmifusinite was extracted with 
the mixed solvent.

Figure 3 plots the contents of inertinites and 
pseudovitrinite in the residues against the extraction 
yield. Most of the fusinite, macrinite and micrinite was 
unextracted. In contrast, pseudovitrinite and scmifusinite 
were extracted with the CS2-NM P mixed solvent, to the 
extent of 80 and 50 wt% respectively at an extraction 
yield of 13 wt% of the inertinite. Such extraclahility of 
scmifusinite exceeds that expected according to Scharpiro 
and Gray5. This high extractability of scmifusinite and 
pseudovitrinite may be the reason for the high extraction 
yield with the CS2-NMP mixed solvent. Pyridine 
extracted more pseudovitrinite than did CS2-NMP at 
the same extraction yield, as shown in Figure 3.

CONCLUSIONS

There was a difference in extractability with carbon 
disulphide-N-methyl-2-pyrrolidinone mixed solvent at 
room temperature among the maceral components. At 
low extraction yields ( <30 wt% daf), pseudovitrinite 
and scmifusinite were extracted to a similar extent to 
vitrinites. Pseudovitrinite became dark and fragile on 
solvent extraction, similar to the behaviour of vitrinites. 
Fusinite, macrinite and micrinite were little penetrated 
by the solvent and only slightly extracted. At high 
extraction yields (> 50 wt% daf), vitrinites were 
somewhat preferentially extracted. At 74.1 wt% extraction 
yield for Zao Zhuang I coal, 80 wt% of pseudovitrinite 
and 50 wt% of scmifusinite were extracted with the 
CS2-NMP mixed solvent even at room temperature, 
whereas some vitrinite still remained in the residue, 
although it was almost completely fragmented by the 
penetration of the solvents.

It is known that extractability also depends considerably 
on coal rank. Coal extractability therefore needs to be 
considered in terms of maceral composition (coal origin ) 
and with rank (coalification).
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Effects of additives and oxygen on extraction yield with CS2-NMP 
mixed solvent for Argonne premium coal samples
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Sendai 980, Japan 
(Received 17 August 1992)

Addition of tetracyanoethylene or p-phenylenediamine to CS2-NMP mixed solvent markedly increased 
the extraction yield for Upper Freeport coal (86 wt% C). The presence of atmospheric oxygen during 
extraction decreased the yield. The pyridine-insoluble fraction of the extract was most affected. No such 
large effects were observed for other coals. The mechanisms responsible are discussed.

(Keywords: oxygen; extraction yield; carbon disulfide)

Carbon disulfide (CS2)-N-methyl-2- 
pyrrolidone (NMP) mixed solvent (1:1 
by volume) has been found to give 
high extraction yields (40-65 wt% daf) 
for many bituminous coals at room 
temperature1,2. When the extracts were 
fractionated with pyridine to yield 
pyridine-insoluble (mixed-solvent-soluble) 
(PI) and pyridine-soluble (PS) fractions, 
part of the PI fraction was found to 
become insoluble in the CS2-NMP mixed 
solvent3. It was also found3 that the 
addition of compounds such as 7,7,8,8- 
tetracyanoquinodimethane (TCNQ), tetra
cyanoethylene (TCNE) and p-phenylene
diamine (PDA) to PI suppressed its 
precipitation, probably because the associ
ation between PI molecules was broken 
by the additives.

This communication reports the effect 
of these additives on the mixed solvent 
extraction of the Argonne premium coal 
samples, analyses of which4 are listed in 
Table 1. The extractions were carried out 
exhaustively, without special protection 
from exposure to air, at room temperature 
under ultrasonic irradiation (38 kHz), as 
described previously2. Usually 1 g of coal 
was extracted for 30 min in 65 ml of the 
mixed solvent containing 10-25 mg of 
additive per g of coal (0.15-0.38 mg per ml
of solvent). Further extractions (usually 
two or three) of the residue were

performed using the same quantities of 
the mixed solvent and additive until 
the supernatant became almost colour
less. The extraction yield (daf) was 
determined from the weight of the residue. 
The recovery of residue + extract was 
96.5-100.5 wt%.

Table 2 shows that a very high 
extraction yield, 84.6 wt% (daf), was 
obtained from Upper Freeport (UF) coal 
on addition of a small amount (10 mg g“') 
of TCNE, an increase of ~ 20 wt% over 
the yield without TCNE. PDA was also 
found to be effective. The extraction yields 
did not increase when the amount of 
TCNE increased from 10 to 25 mg g" '. 
The other coals gave no clear increase of 
the yield upon addition of TCNE.

Table 2 also shows that the addition of 
TCNE mainly increased the PI fraction, 
which is heavier than PS. FT-i.r. spectra 
of the extracts and residues showed that 
even after washing with acetone, a new 
peak due to the CN group appeared at 
2198 cm-1 for PI, PS and residue. 
Corresponding peaks for TCNE itself 
appeared at 2262 and 2227 cm-1. This 
shift may be ascribed to the formation of 
7i—7i complexes (including charge-transfer 
complexes with aromatic rings in coal) 
and/or Diels-Alder adducts of TCN E and 
aromatic rings in the coal molecules. E.s.r. 
measurements showed that the spin

concentrations of PI, PS and residue 
increased, but the line shape was 
not delectably changed, in the extraction 
with TCNE.

These effects of TCNE and PDA can 
be explained by the formation of n-n 
complexes, as in the solubilization 
behaviour of PI described previously3. It 
seems unlikely that adduct formation is 
a main cause, since PDA, which does 
not form Diels-Alder adducts with 
aromatics, increased the extraction yields. 
In addition to the increase in solubility3 
of the coal molecules in the mixed solvent, 
weakening of the stacking of the aromatic 
rings in coal may also be responsible for 
the increase in yield. TCNE is known to 
undergo Diels-Alder addition reactions 
with aromatics such as anthracene5.

In relation to the effect of the additives 
above, the effect of oxygen was also 
investigated. Table 3 shows that UF coal 
gave a distinctly higher extraction yield, 
63.7-69.7 wt% (daf), when the whole 
extraction procedure was performed 
under nitrogen in a glove box than 
that (60.1-62.6 wt% daf) obtained by the 
usual procedure in air. The fraction 
distributions of the extracts show that it 
was mainly the PI that increased, 
compared with extraction in air. As with 
TCNE addition, coals other than UF did 
not show a yield increase. The extraction

Table 1 Analyses of coals

Ultimate analysis (wt% daf) Proximate analysis (wt% db) Maceral analysis (vol% mml)1’

Coal C H N s+o- VM Ash FC Liptinite Vitrinite Inertinite

Pocahontas No. 3 89.7 4.5 1.1 4.7 17.6 4.8 77.6 1 89 10
Upper Freeport 86.2 5.1 1.9 6.8 28.2 13.1 58.7 1 91 8
Pittsburgh No. 8 82.6 5.5 2.1 9.8 38.3 8.7 53.0 7 85 8
Illinois No. 6 76.9 5.5 1.9 15.7 38.6 15.0 46.4 5 85 10

“ By difference 
»Ref. 4
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Table 2 EITcct of additives on extraction of Argon lie premium sample:< with CSj-NMP mixed solvent

Additive 
(mg g'1 coal)

Extraction yield 
(w t% daf)

Fraction distribution of extract

Coal C(wt%dal) PI (wt% db) PS (wt% db)

Pocahontas No. 3 89.7 none 2.8" - -

TCNE (25) 1.9 - -
Upper Freeport 86.2 none 59.4 19.9 32.9

TCNE (10) 84.6 -
TCNE (25) 84.6 39.0 31.9
TCNE (25," 84.1 - -
PDA (25, 78.7 - -

Pittsburgh No. 8 82.6 none 39.0" -
TCNE (25) 42.6 - -

" Extraction three times with magnetic stirring for 120 min, without ultrasonic irradiation 
" Data from Ref. 6

Table 3 Effect of atmosphere on extraction of Argonne premium samples with CS2-NMP 
mixed solvent

Coal C(wt%daf) Atmosphere

Extraction
yield
(wt% daf)

Fraction distribution 
of extract

Pl(wt% db) PS(wt% db)

Pocahontas No. 3 89.7 n2 1.9 0.1 2.0
Air" 2.8 0.5 2.2

Upper Freeport 86.2 n2 68 9 313 31.3
n2 69 7 39.6 28.7
n2 66.2 35.4 24.9
n2 63.7 34.7 23.4
Air 626 26.1 28.8
Air 60.7 27.5 27.3
Air 60.1 19.9 32.9
Air 60.5 26.5 24.5

Pittsburgh No. 8 82.6 n2 36.7 0.3 39.7
Air" 39.0 0.4 35.2

Illinois No. 6 76.9 n2 31.2 0.2 29.7
Air" 33.1 0.1 27.6

“ Data from Ref. 6

yields of weathered UF coal exposed to 
air for 1, 3, 5 and 7 days were reported6 to 
be almost unchanged, compared with the 
original coal; only after 6 months did the 
yield decrease delectably from ~60 wt% 
(daf) for the raw coal to 51.8 wt% (dal). 
Since the extraction procedure, including 
solvent washing, usually takes 1-2 days, 
oxidation does not seem to be responsible 
for the decrease in yield when air is 
present. Possible reasons are insolubiliz
ation by association of coal molecules

accelerated by oxygen and/or a decrease 
in affinity of the solvent for the coal as a 
result of adsorption of oxygen on the coal 
surface.

The result without ultrasonic irradiation 
in Table 2 shows that such irradiation 
only accelerates the extraction rate and 
does not increase the yield, suggesting 
that it does not break any covalent 
bonds in coals. These results show 
that UF coal contains ~85 wt% of 
extractable, solvent-soluble material,

suggesting that this coal does not possess 
much covalently cross-linked network. 
The fact that UF coal gives a very- 
high extraction yield, agrees with the 
speculation7 that coals of ~86 wt% C 
(daf), such as UF .coal (Table /), 
have a minimum cross-link density. 
Therefore the coal structure model8 
widely accepted, which consists of cova
lently cross-linked network with a 
relatively small amount of extractable 
components, does not seem to be 
applicable to this coal.
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Table 1 Extraction and fractionation of raw coals and the liquefaction residues

Sample
Residue 

(wt%, db)

Extraction Extract (wt%, daf) Recovery

(wt%, daf) AS PS PI
(wt%, db)

IL-OR 78.4 23.9 9.5 14.3 0.1 99.0

IL-LR 42.4 86.1 61.7 23.8 0.6 98.0

WY-OR 84.4 16.5 14.0 2.4 0.1 95.2

WY-LR 33.1 91.1 53.3 31.9 5.9 100.7

WN-LR 37.0 90.1 64.3 21.3 4.5 97.3

WN-LR 37.3a * $ - - - -

a ) Quinolin extraction
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Table 2 Ultimate analysis of Wyoming raw coal and its liquefaction residue, and their extract fractions and 
extraction residue

C H N S oa) ash H/C

(-)

O/C

(-)Fraction (wt%, daf) (wt%. db)

WY-OR 64.7 5.2 0.9 0.8 28.4 5.2 0.97 0.33

WY-OR-RE 69.5 5.3 1.8 0.9 22.5 5.8 0.91 0.24

WY-OR-PS 72.6 6.3 1.6 2.2 17.3 0.0 1.04 0.18

WY-OR-AS 70.6 7.4 3.6 3.5 14.9 0.0 1.26 0.16

WY-LR 88.1 5.3 2.0 2.0 2.6 26.6 0.73 0.022

WY-LR-RE - - - - - 75.3 - -

WY-LR-PS 86.5 4.6 1.8 1.9 5.2 0.0 0.64 0.045

WY-LR-AS 88.9 6.0 1.6 1.3 2.2 0.0 0.81 0.019

a ) By difference

LR-ER

3000 2000
Wavenumber (cm'1)

Fig. 2 FT-IR spectra of the Wandoan coal liquefac
tion-residue (LR) and its extraction-residue 
(LR-ER)
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Structures and Hydrogen Donating Abilities of Liquefaction Residues

Toshimasa TAKANOHASHI, Hong-Tao LIU, Shen-Jian Li and Masashi lINO 

(Institute for Chemical Reaction Science, Tohoku University)

SYNOPSIS I —The liquefaction residues discharged from the NEDOL process, were ex

tracted with carbon disulfide - A/-methyl-2-pyrrolidinone mixed solvent at room temper

ature. The extraction yields were 86.1%, 91.1%, 90.1% for Illinois, Wyoming, Wandoan 
coal liquefaction-residues, respectively. The fractionation of the extract showed that 

the amount of acetone-soluble fraction was 53%-64%. From ultimate analysis and FT~ 

IR measurements, the extract fractions had a higher aromaticity and a lower content of 
oxygen (especially hydroxyl group) than those for the corresponding raw coals. Heat 

treatment of the liquefaction residue with a bituminous coal was carried out at 250°C to 

evaluate the hydrogen donating ability of the liquefaction residue to the bituminous coal. 

The content of soluble fraction increased by the heat treatment with the bituminous 

coal, compared to that calculated from the heat treatment of each component alone, in

dicating that the liquefaction residue donated hydrogens to the raw coal moiety even at 
temperature as low as 250°C.

Key Words
Liquefaction residue, Solvent extraction, Heavy fraction, Hydrogen donating ability

-82



1108 Reprinted from ENERGY & FUELS, 1993, 7.
Copyright © 1993 by the American Chemical Society and reprinted by permission of the copyright owner.

Effect of TONE Addition on the Extraction of Coals and 
Solubility of Coal Extracts
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Sendai 980, Japan

Received June 8, 1993. Revised Manuscript Received August 25,19939

The effect of TCNE addition on the extraction of coals of different rank with carbon disulflde- 
JV-methyl-2-pyrrolidinone (CSg-NMP) mixed solvent (1:1 by volume) was investigated. TCNE 
increases considerably the extraction yields for some coals among the coals examined. TCNE seems 
to be effective for the coals that have much of heavy extract fraction, i.e., pyridine-insoluble extract 
fraction (E-PI). The effect of TCNE addition on the solubility of E-PI and other lighter extract 
fractions, and characterization of the solubilized frartion fractions by TCNE, suggest that the extraction 
yield enhancement by TCNE described above may be attributed to the suppression of association 
between coal molecules.

Introduction
A previous study* 1 showed that the pyridine-insoluble 

extract fraction (E-PI), which was obtained from the 
extraction ofZao Zhuang (ZZ) coal with carbon disulfide- 
N-methyl-2-pyrrolidinone (CSg-NMP) mixed solvent (1:1 
by volume) at room temperature, was found to become 
partly insoluble in the CSg-NMP mixed solvent, and the 
addition of the separated lighter fractions or other 
compounds such as tetracyanoethylene (TCNE) and 
p-phenylenediamine (PDA) recovered its solubility in the 
mixed solvent. Our recent work2 shows that the addition 
of TCNE and PDA increases the yield of the extraction 
with the CSg-NMP mixed solvent for Upper Freeport (UF, 
Argonne premium sample) coal, but not for other Argonne 
coals such as Pocahontas No. 3 and Pittsburgh No. 8 coals.

In this study, the effect of TCNE addition on the 
extraction of coals and the solubility of the extracts is 
investigated in detail for UF and other coals of different 
rank and mechanistic interpretations for the effect of 
TCNE are given.

Experimental Section
Materials. The coals were ground to <250 nm (-60 mesh), 

except for Argonne Premium Coal Samples, which were already 
ground to <150 /tm (-100 mesh). All the coals were then dried 
in vacua at 107 °C to constant weight (2-3 h). The ultimate and 
proximate analyses are shown in Table I. TCNE (95% purity) 
and the solvents were used without further purification.

Extraction and Fractionation Procedures. Extraction and 
fractionation procedure are shown in Figure 1. The coals were 
exhaustively extracted (usually 6 times) with CSj-NMP mixed 
solvent (1:1 by volume) at room temperature according to the 
method described before.3 TCNE was added to a slurry of a coal 
in the CSg-NMP mixed solvent just before the extraction was 
carried out under ultrasonic irradiation (38 kHz). The residue 
was washed with acetone under ultrasonic irradiation three times. 
The extraction yield (wt %, daf) was determined from the weight 
of the residue.3 Fractionation of the extracts with acetone and

• Abstract published in Advance ACS Abstracts, October 1,1993.
(1) Sanokawa, Y.; Takanohashi, T.; lino, M. Fuel 1990,69,1577-1678.
(2) Ishizuka, T.; Takanohashi, T.; Ito, O.; lino, M. Fuel 1993,72,579- 

580.
(3) Takanohashi, T.; lino, M. Energy Fuels 1991, 5, 708-711.

CSz-NMP extraction

Acetone

Pyridine

Pyridine soluble 
(E-PS)

Pyridine insoluble 
(E-PI)

Extract

Acetone soluble 
(E-AS)

Residue

Acetone insoluble

Figure 1. Solvent fractionation procedure of extracts obtained 
from CSi-NMP mixed solvent extraction.

pyridine gives acetone-soluble (E-AS), acetone-insoluble and 
pyridine-soluble (E-PS), and pyridine-insoluble (E-PI) fractions, 
respectively. E-PS and E-PI were washed with acetone and E-AS 
was washed with acetone-water mixed solvent (2:8 by volume) 
three times, respectively. The previous study4 without TCNE 
showed that the recovery (E-AS + E-PS + E-PI + residue) for 
UF coal is 97.7 %, indicating little retention of NMP and CSj in 
the extract and residue. FT-IR spectra (Figure 3) also showed 
little retention of TCNE in the residue, from which the extraction 
yield was determined.

Treatment of the Extract Fractions with TCNE. A 400- 
mg portion of the extract fraction (E-PI or E-PS) was treated 
with 40 mg of TCNE in 50 mL of the CSj-NMP mixed solvent 
for 30 min at room temperature under ultrasonic irradiation (38 
kHz). The mixed solvent insoluble part (E-MI) was washed with 
acetone after centrifugation and filtration. The soluble part was 
fractionated with acetone and pyridine, after the evaporation of 
CSj and NMP, into E-AS, E-PS, and pyridine-insoluble and the 
mixed solvent soluble fraction (E-MS). The treatment of E-PI 
and E-PS without TCNE was also carried out and the fraction 
distribution was determined. FT-IR spectra of the samples were 
obtained by a diffuse reflectance method using a JEOL JIR-100 
spectrometer.

(4) lino, M.; Takanohashi, T.; Ohsuga, H.; Toda, K. Fuel 1988, 67, 
1639-1647.

0887-0624/93/2507-1108$04.00/0 © 1993 American Chemical Society
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Table I. Ultimate and Proximate Analyses of Coals
ultimate analyses (wt %, daf) proximate analyses (wt %, db)

coal symbol specification C H N 0 + S« VM ash FC

Pocahontas No. 3 PC Argonne 89.7 4.5 1.1 4.7 17.6 4.8 77.6
Sewell B SW PSOC726 88.4 6.3 1.4 4.9 30.8 4.6 64.6
Upper Freeport UF Argonne 86.2 6.8 1.9 6.8 28.2 13.1 58.7
Upper Freeport UFPSOC PSOC1441 85.0 5.6 1.7 7.7 32.5 13.1 54.0
Lower Kittanning LK PSOC815 84.0 5.6 1.7 8.7 31.5 9.0 56.4
Pittsburgh No. 8 PITT Argonne 82.6 5.5 2.1 9.8 38.3 8.7 53.0
Stigler SG PSOC1376P 77.8 4.8 1.5 15.9 30.7 11.7 57.6
Illinois No. 6 IL Argonne 76.9 5.5 1.9 15.7 38.6 15.0 46.4

0 By difference.

100

ABODE

Extraction Procedure
Figure 2. Extraction yield with CSg-NMP mixed solvent for 
UF coal: (A) exhaustive extraction without TONE; (B) exhaustive 
extraction with TONE (0.1 g/g of coal); (C) extraction without 
TONE one time; (D) extraction with TONE (0.1 g/g of coal) one 
time; (E) exhaustive extraction without TONE and subsequent 
extraction with TONE (0.1 g/g of coal) one time.

Table II. Effect of TCNE Addition on Extraction of UF 
Coal with CSr-NMP Mixed Solvent and Fraction 

Distribution of the Extracts
TCNE extraction yield extract fraction (wt%,db) 

(g/g of coal) (wt %, daf) E-PI E-PS

none 59.4 19.9 32.9
0.010 84.6 - -

0.025 85.0 47.0 28.5
0.025 84.6 39.0 31.9
0.100 83.2 - -

Results and Discussion

TCNE (g/ g-coal)
Figure 3. Plot of extraction yield vs amount of TCNE used in 
the extraction.

0.1 g/g of coal of TCNE gives similar high extraction yield, 
but the use of more TCNE than 0.1 g/g of coal unexpectedly 
decreases the yield. The reason is not clear at present, 
though the change of association state or the occurrence 
of some side reactions between coal molecules with TCNE

Effect of TCNE Addition on the Extraction of UF 
Coal. Table II shows the yields of the exhaustive 
extraction of UF coal (1 g) in the mixed solvent (65 mL) 
without and with TCNE (0.01-0.1 g). It indicates that 
the addition of only 0.01 g/g of coal of TCNE increases the 
extraction yield from 59.4 to 84.6% and that increasing 
TCNE to 0.1 g/g of coal causes no increase of the extraction 
yield. The fraction distribution before and after TCNE 
addition shows that the increases in yield are due to the 
increase of the heavy extract fraction, i.e., E-PI, not those 
of E-AS and E-PS.

may be conceivable.
Effect of TCNE Addition on the Extraction of 

Various Coals. Table III shows the effect of TCNE 
addition on the exhaustive extraction of various coals 
together with the fraction distribution of the extracts 
obtained from the extraction without TCNE. It shows 
that the effectiveness of TCNE does not depend on coal 
rank (percent carbon), and seems to depend on whether 
a coal has much of E-PI, i.e., the heaviest fraction of the 
extract or not. TCNE is not effective for the coals which 
have little E-PI.

Figure 2 shows the yields for exhaustive extraction 
without (A) and with (B) TCNE (0.1 g/g of coal), single 
extraction without (C) and with (D) TCNE, and single 
extraction with TCNE after exhaustive extraction without 
TCNE (E). Figure 2 shows that single extraction with 
TCNE gives similar yield as that for the exhaustive one 
(B and D) and TCNE addition after the exhaustive 
extraction without TCNE gives no increase in yield (A 
and E).

Figure 3 shows the plots of the yield for single extraction 
with TCNE vs TCNE concentration. It shows that 0.05-

Effect of TCNE Addition on the Extraction with 
Various Solvents. Table IV shows the results for the 
extraction of UF coal with pyridine and CSz-pyridine 
mixed solvent (1:1 by volume) at room temperature, 
together with the result for the CSg-NMP mixed solvent. 
Table IV shows that TCNE is not so effective for the 
extraction with pyridine and the CSg-pyridine mixed 
solvent. This is not unexplainable since the extraction 
yields for the both solvents are low and the extracts mainly 
consist of E-AS and E PS and have little E-PI which is 
responsible for the increase of the extraction yield.
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Table III. Effect of TONE Addition on Extraction of 
Various Coals with CSj-NMP Mixed Solvent

coal
C, % 
(daf)

amount of 
TCNE 

(g/g coal)

extraction
yield

(wt %, daf)

extract fraction 
(wt %,db)

E-PI E-PS E-AS

PC 89.7 none 2.8 0.5 1.5 0.7
0.025 1.9 - - -

SW 88.4 none 37.9 11.4 18.6 5.9
0.100 47.9 - - -

UF 86.2 none 60.4 24.4 24.3 7.6
0.025 85.0 - - -

UFPSOC 85.0 none 44.2 6.9 23.2 8.8
0.100 50.1 - - -

LK 84.0 none 46.2 8.6 25.4 5.8
0.100 61.5 - - -

PITT 82.6 none 39.0 0.4 27.1 8.1
0.025 42.6 - - -

SG 77.8 none 37.5 10.4 14.0 6.5
0.100 52.3 - - -

IL 76.9 none 33.1 0.1 18.7 8.9
0.100 33.1 - - -

Table IV. Effect of TONE Addition on Extraction of UF 
Coal with Various Solvents

extraction yield (wt %, daf)

solvent without TONE with TCNE0

pyridine 2.8 4.0
pyridine-CSz6 27.7 28.9
CSr-NMP6 60.4 83.2

' TCNE/coal = 0.1 g/g coal. 61:1 by volume.

Table V. Effect of TCNE Addition on the Solubility of 
E-PS and E-PI Fractions of UF Coal in the CSz-NMP 

Mixed Solvent
fraction distribution (wt %, db)

fraction additive E-MI E-MS E-PS E-AS

EPS none 0.8 0.4 88.2 10.6
TCNE0 0.3 0.3 83.2 16.2

E-PI none 47.6 38.8 13.4 0.2
TCNE0 1.1 83.6 14.1 1.2

0 TCNE/coal = 0.1 g/g of extract.

Treatment of the Extract Fractions with TCNE. 
Table V shows the fraction distribution of E-AS, E-PS, 
and E-MS (the CSg-NMP mixed solvent soluble and 
pyridine-insoluble fraction) and E-MI (the CSg-NMP 
mixed solvent insoluble fraction of the extract, not 
extraction residue in Figure 1), when E PS and E-PI were 
treated with TCNE in the mixed solvent, together with 
the results without TCNE. Table V shows that the raw 
E-PS contains about 10% of E-As and E-MS, probably 
due to a change of association state by drying at 90 °C and 
redissolution in the CSg-NMP mixed solvent. Table V 
shows that TCNE addition to E PS increases slightly E-AS, 
while the raw E-PI contains a large amount of E-MI (about
50%) due to the formation of insoluble aggregates by 
association during solvent fractionation, since in this case 
the addition of the separated E-AS and E PS to E-PI 
recovers E-PI’s solubility in the CSr-NMP mixed solvent 
to over 90%, as described in Introduction. Table V shows 
that TCNE addition to E-PI decreases E-MI almost to 
zero, and increases E-MS, suggesting that TCNE addition 
changes the fraction distribution to lighter fractions. The 
result, that TCNE is effective for E-PI and not for E-PS, 
is agreement with that for the effect of TCNE addition on 
the extraction yields of various coals described above.

FT IR Spectra of TCNE Treated Samples. Figure 
4 shows IR spectra of each fractions from the extraction 
of UF coal with TCNE, together with that of the raw coal.

Residue

3200 2400
Wavenumber (cm-1)

Figure 4. FT-IR spectra of UF raw coal and the fractions from 
the extraction with CSr-NMP mixed solvent with TCNE.

— C = N

4000
Wavenumber (cm-1)

Figure 5. FT-IR spectra of CSr-NMP mixed solvent insoluble 
E-PI (a) and soluble E-PI (b-f) after treatment of E-PI with 
TCNE. (b) Washing with acetone; (c—f) washing of the E-PI-b 
with benzene (c), THF (d), DMSO (e) and pyridine (f), respec
tively.

Figure 4 shows that TCNE-treated samples show the peak 
at 2200 cm-1 due to -CN group of TCNE, and the peak 
for the lighter fractions is much more intense than that 
for the heavier fractions. Figure 5 shows FT-IR spectra 
of the CSa-NMP mixed solvent insoluble (a) and soluble 
E-PI (b-f) after TCNE treatment, (b, washing with 
acetone; c-f, washing of the soluble E-PI-b with benzene 
(c), THF (d), DMSO (e) and pyridine (f), respectively).
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Figure 5 shows that TONE is retained in the soluble E-PI-b 
not in insoluble E-PI-a. Figure 5 also shows that TONE 
retained in E-PI-b was removed by the further washing 
with better solvents than acetone for coal. The order of 
the degree of the TCNE removal, i.e., acetone = benzene 
< THF < DMSO < pyridine, agrees with that of the 
extraction yields obtained in the extraction of two bitu
minous coals (75.4 and 86.7% C, daf, respectively) with 
these solvents.4-5

The result that TCNE can be removed by solvent 
washing suggests that TCNE is retained by adsorption to 
E-PI, not by covalent bonds with E-PI by some chemical 
reactions such as Diels-Alder reactions.6

Mechanism for the Increase of Extraction Yield 
and Solubility by TCNE Addition. The previous section 
indicated that TCNE is strongly retained in the extracts 
and not in the residues. TCNE is also retained in the 
soluble fraction of E-PI, not in the insoluble fraction of 
E-PI, suggesting that E-PI becomes more soluble in the 
CS2-NMP mixed solvent when it forms some aggregates 
with TCNE. In fact, the solubilized fraction of E-PI by 
TCNE addition becomes again partly insoluble in the CSg- 
NMP mixed solvent after the removal of TCNE by washing 
with acetone.

Coal molecules are known to associate readily between 
themselves.7-8 The associates, especially those between

(5) lino, M.; Matsuda, M. Bull. Chem. Soc. Jpn. 1984,57,3290-3294.
(6) Middleton, W. J.; Heckert, R. E.; Little, E. L.; Kieapan, C. G. J. 

Am. Chem. Soc. 1958, 80, 2783-2788.

molecules of heavy components, are considered to be less 
soluble than separate “free” molecules. This may be the 
reason why E-PI becomes insoluble in the CSz-NMP mixed 
solvent, after the removal of lighter fractions of E-AS and 
E PS with solvent fractionation. The solubility increase 
on TCNE addition may be also due to the breaking of 
such associates by the formation of new associates of TCNE 
and coal molecules, which are, in turn, more soluble in the 
mixed solvent, since TCNE is readily soluble in the mixed 
solvent. The increase for the extraction yield by TCNE 
addition can be also explained by the suppression of the 
formation of associates between various coal molecules in 
raw coal by the formation of associates between TCNE 
and coal molecule. Hydrogen bonding, charge transfer, 
and dipole (ion)-dipole (ion) interaction, and aromatic 
(x)-aromatic (r) interaction by London dispersion forces, 
may be responsible for the formation of the associates. 
TCNE is known to be one of the strongest electron 
acceptors which easily forms a charge-transfer complex 
with electron donors, and charge-transfer interaction 
between coal and electron acceptors was suggested to 
exist.9-10 But at present it is not clear whether it is a 
predominant interaction or not.

(7) Sternberg, H. W.; Raymond, R.; Schweighardt, F. K. Science 1975, 
188, 49-51.

(8) Stenberg, V. I.; Baltisberger, R. J.; Patel, K. M.; Raman, K.; Wool- 
Bey, N. F. Coal Science; Gorbaty, M. L., Larsen, J. W., Wender, I., Eds.; 
Academic Press: New York, 1983; pp 125-171.

(9) Noshioka, M.; Gebhard, L. A.; Silbemagel, B. G. Fuel 1991, 70, 
341-348.

(10) Nishioka, M. Fuel 1992, 71, 941-948.
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Table 1 Extraction yields of a high volatile bituminous 
coal with various organic solvents at room 
temperature41

Solvent Extraction Yield

(wt%, daf)

n-Hexane 0.0

water 0.0

Formamide 0.0

Acetonitrile 0.0

Nitromethane 0.0

Isopropanol 0.0

Acetic acid 0.9

Methanol 0.1

Benzene 0.1

Ethanol 0.2

Chloroform 0.35

Dioxane 1.3

Acetone 1.7

Tetrahydrofuran 8.0

Diethyl ether 11.4

Pyridine 12.5

Dimethylsulfoxide 12.8

Dimethylformamide 15.2

Ethylenediamine 22.4
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Table 2 Extraction yields of Shin-Yubari coal (C%: 86.7%, daf) with various 
mixed solvents of an organic solvent with CS2, and with the orga
nic solvent alone at room temperature

Extraction yield(wt%, daf)

Organic solvent Mixed solvent Single

with CS2 solvent

Carbon disulfide - 0.8

Carbon tetrachloride 0.4 0.4

Benzene 0.5 0.5

Acetone 2.6 0.4

Methanol 3.5 0.1

Tetrahydrofuran 4.2 0.9

Triethylphosphate 10.6 0.8

Phenol 18.9 2.5

Dimethylsulfoxide 35.0 1.7

Pyridine 37.8 3.0

Dimethylformamide (DMF) 40.4 2.6

Dimethylacetoamide (DMA) 47.0 2.6

/V-Methyl-2-pyrrolidJnone (NMP) 55.9 9.3
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Table 3 The extraction yields with NMP and pyridine, and the quantities of NMP 
and pyridine soluble fraction in coals

Solvent Coal Extraction yield31 

(wt%, daf)

Soluble fraction

in the coalb)

(wt%, daf)

NMP Zao Zhuang 33.6 40.0

Shin-Yubari 35.9 53.7

Pyridine Zao Zhuang 12.5 30.8

Shin-Yubari 15.7 36.7

^Exhaustive extraction with NMP and pyridine at room temperature 

b,The quantity of the NMP and pyridine soluble fraction in the extract from the extrac

tion with the 1:1 CS2~NMP mixed solvent
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Table 4 Proximate analysis of raw coals, their extracts and residues

Yield Moisture VMb) Ash FCb)

(wt%, db) (wt%)

Zao Zliuang
Raw coal - 0.6 28.4(30.8) 7.4 63.6(69.2)
Extract3’ 48.9 1.1 32.6(32.9) 0.0 66.3(67.1)
Residue 45.5 1.0 22.1(27.2) 17.8 60.1(72.8)

Shin-Yubari
Raw coal - 0.9 38.0(40.9) 6.1 55.0(59.1)
Extract3’ 44.7 1.3 35.5(36.0) 0.0 63.2(64.0)
Residue 46.6 1.3 32.7(37.8) 12.2 53.8(62.2)

Upper Freeport
Raw coal - 2.3 27.6(32.5) 12.8 57.3(67.5)
Extract3’ 43.2 2.5 27.4(28.1) 0.0 70.1(71.9)
Residue 48.4 2.4 18.1(25.3) 26.0 53.5(74.7)

a, Acetone insoluble fraction in extract
b, The values in parentheses are calculated on daf base

(i cs2-nmp

(wt%. daf)

ft)

6 <b 2 ^6o

3.1.2
igW/% ^ cs2-nmp 7-th

kfVi/y-e, AS (Mot

pJ'^^PS (7X7r^7> + ^l/7X7rll'f

>), fcf') V >^§55* PI (7'b7X7TltT>J:

^mm^mrn#) cml/jo Table5

|77^'/3 > Hot/'"C„ #IE Brown-Ladner ^

19) v'-cutn t /J <h # <nm&'*7* - 9 <n\U
^/F-to LC CC(7) PP PI

CS2 t N.N- y^fit7-th7; 

(Pl(7)mo%)t:ov^-C(7)M^-C*6o 

li AS<PS<PP tM.*£it

u&mnaru/car

L"C 3 ~ «I.^T(i

Iwata ^##<7)7

Table 5 Structural parameters of extract fractions

Zao Zhuang Shin-Yubari Upper Freeport

AS PS pi'c’ AS PS PI'C) AS PS PI"’

fa 0.68 0.74 0.82 0.65 0.70 0.76 0.71 0.78 0.79

n 1.9 1.6 2.0 1.9 1.9 1.9 1.4 1.5 1.4

Haru/Car 0.68 0.66 0.69 0.85 0.63 0.71 0.69 0.72 0.71

Raa> 3.3 3.6 3.1 1.7 4.1 2.9 3.1 2.7 2.9

Rnb) 1.2 1.7 0.8 0.7 1.7 0.8 1.0 1.1 1.3

a 0.47 0.59 0.40 0.49 0.65 0.44 0.39 0.48 0.51

“’Number of aromatic rings per structural unit 
b>Number of naphthenic rings per structural unit
c)CS2-N. VV-Dimethylacetoamide mixed solvent (1:1 by volume) soluble portion (about 30%) of PI fraction
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22"C#^ti6

LTv^^:#A6o %%.

ov^-c^#%^m^)"cv^o

3.2
3.2.1

jL/-;i/#7KM^^LTv^(7)-c,
TkmaS'&c^v'T^ < t,KTv^^)o

yvMk^^cz6%

(%#f) (%#7)

& t'i)^ Z-bfc&o

#Xr U 2 (7)^7-C|i4l L"C#nmv

Table6(:7j;tZ9l:^^j^"e

55.1%^

2 6, ^gUL^:#ai#77^V3>T*6

PS. ASMc^^PIf&^(:^^lJOL/:^C690%W.

±?)%^L^o f2-Cw6v^^fk^#emmL

tzt^b, LiBr, />- 7 x ~ 1/ > y 7 ^ y x T b 7 
y7/^/yV^ 7(TCNQ)^<k'^' PI ^^(7)'^ 

(Table 6)o C^mA.kL'C,

#,T,%c^-7(7)'#^.ii, 

-Ct##$;KTwad^*\ #m#(7)j:9^^

Z 0%#LTW6C ^ LXI'

Table 6 Effect of additives on the solubility of PI fraction from Shin-Yubari (SY) 
and Zao Zhuang (ZZ) coal extraction

Additive Additive/PI

weight ratio

Soluble wt%

of PI

PI of ZZ coal"

None - 55.1

ZZ-(AS + PS) 1.19" 91.6

ZZ-AS 0.50 68.0
ZZ-PS 0.50 76.6

LiBr 0.25 87.5

Anthracene 1.00 78.1

/)-Phenylenediamine 0.022 93.8

TCNQ 0.025 99.7

PI of SY coal"

None - 66.9

SY-(AS + PS) 2.20" 97.4

SY-AS 0.51 71.4

SYPS 0.51 91.2

LiBr 1 .00 95.1

TCNQ 0.025 99.8

" The yield (daf) of PI fraction i:s 16.1% and 26.0% for Shin Yubari or Zao Zhuang

coal, respectively

b) The weight ratio was used to give the same composition of AS, PS and PI as that of 

the extract before fractionation
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Coal Structure: Approach from Solvent Extraction of Coals

Toshimasa Takanohashi and Masashi Iino 

(Institute for Chemical Reaction Science, Tohoku University)

SYNOPSIS : —Coal structure is reviewed based on the results from solvent extrac

tions of coals, especially on those with Carbon disulfide-/V~Methyl-2-pyrrolidinone mixed 

solvent extraction. It has been widely suggested that coals consist of covalently 

three-dimensional macromolecular networks and a small amount of relatively low molecu

lar-weight molecules. However, recently, several results which can not be explained by the 

above concept, have been reported. First, the very high extraction yields obtained for some 

bituminous coals suggest that a considerable amount of solvent soluble molecules exist ori

ginally in coals. Next, there are many evidences which indicate that noncovalent inter- 

molecular interactions such as hydrogen bondings, aromatic-aromatic, charge transfer, and 

dipole-dipole interactions play important roles for the formation of coal macromolecular 

structures. It is suggested that coals seem to be comprised of “aggregate” of coal molecules 

having a continuous molecular weight distribution.

Key Words
Coal structure, Room-temperature-extraction, Mixed solvent, Noncovalent interaction, 

Molecular aggregate
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2.1 S#>8ttC«fcSWtti
2.1.1 8*<7)iSl$U;:j:3Wtti
Gytcoig^ifidjiiVi < rt'MrfcftT k>*7j«, t«o4'l:ii%))-

m (ft 300°C n±) ^ to * 5>M ^ <!:' CO tele- ^ ^ i W Hi t)<
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Table 1 Cit#W& (%.%% : 80.7%, daf) cO^.jU-COft^ 
C0i§j®(;i4illl$S-7p LZ:2)„ a + ^ >t > ^ y -;v, /<> 
-f>li$t?SET-toOl^U; 0.1% W.TT* 0, -/jf'J >*>. 
DMF^rt'li 12-15% t -^C lix^- U > •>' T

Table 1 Extraction of a High Volatile Bituminous Coal 
with Various Organic Solvents at Room 
Temperature2’

Solvent Extraction yield 
[wt%, daf]

Hexane 0.0
Water 0.0
Formamide 0.0
Acetonitrile 0.0
Nitromethane 0.0
Isopropyl alcohol 0.0
Acetic acid 0.9
Methanol 0.1
Benzene 0.1
Ethanol 0.2
Chloroform 0.35
Dioxane 1.3
Acetone 1.7
Tetrahydrofuran 8.0
Diethyl ether 11.4
Pyridine 12.5
Dimethylsulfoxide 12.8
Dimethylformamide 15.2
Ethylenediaminc 22.4

eifenfiSfklltlc-^fe- 'iX^'bWm.Kbbo Dryden3)li&^

< wigttEtEiSttfflk.-cWmSrifaicWWL-Ciil), 1&X14C0

ttZit5Sv>ii t'Ak‘W(H$t^-At 2 t <r#.k'Hi LTk't. i 
tz, t^'J y ><7) t ;u H2C7)‘?Sv>a^S^SXt^

^>4lo Fig. 1 izht') ■>' > I: Z 3^-#5KC0 v y X x

U-Wlll (f'J y/CDi.fi (115°C) s < WfiftSB MW
ai) LZiB$<oWUl^t 6 mMtGo-M&ip-r’,,
£&fko*&>WiOlif-ftcft*%!i®S< ^S%7){
85% *>tz 0fWai4'Z)fft^CZir^-Ck^o 

40% *aA*Wm$'£4;i*££!iWi6TJ
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Carbon% (wt%, daf)

#, A, O, D and A arc the results obtained by five different 
research groups5’.

Fig. I Relation between Pyridine Extraction Yield and 
Carbon Content of Coals
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2.2. i -Ettem-w-y f/ix-2-tfo v ->v 
ti

4i/xOiftiyjfiEMai <7)ffiftliItm-ypft v >o mktriva-
&-/<>-%>tst-emai l, v v 9 x i\\\z>w ft11 ,*,- < t)> 
Mr^n-CV'S^mai =f- liflUv 

fli* (i, y ^n-yu-^ydf >

i:ov»t:oBfftt|i(;f (CS,) tkf'Jy'ytwili'V

L tza)0 cs,-yv- x -f iu-2-1'□ u •>' v > (nmp) ?M

Table 2 Extraction of ShinYubari Coal with Various
Mixed Solvents of CS, with an Organic Solvent 
and with an Organic Solvent Alone

Organic solvent

Extraction yield 
[wt%, daf]

Mixed solvent
with cs,-) hl

Organic
solvent1*’

Carbon tetrachloride 0.4(99.9) 0.4(99.9)
Benzene 0.5(100.4) 0.5(100.4)
Acetone 2.6(101.1) 0.4(101.3)
Methanol 3.5(101.1) 0.1(100.1)
! elrahydrofuran 4.2(101.1) 0.9(101.3)
1 riethyl phosphate 10.6(98.7) 0.8(98.5)
Phenol 18.9(100.0) 2.5(101.8)
Dimethylsulfoxide 35.0(99.6) 1.7(101.4)
Pyridine 37.8(100.0) 3.0(101.4)
Dimethylformamide 40.4(99.3) 2.6(101.5)
Dimethylacetoamide 47.0(102.1) 2.6( 101.8)
A*Methy|-2~pyrolidinone (NMP) 55.9(102.3) 9.3(100.1)

a) The extraction yield with I : 1 (by volume) mixed sol
vent at room temperature.

b) The values in parentheses are the recovery wt% (db), 
i.e., [ (ex t ract + resid ue) (g)/coal (g)]X 100.
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c 40 -

Carbon% [wt%, daf] 

O, Argonne premium coal sample10*.

Fig. 2 Plot of Extraction Yield with CS2NMP Mixed 
Solvent (1:1 by volume) vs. Carbon Content of 
the Coals
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Acetone

Pyridine

Residue

Acetone
soluble

Pyridine
soluble

(PS)
insoluble
Pyridine

Acetone
insoluble

Fig. 3 Fractionation Procedure for Extracts with 
CS2"NMP Mixed Solvent (I : l by volume)

tl7[Jr-f:KjL£ Sekiyu Gakkaishi,

Fig. 3 C>j< LtzX ') 4- mx-ililUUJ Z ViSE^SIJ L, tiflMl^

(r 7 t b > wf )S^ (AS). 7 -k b > kf V ^ > "f

(PS) ftZ If M U V > ^jS5> (PI) I: ftm tfzo 

Fig. 4 I:>kZo 2 2X PI

liti ill iSE <7) cs2 - NM P iMOiSEi: "f # <n ii -fV b * jJ*. ^RR

CiiEr^Hwt'C 86.9%, Ell-:/*X 55.1% L^Sl'ifro/: 

(Table 3)c t 2 XT*5>«U L tz AS t PS £ Pf lf))U Z A: U6, 

Table 3 C >j< L/j Z 9 C Hr^SHwc, ftf ft<T) PI

97.4%, 91.6% d'iRAH iZ)i:d:o/:o 2 C Xif^fkii. 

400 mg <T> PI Sr 50 m/ <7)?]£frtf!EC&ti, M u/£!!(<» K. 30

tflll] iS*f 3 -ti A- U.V O tiW iTc i Ito 
Table 3 i: li AS, PS JT9\-(OflXn i.^|JU# £ till x. fz <0& ^

Residue

Fig. 4 Fraction Distribution for Zao Zhuang (ZZ), Upper 
Freeport (UF), Shin-Yubari (SY), Lower Kitta- 
ning (LK) and Miike (MK) Coals"1

Fable 3 Elfect of Additives on Solubility of PI Fraction 
from Shin-Yubari (SY) and Zao Zhuang (ZZ) 
Coal Extraction

Additive
Additive/
PI fraction 
(wt ratio)

Soluble 
(wt% of)

PI fraction

PI fraction of SY coal'*
None — 66.9
SY-(AS+PS) 2.20'" 97.4
SY-AS 0.51 71.4
SY-PS 0.51 91.2
I.itir 1.00 95.1
TCNQ 0.025 99.8

PI fraction of ZZ coal'
None — 55.1
ZZ-(AS+PS) 1.19'" 91.6
ZZ-AS 0.50 68.0
ZZ-PS 0.50 76.6
I.iBr 0.25 87.5
Anthracene 1.00 78.1
Chloranil 0.026 64.7
/t-Phenylenediaminc 0.022 93.8
Tetracyanoethylene 0.022 97.7
TCNQ 0.025 99.7

a) The yields (daf) of PI fraction are 16.1% and 26.0% 
for SY and ZZ coals, respectively.

b) The wt ratio was used to give the same composition of 
AS, PS and PI as that of the extract before the frac
tionation.
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.2 90-

Weight ratio of additive/PI fraction

O, TCNQ; •, />-phenylenediamine; O, PS fraction of 
Zao Zhuang coal131.

Fig. 5 Plot of the Content of the Soluble PI Fraction of 
Zao Zhuang Coal vs. Wt Ratio of Additive to PI 
Fraction
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Summary

Extraction and Swelling of Coal 

Masashi Iino

Institute for Chemical Reaction Science, Tohoku University, 2-1-1 
Katahira, Aoba-ku, Sendai 980

Extraction and swelling of are reviewed, putting 
emphasis on the results obtained at our laboratory.

First, the effects of the kinds of coals and solvents on 
the extraction yields and the extraction mechanisms, 
proposed so far, are reviewed. Secondly, the 
mechanism of the extraction with CSz-ALmethyl-Z- 
pyrrolidinone (NMP) mixed solvent, which was found at 
our laboratory to give very high extraction yields at room 
temperature, are discussed. The interesting behavior of 
rendering insoluble the extracts obtained with CSz- 
NMP mixed solvent is attributed to their association by

non-covalent interaction such as hydrogen-bonding and 
7i—7i interaction. Examples of the utilization of this 
mixed solvent to the basic studies of carbonization and 
liquefaction are also indicated.

Swelling behavior of coals with different solvents, and 
the swelling of coal extracts, are discussed on the basis of 
cross-linking structures of coals, indicating that non- 
covalent interactions between coal molecules play 
important roles for the cross-linking structures.

Finally, the nature of the interaction between coal 
molecules and solvents are discussed.

Keywords
Coal, Solvent extraction, Coal swelling, Coal solvent interaction
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Table 1 Multistep extraction of coalsa>

Coal
C%

(daf)
Multistep extraction b f'1 * Single step

extraction

Multistep

extraction

North Dakota 72.9 2N HCI-»Py-Sox.—»BuiNOH/HvO/Py—»Py-Sox. 15 38

Wyodak Anderson 75.0 2N HCI—‘■Py-Sox.—•’Bu-tNOH/IUO/Py—*Py~Sox. 24 44

Illinois No.6 77.7 Py-Sox.-*0-methyl.—*-Py-Sox.-*MA/PhOH—►Py-Sox. 42 50

Pittsburgh No.8 83.2 Py-Sox.-*MA/PhOH-*Py-Sox.—»0-butyl.-*Py-Sox. 42 54

Upper Freeport 85.5 MA/PhOH—“Py-Sox. 45 73

a ) Ref. 24

b ) “Py—Sox.” refers to Soxhlet extraction with pyridine

c ) “MA/PhOH” refers to soaking in the presence of maleic anhydride in phenol
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Table 2 Effect of addition of TONE on extraction with CSa-NMP mixed solvent

Coal Specification C %(daf)

Amount of

additive

( y /I g coal)

Extraction yield 

wt%(daf)

Pocahontas No.3 Argonne 89.7 none 2.8
0.025 1.9

Upper Freeport Argonne 86.2 none 60.4

0.025 85.0

Pittsburgh No.8 Argonne 82.6 none 39.0

0.025 42.6

Illinois No.6 Argonne 76.9 none 33.1

0.100 33.1

Sewell B" PSOC726 88.4 none 37.9

0.100 47.9

Upper Freeport PSOC1441 85.0 none 44.2

0.100 50.1

Lower Kittanning PSOC815 84.0 none 46.2

0.100 61.5

Stigler PSOC1376P 77.8 none 37.5

0.100 52.3
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Accessibility of Solvent to Coal Cross-links

Toshimasa TAKANOHASHI and Masashi lINO 

(Institute for Chemical Reaction Science, Tohoku University)

SYNOPSIS ! —The contact of solvent with a coal macromolecular network may in

duce relaxation of the strained structure, solvent extraction, and solvent swelling. 

Several factors influencing accessibility of solvent to coal network, are discussed. First, 

chemical affinity of coal with solvent is discussed from solubility parameter of coals esti

mated. Next, the disruption of non-covalent bonds such as hydrogen bonding, n - n in

teraction, and charge transfer interaction etc., by attack of solvent may increase extrac

tion yields and swelling ratios. While, the formation of association of coal molecules 

through the non-covalent bonds may occur due to relaxation of macromolecular structure 

in solvent, resulting in a decrease in extraction yields and swelling ratios. Finally, 

physical factors such as steric bulkiness of solvent, and existence of extractable subst

ances in coal cross-links influence accessibility of solvent to coal cross-links. The na

ture of coal cross-links is also discussed. The fact that coals are comprised of associa

tion of a considerable amount of extractable molecules suggests the existence of physical 
(non-covalent) cross-links in coal network.

Key Words
Solvent extraction, Solvent swelling, Non-covalent bonds, Association of coal molecules,

Cross-link structure
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Steam Gasification of Low-Rank Coals with a Chlorine Free Iron 
Catalyst from Ferric Chloride

1921

Yasuo Ohtsuka* and Kenji Asami
Research Center for Carbonaceous Resources, Institute for Chemical Reaction Science, Tohoku University, 
Sendai 980, Japan

A novel method for converting FeCl3 to an active, Cl free Fe catalyst for coal gasification has been 
studied. Fe cations alone can be incorporated into low-rank coals from an aqueous solution of FeCl3 
by using NH3/NH4C1 solution. Some Fe cations are exchanged with the protons in carboxyl groups. 
The Cl-free Fe results in a finely dispersed catalyst, which shows a high activity for gasification with 
steam at around 950 K. The degree of rate enhancement by the Cl-free catalyst depends on char 
conversion, Fe loading, and temperature. The chemical form of the Fe catalyst on devolatilization 
and during gasification is Fe304. The catalytic activity is discussed in terms of the dispersion of 
Fe304 particles.

Introduction

Cheap Fe is one of the most promising catalysts for coal 
gasification. We have found that the activity of Fe catalyst 
strongly depends on the kind of precursor salts: iron ni
trate and ammonium oxalate are quite effective for the 
low-temperature gasification of brown coal with steam as 
well as with H2, whereas the chloride and the sulfate are 
not effective (Ohtsuka et al., 1987a). Since iron chloride 
and sulfate are readily available as acid wastes from steel 
pickling and titanium oxide production plants, they would 
be most desirable as raw materials for Fe catalyst. Under 
some circumstances, these compounds were converted to 
active catalysts (Kasaoka et al., 1979; Huttinger and 
Schleicher, 1981; Adler and Huttinger, 1984). In these 
cases, however, Cl- or S-containing compounds inevitably 
evolve during gasification, and they may cause some serious 
problems such as corrosion on various parts of materials 
and increased capacity of desulfurization. Therefore, it 
would be necessary to develop a new method to convert 
iron chloride and sulfate to active catalysts without such 
pollutants.

In the present work, a novel method to prepare a Cl-free 
Fe catalyst from an aqueous solution of FeCl3 is presented, 
and the catalytic effectiveness for the steam gasification 
of low-rank coals is examined in detail. Cl ions from FeCl3 
are completely removed in the step of catalyst addition. 
The Cl-free catalyst is much more effective than the FeCl3 
simply impregnated on coal. The effect of some factors 
on the rate enhancement by the Cl-free catalyst are clar
ified.

Experimental Section

Coal Sample. In order to incorporate Fe ions alone into 
coal, low-rank coals with large amounts of oxygen-con
taining groups as cation exchangeable sites were selected 
as coal samples. A Japanese Sarobetsu peat and an 
Australian Loy Yang brown coal, abbreviated as SA and 
LY, respectively, were used. They were crushed and sieved 
to 74-150 pm. Their proximate and ultimate analyses are 
shown in Table I.

Catalyst Preparation. The preparation was carried 
out in the following manner, where the ion-exchange me
thod for preparing exchanged alkali-metal catalysts for 
NaCl and KC1 solutions (Takarada et al., 1987,1989) was 
modified in order to prevent FeCl3 from being precipitated 
as iron hydroxides in a high-pH region. The mixture of 
coal particles and FeCl3 solution was stirred at room tem-

*To whom correspondence should be addressed.

0888-5885/91/2630-1921$02.50/0

perature, and a buffer solution of NH3/NH4C1 was added 
dropwise into the mixture. The pH of the mixture changed 
gradually from the initial value of about 2 to the alkaline 
region. The final pH was kept at a constant value of 8-9. 
After a sufficient amount of buffer solution was added, the 
solution was filtered off, and the coal was washed with 
deionized water repeatedly to remove the Cl ions. Fe 
loading was varied by changing the initial concentration 
of FeCl3; for example, 0.2 N FeCl3 solution was used for 
the loading of 5% Fe. As a reference, FeCl3 was impreg
nated on coal; the coal was soaked in the aqueous solution 
for 30 min, and then water was evaporated in vacuo at 340 
K.

Determination of Iron and Chlorine. The amount 
of Fe incorporated was determined by atomic absorption 
spectroscopy (Japan Jarrell Ash Co., AA-855) after ex
traction of the metal from the coal with hot HC1 for 2 h. 
The Cl content in the coal was determined by a standard 
Eschka method (ISO 587-1981 (E)). Fe loading or Cl 
content is expressed as weight percent in the dried sample.

Steam Gasification. The experiments were conducted 
with a thermobalance (Shinku-Riko, TGD-5000) at a 
temperature range of 873-1073 K. About 20 mg of a dried 
sample was mounted on quartz wool in a quartz cell with 
holes for the passage of steam, heated in a H20 (80 
kPa)/N2 stream at a rate of 300 K/min, and soaked for 
2 hat a constant temperature. The reaction consisted of 
the coal devolatilization and following char gasification 
stages. The effectiveness of Fe catalyst in the latter stage 
will be discussed in this paper. Char conversion is used 
as an index for the reactivity of char, being expressed as 
weight percent on a dry ash free, catalyst-free basis. The 
specific rate of char as another index means the gasification 
rate per unit weight of residual char. Since the presence 
of metal catalysts shows no significant effect on the surface 
area of the chars from Australian brown coals (Tomita et 
al., 1985; Ohtsuka, 1990), the specific rate can be used to 
show the effect of iron catalyst. Gas products during the 
gasification of SA peat at 973 K were analyzed at char 
conversion of around 30% by gas chromatograph.

Characterization. Fourier transform infrared (FT-IR) 
spectra of original and Fe-loaded coals were measured by 
a JEOL JIR-100 spectrometer equipped with a diffuse- 
reflectance apparatus. For the semiquantitative analysis, 
care was taken to keep the content of catalyst-free coal 
constant among all the samples. X-ray diffraction (XRD) 
analysis of Fe catalyst was carried out by a Shimadzu 
XD-3A diffractometer with Mn-filtered Fe Ka radiation 
(40 kV, 25 mA). The samples for XRD measurements were 
prepared in pure N2 or in H20/N2 at 973 K in the same
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Table I. Proximate and Ultimate Analysis of Coals
proximate anal., wt % (dry) 

coal (code) ash VMe PC*
Sarobetsu (SA) 2.9 66.4 30.7
Loy Yang (LY) 0.5 52.4 47.1

* VM, volatile matter; PC, fixed carbon.

Table II. Iron and Chlorine Contents for SA Peat and LY 
Coal

content, wt %
coal catalyst solution Fe Cl

none 0 0.08
FeClg/buffer* 1 0.01
FeCls/buffer* 5 0.01
FeCl3/buffer* 15 0.02
FeClg alone* 8 14

none 0 0.01
FeClg/buffer* 1 0.02
FeCls/buffer" 5 nd‘
FeCls/buffer* 9 0.04
FeCl3/buffer* 14 0.01
FeClg alone* 8 13

*NH3/NH4C1 buffer solution. * Impregnation method. ‘Not 
determined.

manner as the gasification runs. The crystallite size of Fe 
species was determined by the Debye-Shorrer method.

Results
Iron Loading and Residual Chlorine. Table II shows 

the Fe and Cl contents in all the samples used in the 
gasification runs. When FeCl3 was loaded by using the 
buffer solution, a large amount of Fe up to 15 wt % was 
incorporated into SA peat and LY coal. On the other 
hand, the Cl content was almost the same as the amount 
of Cl inherently present in the original coal. Thus, Cl ions 
from FeCl3 were completely removed by water washing, 
and the Cl-free Fe catalyst was prepared. When FeCl3 was 
impregnated without the buffer solution, however, a con
siderable amount of Cl, corresponding to the amount of 
Fe loaded, was retained on both coals (Table II). Most of 
the Cl existed in the form of FeCl3.

FT IR Spectra. Figure 1 illustrates the FT-IR spectra 
of LY coal with different loadings of Cl-free Fe catalysts. 
The strong, carboxylic C=0 stretching band near 1700 
cm"1 was observed in the original coal. The intensity of 
the absorption peak was lowered in the presence of Fe and 
decreased with increasing Fe loading up to 9 wt %. Both 
LY coal soaked in the buffer solution without FeCl3 and 
impregnated with FeCl3 coal showed the same spectra as 
the original coal. These findings show that the ion ex
change between Fe3* and H* in COOH groups takes place 
with the Cl-free catalysts. The carboxyiate anions formed 
by the ion exchange have the absorption band near 1600 
cm"1. Since the C==C bonds inherently present in coal also 
exhibited the strong absorption in this region (Figure 1), 
however, the intensity of the peak from carboxyiate anions 
could not be determined.

Gasification Profile. Figures 2 and 3 show the profiles 
for steam gasification of SA peat and LY coal, respectively, 
at 973 K. With a Cl-free Fe catalyst, a small amount of 
Fe of 1 wt % promoted the gasification of each coal; char 
conversions after 90 min for SA peat and LY coal increased 
from 48 and 26% without catalyst to 66 and 46% at 1 wt 
% Fe, respectively. The dependence of gasification re
activity on the Fe loading was somewhat different between 
both coals: the reactivity of SA peat increased with an 
increase in the loading and the conversion at 15 wt % Fe 
reached around 90% within 60 min, whereas the reactivity

ultimate anal., wt % (daf)
N O (by diff)

56.9
66.7

5.9
4.6

1.5
0.5

0.3
0.3

35.4
27.9

Wave number (cm )
Figure 1. FT-IR spectra of LY coal with a Cl-free Fe catalyst

Figure 3. Steam gasification of LY coal at 973 K.

116-



Ind. Eng. Chem. Res., Vol. 30, No. 8, 1991 1923

LY coal
Original

14% Fe

SA peat

(8% Fe)Original

Char conversion (wt%, daf)

Figure 4. Profiles for specific gasification rates of SA peat and LY 
coal with Fe catalysts at 973 K.

a o SA
A A LY

'973 K

1023 K

923 K

’F"973K

Fe loading (wt%)

Figure 5. Effect of Fe loading on initial gasification rates of SA peat 
and LY coal.

of LY coal leveled off beyond 5 wt % Fe. Reactivities of 
FeClg-impregnated coals were quite small in spite of a high 
loading of 8 wt %, being much lower than those of the coals 
with the Cl free Fe of 1 wt %.

Specific Rate versus Conversion. Figure 4 illustrates 
the relationship at 973 K between the specific gasification 
rate and the char conversion. The rates for FeCl3-im
pregnated SA peat and LY coal with 8 wt % Fe were low 
and decreased with increasing conversion, showing the 
rapid deactivation of the impregnated catalyst. With the 
Cl-free iron catalyst, on the other hand, the rates at the 
comparable loading were larger and kept constant until 
a higher level of conversion. The larger rate observed for 
SA peat with 15 wt % Fe was constant up to the conver
sion of 60%, although the rate dropped after 60%. Thus, 
the initial activity of the Cl-free catalyst was retained until 
the latter stage of gasification.

Effect of Iron Loading on Initial Rate. The initial 
rate for the Cl-free catalyst as a function of Fe loading is 
summarized in Figure 5. The initial rate denotes the 
average specific rate in the char conversion range of 
10-20%, and it is given from Figure 4. The rates at 923 
and 973 K with SA peat increased linearly with an increase 
in the loading up to 15 wt %, whereas the rates at 973 and 
1023 K with LY coal leveled off beyond 5 wt %. The rates 
at 973 K for SA peat and LY coal with the largest loadings, 
15 and 14 wt %, were about 8 and 6 times those for the 
original coals, respectively.

Temperature (K)

• o SA
aa LY

.14% Fe J5% Fe

1/T x 104 (K"1)

Figure 6. Arrhenius plots for gasification with and without a Cl-free 
Fe catalyst.

Table III. Product Gas Composition during Steam 
Gasification of SA Peat at 973 K

product, mol % char conv,
Fe, wt % Hj CO C02 CH4 C2e wt % (daf) * •

0 64J 5L6 304 U 02 31
15 68.6 0.7 30.3 0.4 tr4 34

• C2H4 and CjH«. 4 Trace amount.

Temperature Dependence of Initial Rate. Figure 6 
illustrates the Arrhenius plots for noncatalyzed and iron- 
catalyzed gasification. The apparent activation energies 
with and without the Cl-free catalyst were 120 and 140 
kJ/mol for SA peat and 120 and 160 kJ/mol for LY coal, 
respectively, showing the chemical reaction control in every 
case. The presence of the Fe catalyst lowered slightly the 
activation energies for both coals. Figure 6 also shows the 
degree of lowering in the gasification temperature by 
catalyst addition. The temperatures required for obtaining 
the reaction rate of 1 h_1 for SA peat and LY coal are 1010 
and 1080 K without catalyst and 900 and 970 K in the 
presence of Fe, respectively. Thus, the presence of a Cl- 
free Fe catalyst lowered the gasification temperature by 
110 K in both cases.

Product Gas. Table III shows an example for the 
composition of product gas during the gasification of SA 
peat at 973 K. The product gas from the original peat 
consisted mainly of H2 and C02. When the gas with the 
Cl-free catalyst was determined at a comparable level of 
char conversion, the composition was quite similar to that 
without Fe, although the proportion of CO and CH4 was 
a little lower with catalyst. TTiese observations point out 
that the following stoichiometric reaction takes place 
predominantly irrespective of the presence of Fe.

C + 2H20 = 2H2 + C02

The Ni-catalyzed gasification of brown coal with steam 
under the same conditions as in this study gave almost the 
same gas composition as the present Fe-catalyzed gasifi
cation (Tomita et al., 1983). It is suggested that the gas- 
phase equilibrium controls the gas composition under the 
conditions of excess amount of steam.

Chemical Form of Iron Species. Figure 7 illustrates 
the XRD patterns for some samples prepared from LY coal 
with Cl-free Fe of 9 wt %. No crystalline Fe species could 
be detected without any heat treatment (Figure 7a). 
Metallic Fe and iron carbides appeared with the sample 
heated in pure N2 at 973 K. On the other hand, when the 
coal was devolatilized in steam at the same temperature,
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2*Fe-Ko) (deg.)

Figure 7. XRD profiles of samples derived from LY coal with 
Cl-free Fe of 9%: (a) untreated; (b) devolatilized in steam at 973 K; 
(c) gasified in steam at 973 K (31% conversion).

9% Fe
14% Fey

'5% Fe

15% Fe

5% Fe
• o SA

Char conversion (wt%)

Figure 8. Change in average size of Fe,04 crystallites with char 
conversion at 973 K.

the XRD lines due to Fe304 alone were detectable (Figure 
7b). The intensity of the diffraction lines was rather weak 
in spite of a high Fe content of about 18 wt % at this stage. 
In contrast, the strong and sharp peaks of Fe304 were 
observed on devolatilization of the FeClr impregnated coal 
Figure 7c reveals that the chemical form of a Cl-free Fe 
catalyst during gasification is Fe304. Thus, Fe304 was the 
stable bulk species in an oxidizing atmosphere, as con
firmed by an in situ XRD technique (Ohtsuka et al., 1986) 
and by Mossbauer spectroscopy (Furimsky et al., 1988).

Catalyst Dispersion. Figure 8 shows the change in the 
average crystalline size of Fe304 during gasification. The 
average size of Fe304 at char conversion of zero, that is, 
on devolatilization, was very small, 10-30 nm, regardless 
of both the Fe loading and the coal type. For impregnated 
FeCl3, on the other hand, Fe304 crystallites were too large 
(>100 nm) to be determined by the line-broadening me
thod. Thus, Fe304 particles prepared from Cl-free Fe were 
found to be very highly dispersed on the devolatilized char 
prior to gasification. As the reaction proceeded, catalyst 
agglomeration occurred because of the consumption of 
char, and the size of Fe304 increased with increasing con
version (Figure 8). When the agglomeration behavior was 
compared between both coals at the highest loadings, the

growth of Fe304 crystallites proceeded more readily for LY 
coal. Fe304 particles on LY char agglomerated more easily 
at higher loadings.

Discussion
Chlorine-Free Iron. Low-rank coals like peat and 

brown coal used in this study contain large amounts of 
carboxyl and phenolic groups, which act as cation-exchange 
sites. Some of the inherent Fe in these coals exists as 
cations in association mainly with carboxyl groups 
(Schafer, 1977). When Fe cations alone are externally 
introduced to low-rank coals, therefore, ion-exchange 
techniques are used. According to Schafer (1972), they are 
first demineralized by HC1 washing and the resultant 
acid-form coals are exchanged with Na ions, which are 
subsequently exchanged with Fe cations. However, the 
rate enhancement of lignite char by such exchanged Fe was 
not so significant (Hippo et al., 1979). The residual Cl in 
the demineralization step may cause catalyst deactivation 
(Hengel and Walker, 1984; Ohtsuka, 1989). Fe cations are 
also incorporated by ion exchange with inherent cations 
of alkali or alkaline-earth metals (Hatswell et al., 1980), 
but the exchanged amount is very small.

In the present method, a pH-adjusting agent of NH3/ 
NH4C1 solution was used, and large amounts of Fe of 14-15 
wt % were incorporated without introduction of Cl ions 
(Table II). The FT-IR spectra of Fe-Ioaded LY coal 
showed that Fe3+ ions in FeCl3 are exchanged with H* in 
the carboxyl groups, and the extent of exchange increases 
as the ion loading is increased (Figure 1). It is not clear 
whether the exchange proceeds through the equimolar (one 
Fe3* to one COOH) or equivalent (one Fe3* to three 
COOH) mechanism. If the former is predominant, the 
amount of exchanged Fe may be about 12 and 10 wt % 
with SA peat and LY coal, respectively. However, the 
content of Cl-free Fe exceeded these values, reaching 14-15 
wt % (Table II). Since it is suggested that the amount of 
hydroxy-bridged Fe increases as the pH of the ion-ex
change process is increased (Dack et al., 1985), some Fe 
at higher loadings may exist in the form of iron hydroxides 
like Fe(OH)3 and FeOOH. No XRD lines due to these 
species were observed on LY coal with Cl-free Fe of 9 wt 
% (Figure 7a), implying that, even if present, they are in 
the amorphous or finely dispersed state. Thus, the present 
method realizes the incorporation of a large amount of 
Cl-free Fe into low-rank coals from a cheap FeCl3 solution.

Rate Enhancement. A Cl-free Fe catalyst, even at a 
low loading of 1 wt %, promoted the gasification of SA 
peat and LY coal with steam at a low temperature of 973 
K (Figure 2). Initial gasification rates of SA peat and LY 
coal increased as the Fe loading was increased, though the 
rate for LY coal reached a plateau at around 5 wt % 
(Figure 5). In both coals the rates at the largest loadings 
were 6-8 times those without catalyst On the other hand, 
the rates of FeCl3-impregnated coals were small in spite 
of high loadings of 8 wt %. A larger rate enhancement by 
the Cl-free catalyst would be ascribed to a higher degree 
of catalyst dispersion on devolatilization; the average size 
of Fe304 crystallites was as small as <30 nm even for the 
samples with the largest loadings (Figure 8), whereas Fe304 
particles derived from the impregnated FeCl3 were too 
large to be determined. The presence of Cl may deteriorate 
catalyst dispersion (Ohtsuka et al., 1987a; Ohtsuka, 1989).

As is seen in Figure 6, the presence of the Cl-free catalyst 
made possible the lowering in the gasification temperature 
by 110 K in both coals. From the observations in the 
gasification of an Australian Yallourn brown coal with 
other catalysts, the degree of the lowering by the present 
catalyst is comparable to that by an exchanged Na catalyst
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(Takarada et al., 1989), but is smaller than those by im
pregnated Ni, Ca, and exchanged K catalysts (Tomita et 
aL, 1983; Ohtsuka and Tomita, 1986; Takarada et aL, 1989). 
However, a Cl-free Fe catalyst has some advantages over 
these other catalysts: FeCl3 as a raw material is much more 
inexpensive than Ni, and Fe catalyst also exhibits a high 
catalytic activity toward hydrogasification, but on the 
contrary K and Ca catalysts are inactive in H2.

Thus, FeClg easily available as acid wastes can be con
verted to an active, Cl-free Fe catalyst by using NH3/ 
NH4C1 solution. However, there remain several problems. 
One is the use of more expensive NHa than FeCl3. The 
preliminary experiments have suggested that cheap Ca- 
(OH)2 can be used as alternatives to NH3/NH4C1 solution. 
In this case Ca cations as well as Fe cations are incorpo
rated into coal. The coexistence of Ca would enhance the 
activity of Fe catalyst (Ohtsuka et al., 1987a,b). A detailed 
study on the use of Ca(OH)2 should be made. Another 
problem is that this method may be restricted to low-rank 
coals. Some pretreatment like mild oxidation to increase 
ion-exchangeable sites may be effective for the application 
to high-rank coals. Fe cations could be exchanged with 
graphite pretreated with nitric acid, and Fe promoted the 
gasification with H2/H20 (Huttinger et al., 1986).

Catalytic State and Activity. The XRD measure
ments reveal that a Cl-free Fe catalyst exists in the form 
of Fe304 on devolatilization and during gasification (Figure 
7), and the form does not change at all with the Fe loading, 
temperature, and char conversion. This form is exactly 
the same as predicted in pure steam from the phase dia
gram of Fe-O-H (von Bogdandy and Engell, 1971). The 
presence of Fe304 is also confirmed during Fe-catalyzed 
gasification of carbon with C02 by using an in situ high- 
temperature XRD technique (Ohtsuka et al., 1986). Fe304 
enhances the gasification rate as observed in the present 
study. However, Fe304 identified by XRD is the bulk 
species, but not always the actual active species. The 
formation of iron carbides in the char after heat treatment 
in N2 suggests that the reaction of Fe species with carbon 
may proceed readily under the present conditions, and H2 
evolved during gasification may reduce the surface of Fe304 
particles. Therefore the surface species of Fe304 in the 
vicinity of the char reacting with steam may be converted 
into a higher reduced form such as FeO, metallic Fe, and 
iron carbides.

It has been considered that the catalyst dispersion on 
the surface of char is a key factor in determining the ac
tivity in the catalyzed gasification of Australian brown 
coals, because the surface area of char is almost inde
pendent of the extent of reaction and the presence of metal 
catalysts (Tomita et al., 1985; Ohtsuka, 1990). The average 
size of Fe304 crystallites derived from Cl-free catalysts was 
very small (<30 nm) on devolatilization irrespective of the 
coal type (Figure 8), in contrast with larger Fe304 crys
tallites (>100 nm) from impregnated FeCla. Fine dis
persion with Cl-free Fe would arise from the presence of 
exchanged Fe which initially provides atomic dispersion. 
As the gasification proceeded, however, fine Fe304 particles 
agglomerated and the size increased (Figure 8). A smaller 
agglomeration rate of Fe304 particles was observed on SA 
char than on LY char, which may be attributable to the 
presence of a larger amount of exchanged Fe and the re
tardation of the agglomeration by inherent alkaline-earth 
metals present as mineral matter. Such a higher degree 
of Fe dispersion on SA char would lead to a larger rate 
enhancement. In both coals the lowered dispersion during 
gasification resulted in the decreased gasification rate at 
the latter stage of reaction (Figure 4). The coexistence of

foreign additives like alkali and alkaline-earth metals in
creases the activity of Fe catalyst possibly by keeping it 
finely dispersed (Suzuki et al., 1985; Ohtsuka et al., 
1987a,b; Haga and Nishiyama, 1989). The use of Ca(OH)2 
in place of NH3/NH4C1 would be desirable from this 
standpoint as well as a practical point of view, because not 
only Fe but also Ca cations can be incorporated into low- 
rank coals.

Conclusions

Steam gasification of low-rank coals using FeCl3 is 
carried out, and the following conclusions are summarized:

1. A Cl-free Fe catalyst can be successfully prepared 
from FeCl3 solution using NH3/NH4C1 solution.

2. Some Fe cations are exchanged with the protons in 
carboxyl groups and converted to the highly dispersed 
catalyst on devolatilization.

3. The Fe catalyst exhibits a high activity for gasifica
tion with steam at low temperatures of around 950 K.

4. The chemical form of Fe catalyst during gasification 
is Fe304, and the catalytic activity is correlated with the 
dispersion of Fe304 particles.
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Abstract
In situ desulfurization during the steam gasification of Illinois No. 6 

coal with calcium catalyst has been studied with a fixed-bed reactor. 
Ca(0H)g used is added on the coal by kneading them in water. The Ca-loaded 
coal exhibits a large reactivity at 973-1073 K, and the rates with 4 wt% Ca 
are 10-15 times those without Ca. The addition of Ca(0H)2 suppresses the 
sulfur evolution during gasification, showing that the in situ sulfur 
capture takes place in spite of differential reaction conditions using a 
high partial pressure of steam (70 kPa). The sulfur capture efficiency in
creases with increasing temperature and it reaches about 60 % at 1073 K.
The XRD measurements reveal that pyritic sulfur in coal is readily trans
formed to FeO and Fe^O^, and Ca(0H)2 is converted to CaO, which captures 
the sulfur evolved to form CaS. Most of the CaO unreacted with sulfur is 
too finely dispersed to be detected by XRD. Such the highly dispersed 
calcium promotes the gasification to a large extent. The desulfurization 
behavior by calcium can be explained on the basis of XRD results.

1. INTRODUCTION

Catalytic coal gasification has attracted increasing attention [1-3], 
because the utilization of a catalyst not only lowers the reaction tempera
ture but also controls the composition of product gas. The lowering in 
gasification temperature would increase the thermal efficiency and enable 
the use of inexpensive plant material and waste heat. CH^ and environ
mentally acceptable fuels because of reducing CO2 emissions, can be direct
ly and efficiently produced in the catalytic gasification with steam [4,5].

One of the indispensable requirements for realizing a catalytic gasifi
cation process is to use cheap and disposable catalyst materials like Fe 
and Ca compounds. Iron chloride, readily available as an acid waste from a 
steel pickling plant, can be converted to a chlorine-free, active iron 
catalyst [6], The Ca ions incorporated into brown coals from Ca(0H)2 
achieve the complete gasification at around 1000 K in thermogravimetric 
experiments [7-9]. Further the pressurized fluidized bed gasification has
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revealed that tarry materials evolved are also gasified completely with 
steam in the presence of Ca catalyst and thus 85 wt% of carbon in coal is 
converted to gas at 975 K [5],

Since calcium compounds like CaCOg, CaO and Ca(0H)2 are also sulfur 
sorbents, they can be used for in situ sulfur capture during coal gasifica
tion [10-13]. It has been reported that the sulfur capture efficiency 
during coal combustion is higher with the impregnated or ion-exchanged 
calcium than with the physically-mixed calcium [14,15], showing the impor
tance of calcium dispersion within coal particles. We have also found that 
the finely-dispersed calcium prepared from Ca(0H)2 not only promotes the 
steam gasification of high sulfur coals but also captures the sulfur 
evolved during gasification [8]. The advantage of in-bed sulfur removal is 
to simplify the catalytic gasification system, as suggested in simplified 
IGCC and mild gasification combined with simplified IGCC [16-18]. In the 
present paper, therefore, the rate enhancement and in situ desulfurization 
by Ca(0H)2 during the steam gasification of Illinois No. 6 coal will be 
investigated in detail.

2. EXPERIMENTAL

2.1. Coal sample and calcium addition
Illinois No. 6 coal was employed in this study. The proximate analysis 

was: volatile matter, 38.9; fixed carbon, 50.2; ash, 10.9 wt%(dry). The 
ash analysis was: Si02» 48.2; A^Og, 15.1; Fe20g, 17.9; CaO, 6.3; MgO, 1.1; 
Ti02« 0.9, Na20, 1.1; 1^0, 2.0 wt%. The ultimate analysis on a dry, ash
free coal basis was: C, 77.0; H, 5.2; N, 1.5; S, 3.6; 0(diff.), 12.7 wt%.
The particle size of the coal used for calcium addition was 0.1-0.5 mm.

Ca(0H)2 was used as a precursor salt for both a gasification catalyst 
and an in situ desu1 furizer. Ca(0H)2 powder (J. T. Baker Chemical Co.) was 
usually loaded on coal by kneading them in water. The resulting slurry was 
then dried at 380 K in a N2 stream. For the convenience of gasification 
experiments, dried fine powder (<0.02 mm) was pelletized into a disc, which 
was then cut down into coarse particles of 1-2 mm. For comparison CaCOg- 
loaded coal was prepared in the same manner as above and Ca(0H)2 powder was 
mechanically mixed with coal by grinding them in a dry atmosphere.

2.2. Gasification experiments
Coal was gasified with a thermobalance (Shinku-Riko, TGD-5000) or a 

quartz-made vertical fixed-bed reactor. Different Ca-loaded samples were 
used in thermogravimetric runs in order to examine the influence of the 
kind of precursor salt and the method of calcium addition on the reactivity 
of coal. The dried sample (about 20 mg) mounted onto a quartz cell in the 
thermobalance was heated at a rate of 300 K/min up to 1023 K under a 1^0 
(80 kPa)/N2 flow, and it was soaked for 2 h at this temperature.

Schematic details of the fixed-bed reactor are illustrated in Figure 1. 
Only Ca(0H)2~loaded coal prepared by kneading in water was used as a gasi
fication sample for this reactor. About 600 mg of the dried coal was mount-
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Figure 1. Schematic details of a quartz-made vertical fixed-bed reactor.

ed onto a quartz cell (15 mm inner diameter x 40 mm long) with a stainless 
steel mesh screen of 74 pm. The sample layer was very thin; around 5 mm in 
thickness. Thus the present condition may be regarded as a differential 
reaction condition. The outside part of the quartz cell was coated with 
gold film for attaining the isothermal heating by an infrared lamp. The 
coal in a HgO (70 kPa)/^ stream was heated at 300 K/min up to a predeter
mined temperature, and gasified at a constant temperature. The devolatili
zation in pure Np was also conducted in the same manner as above.
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Since raw coal was used in all gasification runs, the reaction consisted 
of the coal devolatilization and subsequent char gasification stages. The 
rate enhancement and in situ sulfur capture by calcium in the latter stage 
will be discussed throughout the present paper. Char conversion is ex
pressed on a dry, volatile-, ash-, catalyst-free basis. Since the gasifi
cation rate is nearly proportional to the amount of residual char in the 
range of char conversion up to about 50 % [8,19], the average rate per unit 
weight of residual char, 1/h, is used as an index for the reactivity of 
char.

2.3. Analysis and characterization of calcium
The amounts of calcium ions in original and Ca(0H ^-loaded coals were 

determined by leaching with HC1 at 323 K, followed by analyzing the lea
chate using atomic adsorption spectroscopy. The content of the inherently- 
existing Ca was 0.3 wt%. The amount of the actually-loaded Ca, not includ
ing inherent Ca, was determined to be 4.0 or 7.9 wt%, which corresponds to 
the atomic ratio of Ca/S in the CaCOH^-loaded coal of 1.1 or 2.3, respec
tively. The low loading of 4 wt% Ca was used for the fixed-bed gasifica
tion unless otherwise stated.

X-ray diffraction analysis (XRD) was carried out by using Cu-Ka (45 kv x 
30 mA) to examine the chemical form and dispersion state of pyritic sulfur 
and calcium species on char. Char samples for the XRD measurements were 
prepared using the fixed-bed reactor; the char after devolatilization or 
steam gasification was quenched to room temperature in pure Ng. For the 
semi-quantitative discussion the ratio of diffraction intensity of CaS/SiOg 
or CaS/CaO was calculated from the height of main diffraction peaks of CaS, 
SiOg and CaO which appeared at 20 (Cu-Ka) of 31.4, 26.7 and 37.4 degree.

2.4. Sulfur analysis
The S content in coal or char was determined with a sulfur analyzer 

(Horiba, EMIA-510); the sample was burned up in pure at 1723 K and the 
S0g evolved was detected by an on-line infrared spectrometer. The Standard 
Reference Material from the National Institute of Standards and Technology, 
U.S.A., was used for the calibration of the instrument. The S evolved 
during gasification was calculated by the amounts of S in both feed coal 
and residual char and it was expressed as wt%. The sulfur capture effi
ciency, %, was defined as [1 — (S evolved with Ca)/(S evolved without Ca)] x 
100. The atomic ratio of (S captured)/(Ca added) was also calculated by 
using both S and Ca contents in Ca(0H)2~loaded coal and the capture effi
ciency.

3. RESULTS AND DISCUSSION

3.1. Catalyst effectiveness of Ca(OH)g in steam gasification
Figure 2 illustrates the profiles for the gasification of different Ca- 

loaded samples at 1023 K with a thermobalance. Actual Ca loadings were 
4.0-4.5 wtZ. When Ca(0H)2 was ground with coal in a dry atmosphere or
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Reaction time, h

Figure 2. Profiles for the gasification of Illinois No. 6 coal at 1023 K 
with a thermobalance. A, CaCOH)^ kneaded in water; B, CaCOg kneaded in 
water; C, Ca(0H)2 mixed in a dry atmosphere; D, no additives.

CaCOg was kneaded with coal in water, the calcium promoted the gasifica
tion, but the catalytic effect was not so large in both cases. CaCOH)^ 
kneaded in water was most effective among all the calcium examined, and the 
larger gasification rate was observed at the initial stage of reaction; 
about 60 wt% of char was gasified within 30 min. The difference in the 
effectiveness between these catalysts has also been observed in the gasifi
cation of brown coal [9], and may be ascribed to different dispersion 
states of calcium catalysts on devolatilization preceding char gasifica
tion. It has been shown that the most finely-dispersed calcium catalyst 
can be prepared from CaCOH)^ kneaded in water [9].

3.2. Rate enhancement by Ca(0H)2 in fixed-bed gasification
Table 1 summarizes the gasification rate when Ca(0H)2~kneaded coal is 

gasified using the fixed-bed reactor. The rate enhancement by calcium 
catalyst, defined as the ratio of the rates with and without Ca(0H)2» was 
15, 14 and 11 at 973, 1023 and 1073 K, respectively; thus it was slightly 
decreased with increasing temperature. The degree of the enhancement at 
1023 K was quite similar between the fixed-bed and thermogravimetric runs. 
When the Ca loading was raised from 4.0 to 7.9 wt%, almost no further 
increase in rate enhancement was observed at 1023 K.

3.3. Sulfur capture during Ca-catalyzed gasification
Figure 3 illustrates the S evolved as HgS and COS during the fixed-bed 

gasification at different temperatures. The S evolved without Ca addition
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Table 1
Reaction rate for fixed-bed gasification

Ca loading, wt% Gasification rate, 1/h

973 K 1023 K 1073 K

0 0.03 0.08 0.18
4.0 0.46 1.2 2.0
7.9 - 1.3 -

seemed independent of the temperature in the range of 973-1073 K, but it 
depended on char conversion. About 45 wt% of S in coal evolved at the 
conversion of zero, i.e., on devolatilization. The S evolved increased as 
the gasification proceeded, and it reached about 75 wt% at the conversion 
of 20 %. Thus the sulfur in coal was lost mostly in the initial step of 
gasification. The initial rapid sulfur evolution is caused partly by the 
transformation of FeS^ (pyrite) to FeS (pyrrhotite), Fe^O^ (magnetite) and 
FeO (wllstite) as will be discussed later. The loss of less stable organic 
sulfur would also contribute partly to the initial sulfur emission [20].

None

o o 973 K 

A AA1Q23 K 

□ n 1073 K,

Char conversion, wt%

1073 K

0023 K

973 Kx

Char conversion, wt%

Figure 3. Sulfur evolution during 
the gasification of Illinois No. 6 
coa.1 without Ca (O, A, □) and with 
4 wt% Ca O, A, U) and 8 wt% Ca (A).

Figure 4. 
with char 
catalyzed 
Key as in

Change in the S/Ca ratio 
conversion during the Ca- 
gasification.
Figure 3.
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As is seen in Figure 3, the addition of calcium suppressed the sulfur 
evolution both on devolatilization and during gasification, which shows the 
in situ sulfur capture by calcium. The S evolved in the presence of calci
um increased linearly with an increase in char conversion at every tempera
ture. In contrast with the uncatalyzed gasification, the sulfur evolution 
in the Ca-catalyzed gasification depended strongly on the temperature, a 
lower S evolution being observed at a higher temperature. When the Ca 
loading was increased from 4.0 to 7.9 wt% at 1023 K, no further effect on 
the sulfur evolution was observed (Figure 3).

Figure 4 illustrates the atomic ratio of S/Ca in the Ca-bearing char as 
a function of char conversion. The sulfur remaining in char contains the 
sulfur both unreacted with steam and captured by calcium. The S/Ca ratio 
decreased 1inearly with increasing conversion at all the temperatures, but 
the slope of the straight line was smaller at higher temperatures. As the 
gasification proceeded, the amount of the sulfur unreacted at 973-1073 K 
decreased at almost the same rate irrespective of the temperature, as is 
seen without Ca in Figure 3. Therefore the smaller slope observed at 
higher temperatures suggests that the proportion of the sulfur captured 
increases as the temperature is raised.

Table 2 shows the sulfur capture efficiency defined as [1 - (S evolved 
with Ca)/(S evolved without Ca)]. The values of the S evolved without Ca 
at different char conversions and temperatures can be estimated from the 
curve in Figure 3. As can be expected from Figure 3, the efficiency at 973 
K was the lowest in the range of 973-1073 K, and it decreased from about 20 
% at the initial stage of gasification to 6 % at char conversion of 40 wt%. 
The XRD measurements of Ca-bearing chars after devolatilization and gasifi
cation revealed that Ca(0H)2 incorporated into coal is transformed to CaO 
and CaS (Figure 5). CaS is formed by the following reactions of CaO with 
evolved HgS and COS.

CaO + HgS = CaS + H20 (1)

CaO + COS = CaS + C02 (2)

Table 2
Sulfur capture efficiency and (S captured)/(Ca added) ratio during Ca- 
catalyzed gasification

Char conv., wt% Sulfur capture efficiency, % (S captured)/(Ca added)

973 K 1023 K 1073 K 973 K 1073 K

0 23 41 53 0.21 0.46
20 22 43 58 0.20 0.51
40 6 33 53 0.06 0.46
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The decrease in the capture efficiency observed at 973 K shows that, as the 
gasification proceeds, some of CaS formed is converted to CaO mainly by the 
reverse reaction of eqn. (1) in the presence of excess amount of unreacted 
HgO. As the temperature was raised, the capture efficiency increased 
considerably and reached 53-58 % at 1073 K. The efficiency at this temper
ature was almost independent of char conversion, suggesting that the CaS 
formed is more stable because of the reducing atmosphere around calcium 
species due to the higher gasification rate observed at 1073 K (Table 1). 
This point will be discussed in detail in the following section.

Thus, it is found that a significant amount of sulfur can be captured by 
calcium in spite of the differential reaction conditions with a large 
partial pressure of steam. If the chance of the contact between the sulfur 
evolved and the calcium introduced is further increased, the capture effi
ciency would be larger. In order to make clear this point, the thickness 
of the sample layer in the quartz cell was increased from the usual 5 to 30 
mm by making the inner diameter of the cell shorter from 15 to 6 mm, and 
the Ca(0H)2-loaded coal with 8 wt% Ca was gasified at 1023 K. The effi
ciency at char conversion of 50 wt% increased from 27 % under usual condi
tions to 40 %. This finding suggests that a much higher capture efficiency 
would be achieved under the integrated conditions like continuous fluid- 
ized-bed gasification.

3.4. XRD profiles during desulfurization
Figure 5 illustrates the XRD patterns for Ca-bearing chars after devo

latilization in Ng or gasification with steam at 973 K. Strong diffraction 
lines attributable to CaO (lime) and CaS (oldhamite) were observed on the 
devolatilized char, that is, at char conversion of zero. Ca(0H)£ added was 
transformed to CaO and some CaO was converted to CaS according to eqns. (1) 
and (2). The Ca content at this stage was as large as about 7 wt%. Since 
the (S captured)/(Ca added) ratio was only 0.2 (Table 2), about 80 % of Ca 
added must exist in the form of CaO. Nevertheless the diffraction intensi
ties of CaO were very low. This shows that a large part of CaO on the char 
is so finely dispersed that it can not be detected by XRD. When Ca(0H)2 is 
incorporated into Yallourn brown coal with a low ash content of 1 wt% by 
the same method as in the present work, no diffraction lines from Ca spe
cies are observed on the char devolatilized at 973 K [7], showing the 
presence of ultra-fine particles of CaO. A highly dispersed calcium cata
lyst promotes the gasification considerably as is shown in Figure 2 and
Table 1.

It has been reported in the gasification at high temperatures above 1300 
K that calcium-based compounds added as sulfur-capturing sorbents react 
with the inherent silicates to form amorphous compounds, which are less 
effective for sulfur capture [13,21], However, such the solid-solid reac
tion would proceed to a lesser extent under the present conditions of low 
temperatures and relatively low char conversions. A large rate enhancement 
by calcium catalyst observed in the present gasification runs (Table 1) 
would also show little significant formation of the compounds containing Ca 
and Si, because they are catalytically inactive for the gasification [22].
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Figure 5. XRD patterns for different chars prepared from CaCOH^-loaded 
Illinois No. 6 coal at 973 K.

With iron species derived from pyritic sulfur in coal, the XRD peaks due 
to FeS (FeS-j+x [23]; pyrrhotite) were detectable on the char devolatilized 
at 973 K, but any other distinct diffraction lines from iron species could
not be detected (Figure 5). FeS^ (pyrite) is reduced to FeS by the follow
ing reactions with Hg and/or CO evolved during devolatilization, and some 
of HgS and COS evolved is captured by CaO.

FeSg + Hg = FeS + Fl^S (3)

Fe$2 + CO = FeS + COS (4)

When the devolatilized char was gasified with steam, at char conversion 
of 10 wt%, the XRD intensities of FeS decreased and the diffraction lines
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due to FeO (exactly Fe-i x0; wllstite) newly appeared (Figure 5). FeO would 
be formed by eqn. (5) [24], followed by the capture of some of H2S evolved 
by CaO (eqn. (1)).

FeS + H20 = FeO + H^S (5)

As the gasification proceeded, at the conversion of 31 wt%, the XRD signals
of FeS and FeO disappeared and instead the diffraction lines attributable
to Fe^O^ (magnetite) appeared. FeO formed by the above reaction is further 
oxidized with excess steam according to eqn. (6). FeS may be directly 
converted to Fe^O^ by eqn. (7) [24].

3FeO + HpO = Fe^O^ + H2 (6)

3FeS + 4H20 = Fe^O^ + 3H2S + H2 (7)

Thus two different iron species of FeO and FegO^ were observed during 
gasification. This is because the oxidation state of iron depends strongly 
on the gas atmosphere [25]. Since H2 and CO are mainly produced during the 
Ca-catalyzed gasification [5], the gas in the vicinity of minerals is more 
reductive than feed steam. The char around pyritic sulfur may be selec
tively gasified at the beginning of reaction due to the catalysis of iron 
[26,27]. FeO is the stable species in the more reducing atmosphere [25].

As is shown for the chars after gasification in Figure 5, CaS existed 
stably in spite of the condition of a high partial pressure of steam (70 
kPa). The ratio of diffraction intensity of CaS to Si02 (quartz) decreased 
with an increase in the conversion from 10 to 31 wt%, and correspondingly 
the (S captured)/(Ca added) ratio decreased from 0.29 to 0.13. These 
results show that part of CaS is converted to CaO. Since the char in the 
vicinity of calcium particles is consumed as the gasification proceeds, the 
atmosphere around the calcium would be rich in steam, and thus some CaS 
would be transformed to CaO by the reverse reaction of eqn. (1).

Figure 6 illustrates the XRD profiles for Ca-bearing chars at different 
temperatures. Char conversion was similar (39-44 wt%) among these samples, 
but the (S captured)/(Ca added) ratio was quite different among them; the 
values were 0.07, 0.28 and 0.45 at 973, 1023 and 1073 K, respectively. 
Correspondingly to the temperature change in this ratio, the ratio of dif
fraction intensity of CaS to Si02 increased with increasing temperature; 
the values were 0.5, 1.3 and 2.3 at 973, 1023 and 1073 K, respectively. As 
the temperature was raised, the diffraction intensity ratio of CaO/CaS 
decreased, and it was only 0.2 at 1073 K. However, the ratio of CaO/CaS 
actually present in char is estimated to be around unity from the (S cap- 
tured)/(Ca added) ratio of 0.45. The discussion indicates that most of CaO 
in char is too fine to be detected by XRD. Such the finely dispersed 
calcium catalyst shows a high activity toward the gasification of char.

With iron species, the diffraction lines of FegO^ and FeO were observed 
at 973 and 1023 K, respectively, but no distinct XRD peaks due to iron 
compounds were detectable at 1073 K. Since the Ca-catalyzed gasification
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Figure 6. XRD patterns for Ca-bearing chars after gasification at differ
ent temperatures.

rate increases with increasing temperature (Table 1), the gas atmosphere 
around iron particles is more reductive at higher temperatures, which 
results in the more highly-reduced state of iron species. Therefore the 
iron at 1073 K is expected to exist in the form of metallic iron. Unfortu
nately, however, the main di f fraction line of a-Fe appearing at 20 (Cu-Koc) 
of 44.7 degree was masked by strong XRD peaks of CaS (Figure 6).
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4. CONCLUSIONS

The conclusions are summarized as follows:
(1) Ca(0H)2 kneaded with Illinois No. 6 coal in water promotes consider

ably the steam gasification at 973-1073 K, and a 10-15 fold rate enhance
ment by the addition of 4 wt% Ca is achieved with a fixed-bed reactor.

(2) Calcium catalyst captures in situ the sulfur evolved during gasifi
cation in spite of differential reaction conditions under a high partial 
pressure of steam. The sulfur capture efficiency depends strongly on the 
temperature and it reaches 50-60 % at 1073 K.

(3) Pyritic sulfur is easily transformed to FegO^, FeO and Fe via FeS 
during gasification. Ca(0H)g added is converted to CaO, which reacts with 
the sulfur evolved to form CaS. Most of the CaO unreacted is very finely 
dispersed on char and catalytically active for the steam gasification.
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Oxidative coupling of methane was studied over a PbO/MgO catalyst using a variety of oxidants such as 
NgO, NO, CO2, and SO2 While N2O showed both high activity and selectivity for the title reaction, NO 
produced CO2, exclusively. The coupling reaction was assumed to proceed via the redox cycle of Pb and PbO on 
each oxidant mentioned above. Carbon dioxide produced small amounts of C2 hydrocarbons and CO, while 
SO2, was inactive for the reaction. Oxygen, N2O, CO2 could oxidize the Pb/MgO which had been formed by the 
reaction of PbO/MgO with methane at 1023 K. Thus-prepared PbO/MgO produced C2 hydrocarbons from 
methane. Even NO, which gave no C2 hydrocarbons in the CH4-NO cofeed reaction, converted the Pb/MgO to 
PbO/MgO and the PbO/MgO gave C2 hydrocarbons exclusively upon reacting with CH4. NO seems to oxidize 
the methyl radical, which is an intermediate of the coupling reaction to CO2 The ineffectiveness of SO2 as an 
oxidant was attributed to the formation of PbS, which is inactive in the methane activation.

Since the pioneering work by Keller and Bashin,1) a 
great number of catalysts have been found to be 
effective for the title reaction. The reaction systems 
reported so far are classified into 4 groups:

(A) Metal oxides, which exhibit abilities to change 
the oxidation state easily under reaction conditions, 
such as PbO,z.a MnO,5> Bi203,6) NiO,7> and T1203.8)

(B) Alkaline earth metal oxides, such as MgO and 
CaO, which are undoped9>10) or doped with Li+,11-141 
Na+,15) K+,16) alkaline earth metal halide17-1® or rare earth 
oxides.1®

(C) Rare earth oxides, which are undoped2® or 
doped with alkali metal compounds.211

(D) Noncatalyzed gas-phase reaction.22-231
Active oxygen species for the catalysts which 

belong to group (A) have been claimed to be bulk 
oxygen in metal oxides,7,24) while the surface oxide ion 
or adsorbed oxygen has been proposed for the catalysts 
of group (B) and group (C).12i25-26)

Oxidants other than 02, such as N20 or C02, have
been applied to the methane coupling reaction. I to et
al. compared the reactivity of dinitrogen monoxide to 
methane with 02 over a lithium promoted magnesium 
oxide catalyst and concluded that dinilrogen monoxide 
is not a preferable oxidant.121 Otsuka et al. studied the 
effect of N20 oxidation over a series of rare earth 
oxides and confirmed that N20 gave a lower conver
sion of methane but a higher selectivity for C2 
hydrocarbons than 02.271 Meng et al. examined 
methane activation by N20 over lead oxide catalysts 
supported on 7-Al203 and NaY zeolite to find that C2 
hydrocarbons were formed with a selectivity of 40%.281
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Hutching et al. found that on a Li/MgO catalyst N20 
promoted CH4 coupling but NO inhibited the reaction 
while giving C02, exclusively and claimed the 
presence of two oxidizing species on the catalyst.291 We 
have reported that in the noncatalyzed gas-phase 
system N20 gave a higher selectivity than 02 for the 
formation of C2 hydrocarbons from CH4, whereas NO 
was inactive for the reaction.221 We also reported that 
methane reacted with C02 to form C2 hydrocarbons 
and CO over a PbO/MgO catalyst.301 Aika and 
Nishiyama also reported a promotional effect of added 
CO2 on the CH4-O2 cofeed reaction over PbO/MgO.311

In this study the effects of a series of oxidants such as 
O2, N20, NO, S02 and C02 were examined system
atically over a PbO/MgO catalyst in order to clarify 
how each oxidant activates methane and the active 
oxygen species for the coupling reaction.

Experimental

The catalyst used was 20 wt%-PbO/MgO, prepared by
impregnating commercially available magnesium with
lead(2) nitrate from aqueous solution and then calcining it 
at 800°C.101 Methane oxidation reactions were conducted 
with a fixed-bed flow-type reaction apparatus under 
atmospheric pressure; the catalyst charge was 1 g. The 
reactor was a quartz tube with an inner diameter of 10 mm, 
in which another quqartz tube (6 mm o. d.) was inserted as a 
thermocouple holder. Methane conversions were performed 
according to the following two procedures: One was a 
CH4-oxidant cofeed reaction and another was a periodic 
oxidation-reduction reaction. The reaction conditions of 
the cofeed reaction were 650—800 °C, W/F=\ g h mol-1, 
P(CH4)=14 kPa, P(oxidant)=l—4 kPa, and helium balance. 
In the case of CO2, the composition of the reactant was CH4: 
C02=T1 and W/F was 5 g h mol-1.

A periodic reaction was conducted along the following
flow module: Air oxidation---- »N2 purge(5 min)---- »CH4
reaction(20 min) N2 purge(20 min)----»Oxidation(10 min).
The cycle of the CH4 reaction and oxidation was repeated at 
least 2 times. The procedure of the periodic reaction has
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been described elsewhere.241 However, the first activation of 
the catalyst was performed by oxygen (air); then the second 
and the third activations were performed by each oxidant. 
All of the reactions and products were analyzed by gas 
chromatography. The separation columns used were 
Porapak R for dinitrogen monoxide and sulfur dioxide and 
MS-13 X for nitrogen monoxide, respectively. The analysis 
methods for other reactants and produucts have been 
described elsewhere.241 A Toshiba-Beckmann 951 NO/NO, 
meter was also used for the analysis of nitrogen monoxide. 
X-Ray diffraction (XRD) measurements of the catalysts were 
recorded with a Rigaku Denki Ru-200 diffractometer with 
Ni-filtered Cu-K radiation.

Results and Discussion

Thermodynamic Consideration. The free-energy 
changes of ethane formation from methane with these 
oxidants are shown in Table 1. From a thermodyna
mic perspective, oxygen and nitrogen oxides are 
favorable oxidants for a coupling reaction (G°f<0), 
whereas sulfur dioxide and carbon dioxide are unfavor
able (G°f>0). However, the equilibrium conversion of 
methane by CO2 oxidation is about 10% under the 
conditions of 750 °C, CH4/C02=1, and normal pres-

Space time yield / carbon mmol g "*h ^

Fig. 1. Effect of oxidant on oxidative coupling of 
methane. Cat.; 20 wt%-PbO/MgO, 750 °C, W/F— 
1.0 g h mol-1, P(CH4)=14 kPa, P(oxidant )=1.6 kPa 
(for O2, N2O, NO, SO2), VV/F=5.0 g li mol-1, F(CH4)= 
5 kPa, P(C02)=5 kPa, (for CO2).

sure.
CH4-Oxidant Cofeed Reaction. In Fig. 1 are 

shown the space-time yields (STY) of the reaction 
products obtained by various cofeed reactions at 750 °C 
over a 20 wt%-PbO/MgO catalyst. The partial pres
sure of dinitrogen monoxide and nitrogen monoxide 
in the feed gas was set to be about twice that of oxygen 
in order to adjust the CH4-O stoichiometry. In the 
case of the CH4-CO2 reaction, P(CC>2) and the modified 
residence time (W/F) were 50 kPa and 5 g h mol-1, 
respepctively, because of the low reaction rate.

(a) N2O. Dinitrogen monoxide gave a similar STY 
of CH4 oxidation (12.8 mmol g-1h_1) to that obtained 
by O2 (11.6 mmol g-1 h-1), the values of which 
correspond to CH4 conversions of 8.5 and 8.1%, 
respepctively (Fig. 1). The product distribution was 
also similar to that of the CH4-O2 reaction, except for 
the lack of CO. The temperature dependence of the 
reaction using N2O revealed that a higher temperature 
is favored for making C2 hydrocarbons (Fig. 2), which 
is also similar to the case of O2 oxidation.10) We have 
reported that N2O is effective to make C2 hydrocarbons 
in a noncatalyzed system2® while giving a higher selec
tivity (88%). However, the production rate was lower 
by about two orders of magnitude than that in the

Temperature / °C

Fig. 2. Effect of temperature on the oxidative 
coupling of methane with N2O as oxidant. Cat.; 
20 wt%-PhO/MgO, 1.0 gh mol"1, CH4:N20:He= 
10:4:86.

Table 1. Changes in Gibbs Free Energy in Oxidative Coupling of Methane with Various Oxidants

Reaction
AGf°/kcal mob1

700 °C 750°c: 800°C

2CH4+ 1/202 ^c2h6+ H2O (1) -28.9 -28.1 -27.3
2CH4T n2o^c2h6 + HgOT n2 (2) -60.2 -66.5 -66.7
2CH4+ 1/2NO ->C2H6 + H20+ 1/2N2 (3) -47.7 -46.8 -45.9
2CH4+I/2SO2 ^C2H6 + h2o+ S (4) 7.2 7.9 8.7
2CH4+ 1/3802 — C2H6+2/3H20+ 1/3H2S (5) 0.2 6.6 7.0
2CH4+ CO2-+C2H6+ h2o+ CO (6) 17.8 17.4 16.9
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present case, indicating that the reaction in the present 
system proceeds mainly on the catalyst surface.

The oxidative coupling of CH4 over PbO/MgO has 
been clarified to be consist of a redox cycle between Pb 
and PbO; that is, a methane conversion into C2 
hydrocarbons by PbO (Eq. 7) and a reoxidation of 
metallic Pb with dioxygen (Eq. 8):

2 CH4 + PbO —» C2H6 + H20 + Pb, (7)

and

Pb + 1/202-----» PbO. (8)

The Gibbs free energy changes for the oxidation of Pb 
by N2O oxidants shows as listed in Table 2 that the 
N2O reaction with PbO (Eq. 9) is also thermody
namically favorable, as well as O2 Therefore, the 
mechanism for the formation of C2 hydrocarbons by 
N2O is believed to be the same as that by 02; namely, 
the reaction of CH4 with PbO (Eq. 7) and the 
reoxidation reaction of reduced lead by N2O (Eq. 9). 
We have confirmed that N20 was completely decom
posed to N2 and O2 on the PbO/MgO catalyst at 
750 °C. Therefore, it is not clear whether N2O reacts 
directly with Pb or after being converted to O2.

(b) NO. Although a methane oxidation with NO is 
thermodynamically favorable (Table 1), the yield of C2 
hydrocarbons in the CH4-NO reaction was much 
lower than those in the 02-or N2O- oxidation on the 
PbO/MgO catalyst, as indicated in Fig. 1. As shown 
in Table 3, CO2 was formed exclusively (selectivity; 
>97%) under all reaction conditions. However, NO 
exhibited a strong oxidative ability of Pb; the oxidized 
Pb by NO gave C2 hydrocarbons as well as N2O or O2 
(Table 4). Therefore, the extremely low selectivity of 
C2 hydrocarbons in a cofeed reaction might be 
interpreted in terms of the two prossible reasons given 
below.

[1] surface oxygen species derived from NO is active
only for a complete oxidation of methane. The species 
would be an adsorbed one on PbO (PbO-O*), since 
such a species derived from O2 is considered to be 
active regarding the formation of carbon oxides.24)

[2] NO inhibits a coupling reaction; thus molecular

Table 2. Changes in Gibbs Free Energy in Oxidation 
of Lead with Various Oxidants

Reaction
AG,°/kcal mol-1

700 °C 750°C 800 °C

Pb+l/202 —»PbO (8) -29.6 -28.5 -27.4
Pb+ NaO—»PbO+ n2 (9) -67.0 -66.9 -66.8
Pb+ NO — PbO+l/2N2 (10) -48.4 -47.2 —46.0
Pb+1/2S02 —>PbO+l/2S (11) 6.4 7.5 8.6
Pb+ CO2—»PbO+ CO(12) 17.0 16.9 16.8
Pb+ S —►PbS (13) -22.5 -22.4 -22.4

NO attacks the methyl radical, which is formed by the 
reaction of CH4 with PbO, in the gas phase to form 
CH3NO. It is then finally decomposed to CO2 It is 
well-known that nitrogen monoxide is a radical 
inhibitor.3® The fact that NO oxidized Pb to PbO and 
PbO oxidized CH4 to CzHe by periodic oxidation 
(Table 4 and Fig. 4) suggests that concept [2] is more 
plausible.

(c) S02. When sulfur dioxide was used as an 
oxidant, CO2 was produced exclusively, as shown in 
Fig. 1. Though other by-products (not shown) were 
carbonyl sulfide and elemental sulfur, neither hydro
gen sulfide nor methane thiol was formed. Further 
consideration is presented later.

(d) COz. It is noticeable that the oxidative coupl
ing of methane proceeded to some extent by utilizing 
CO2 as an oxidant (Fig. 1). The product distribution is 
explained by assuming the following reaction stoi-
chiometry (Eq. 14—16):

CO2----- » CO + (O), (14)

2 CH4 + (O)----- » C2H6 + H2O, (15)

Table 3. Methane Conversion by NO over 20 wt
PbO/MgO Catalyst. W/F=1.0 g h mol-1,

He Balance

Concentration/mol%

ch4 11.5 16.0 12.1 13.1 12.7
NO 1.5 3.7 7.5 3.7 3.7

Temperature/°C 750 750 750 800 700

Conversion/mol%

ch4 2.0 3.3 4.0 5.6 2.1
NO 6.3 7.2 19.4 24.5 3.5

Selectivity/C-mol%
C2He 1.7 1.0 0 2.5 0
CO2 98.3 98.9 100 97.5 100

Table 4. Characterization of PbO Catalyst by XRD.') 
Same Experiments Shown in Figs. 3 to 6

Oxidant
XRD peak

PbO Pb PbS

O2 VS — —

N2O VS — —

After oxidation NO VS — —

SO2 W — s
CO2 VS — —

O2 VW vs —

N2O VW vs —

After CH4 conversion NO VW vs —

SO2 — w s
CO2 VW vs —

a) Peak intensity: VS; very strong, S; strong, W; weak, 
VW; very weak, —; not detected.
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Process time / min.

Fig. 3. Transient response of periodic CH< conversion: 
Effect of N2O reoxidation. Cat.; 20 wt%-PbO/MgO, 750°C, 
4.3 g h mol-1.

/ min.Process time

Fig. 4. Transient response of periodic CH4 conversion: 
Effect of NO reoxidation. Cat.; 20 wt%-PbO/MgO, 750°C, 
4.3 g h mol-1.

and

2CH4 + 2(0)------►C2H4 + 2H2O. (16)

Carbon dioxide is dissociated to carbon monoxide and 
a reactive surface oxygen species (O) (Eq. 14), which 
may react with methane to form ethane (Eq. 15) and 
ethylene (Eq. 16). In fact, CO2 oxidized Pb to PbO and 
PbO oxidized CH4 to CzHe (Table 4 and Fig. 5). How
ever, the amount of CO formed was larger than the 
amount calculated from reactions (14)—(16). Thus, 
reaction (17) should be accounted for. Reactions (14)

and (17) are converted to the reaction stoichiometry 
shown in Eq. 18, which means that one fourth of the 
CO was formed from CH4.

CH4 + 3 (O)-----► CO + 2 H20 (17)

C*H4 + 3 CO2----- ► C*0 + 3 CO + 2H20 (18)

The product distribution is shown as Fig. 1. Even at 
800 °C the selectivity of C2 hydrocarbons was not high. 
Thus low selectivity might be attributed to the forma
tion of surface MgCOs, which is not a favorable
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Process time / min.

Fig. 5. Transient response of periodic CH« conversion: 
Effect of CO2 reoxidation. Cat.; 20 wt%-PbO/MgO, 750°C, 
4.3 g h mol-1.

Process time / min.

Fig. 6. Transient response of periodic CH< conversion: 
Effect of SO2 reoxidation. Cat.; 20 wt%-PbO/MgO, 750°C, 
4.3 g h mol-1.

support material. This subject will be discussed later.
Periodic Oxidation-Reduction Reaction. In the 

case of the CFU-oxidant cofeed reaction, O2 and N2O 
exhibited excellent performance in the formation of C2 
hydrocarbons, similar to that of O2, whereas other 
oxidants (NO, SO2, and CO2) did not produce the 
desired products selectively (as described above). 
However, a periodic oxidation-reduction reaction 
gave different results, as shown in Figs. 3 to 6. Also, 
the lead species identified after each reaction are 
shown in Table 4.

(a) N2O, NO, and CO2 Dinitrogen monoxide gave

a similar result to that of the cofeed reaction 
containing O2. Also, the periodic reaction gave C2H6 
selectively over a catalyst which was oxidized by N2O 
as demonstrated in Fig. 3. These facts correspond to 
that regarding O2, which suggests that the oxidation 
state of lead oxidized by N2O is similar to that oxidized 
by O2 (Table 2).

Although little C2 hydrocarbons were formed 
in a cofeed reaction containing NO (Fig. 1), they were 
formed with high selectivity in the CH4-NO periodic 
reaction (Fig. 4). It was also clarified that NO has an 
ability to oxidize metallic Pb to PbO, and PbO gave C2
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hydrocarbons upon a reaction with CH4, as demon
strated in Table 4. This means that although the 
redox cycle is possible in the CH4-NO cofeed reaction 
system, NO inhibits the coupling reaction, probably 
because it reacts with the methyl radical to form CO2. 
C2 hydrocarbons were formed selectively at a compar
able rate in a periodic CH4-CO2 operation (Fig. 5), 
while the rate of C2 formation in a cofeed reaction was 
much lower than that in the 02-containing cofeed 
reaction (Fig. 1). However, the amount of C2 
hydrocarbons formed in the second treatment was 
slightly smaller and the amount of CO formed was 
slightly larger than that obtained in the first treatment. 
This observation might be attributed to the formation 
of a surface carbonate species of carrier material of the 
catalyst (MgO) which is unfavorable for the coupling 
reaction. 20

(b) SO2. When sulfur dioxide was used as an 
oxidant, a small amount of C2 hydrocarbons was 
formed in the periodic reaction (Fig. 6), although no 
C2 hydrocarbons were formed at all in the cofeed 
reaction. The low CH4 selectivity even in a periodic 
reaction, should be attribuuted to the formation of PbS 
according to Eqs. 11 and 13 during a reaction with SO2 
(Table 4), since PbS is never reduced by a reaction with 
CH4. It is thus concluded that the redox cycle 
expressed as reactions (7) and (11) is inhibited by the 
formation of PbS.

Conclusion

Methane activation with a MgO-supported PbO 
catalyst was studied by using a variety of oxidants such 
as O2, N2O, NO, SO2, and CO2 resulting in the 
following conclusion:

1) In a CH4-oxidant cofeed reaction, N2O exhibited 
excellent activity and selectivity for the formation of C2 
hydrocarbons as well as O2, whereas NO and CO2 gave 
only small amounts of the desired product and SO2 
made no C2 hydrocarbons.

2) Not only O2 and N2O, but also NO and CO2, 
showed high selectivity for the formation of C2 hydro
carbons in a periodic oxidation-reduction operation. 
This was because of the formation of PbO, which gave 
C2 hydrocarbons upon a reaction with CH4, with the 
reaction of a reduced catalyst and these oxidants as 
well as O2 and N2O. However, NO or CO2 seems to 
have some inhibiting effect on the coupling reaction.

3) When SO2 was used as an oxidant for methane 
conversion, lead sulfide was formed, which impeded 
the coupling reaction in either the cofeed reaction or 
the periodic reaction.

We thank Professor H. Tominaga for his discus
sion.
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ABSTRACT

Ohtsuka, Y. and Asami, K., 1992. In-bed sulfur removal during the fluidized bed combustion of coal 
impregnated with calcium magnesium acetate. Resour., Conserv. Recycl., 7: 69-82.

Sulfur removal during the fluidized bed combustion of coal has been carried out at temperatures of 
960-1140 K. Coal impregnated with calcium magnesium acetate (CMA) is used as a sulfur sorbent. 
The amount of CMA actually loaded is larger for brown coal with a higher ion-exchange capacity. 
CMA shows no significant effect on the burn-off irrespective of the coal type and temperature. How
ever, calcium impregnation is effective for in-bed sulfur removal. The efficiency depends on the coal 
type, probably the type of sulfur in the coal; a high sulfur retention is attained for Illinois No. 6 coal 
with a large proportion of pyritic sulfur in spite of low Ca/S ratios of around 0.5. In the coprocessing 
of bituminous coal with impregnated low-sulfur brown coal, the highly dispersed calcium in the brown 
coal captures effectively the sulfur evolved during the combustion of the bituminous coal.

INTRODUCTION

Combustion of coal produces emissions of sulfur oxides which cause seri
ous environmental problems. In order to reduce sulfur emissions, two differ
ent methods have been widely used; coal cleaning prior to combustion, and 
flue gas scrubbing after combustion. However, because of their high cost and 
complex operation, alternative methods of sulfur removal have been investi
gated. A more successful approach is to remove the sulfur during the fluidized 
combustion in a bed of a sulfur sorbent such as limestone or dolomite.

Since the desulfurization by calcium sorbents is a much slower solid-gas 
reaction than coal combustion, it would be desirable for improving sorbent 
utilization to enhance the reactivity. Impregnating coal with calcium using

Correspondence to: Y. Ohtsuka, Research Center for Carbonaceous Resources, Institute for 
Chemical Reaction Science, Tohoku University, Katahira, Sendai 980, Japan.

0921-3449/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved.
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Ca (CH3COO) 2 and Ca (OH) 2 produces a much higher reactivity due to very 
fine dispersion within the coal particles [1,2], compared with calcite and do
lomite physically mixed with coal. It has been reported that the use of cal
cium-impregnated coal in pulverized firing is more effective for sulfur cap
ture than the limestone injection method [3-5]. Since the operating 
temperature in fluidized combustion is lower than in pulverized firing, the 
CaS04 formed is thermodynamically more stable. Further, the complete mix
ing within the fluidized bed ensures good contact between sorbent and com
bustion gases. These advantages contribute to efficient sorbent utilization. In 
addition, the lower temperature of the bed may minimize the formation of 
thermal NO v.

In the present paper, therefore, in-bed sulfur removal of calcium-impreg
nated coal is studied during fluidized combustion. Calcium magnesium ace
tate (CMA) is selected as a sulfur sorbent because its use for sulfur removal 
has been shown to be economically feasible by the simulation study [6]. Two 
different ranking high-sulfur coals, brown coal and bituminous coal, are used, 
and the effect of the coal type on sulfur removal efficiency and the influence 
of calcium impregnation on the burn-off are examined. A sufficient amount 
of calcium can not be loaded on high-sulfur bituminous coal because of the 
poor ion-exchange capacity. Thus, the coprocessing of bituminous coal with 
CMA-impregnated low-sulfur brown coal is carried out to capture the sulfur 
evolved from the bituminous coal.

EXPERIMENTAL

Coal sample
The proximate and elemental analysis of three coals examined are shown 

in Table 1. Toy Yang (LY) coal from Australia is a low-ash, low-sulfur brown 
coal; Leigh Creek (LC) coal from Australia is a high-sulfur brown coal with 
relatively large amounts of inherent Ca and Mg; Illinois No. 6 (IL) coal from

table 1

Proximate and ultimate analysis of coals

Coal (country) Code Proximate 
analysis 
(wt%, dry)

Ultimate 
analysis 
(wt%, daf)

Inherent 
metal 
(wt%, dry)

VMa FCa Ash C H N S O Ca Mg

Loy Yang (Australia) LY 50.6 48.7 0.7 68.1 4.7 0.6 0.3 26.3 0.05 0.1
Leigh Creek (Australia) LC 51.3 40.0 8.7 68.1 5.4 0.5 3.2 22.8 1.0 0.8
Illinois N0.6 (USA) IL 37.0 53.6 9.4 77.4 5.2 1.6 3.3 12.5 0.2 0.1

aVM, Volatile matter; FC, fixed carbon.

141-



SULFUR REMOVAL IN FLUIDIZED BED COMBUSTION OF COAL 71

the USA is a high-sulfur bituminous coal. LC and IL coals are almost the same 
with regard to sulfur content. LY coal is used only for coprocessing with IL 
coal. The size of coal particles is 150-250 //m in every case.

Addition and determination of calcium magnesium acetate 
Coal is simultaneously impregnated with an aqueous solution of 

Ca(CH3COO)2 and Mg(CH3COO)2 (CA and MA, respectively. Coal parti
cles (30 g) dried in a stream of N2 at 380 K are immersed in the solution 
(100 cm3) in a glass flask, and the resulting mixture is then evacuated while 
rotating the flask at room temperature for 1 h and finally at 330 K for dryness. 
The nominal loading of CA or MA added to the dried coal in the impregna
tion step is usually 4 wt% as the metal. The dried lumps recovered from the 
flask are ground and sieved again to 150-250 /mi. The sample prepared by 
this method will be denoted as impregnated coal throughout the present paper.

The amounts of Ca and Mg either actually loaded on coal or inherently 
present in coal are determined by atomic absorption spectroscopy (Japan 
Jarrell Ash Co., AA-855) after extraction with HC1 at 320 K. The contents of 
inherent Ca and Mg are shown in Table 1.

Fluidized bed combustion
A quartz vertical reactor attached with a movable transparent electric fur

nace is used for the combustion experiments. The reactor consists of a flui
dized zone (22 mm i.d.x300 mm long) with fritted filter (pore size, 20-30 
/mi) and a freeboard zone (37 mm i.d.X 300 mm long). The amount of sam
ple charged into the fluidized zone is 3.0-3.5 g, which corresponds to 15-20 
mm bed height. No fluidized solids are used in the present work. The flow 
rate of air or Ar as a fluidized gas is 800 cm3 (STP)/min. Temperatures of 
1050-1100 K are primarily selected because the maximum sulfur removal 
efficiency in the fluidized combustion lies in this region [7].

Two different combustion runs are made — with and without pretreatment 
in Ar — depending on the type of sample. When impregnated IL or LC coal 
is used, the coal is preheated in Ar at 680 K for 30 min during fluidizing in 
order to decompose CMA, then cooled to room temperature, and again heated 
in air to a predetermined temperature. The pretreatment is effective in keep
ing the temperature of the fluidized bed constant during combustion. This 
point will be described later (Fig. 2). Original coals and the mixture of IL 
coal and impregnated LY coal are heated in air without any pretreatment.

The experimental procedure is as follows. The sample in the reactor is first 
kept in the fluidized state at room temperature, then heated rapidly (about 
350 K/min) by raising the electric furnace and maintained at a predeter
mined temperature for 10 min. After 10 min the fluidized gas is switched 
from air to Ar and the reactor is quenched by lowering the furnace. The tem
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perature of the fluidized bed is measured by a chromel-alumel thermocouple 
inserted into the center of the bed and located at around 5 mm above the 
fritted filter. The temperature can be controlled within ± 15 K.

Sulfur determination
The S content in feed coal or combustion residue is determined with a sul

fur analyser (Horiba, EMIA-510); the sample is burned up in a stream of 02 
at 1723 K and the S02 evolved is detected by an on-line IR spectrometer. The 
Standard Reference Materials from the National Institute of Standards and 
Technology, USA, are used for calibration of the instrument.

In the sulfur determination of the combustion residue a fixed amount of 
activated carbon is added to the residue prior to burning in order to promote 
the release of S02 from the incombustible sulfur such as CaS and CaS04. Fig. 
1 illustrates the profiles for the evolution of S02 from pure CaS04. The re-

CaS04/C

CaSO.

Elution time, min

Fig. 1. Evolution of S02 from CaS04 with and without carbon.
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lease of S02 without carbon is slow even at 1723 K. However, the evolution 
rate of S02 is increased by the addition of carbon, probably due to the heat of 
combustion, and thus the complete sulfur determination is attained within 2 
min.

Characterization of the combustion residue
The amount of combustibles remaining in the residue is determined with a 

thermobalance (Sinku-Riko; TGD-7000); the residue (about 50 mg) 
mounted on a quartz cell in the thermobalance is heated at a rate of 20 K/ 
min in a stream of air, and soaked at 1090 K until no further weight loss is 
observed.

X-Ray diffraction analysis of the combustion residue is made using Cu-K^ 
(45 kVx30 mA) to follow the change in the chemical form of CM A and 
pyritic sulfur during combustion.

Data processing
The sulfur retention, expressed as %, is calculated by the amounts of S in 

both feed coal and combustion residue. The burn-off is calculated from the 
amount of combustibles in these samples, and is expressed as wt% on a dry, 
ash-free, CMA-free basis.

RESULTS AND DISCUSSION

Actual metal loading
The relationship between the nominal and actual loading is given in Table 

2, where the metal loading is defined as wt% of Ca or Mg metal to CMA-free 
coal, and the inherent metal is excluded from the actual loading. The amount 
of metal actually loaded is found to depend strongly on the coal type. The 
actual loading of each metal is nearly equal to the nominal one with LY coal. 
About 90% of the nominal loading is actually loaded onto LC coal irrespec-

TABLE 2

Nominal and actual loadings of Ca and Mg

Coal Mg loading (wt%) Ca loading (wt%)

Nominal3 Actual6 Nominal3 Actual6

LY 4.0 4.0 4.0 3.9
LC 4.0 3.5 4.0 3.7
IL 2.0 1.2 2.0 1.3
IL 4.0 1.9 4.0 1.9

“Calculated from the amount of metal added to coal in the impregnation step. 
^Determined by atomic absorption spectroscopy of impregnated coal.
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live of the kind of metal. With IL coal, however, the proportion of actual to 
nominal loading decreases considerably; 60-65% and < 50% at nominal load
ings of 2 and 4 wt%, respectively.

Since some ion-exchange between Ca and Mg cations and the protons in 
COOH groups proceeds even under the present impregnation conditions 
[2,8], the difference among these coals is probably related to different 
amounts of free COOH groups not associated with metal ions. Quite a low 
ash content and very small amounts of inherent Ca and Mg in LY coal, as 
seen in Table 1, show that most of the total COOH content (1.6 meq/g coal) 
exists as free COOH. Although similar oxygen contents in LY and LC coal 
suggest similar total COOH contents, the amount of free COOH would be 
lower in LC coal owing to a higher ash content and larger amounts of inherent 
Ca and Mg (Table 1). The demineralization of LC coal with HC1-HF aqueous 
solution prior to CMA impregnation would increase actual metal loadings, 
but the residual halogen in the demineralized coal would impair the calcium 
dispersion [1,9] and may cause corrosive problems on various parts of ma
terials. Total COOH content in IL coal is less than one-fifth of that in LY coal 
[10], which results in a very small ion-exchange capacity of IL coal. Although 
the pretreatment of coal such as mild oxidation with air [4,6 ] or dilute nitric 
acid [11] improves the exchange capacity, the loss in the calorific value of 
coal during oxidation is inevitable.

XRD measurements after the pyrolysis of calcium-impregnated coals re
veal that no diffraction lines due to calcium species are detectable on the chars 
derived from brown coals [1,2], whereas strong XRD peaks of CaC03 and 
CaO are observed on the chars from bituminous coals like IL coal [2,12]. 
These observations show that calcium is very finely dispersed on the surface 
of brown coal, and the dispersion is less on bituminous coal. The fine disper
sion of calcium would be due to some ion-exchange, which initially provides 
essentially atomic dispersion.

Temperature profile of fluidized bed
Typical profiles of the bed temperature are illustrated in Fig. 2, where the 

nominal content of CMA is given. When impregnated IL coal is heated in air 
without any pretreatment, the bed temperature rises steeply at around 900 K 
during heating and reaches 1300 K. This probably arises from explosive com
bustion of inflammable organic gases evolved by decomposition of CMA. A 
similar phenomenon is observed for impregnated LC coal. However, when 
the sample preheated in Ar at 680 K is heated again in air, the temperature is 
uniform within ± 15 K, as seen from the solid line in Fig. 2. Since the decom
position of CMA into CaC03 and MgO is completed during pretreatment, no 
inflammable organic gases evolve on reheating in air.

Fig. 2 also shows that when the mixture of IL coal and impregnated LY coal 
is heated in air without being preheated, the uniform bed temperature is also
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1200-

‘up to 1300 K

1000-

------ IL with 4% CMA, preheated
----- IL + LY with 4% CMA
-- IL with 4% CMA 
------LC with 4% CMA

Time, min

Fig. 2. Temperature profiles of fluidized bed for different samples.

attained. The amounts of Ca and Mg actually loaded are almost the same 
between the above mixture and impregnated IL coal, as is shown in Table 4. 
Nevertheless, the bed temperature without pretreatment in Ar is uniform only 
for the former. This difference may be caused by different chemical states of 
CMA loaded between impregnated LY and IL coal. As discussed above, some 
ion-exchange proceeds between CMA and LY coal with a large amount of free 
COOH groups. However, little ion-exchange takes place with IL coal because 
of the poor exchange capacity, and thus a large part of the metals loaded exist 
in the form of acetates which evolve inflammable organic gases on combus
tion. A lower proportion of acetates with impregnated LY coal would lead to 
a uniform bed temperature.

Combustion of Leigh Creek coal
Table 3 summarizes the burn-off and sulfur retention for the combustion 

of Leigh Creek coal. The addition of CMA (Ca content, 4.7 wt%) has almost 
no effect on the burn-off, irrespective of temperature. It has been reported 
that a small amount of CMA of 1 wt% markedly promotes the steam gasifi
cation of coal [2], and that impregnated calcium enhances the combustion 
rate of low reactive chars [13,14]. Since these reactions are chemical reaction 
limited, the calcium shows a catalytic effect on reactivity enhancement. On 
the other hand, the rate of the present combustion is quite high, and also only 
a small increase in the burn-off with increasing temperature is observed (Ta-
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TABLE 3

Burn-off and sulfur retention for the combustion of Leigh Creek coal

Temperature
(K)

Ca content3 
(wt%)

Ca/S" Burn-off 
(%, daf)

S retention 
(%)

970 1.0 0.29 85 36
960 4.7 1.4 83 41

1100 1.0 0.29 94 33
1080 4.7 1.4 96 40

"Content of inherent and Ca actually loaded in coal. 
"Atomic ratio of (inherent and actually loaded Ca) /S.

ble 3). These observations suggest the gas-film diffusion controlled reaction, 
as is well established in coal combustion. Calcium impregnation is ineffective 
for the diffusion-controlled combustion. Table 3 shows that the sulfur reten
tion is enhanced by the addition of CMA at the atomic Ca/S ratio of 1.4, but 
the increase is small, and is not improved at a higher temperature of around 
1100 K.

The XRD patterns for combustion residues at around 1100 K are illus
trated in Fig. 3. Strong diffraction lines attributable to CaS (oldhamite) and 
CaS04 (anhydrite) are observed even without CMA, indicating the sulfur 
capture by inherent Ca. The following reactions for this are

CaO + H2S (or COS) = CaS + H20 (or C02) (1)

CaS + 202 = CaS04 (2)

CaO + S02 +1 /202 = CaS04 (3)

Judging from the absence of distinct XRD peaks of other Ca species and the 
Ca/S ratio of about 1 in the residue, most of the inherent Ca is found to be 
transformed to CaS and CaS04. No Fe species can be detected by XRD, which 
means that only a slight amount of pyritic sulfur is contained in LC coal, in 
contrast with the observation for IL coal (Fig. 5).

MgO (periclase) is the only Mg species for the XRD profiles with CMA. 
The diffraction lines of CaS and CaS04 are detectable similarly as without 
CMA, but CaC03 is the major Ca species. Thus, the reaction of CaC03 with 
the sulfur evolved may be given instead of Eqns. 1 and 3.

CaC03 + H2S = CaS + H20 + C02 (4)
CaC03 + S02 + 1 /202 = CaS04 + C02 (5)
However, the presence of CaC03 as the major species shows that most of the 
CMA remains unreacted, as is reflected by a small enhancement of sulfur re
tention (Table 3). The reason for such a poor calcium utilization is not clear
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L: CaO
O; CaS
P; MgO

20(Cu-Ka), deg.

Fig. 3. XRD patterns for the residues after combustion of Leigh Creek coal with and without 
calcium magnesium acetate.

at present, but some speculations may be possible. The main reason may be 
the type of coal, in particular, the type of sulfur. As is shown in Fig. 4, a higher 
sulfur retention is attained in the combustion of impregnated IL coal in spite 
of lower Ca/S ratios. A comparison of XRD patterns between original LC 
and IL coals (Figs. 3 and 5) reveals that pyritic sulfur is rich in IL coal, whereas 
organic sulfur is rich in LC coal, because it is well accepted that pyritic and 
organic sulfur together account for the majority of sulfur in coal [15]. Pyritic 
sulfur is selectively oxidized with air and thus more easily removed than or
ganic sulfur [16,17]. Most of the organic sulfur in LC coal might be incom
bustible and flown away as it is under the present conditions. Another reason 
may be a relatively low 02 concentration. The formation of CaS04 may be 
thermodynamically favored under 02-rich conditions. The combustion run 
of impregnated LC coal is tested at the partial pressure of 02 of 0.4 atm, but 
unfortunately the uniform temperature of the fluidized bed is not obtained 
due to the rapid combustion.
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Combustion of Illinois and Loy Yang coal
Table 4 summarizes the burn-off for both IL coal and the mixture of IL and 

LY coal. The burn-off for original and impregnated IL coal is 73-81 wt% at 
1050-1060 K. The presence of CMA (Ca content, 1.4 and 2.0 wt%) shows 
no significant effect on the burn-off. A quite similar phenomenon is observed 
for the mixture of IL and LY coal; the burn-off is not changed significantly by 
the addition of CMA at 1040-1070 K.

In Fig. 4 the sulfur retention for these samples is plotted as a function of

TABLE 4

Burn-off for the combustion of Illinois No. 6 and Loy Yang coal

Temperature
(K)

Feed coal3 (g) Ca content6 
(wt%)

Burn-off 
(%, daf)

IL LY

1050 3.0 0 0.2 81
1050c 3.0 0 0.2 78
1050" 3.2 0 1.4 75
1060" 3.5 0 2.0 73
1040 1.5 1.5 0.1 81
1060 1.5 1.5 2.0 84
1070" 1.5 1.5 2.0 84
1040 1.0 2.0 2.6 86
1140 1.5 1.5 2.0 90

aCMA-free basis with impregnated coal.
^Content of inherent and Ca actually loaded in coal. 
"Preheated in Ar at 680K prior to combustion.

u IL ->
\1040-1070 

• IL/LY J
® IL/LY, 1140 K

Atomic ratio of Ca/S

Fig. 4. Effect of Ca/S ratio on sulfur retention during the combustion of Illinois No. 6 coal and 
coprocessing of Illinois No. 6 and impregnated Loy Yang coal.

149



SULFUR REMOVAL IN FLUIDIZED BED COMBUSTION OF COAL 79

IL/LY-CMA
O: CaS
P: MgO

IL-CMA

Fig. 5. XRD patterns for the residues after combustion of Illinois No. 6 coal and coprocessing 
of Illinois No. 6 and impregnated Loy Yang coal.

the atomic ratio of Ca/S. The sulfur retention for IL coal increases consider
ably with increasing ratio—from 20% without CMA to about 50% with CMA. 
When the mixture of IL coal and impregnated LY coal is used (IL/LY in Fig. 
4) the sulfur retention reaches around 60% at the Ca/S ratio of about 1, but 
a further increase in the ratio has no significant effect on the retention. Thus, 
in contrast with LC coal (Table 3), impregnation with CMA can easily cap
ture the sulfur from IL coal in spite of relatively low Ca/S ratios. Further, 
low-sulfur brown coal impregnated with CMA is found be effective for sulfur 
removal during the combustion of high-sulfur bituminous coal. The finely 
dispersed calcium on LY brown coal would be able to readily capture the sul
fur evolved. This finding would be noteworthy from a practical point of view
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because when bituminous coal alone is used in the fluidized combustion a 
mild oxidation process is essential for obtaining a sufficient Ca/S ratio, 
whereas the pretreatment is unnecessary in the coprocessing of bituminous 
coal with impregnated brown coal.

The XRD patterns for combustion residues at 1050-1070 K are illustrated 
in Fig. 5, where IL, IL-CMA and IL/LY-CMA denote original, impregnated 
IL coal and the mixture of IL coal and impregnated LY coal as starting sam
ples, respectively. Weak diffraction lines of CaS04 are observed for IL. Some 
of the sulfate comes from sulfates naturally present, because bassanite 
(CaS04* 1 /2H20) exists in the low-temperature ash prepared using a plasma 
asher [18]. The XRD profiles also reveal the presence of Fe203 (hematite) 
and Fe304 (magnetite), most of which are formed by oxidation of pyritic 
sulfur according to the following equations [ 19,20 ].

(6)

(7)
FeS2 + 11 / 402 = 1 /2Fe203 + 2S02 

FeS2 + 8/302=l/3Fe304 + 2S02

The products from pyrite oxidation depend on temperature and partial pres
sure of 03. Pyritic sulfur may also react with the reducing gas produced by the 
partial oxidation of coal to form pyrrhotites (FeS,+.v) [12,19], which are 
then oxidized to Fe304 and Fe203.

(8)

(9)

FeS2 + H2 = FeS + H2S 

FeS2 + CO = FeS + COS

The presence of these iron oxides means that IL coal is rich in pyritic sulfur, 
in contrast with LC coal (Fig. 3).

MgO is the only Mg species detectable by XRD with impregnated samples 
(IL-CMA and IL/LY-CMA). For impregnated IL coal with the Ca/S ratio of 
0.6, CaS and CaS04 alone are detectable as the Ca species, and the Ca/S ratio 
in the residue is determined as 1.2. These results show that a large part of the 
loaded calcium acts as a sulfur-capturing agent. When the Ca/S ratio in the 
starting sample (IL/LY-CMA) is further increased to 1, however, some of 
the calcium remains unreacted and exists as CaC03. The XRD signals of Fe304 
and o!-Fe203 can be detected. Since pyritic sulfur reacts more readily with 02 
than organic sulfur [ 16,17], it is likely that most of the CaS and CaS04 are 
formed by the reaction of Ca species with the sulfur compounds evolved from 
pyritic sulfur. Calcium impregnation is also effective for removing pyritic sul
fur during coal gasification [12].

If unreacted CaC03 could be converted to CaS and CaS04, a higher sulfur 
retention would be attained. An increase in the height of the fluidized bed 
increases the residence time of both gases and solids and thus would be ex
pected to improve the sulfur removal efficiency [7]. Therefore the combus
tion run is tested under the conditions where the bed height is increased two

-151-



SULFUR REMOVAL IN FLUIDIZED BED COMBUSTION OF COAL 81

fold and the molar ratio of 02/coal is kept unchanged, but the sulfur retention 
is not improved significantly.

The coexistence of CaS and CaS04 in combustion residues (Figs. 3 and 5) 
suggests that the atmosphere in the present fluidized bed is relatively reduc
tive. Under such conditions, part of the CaS04 formed may be reconverted 
to CaO (Eqns. 10 and 11) [7], which results in a lowering of the sulfur 
retention.

CaS04+ CO = CaO + S02 + C02 

CaS04 + H2 = CaO + S02 + H20

(10)

(11)

Thus, the fluidizing gas is changed from air to 40% 02-Ar, but the bed tem
perature is not uniform and the formation of slag due to local overheating is 
observed. Fuel-lean conditions may be desirable for higher sulfur removal 
efficiency.

CONCLUSIONS

(1) In CMA impregnated coal, the actual loading is larger for brown coal with 
higher ion-exchange capacity.
(2) Burn-off of coal in the fluidized bed combustion is not changed signifi
cantly by CMA impregnation.
(3) Impregnation with calcium is effective for in-bed sulfur removal, but the 
efficiency is probably dependent on the type of sulfur in the coal; a high sulfur 
retention is obtained for Illinois No. 6 coal rich in pyritic sulfur.
(4) Finely dispersed calcium on brown coal can readily capture the sulfur 
evolved from bituminous coal in the coprocessing.
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The direct conversion of coal into CH< with a catalyst 
is one of the most attractive of processes which utilize coal 
in an environmentally acceptable manner. Among the 
many gasification catalysts, nickel is more suitable for 
producing a high concentration of CH* in one pass from 
low-rank coal and pressurized steam at around 850 K.* 1 

However, the use of expensive nickel would not be practical. 
Iron is promising as an alternative to nickel, and the iron 
chlorides and sulfates readily available as acid wastes from 
steel pickling and TiOg production plants are the most 
desirable iron catalyst sources.2 We have recently found 
that FeCla can be successfully converted to a Cl-free iron 
catalyst active for the steam gasification of low-rank coals.3 

However, the effectiveness is small at the low temperatures, 
800-850 K, favorable for CH* formation from coal and 
steam. The present study focuses on applying this iron 
to the hydrogasification reaction where CH4 is produced 
by the reaction of coal with Hg, because an iron catalyst 
is more effective at low temperatures in Hg than in steam.4 

In this communication, the Cl-free iron from FeCla is found 
to show an exceptionally high catalytic activity in the low- 
temperature, pressurized hydrogasification of brown coal.

Loy Yang brown coal supplied from the Coal Corporation 
of Victoria, Australia, was crushed to 150-250 fim. The 
proximate analysis was ash, 0.5, volatile matter, 52.4, and 
fixed carbon, 47.1 wt % (dry), and the ultimate analysis 
was as follows: C, 66.7; H, 4.6; N, 0.5; S, 0.3; O, 27.9 wt 
% (daf). Iron cations alone were incorporated into the 
coal from an aqueous solution of FeCla by using NH3; after 
a sufficient amount of NH3/NH4CI solution was added 
into the mixture of coal particles and FeCla solution, the 
iron-bearing coal was separated from the solution by 
filtration, washed with deionized water, and then dried at 
380 K in Ng. The details of the procedure have been 
described elsewhere.3 Actual iron loadings were 5 and 9 
wt %. Since a higher equilibrium concentration of CH<

* Author to whom correspondence should be addressed.
* Tohoku University.
1 Kitami Institute of Technology.
(1) Takarada, T.; Sasaki, J.; Ohtsuka, Y.; Tamai, Y.; Tomita, A Ind. 
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(3) Ohtsuka, Y.; Aaami, K. Ind. Eng. Chem. Res. 1991,30,1921-1926.
(4) Ohtsuka, Y.; Tamai, Y.; Tomita, A. Energy Fuels 1987,1, 32-36.

Table I. MAssbaner Parameters*
iron species IS, mm/s QS, mm/e H, kOe

present iron (5 wt %) 0.39 0.97 0
present iron (9 wt %) 0.39 0.97 0
a-FeOOH* 0.57 0.40 360
fine FeOOH* 0.41 0.89-0.92 0
•IS, isomer shift relative to a-Fe at room temperature; QS, 

quadrupole splitting; H, hyperfine field. 6 Commercial bulk com
pound (99.999% pure). e Reference 7; FeOOH particles finely 
dispersed on brown coal.
is obtained at a lower temperature and higher pressure,6 

the gasification run with a thermobalance (Shimadzu RT- 
1HP) was carried out at temperature of <1000 K and at 
pressures of Hg of 3.5 and 7.0 MPa. In this thermobalance, 
the weight change can be monitored with a microbalance 
enclosed in the pressure chamber, and the influence of the 
change in buoyancy on the weight can be corrected 
electrically.6 About 0.2 g of the dried coal was mounted 
onto quartz wool in a quartz cell, at the bottom of which 
several small holes were open for attaining a good contact 
between the coal and Hg. The sample was heated in an 
Hg flow at 10 K/min, the flow rate being 0.5 L(STP)/min 
unless otherwise stated.

The Cl determination by a standard Eschka method 
showed that the Cl contents in iron-bearing samples, 0.04-
0.06 wt %, are nearly equal to that (0.08 wt %) in original 
coal. Accordingly, every iron-loaded coal is free from Cl 
contamination from FeCla, because all of the Cl ions from 
FeCla are removed as ammonium chloride. Mossbauer 
spectra revealed that every iron catalyst shows a doublet, 
which differed from those of bulk compounds of Fe(OH)a
and FeOOH. The Mossbauer parameters are summarized 
in Table I. The comparison of the parameters observed 
and those reported suggested that the present iron may 
exist in the form of fine particles of FeOOH. The FT-IR 
spectra also showed that part of Fe ions incorporated are 
exchanged with the protons in COOH groups in coal.3 

From these observations the iron catalyst was found to be 
very highly dispersed on the coal surface. The X-ray 
diffraction (XRD) analysis showed that the catalyst is 
reduced to fine particles of metallic iron (a-Fe) up to 700 
K.

(5) Walker, P. L., Jr.; Rusinko, F., Jr.; Austin, L. G. In Advances in 
Catalysis; Eley, D. D., Selwood, P. W., Weisz, P. B., Eds.; Academic Press: 
New York, 1959; Vol. XI, pp 133-221.

(6) Sasaki, M.; Homme, T.; Yamada, T.; Makino, K. Bunseki Kagaku 
1969,18,1179-1183.

(7) Cook, P. S.; Cashion, J. D. Fuel 1987,66, 661-668.
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Figure 1. Profiles for the temperature-programmed hydrogas
ification of Loy Yang coal at 3.5 and 7.0 MPa.

Profiles for the temperature-programed hydrogasifica
tion are illustrated in Figure 1, where coal conversion is 
expressed as wt % on a dry, ash- and catalyst-free basis. 
When the flow rate of % was increased from the normal 
level of 0.5 to 2 L(STP)/min, no significant effects on the 
gasification profiles were observed, which means that the 
reaction under the present conditions is free from the gas 
film diffusion control. Coal devolatilization in the absence 
of catalyst was almost complete at temperatures up to 800 
K, followed by char gasification. The reaction rate was 
larger at a higher pressure of 7.0 MPa.

The iron-catalyzed gasification proceeded in two stages: 
in other words, rapidly between 700 and 800 K and slowly 
beyond 800 K. The iron catalyst enhanced the reaction 
rate even in the conversion range up to about 50%, name
ly, the devolatilization step. In this region the deposition 
of carbon (or carbon precursor) from tarry materials 
evolved and the subsequent hydrogenation may proceed 
on the catalyst surface, as observed with the nickel- 
catalyzed gasification.8’9 As is well known, volatile hy
drocarbons are decomposed to form highly reactive carbon

and coke over Fe and Ni metals.10 Another possibility is 
that the iron may promote the reaction of devolatilizing 
coal with Hz, the so-called rapid hydrogenation.11’12 Thus, 
the iron catalyst seems to greatly promote CH* formation 
at the expense of tarry materials. Char gasification 
followed the hydrogenation of deposited carbon, and the 
gasification rate was larger at a higher iron loading and 
pressure of Hz. The conversion up to 800 K after the 
completion of the first rapid stage reached 80% at 9 wt 
% Fe and 7.0 MPa, whereas it was only 40% without iron. 
The reaction rate in the second slow stage beyond 800 K 
was rather lower in the presence of catalyst, but the 
conversion up to 1000 K at 9 wt % Fe, 90%, was much 
larger than that (75%) without catalyst The XRD 
measurements of iron-bearing char after gasification 
showed that the crystallite size of a-Fe is too large to be 
determined by XRD. Therefore, the decreased rate in 
the second stage may be attributable to the catalyst 
deactivation due to agglomeration of iron particles. These 
observations suggest that the optimum temperature region 
for producing CHs efficiently with an iron catalyst may 
be below 800 K. The residual iron-rich char after CH* 
production may be burned in a blast furnace and converted 
to pig iron.

In conclusion, a Cl-free, finely dispersed iron catalyst 
prepared from FeClg shows a large rate enhancement in 
the pressurized hydrogasification of brown coal at low 
temperatures of 700-800 K.

Registry No. Fe, 7439-89-6.
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Catalytic behavior of iron in the gasification of coal with hydrogen

Kenji Asami and Yasuo Ohtsuka

Research Center for Carbonaceous Resources, Institute for Chemical Reaction Science 
Tohoku University, Sendai 980, Japan

Abstract
Three kinds of iron catalysts are precipitated onto an Australian brown coal from an 

aqueous solution of FeCl3 by using urea, Ca(OH)2, or NFL as an additive. All the iron 
species on coal are found to be finely dispersed FeOOH by the XRD and ESC A 
measurements, and they are reduced to metallic iron during pyrolysis. The use of urea 
gives the highest metal dispersion. All the catalysts show gasification activities in 
atmospheric H% at 873 K and the iron catalyst prepared with urea is most effective. 
These observations suggest that the metal dispersion is a key factor for controlling the 
catalytic activity and that the present hydrogasification may proceed through a hydro
gen spillover mechanism.

1. INTRODUCTION

Hydrogasification of coal is an important process for producing CH4 (SNG). Since 
the reaction rate is extremely low at lower temperatures which are thermodynamically 
favorable for CH4 formation, the use of a catalyst is essentially needed in this process. 
Inexpensive Fe is one of the most promising catalysts, and Fe chloride and sulfate as 
acid wastes from steel pickling plants are the most desirable catalyst sources. We have 
recently found that a Cl-free Fe catalyst can be successfully prepared from FeCl3 
solution [1,2], and it exhibits high activity for the hydrogasification of low rank coals 
under pressure [3] and at relatively high temperatures of 1050-1200 K [4J. The 
present paper focuses on the catalytic behavior of this iron in the hydrogasification at a 
low temperature of 873 K.

2. EXPERIMENTAL

2.1. Coal sample and catalyst preparation
The coal sample used was Australian Loy Yang brown coal with a low ash content 

of 0.5 wt% and a large surface area of about 250 m2/g. The elemental analysis was C, 
66.7; H, 4.6; N, 0.5; 5, 0.3; O, 27.9 wt% on a dry, ash-free basis.

Three kinds of Fe catalysts, abbreviated as Fe(U), Fe(C), and Fe(A), were precipitat
ed onto coal from an aqueous solution of FeCl3 by using urea, Ca(OFH2, or NH3 as 
additives. The use of urea is known to be effective for precipitating fine FeOOH parti
cles [5J, and Ca(OH)2 or NH3 was used instead of urea. After the aqueous mixture of 
coal, FeCL, and eacn additive was stirred either at 370 K for urea or at room tempera
ture for other additives, the Fe-loaded coal was separated from the solution and finally
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washed with water to remove Cl ions. The details of the procedure have been de
scribed elsewhere [2].

2.2. Hydrogasification
The gasification experiments were carried out with a thermobalance. All the sam

ples were heated at 300 K/min up to 873 K under atmospheric H2 of 250 
cm3(STP)/min, and soaked for 60 min. The pyrolysis of coal first occurred during 
heating, and almost completed within a few minutes. Then the residual solid char was 
gasified with H2. The reactivity of char is expressed by char conversion on a dry, ash
free and catalyst- free basis.

23. Characterization
The XRD measurements of Fe-bearing samples were made with Mn-filtered Fe-Ka 

radiation. The average crystallite size of metallic Fe was determined according to the 
Debye-Shorrer method. The ESCA spectra were also measured using Mg-Ktt radia
tion.

3. RESULTS AND DISCUSSION 

3.1. Catalyst State
The chemical analysis of Fe-bearing coals showed that actual Fe loadings were 3.4, 

4.7, and 4.6 wt% for Fe(U), FefC), and Fe(A), respectively, and also revealed that any 
catalysts were not contaminated by the Cl ions from FeCi3, but a small amount of Ca 
was retained with Fe(C).

No XRD lines attributable to Fe species were detectable for all the catalysts, which 
suggests a high degree of catalyst dispersion in every case. Table 1 summarizes ESCA 
spectra. The binding energy of Fe 2p3/2 for each catalyst was in agreement with that of 
reOOH reported previously. The presence of this species was supported by the 
elemental analysis of Fe-bearing coals. These observations show that every catalyst 
exists in the form of FeOOH finely dispersed on coal.

Table 1
Binding energies of Fe 2p3/2 ESCA spectra of Fe-bearing samples

Sample Fe(U) Fe(C) Fe(A) FeOOH1)

Fe 2pm (eV) 711.6 712.4 712.1 710.7-712.1

^References [6,7]

Figure 1 shows the XRD patterns for Fe catalysts after pyrolysis at 873 K, in other 
words, immediately before gasification. a-Fe was the major species irrespective of 
the catalyst type, indicating the reduction of FeOOH to metallic Fe during pyrolysis. 
The average crystallite size of a-Fe was 10, 28, and 45 nm for Fe(U), Fe(C), and 
Fe(A), respectively. Therefore the degree of metal dispersion evaluated from the size 
became higher in the order of Fe(A) < Fe(C) < Fe(U).

3.2. Catalyst effectiveness
Figure 2 shows the gasification profiles at 873 K. Char conversion without catalyst 

would be attributable mostly to a slow release of the volatile matter remaining in the 
char formed after pyrolysis. The presence of the Fe catalyst increased char conversion
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a. -Fe

Figure 1. XRD patterns of iron catalysts on the chars pyrolyzed in H2.

Fe(C) ,Fe(A)

Original

Time (min)

Figure 2. Hydrogasification of Loy Yang coal with iron catalysts.

in every case, showing the promotion of char gasification by this catalyst. Fe(U) was 
the most active catalyst, ana the conversion after 60 min reached about 50%, where the
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gasification appeared to be stopped. The rate enhancement by Fe(C) and Fe(A) was 
not so large.

Although the mechanism for the metal-catalyzed hydrogasification at low tempera
tures is not fully elucidated, the present gasification may proceed through the spillover 
mechanism [8,9] where the dissociated nydrogen atoms spill over from iron metal to 
react with the char. The metal dispersion is a key factor in controlling the catalytic 
activity in this mechanism. The comparison of Figures 1 and 2 points out that Fe(U) 
with the highest degree of metal dispersion is most effective for the low temperature 
hydrogasification of brown coal. Ni and Co metals also promoted the gasification in 
this temperature region, and they were more effective than Fe(U) [10]. When the 
average size of Ni crystallites exceeded about 30 nm, the catalytic activity was drasti
cally decreased [11]. Therefore a smaller activity of Fe(C) or Fe(A) may be ascribed 
to a larger crystallite size of Fe metal.

Figure 2 also shows that the conversion with Fe(U) leveled off at the latter stage of 
reaction. There are two reasons for this rate retardation; one is the lowering of catalyst 
dispersion due to the agglomeration of Fe particles, and another is the consumption 
ana concurrent crystallization of reactive char (carbon). If the former is main as 
suggested in the Ni-catalyzed gasification [10], the hydrogen adsorption or spillover 
might be a rate-limiting step in the present Fe-catalyzed gasification.

4. CONCLUSIONS

Hydrogasification of brown coal with fine FeOOH particles precipitated from FeCh 
solution hy adding urea, Ca(OH)?, and NH3 is carried out at a low temperature of 873 
K under atmospheric pressure. FeOOH is reduced to metallic Fe in the step of coal 
pyrolysis preceding char gasification. The Fe catalyst prepared by using ureagives the 
nighest metal dispersion and shows the largest activity for the gasification. The finely 
dispersed metallic Fe seems to play a key role for hydrogen spillover.
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Highly Active Iron Catalysts from Ferric Chloride for the Steam 
Gasification of Brown Coal

Kenji Asami* and Yasuo Ohtsuka
Research Center for Carbonaceous Resources, Institute for Chemical Reaction Science, Tohoku University, 
Aoba-ku, Sendai 980, Japan

A new method for preparing active iron catalysts for coal gasification at low temperatures has been 
studied by using FeCI3 as a raw material. Iron catalysts are precipitated onto brown coal probably 
in the form of FeOOH from an aqueous solution of FeCla by using three additives (urea, Ca(OH)%, 
and ammonia) and by hydrolysis. The use of Ca(OH)z gives the highly dispersed, most active iron 
catalyst, which achieves complete gasification in steam within 60 min at 973 K and at 5 wt % Fe. 
The specific gasification rate with the most active catalyst is about 20 times that without catalyst, 
and it increases as the reaction proceeds. The X-ray diffraction measurements show that Fe304 is 
the stable species throughout the gasification regardless of the catalyst preparation method. The 
sequence of catalyst effectiveness and the difference in the rate profiles among these catalysts can 
be elucidated on the basis of the degree of FeaO* dispersion.

Introduction

Catalytic gasification of coal has a great potential 
(Figueiredo and Moulijn, 1986; Moulijn and Kapteijn, 
1986), because this process can produce environmentally 
acceptable fuels and chemical feedstocks at low temper
atures (Misono et al., 1990). Fe catalyst is known to show 
gasification activity in every gas of steam, CO2, and H%, 
and thus it would be one of the most promising catalysts 
(Huttinger et al., 1986; Ohtsuka and Asami, 1991a). Since 
abundance and inexpensiveness are indispensable re
quirements for catalyst sources from a practical point of 
view, we have focused on new utilization of acid wastes 
from metal pickling and titanium oxide production plants 
as Fe catalyst sources. When iron chloride and sulfate of 
the major components were added to coal by the con
ventional impregnation method, they unfortunately showed 
only a very small catalyst effectiveness for the gasification 
at low temperatures of around 950 K because of rapid 
agglomeration of catalyst particles (Ohtsuka et aL, 1987). 
However, we have recently found that a Cl-free Fe catalyst 
finely dispersed on coal can be successfully prepared from 
an aqueous solution of FeCla using NH3/NH4CI solution, 
and this catalyst exhibits high activity for the low- 
temperature gasification of low-rank coals with steam 
(Ohtsuka and Asami, 1991a). Some Fe ions in the Cl-free 
catalyst may precipitate on the coal.

In the present work several alternatives to NH3/NH4CI 
solution are studied. Urea is first selected since it is 
effective for homogeneous precipitation of fine Fe particles 
from aqueous solutions of iron chloride and sulfate 
(Kaneko et al., 1985; Kaneko, 1987). Further, inexpensive 
Ca(0H)2 is used in place of urea, and hydrolysis of FeCla 
without any base is also examined. All the Fe catalysts 
incorporated on brown coal are much more active for the 
steam gasification than the previous catalyst. Thus, some 
factors controlling these activities are clarified.

Experimental Section

Coal Sample. Loy Yang brown coal from Australia 
was crushed and sieved to 0.15-0.25 mm. The proximate 
analysis was ash, 0.5; volatile matter, 52.4; fixed carbon,

* To whom correspondence should be addressed.

0888-5885/93/2632-1631304.00/0

47.1 wt % (dry); and the ultimate analysis was C, 66.7; H, 
4.6; N, 0.5; S, 0.3; O, 27.9 wt % (daf).

Catalyst Preparation. Fe catalysts were precipitated 
onto brown coal from an aqueous solution of FeCla by four 
different methods, that is, by use of urea ((NHglgCO), 
Ca(OH)2, and NH3/NH4CI and by hydrolysis at an elevated 
temperature; these catalysts were abbreviated as Fe(U), 
Fe(C), Fe(A), and Fe(N), respectively. In every precip
itation 12 g of coal and 200 mL of 0.2 N FeCla solution 
were used unless otherwise stated. The details of each 
procedure are as follows.

To prepare the Fe(U) catalyst, 3.6 g of urea was added 
the mixture of coal and FeCla solution. Then, the resulting 
aqueous mixture was stirred, heated gradually up to 370 
K, and soaked for 4 h. It took 90 min to heat it. With the 
Fe(C) catalyst, Ca(OH)2 powder with a molar ratio of Ca- 
(OHla/FeCla of 1.5 was first added instead of urea. Then 
the aqueous mixture was stirred for 2 h at room temper
ature. The change in the pH during stirring was monitored; 
it increased from the initial value of 1.5 to about 5 on the 
addition of Ca(OH)a and finally became constant at 4. Fe 
loading was varied by changing the initial concentration 
of FeCla. Subscript “L" or “H" in Fc(C)l or Fe(C)H catalyst 
means low or high loading, respectively. The preparation 
method ofFe(A) catalyst using NH3/NH4CI buffer solution 
has been described elsewhere (Ohtsuka and Asami, 1991a). 
When the Fe(N) catalyst was prepared, the mixture of 
coal and FeCla solution was heated in laboratory air at 370 
K for 8 h so that FeOOH could be precipitated (Matijevic 
and Scheiner, 1978; Music et al., 1982).

After every precipitation, the solution was filtered off, 
and the Fe-bearing coal was washed with deionized water
repeatedly to remove the Cl~ or Ca2+ ions. The Ca* 
exchanged catalyst, abbreviated as Ca(E), was also pre
pared by exchanging H+ in COOH groups in coal with 
Ca2+ in a saturated aqueous solution of Ca(OH)2 (Ohtsuka 
and Tomita, 1986) to examine the influence of residual Ca 
on the activity of Fe(C) catalyst.

Steam Gasification. About 20 mg of the original or 
catalyst-loaded coal mounted on quartz wool in a quartz 
cell was dried in a N2 stream at 380 K prior to the 
gasification run. Then the sample was heated quickly in 
an atmospheric steam up to a predetermined temperature 
of 873-1073 K, and the weight loss during the isothermal 
gasification was monitored with a thermobalance. The

© 1993 American Chemical Society
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Devolatilization

Gasification

in H,0

Reaction time (min)
Figure 1. Thermogravimetric curves for the gasification in steam 
and the devolatilization in N2 of Fe-loaded coal at 973 K.

details of the procedure have been described elsewhere 
(Ohtsuka and As ami, 1991a).

Figure 1 shows an example of the thermogravimetric 
curve for the gasification of Fe-loaded coal in steam. When 
the sample was heated at a rate of about 300 K/min, as 
is seen in the solid line in Figure 1, the coal devolatilization 
first took place, and after completion within a few minutes 
the char gasification started. The activity of Fe catalyst 
in the latter stage will be discussed throughout the paper. 
The reactivity of char after devolatilization is expressed 
by using two indexes: char conversion on a dry ash free 
and catalyst free basis, and the specific rate of char, that 
is, the gasification rate per unit weight of remaining char. 
Since the amount of volatile matter is needed for evaluating 
the reactivity of char, every sample was devolatilized in 
pure N2 under the same heating conditions as above, to 
compare with reaction in steam, and the weight loss was 
regarded as the volatile matter for the gasification run. 
This example is also illustrated as the dotted line in Figure
1. The devolatilization experiment in pure N% was 
necessary especially for the catalyst-bearing coal showing 
large gasification reactivity, because it was difficult to 
distinguish the dividing point between the coal devola
tilization and the following char gasification step in steam.

Data Processing. Raw data in the char gasification 
step shown in Figure 1 were processed by a personal 
computer system with a digitizer, and they were directly 
converted to both the char conversion vs reaction time 
figure and the specific rate vs char conversion figure with 
a plotter. In this processing, the ash content, the catalyst 
amount, the volatile matter, and more than 50 data points 
for each thermogravimetric curve were input into the 
computer system.

The same gasification run was repeated at least twice, 
the reproducibility being within ±5% or ±10% for char 
conversion or the specific rate, respectively. The apparent 
activation energy and frequency factor were calculated 
from the temperature dependence of specific rate by the 
least-squares method. The error for the activation energy 
was within ±6 or ±9 kJ/mol for noncatalyzed or Fe- 
catalyzed gasification, respectively.

Characterization. The amounts of Fe and Ca in the 
original and catalyst-loaded coal were determined by 
atomic absorption spectroscopy after extraction of metals 
from the coal with hot HC1 for 2 h. The residual content 
of Cl in the coal was determined by a standard Eschka 
method (ISO 587-1981 (E». X-ray diffraction (XRD) 
measurements of Fe-bearing coal and char were made with 
Mn-filtered Fe Ka radiation to clarify the chemical form

Fe(U),/'

Fe(N)£ 60

Original

Reaction time (min)
Figure 2. Steam gasification of Loy Yang coal with several Fe 
catalysts at 973 K.

Table I. Contents of Fe, Ca, and Cl in Coal

sample additive Fe(wt%) Ca(wt%) Cl(wt%)

Fe(U) (NH2)2CO 3.4 0.04
Fe(C)H Ca(OH)2 4.7 0.51 0.04
Fe(C)L Ca(OH)2 1.0 0.16
Fe(A) NH3/NH4CI 4.6 0.06
Fe(N)
Ca(E)

none 0.95
0.41

0.66

original 0.02 0.07 0.08

and dispersion state of Fe catalyst. The char for XRD 
was prepared in a thermobalance in the same manner as 
the gasification run. The average crystallite size of FegO, 
was determined by the Debye-Shorrer method.

Results

Fe, Ca, and Cl Contents. Table I shows the Fe, Ca, 
and Cl contents in the coal specimen used in this study. 
Most of Fe ions in FeCls solution were actually loaded 
onto coal with Fe(C)H, Fe(U), and Fe(A) catalysts. On 
the other hand, the actual loading for the Fe(N) catalyst 
was at the highest 1 wt %. The Ca retention was observed 
for both Fe(C) catalysts, which shows that some Ca ions 
from Ca(OH)2 are exchangeable with COOH groups in 
brown coal (Ohtsuka and Tomita, 1986), and exchanged 
Ca cannot easily be removed by a simple water washing.

As is seen in Table I, the Cl contents in Fe(U), Fe(C), 
and Fe(A) samples were nearly equal to the level of Cl 
inherently present in the original coal. Thus, Cl ions from 
FeCla were completely removed by water washing. On 
the other hand, some Cl, though small, was retained in the 
Fe(N) sample.

Gasification Reactivity. Figures 2 and 3 show the 
profiles for the steam gasification with different Fe 
catalysts at973 and 1023 K, respectively. Every Fe catalyst 
showed activity in the gasification of char. The effec
tiveness was dependent on the catalyst type, in the 
sequence of Fe(A), Fe(N) < Fe(U) < Fc(C)h- Char was 
completely gasified within 60 min at 973 K for the most 
active Fe(C)n catalyst When the temperature was raised 
to 1023 K, the time required for the complete gasification 
was shortened to 25 min. With the Fe(U) catalyst char 
conversion at 973 K reached about 90% after 90 min, and 
the gasification at 1023 K was completed within 80 min. 
The activity of Fe(N) catalyst was comparable to that of 
Fe(A) catalyst in spite of a lower Fe loading. The 
conversion after 90 min at 973 K increased from 20% for 
original coal to about 60% in the presence of Fe.

Figure 4 illustrates the gasification profiles at 973 and 
1023 K for the Fb(C)l catalyst The reactivity of char was
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Fe(A)

Original

Reaction time (min)

Figure 3. Steam gasification of Loy Yang coal with several Fe 
catalysts at 1023 K.

973 K1023 K

Ca(E) 973 K

Original 973 K

Reaction time (min)

Figure 4. Steam gasification of Loy Yang coal with Fe and Ca 
catalysts at 973 and 1023 K.

largely enhanced in spite of small loading of 1 wt %: the 
conversion at 973 K reached more than 90% after 90 min 
and the gasification at 1023 K was complete within 60 
min. The gasification rate with Fe(C)L catalyst was found 
to be higher than with Fe(U) catalyst with 3.4 wt % Fe 
(Figures 2 and 4). The reactivity of char with Ca(E) 
catalyst at 973 K is also shown in Figure 4, where the Ca 
loading, 0.4 wt %, is close to the Ca retention (0.5 wt %) 
in the Fe(C)H sample. The Ca(E) catalyst was active 
especially at the beginning of reaction, but the degree of 
rate enhancement seemed to level off in the higher 
conversion range.

Figure 5 shows the specific gasification rate as a function 
of char conversion for Fe(C)H, Fe(U), Fe(A), and Fe(N) 
catalysts at 973 and 1023 K. The rates for Fe(A) and 
Fe(N) catalysts decreased gradually with increasing con
version. On the contrary, the rates for Fe(C) and Fe(U) 
catalysts increased gradually as the gasification proceeded, 
and especially the rates at these temperatures for the Fe- 
(C)h catalyst increased exponentially at the latter stage 
of gasification. The initial rate in the conversion range of 
10-20% with the Fe(C)n catalyst was about 20 times as 
large as that without catalyst irrespective of temperature. 
A 6-9-fold rate enhancement was observed in the initial 
step of the gasification with the Fe(U) catalyst.

Figure 6 illustrates the relationship between the specific 
rate and the conversion for Fe(C)t and Ca(E) catalysts. 
Initial gasification rates at 973 and 1023 K with the Fe- 
(C)l catalyst were about 15 times those for original coal, 
and the degree of rate enhancement by this catalyst
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Figure 5. Profiles for specific gasification rates with several Fe 
catalysts at 973 and 1023 K.
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Figure 6. Profiles for specific gasification rates with Fe and Ca 
catalysts at 973 and 1023 K.
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Figure 7. Arrhenius plots for noncatalyzed and Fe-catalyzed 
gasification.

increased with increasing conversion especially at the 
higher level, similarly as for the Fe(C>H catalyst. By 
contrast, the rate at 973 K with the Ca(E) catalyst 
decreased rapidly in the conversion range beyond 40%.

The Arrhenius plots for noncatalyzed and Fe-catalyzed 
gasification are shown in Figure 7, where the initial rate 
denotes the average specific rate in the conversion range 
of 10-20 %. The apparent activation energies for Fe(C)u, 
Fe(U), and Fe(A) catalysts and original coal were 140, 
110,160, and 190 kJ/mol, and the frequency factors were
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Figure 8. XRD patterns of Fe-bearing samples without heat 
treatment (a, b, c) and after devolatilization in steam at 973 K (A, 
B, C).

1.2 X108, x 105,1.6 X108, and 3.2 X109 h~\ respectively. 
The values of the activation energies show that the 
gasification rate is controlled by the chemical reaction 
step in every case. Not only the activation energy but also 
the frequency factor was lower in the presence of every Fe 
catalyst. These observations suggest that the Fe catalyst 
may not increase the number of reaction sites but may 
increase the rate of the limiting step in the reaction 
sequence.

The degree of lowering in the gasification temperature 
by Fe addition can also be evaluated from Figure 7. The 
difference in the temperature required for obtaining the 
reaction rate of 1 h-1 with and without catalyst was 140, 
110, and 80 K for Fe(C)H, Fe(U), and Fe(A) catalysts, 
respectively. Since the temperature difference can be 
regarded as an index that represents the catalyst effec
tiveness quantitatively, the sequence of the effectiveness 
based on this criterion was Fe(A) < Fe(U) < Fe(C)H- This 
sequence agreed with that observed in the gasification 
profile (Figure 2). Accordingly the Fe(C)n catalyst was 
the most effective, and the presence of this catalyst lowered 
the temperature by 140 K.

Chemical Form and Dispersion. Figure 8 shows the 
XRD profiles for Fe-bearing samples without any heat 
treatment and immediately after completion of the 
devolatilization step in steam at 973 K. Any XRD lines 
attributable to Fe crystallites could not be detected for 
any of the untreated Fe-loaded coals (Figure 8a-c) 
including the Fe(N) sample (not shown in Figure 8). When 
the coals were devolatilized, only the XRD signals due to 
FegOt appeared (Figure 8A-C). This observation was 
identical as predicted from phase diagrams for Fe-O-H 
and Fe-O-C systems (von Bogdandy and Engell, 1971). 
The XRD intensity ofFesO, on devolatilization was small 
in every case in spite of a relatively high Fe content (7-9 
wt % Fe), showing the low crystallinity of Fe30<, in other 
words, the high dispersion of Fe catalyst. The chemical 
form of FesO* was retained throughout the subsequent 
char gasification in every Fe catalyst. No diffraction peaks 
of Ca species were detectable for the chars derived from

XFetA)

Char conversion (wt%, daf)

Figures. Relationship at973 K between char conversion and average 
crystallite size of FejO*.

the Fe(C)n sample with residual Ca because of a small 
quantity and the high degree of dispersion.

Figure 9 shows the change in average crystalline size of 
FegOi as a function of char conversion at 973 K with Fe- 
(C)h, Fe(U) and Fe(A) catalysts. The size of FesO* at the 
conversion of zero, namely, on devolatilization, was very 
small, 15-23 nm, for every catalyst The size increased 
with conversion in each case because FeaO* particles 
agglomerated due to the consumption of char. However, 
the agglomeration behavior depended strongly on the 
catalyst type. The growth of FeaO* crystallites proceeded 
most slowly with the Fe(C)H catalyst showing the highest 
activity in steam gasification; the average size of FeaO* 
was as small as 55 nm even at the conversion of 75 wt %. 
The growth rate with the Fe(U) catalyst was a little larger 
despite a lower Fe loading, compared with the Fe(C)» 
catalyst In the case of Fe(A) catalyst, on the other hand, 
FeaO* particles aggregated rapidly in the beginning step 
of gasification.

Discussion

Precipitated Iron. Urea is well-known to be effective 
for precipitation of pure metal salts from a homogeneous 
solution (Willard and Tang, 1937), and this method is 
applicable to the preparation of metal hydroxides as 
catalyst precursors (Kayama, 1974). When urea was used 
with FeCla solution, fine particles of FeOOH precipitated 
on carbon (Kaneko et al., 1985). FeOOH particles were 
also formed by hydrolysis of FeCla solution at elevated 
temperatures (Matijevifi and Scheiner, 1978; Music et al., 
1982). Therefore the Fe(U) and Fe(N) catalysts in the 
present study would also exist in the form of FeOOH. The 
chemical form of Fe(C) catalyst prepared by using Ca- 
(OH)2 was probably FeOOH because of precipitation in 
the same acidic region as in the preparation method using 
urea (Kayama, 1974). This form was also supported by 
the elemental analysis of Fe(C) sample. No XRD lines of 
Fe species were detectable with all these Fe catalysts, which 
suggests that FeOOH particles formed on brown coal are 
too fine to be detected by XRD. This corresponded to the 
observations by Mossbauer spectroscopy (Cook and Cash- 
ion, 1987; Ohtsuka et al., 1992) and extended X-ray 
absorption fine structure spectroscopy (Yamashita et al., 
1991). Unfortunately, the preparation method using Ca- 
(OH)z could not be successfully applied to some coals with 
lower oxygen contents or higher mineral contents than 
the present brown coal. These observations suggest that 
Fe3+ ions in the precipitation process interact strongly
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with free oxygen-functional groups in no association with 
metal cations. Since Loy Yang cod with a very low content 
of minerals has a large number of exchangeable sites 
(Schafer, 1991), some Fe3+ ions in these precipitated 
catalysts may exchange with H+ in COOH groups, as 
observed with the Fe(A) catalyst (Ohtsuka and Asami, 
1991a).

Table I reveals that Fe(U), Fe(C), and Fe(A) catalysts 
are free from Cl contamination, but the Fe(N) catalyst 
contains some Cl ions. This difference may be related to 
the conversion extent of FeCls to FeOOH. Most of the 
Fe3+ ions in FeCls solution were incorporated into coal 
with these Cl-free catalysts, whereas only a small amount 
of Fe was loaded with the Fe(N) catalyst (Table I). The 
precipitation of FeOOH by hydrolysis of FeCla in the 
absence of base would proceed mainly through the 
replacement of Cl ions by OH- groups (Music et al., 1982). 
The adsorption of Fe3+ ions on surface functional groups 
like COOH in coal would not be so easy in the strong, 
acidic region without any base, and the replacement 
would be incomplete. Consequently, the preparation of 
Fe(N) catalyst would be followed by a small Fe loading 
with some Cl retention.

Catalyst Effectiveness. When iron chloride or sulfate 
was loaded onto coal by the impregnation method where 
coal was soaked in the aqueous solution and then water 
was evaporated, the catalyst effectiveness for the steam 
gasification was quite small at low temperatures of around 
950 K (Ohtsuka et al., 1987; Ohtsuka and Asami, 1991a), 
whereas the effectiveness was improved at higher tem
peratures and in the coexistence of H2 (Kasaoka et al., 
1979; Huttinger and Schleicher, 1981). However, the 
evolution of Cl- or S-containing gas during gasification 
was inevitable, and it caused some serious problems like 
corrosion. Thus, our target is to prepare active Fe catalysts 
without such pollutants. The preparation method using 
NH3/NH4CI solution has enabled the incorporation of a 
large amount of Cl-free Fe ions into low-rank coals from 
FeCla solution (Ohtsuka and Asami, 1991a). However, 
the use of NH3, which is more expensive than FeCla, would 
not be practically feasible.

In the present study, when inexpensive Ca(OH)2 was 
used instead of NH3/NH4CI, a much more effective Fe(C) 
catalyst was prepared, and consequently the complete 
gasification was achieved. The higher the Fe loading and 
the temperature were, the shorter the time required for 
the complete gasification was (Figures 2-4). Such an 
extremely large activity of Fe(C) catalyst is ascribed 
probably to a high degree of catalyst dispersion not only 
on devolatilization but also at the latter stage of gasification 
(Figure 9). The retention of a small amount of Ca from 
Ca(OH)2 in the Fe(C) catalyst may suggest the synergetic 
effect of Fe and Ca on the gasification. However, the 
contribution of residual Ca to the rate enhancement by 
Fe(C) catalyst would be minor at least in the latter part 
of gasification, because the intrinsic activity of finely 
dispersed FeOOH was high as in the Fe(U) catalyst (Figure 
2) and the change in rate with conversion was different 
between the Fe(C) and Ca(E) catalysts (Figures 5 and 6). 
The Ca retention is rather favorable to in situ sulfur 
removal during gasification. The Ca incorporated into 
coal can efficiently capture the sulfur-containing gas 
evolved during steam gasification despite differential 
reaction conditions like the fixed bed gasification (Ohtsuka 
and Asami, 1991b).

It may be noteworthy from a practical point of view 
that the Fe(N) catalyst promoted the gasification at a low 
loading of 1 wt %, since the Fe(N) catalyst can be prepared

simply, and most of the Cl in FeCla may be recovered as 
HC1 during preparation. The relatively high activity of 
Fe(N) catalyst might be attributable to the monodispersed 
state of FeOOH particles formed by hydrolysis (Matijevic, 
1981).

Catalyst State, Activity, and Behavior. Although 
many studies on the Fe-catalyzed gasification have been 
carried out so far, it seems very elusive to determine the 
actual catalytically-active species during the gasification 
in the oxidizing gas like steam, because the chemical form 
of Fe catalyst is very sensitive to the temperature and 
atmosphere in the vicinity of catalyst particles. Our 
previous study using an in situ high-temperature XRD 
technique has shown that the gasification rate is enhanced 
even under the conditions where FeaO< alone is stable 
(Ohtsuka et al., 1986). In the present study, every 
precipitated Fe, probably FeOOH, on brown coal was 
reduced to FeaO^, which was the only stable species 
detected by XRD and catalytically active in every case. 
However, these observations do not necessarily mean that 
FeaO^ is the actual active species because of the bulk - 
chemical form identified by XRD. Since H2 evolved during 
gasification and Fe particles readily reacted with carbon 
(Ohtsuka and Asami, 1991a), the surface of FeaO< may be 
in a higher reduced state. Thus, the gasification may 
proceed through the oxygen-transfer mechanism involving 
the redox cycle of iron oxides (McKee, 1981; Huttinger et 
al., 1986). A recent EXAFS study suggests that the highly 
dispersed FeOOH may play an important role as the 
intermediate for this mechanism (Yamashita et al., 1991). 
If the present gasification is the case, the chemical form 
of precipitated catalyst, FeOOH, may be maintained up 
to the gasification step.

As is shown in Figure 9, the sequence of the agglom
eration rate of FeaO* crystallites was F(C) < Fe(U) « 
Fe(A), which means that the degree of catalyst dispersion 
during gasification is high in the order of Fe(A) « Fe(U)
< Fe(C). This order corresponded to the sequence of 
catalyst effectiveness, Fe(A) < Fe(U) < Fe(C). These 
findings show that the dispersion of FeaO* particles is a 
suitable index to elucidate the catalytic behavior of 
precipitated iron.

It has been reported by many investigators that the 
specific rate of the Fe-catalyzed gasification drops as the 
reaction proceeds (Hippo et al., 1979; Adler and Huttinger, 
1984; Furimsky et al., 1988). Contrarily, the rates for Fe- 
(U) and Fe(C) catalysts increased exponentially in the 
latter part of gasification (Figures 5 and 6). The change 
in specific rate with char conversion would be determined 
by the balance between catalyst agglomeration and 
enrichment due to the consumption of char, since the 
surface area of the char from catalyst-loaded brown coal 
was not changed significantly with the extent of reaction 
(Tomita et al., 1985). The rapid agglomeration of catalyst 
particles observed for the Fe(A) catalyst resulted in the 
decreased gasification rate with conversion. When the 
agglomeration rate was rather small as with Fe(U) and 
Fe(C) catalysts (Figure 9), however, the catalyst enrich
ment, in other words, the increase of catalytically active 
sites per unit of remaining char, would be predominant 
and consequently the gasification rate increased, as the 
reaction proceeded. The present exponential rate increase 
is, to the authors’ knowledge, the first example observed 
in Fe-catalyzed gasification, though similar phenomena 
have been shown frequently in K-catalyzed gasification 
where no catalyst agglomeration occurs because of the 
liquidlike state (Verra and Bell, 1979; Takarada et al.,
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1983; van Heek and Muhlen, 1991). Further study on the 
behavior of Fe(U) and Fe(C) catalysts should be made.

Conclusions

Iron catalysts are precipitated onto brown coal from 
FeCls solution by several methods, and their activities in 
steam gasification are examined. The conclusions can be 
summarized as follows:

1. All the catalysts promote the gasification at low 
temperatures of around 950 K, but the effectiveness 
depends strongly on the preparation method.

2. The use of Ca(OH)g gives the most effective iron 
catalyst, which is Cl-free and contains a small amount of 
Ca.

3. The gasification rate with the most active catalyst 
at 5 wt % Fe is about 20 times that without iron, and 
increases as the reaction proceeds. This catalyst realizes 
complete gasification within a short time.

4. FeOOH as a probable precipitated form is reduced 
to finely dispersed F6364 particles on coal devolatilization, 
and this form is held during gasification. The sequence 
of catalyst effectiveness among these catalysts can be 
correlated with the degree of FegCh dispersion.
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Nomenclature

Ca(E) — calcium catalyst prepared by ion exchange
Fe(A) = iron catalyst prepared with ammonia
Fe(C)n = iron catalyst prepared with Ca(OH)2, high loading
Fe(C)L = iron catalyst prepared with Ca(OH)2, low loading
Fe(N) = iron catalyst prepared by hydrolysis
Fe(U) = iron catalyst prepared with urea
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Brown coal with iron catalyst precipitated from FeClg solution has been pyrolyzed in He or Hz 
at 600-900 °C with a fluidized bed reactor. The presence of the iron at loadings of 3-7 wt % changes 
dramatically the fate of coal nitrogen during pyrolysis at 900 °C; 50-60% of coal nitrogen is readily 
converted to Nz, resulting in a low residual nitrogen in the char. Changing the fluidizing gas from 
He to H% shows no significant effect on the conversion to Nz. It is probable that ultrafine iron 
particles of around 50 nm in the reduced state are responsible for the present nitrogen removal.

Nitrogen oxides (NO,) emitted from coal combustion 
to generate electricity have been implicated in acid rain 
and photchemical smog. Considerable effort has therefore 
been devoted to reduce the NO, emissions by combustion 
modification and flue gas treatment.1-3 However, since 
75-95 % of the NO, emissions originates from coal nitrogen 
in pulverized coal-fired boilers,2*3 the removal of nitrogen 
prior to coal combustion would be one of the most essential 
approaches to meet more stringent regulations on NO, 
emissions. As is well-known, coal nitrogen is present 
predominantly as the thermally stable aromatic ring 
structures like pyridines and pyrroles.4*6 The physical 
removal seems almost impossible accordingly, but the 
conversion of coal nitrogen into inert substances may be 
feasible. The present article shows a novel nitrogen 
removal method of converting coal nitrogen mainly into 
Nz gas during the pyrolysis with iron in an inert atmos
phere.

Loy Yang brown coal of size fraction 150-250 fim was 
used; the ultimate analysis was C 65.9; H 4.7; N 0.60; S 
0.27; and O 28.5 wt % (daf). The iron catalyst was 
precipitated onto coal from an aqueous solution of FeClg 
by using Ca(OH)z; Ca(OH)z powder was added into the 
mixture of coal particles and FeCla solution during stirring 
at room temperature, and then the Fe-bearing coal was 
separated from the solution by filtration. The procedure 
has been described in more detail elsewhere.6

Pyrolysis experiments were carried out with a fluidized
bed reactor; coal particles (5 g) were first fluidized in
atmospheric He or Hz of 0.2 L(STP)/min, and then heated
at 600-700 °C/min up to 600-900 °C by elevating the 
preheated, transparent electric furnace, the solid residence 
time being 10 min. The reactor effluent was collected as
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Figure 1. Conversion of coal nitrogen to N% during pyrolysis at 
different temperatures under atmospheric pressure.

gas in a plastic bag after being passed two traps. For some 
materials recovered from the first trap heated at 120 °C, 
the fraction soluble in tetrahydrofuran is denoted as tar 
throughout the paper, the remainder being as coke which 
includes a small amount of char entrained from the reactor. 
The material condensed in the second trap cooled at -70 
°C is denoted as oil, which includes water. The char 
remained in the reactor was also recovered. The material 
balance for every run revealed that 92-97 wt % of coal fed 
could be recovered as gas, oil, tar, coke, and char. The 
product distribution at 900 °C and 3-7 wt % Fe was gas, 
27-31; oil, 9-14; tar, 5-6; coke, 1-2; and char, 46-47 wt %.
Coal nitrogen evolution was monitored in terms of Ng and
the nitrogen contents of tar and char, but HCN and NH3 

were not determined because the quantitative analysis 
was difficult due to being soluble in water evolved from 
coal and iron catalyst. The reproducibility of the results 
was within ±5%.

Figure 1 illustrates the effects of pyrolysis temperature, 
catalyst addition, and fluidizing gas on the conversion of 
coal nitrogen to Nz. The conversion without catalyst 
slightly increased with increasing temperature, and it was 
very small, less than 3% even at 900 °C. Major nitrogen- 
containing gas would be HCN in this temperature region.7*8 

In contrast with the uncatalyzed pyrolysis, the conversion 
to Nz with catalyst, at 7 wt % Fe, increased considerably

(7) Nelson, P. F.; Kelly, M. D.; Womat, M. J. Fuel 1991, 70,403-407.
(8) Chen, J. C.; Castagnoli, C.; Niksa, S. Energy Fuels 1992,6 264-271.
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Figure 2. Fate of coal nitrogen during pyrolysis in He at 900 °C.

with increasing temperature, and it reached 50% at 900 
°C. Thus, the amount of Ng formed at 900 °C was 
drastically enhanced by iron addition, and it was about 20 

times that without iron. When the fluidizing gas in the 
iron-catalyzed pyrolysis at 900 °C was changed from He 
to Hg, as is seen in Figure 1, no further improvement on 
the conversion to Ng was observed. This finding is 
noteworthy from a practical point of view, because 
expensive Hg is unnecessary for this conversion.

The fate of coal nitrogen during the pyrolysis in He at 
900 °C is illustrated in Figure 2, where the difference in 
the nitrogen balance is labeled as “other”, which includes 
HCN, NH3, and oil nitrogen. Nearly 60 % of coal nitrogen 
was converted into Ng even at a low loading of 3 wt % Fe. 
Further increase in the loading from 3 to 7 wt % showed 
almost no improvement on the conversion, but rather a 
slight decrease, which may suggest the presence of the 
optimum loading. Not only the tar yield but also the 
nitrogen content in the tar was lower in the presence of 
the iron catalyst, and consequently the conversion to tar 
nitrogen at 3 wt % Fe was less than half of that without 
iron (Figure 2). The char yield increased slightly from 44 
wt % without iron to 46 and 47 wt % at 3 and 7 wt % Fe, 
respectively. On the contrary, the nitrogen contents in 
Fe-bearing chars were lower, and they were almost one- 
third of that without iron. Figure 2 shows as a result that 
the Fe-bearing chars retain only 18-21% of coal nitrogen, 
whereas the original char does 50%. The change of the 
fluidizing gas from He to Hg had no significant effect on 
the conversion to char nitrogen, as observed in the 
formation of Ng (Figure 1). As is seen in Figure 2, the 
conversion of coal nitrogen to other nitrogen-containing 
compounds was also reduced by catalyst addition.

It has been shown that the iron precipitated onto brown 
coal by the present method exists in the form of fine 
particles of FeOOH.6 The X-ray diffraction measurements 
revealed that FeOOH remained partly oxidized after the 
pyrolysis in He or Hg at 750 °C, but it was completely 
reduced to a-Fe and FegC at 900 °C irrespective of the 
fluidizing gas. Thus, the kind of the gas did not affect any 
crystalline form of iron catalyst, indicating the evolution 
of sufficient reducing gases such as Hg, CO, and hydro
carbons for catalyst reduction. This is the probable reason 
why the use of Hg instead of He had no effect on the fate 
of coal nitrogen. The transmission electron microscope 
showed that the particle size of the iron catalyst was as 
small as 30-50 nm at900 °C. The finely dispersed catalyst 
in the reduced state would be responsible for the present 
nitrogen removal.

Some mechanisms can be speculated for the dramatically 
increased conversion to Ng and consequent decreased 
residual nitrogen in the char with the iron catalyst When 
coal is pyrolyzed, coal nitrogen can initially be either 
retained in the char or released as volatile nitrogen, which 
can then be decomposed into HCN, NH3, and tar nitrogen.4 

Part of the volatile nitrogen may also be reincorporated 
into carbon and soot may be formed during the secondary 
decomposition,7’8 which results in the increased nitrogen 
retention in the char. Since metal particles finely dispersed 
on coal can catalyze secondary decomposition reactions of 
the volatiles released during pyrolysis,9-11 the present iron 
may change the fate of volatile nitrogen. In other words, 
the nitrogen may be converted selectively to Ng and 
nitrogen-free (or nitrogen-poor) carbon on the catalyst 
surface. Another speculated mechanism is that the iron 
catalyst may promote the reactions to extract Ng from 
char. The first mechanism may be more predominant, 
since the occurrence of the latter solid-catalyzed solid- 
phase reactions is not so easy because of small chance of 
contact between char nitrogen and iron particles.

In conclusion, when brown coal with fine iron particles 
is pyrolyzed in an inert gas at 900 °C, 50-60% of coal 
nitrogen can easily be converted to Ng with the corre
sponding low nitrogen retention in the char.
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Chapter 10

CATALYTIC GASIFICATION OF LOW-RANK COALS WITH CALCIUM ACETATE

Yasuo OHTSUKA^ and Akira TOMITA^
1 Coal Chemistry Laboratory
’^Chemical Research Institute of Non-Aqueous Solutions, Tohoku University, 

Katahira, Sendai 980 (Japan)

10.1 INTRODUCTION
Catalytic coal gasification has attracted increasing attention, because a 

lowering of the gasification temperature has several advantages, such as the 
direct production of methane, less severe material problem and the use of waste 
heat. Therefore a number of studies on the catalytic gasification have been 
carried out, as is reflected by the increasing research effort (refs. 1,2). 
Among many catalysts reported so far (refs. 3,4), it has been generally 
accepted that alkali metal compounds like KgCOg are the most effective 
catalysts for the steam gasification of coal.

In previous works (refs. 5-7), we have found that nickel catalyst markedly 
promotes the steam gasification of brown coal at low temperatures, around 800 
K. KgCO-g is inactive in this temperature region. The continuous fluidized bed 
gasification of brown coal with nickel has shown that more than 80 wt% of the 
coal is converted to very clean gas containing neither tarry materials nor HgS 
(ref. 8) and methane-rich gas is directly produced under pressure (ref. 9). We 
believe that the realization of such a low temperature gasification with less 
expensive catalysts than nickel should be a final target for the catalytic coal 
gasification. Therefore we have recently started the study on the development 
of cheap and disposable catalysts in place of nickel. It has been found that 
iron catalyst in hydrogen exhibits a high activity comparable to that of nickel
catalyst (refs. 10,11), and active, chlorine-free alkali catalysts can easily
be prepared from aqueous solutions of NaCl and KC1 (refs. 12,13).

Cheap calcium compounds are also one of the promising disposable raw 
materials as gasification catalysts. With low rank coals, some calcium are 
inherently present with carboxyl functional groups and these exchangeable 
calcium cations promote the steam gasification (refs. 14-16). When the catalyst 
effectiveness of externally-added calcium is examined, these raw coals are 
usually demineralized with HC1-HF aqueous solution before the incorporation of 
calcium cations into the acid sites. However, the residual halogen in the 
demineralized coals may deactivate the calcium catalyst (ref. 17). In most 
studies, calcium-loaded coals are devolatilized at >1000 K prior to the 
gasification, but the pretreatment at high temperatures accelerates the
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agglomeration of catalyst particles (refs. 18,19). Consequently the activity of 
calcium catalyst may be deteriorated.

We have reported that, without both demineralization and heat treatment, the 
calcium impregnated on coal is very effective for the steam gasification even 
at low temperatures of around 950 K (refs. 20-22). In the present work, we will 
investigate the steam gasification of low rank coals with CafCHgCOO^ in detail 
in order to clarify some factors controlling the catalyst effectiveness of this 
compound, for example, the conditions of catalyst preparation, the co-existence 
of Mg(CHgC00)2, the coal type, the amount of inherent calcium, and the reaction 
temperature.

10.2 EXPERIMENTAL 
10.2.1 Coal sample

Nine low rank coals from four countries were used, the starting size of coal 
particles being 1-2 mm in diameter in every case. Among them an Australian 
Yallourn brown coal was investigated in detail. It was received in a briquette 
form and then crushed into particles of 1-2 mm in diameter. The ultimate and 
proximate analyses of all coals used are given in Table 10.1. The amount of 
exchangeable calcium ions inherently present in coal was determined by leaching 
with 1 N ammonium acetate solution (ref. 16). The details of the procedure have 
been described elsewhere (ref. 23).

TABLE 10.1

Ultimate and proximate analyses of coals.

Coal Code Country Ultimate an alysis Proximate analysis

C
(wt%, daf)
HNS 0

(wt%, dry)
VMa Ash FCa

Rhein Braun RB F.R.G. 65.8 5.5 0.8 0.3 27.6 54.8 2.9 42.3
Yallourn YL Australia 67.1 4.8 0.8 0.3 27.0 55.2 0.9 43.9
Morwel1 MW Australia 67.9 5.0 0.5 0.3 26.3 51.6 1.5 46.9
Vel va VL U.S.A. 69.1 4.9 1.4 0.6 24.0 47.7 8.8 43.5
South Beulah SB U.S.A. 71.6 4.8 1.4 2.9 19.3 38.6 13.7 47.7
Colowyo CW U.S.A. 74.0 5.0 1.9 0.4 18.7 36.3 6.3 57.4
Wandoan WD Australia 75.8 6.8 1.0 0.3 16.1 53.9 16.9 29.2
Taiheiyo TH Japan 77.0 6.3 1.5 0.3 14.9 49.4 11.5 39.1
111inois No.6 IL U.S.A. 77.0 5.2 1.5 3.6 12.7 38.9 10.9 50.2

aVM, volatile matter; FC, fixed carbon.
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10.2.2 Catalyst material and addition
Ca(CHgCOO)^ was usually used as a catalyst precursor among different calcium 

compounds examined. Water-soluble salts like CaCCHgCOO^, CafNO^g and CaClg 
were impregnated on raw coal by grinding coal particles in their aqueous 
solutions. For water-insoluble salts like CaCOH^, CaCO^, CaS and CaSO^ they 
were kneaded with coal in water. The resultant mixture was then dried at 380 K 
in a Ng stream. In order to make clear the gasification activity of calcium 
magnesium acetate (CMA), Ca(CHgCOO)^ and MgCCHgCOO^ were simultaneously 
impregnated on coal in the same way as above. Furthermore, for comparison of 
the effectiveness of calcium catalyst, K, Mg, Ba, Fe and Ni as well as Ca were 
impregnated on coal from aqueous solutions of nitrates. In every case a nominal 
catalyst content is expressed as wt% of metal in the dried sample.

10.2.3 Steam gasification
The gasification experiments were carried out with an atmospheric 

thermobalance (Shinku-Riko, TGD-3000). The coals (about 20 mg) mounted onto a 
quartz cell were rapidly heated at a rate of about 300 K/min in a H^O (66 
kPa)/^ stream, and soaked for 2 h at a constant temperature, usually 923 K. 
Since raw coal was used in all runs instead of devolatilized char as a starting 
material, the reaction consisted of the coal devolatilization and subsequent 
char gasification stages. The reactivity of char in the latter stage will be 
discussed throughout the present paper. Data is processed as follows. Char 
conversion is expressed as wt% on a dry, volatile-free, ash-free, catalyst-free 
basis. The specific rate of char, the gasification rate per the unit weight of 
residual char, was almost independent of the conversion up to 50-60 %. Thus the 
average rate in this range was used as an index for the reactivity of char.

10.2.4 Characterization of catalyst
X-ray diffraction analysis (XRD) was carried out by using Cu-Ka radiation 

(45 kV x 30 mA) to characterize calcium catalyst in the coal devolatilization 
step prior to char gasification. The samples for XRD were prepared in a 
thermobalance by heating calcium-loaded coals in pure Ng and then quenching the 
resulting chars to room temperature. Unless otherwise stated, the heating 
conditions were as follows: heating rate, 300 K/min; devolatilization 
temperature, 923 K; soaking time, 5 min. Temperature changes in chemical form 
of Ca(CHgC00)2 physically-mixed with YL coal were followed in situ by using a 
high temperature X-ray diffraction (HTXRD; Shimadzu XD3A/HX3) technique (refs. 
21,24). The HTXRD measurements were carried out during heating the samples up 
to 923 K at a rate of 10 K/min in a N2 stream. The average crystallite size of 
calcium species was determined by the Debye-Scherrer method.
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Reaction time, min

Fig. 10.1 Gasification profile of Yallourn brown coal with various metal 
nitrates at 923 K.

10.3 RESULTS
10.3.1 Calcium and other metals

Figure 10.1 illustrates the gasification profile of YL coal with several 
metals at a loading of 1 %. Magnesium was inactive, but all the other metals 
exhibited the catalytic effect. Among active catalysts the calcium was most 
effective; char conversion at 923 K reached more than 90 % in 120 min. 
Interestinoly, iron was more active than nickel, and barium was less active 
than calcium. The rate enhancement by nickel or potassium was small at a low 
loading of 1 %.

10.3.2 Calcium compounds
Figure 10.2 illustrates the influence of the kind of calcium salts on the 

gasification reactivity of YL coal. The calcium loading was 5 %. The catalysts 
from CaCCHgCOO^, Ca(NOg^, Ca(0H)2 and CaCOg enhanced the gasification rate to 
a quite similar extent. Coal was completely gasified within 60-70 min in every 
case. It is noteworthy from a practical point of view that cheap CaCOH)^ and 
CaCOg are effective. The details of the coal gasification with Ca(0H)2 have 
been described elsewhere (refs. 20,22). CaC^ and CaS also promoted the 
gasification, and the degree of rate enhancement by these compounds was 
slightly lower than that of above four salts. Since some Cl- or S-containing 
compounds evolved during the gasification with CaCl2 or CaS would cause some 
problems like corrosion, the practical use of these compounds seems not so 
easy. The catalyst from CaSO^ showed only a slight activity.
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3^7Ca(CH3COO).

xCa(N03)2. Ca(OH). 

.aCOo// /

CaSO.

None

Reaction time, min

Fig. 10.2 Gasification reactivity of Yallourn coal with different calcium 
compounds at 923 K.

973 K

/<3a/Mg

973 K

923 K

Reaction time, min

Fig. 10.3 Reactivity of Yallourn coal in the co-existence of Ca(CFUC00)p and 
Mg(CH3C00)2 at 923 and 973 K.

10.3.3 Coexistence of calcium acetate and magnesium acetate
In order to clarify the catalyst effectiveness of CMA, YL coal was gasified 

in the co-existence of Ca(CHgCOO^ and Mg(CH3COO)2 at a loading of 1 % Ca and 1 
% Mg. Figure 10.3 illustrates the gasification profiles at 923 and 973 K. 
Mg(CHgC00)2 alone showed no catalytic effect in this temperature range, 
similarly as in the case of MgCNOg^ (Fig. 10.1). However, the co-impregnated 
Ca(CHgC00)2 and MgfCHgCOO^ markedly promoted the gasification. At 923 K char
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conversion reached 85 % in 120 min, and at 973 K the coal was completely 
gasified within 70 min. The effectiveness of this mixture was a little smaller 
than that of CaCCH^COO)^ alone. Figure 10.3 reveals that CMA can be used 
instead of pure CaCCH^COO)^ as a catalyst raw material for coal gasification.

10.3.4 Coal particle size
The catalytic effectiveness in coal gasification is often dependent on the 

size of coal particles, in other words, the degree of contact between coal and 
catalyst. The method of catalyst addition used in the present study reduced the 
starting particle size to <0.02 mm. Thus the contact between coal and catalyst 
was very intimate. In order to examine the effect of particle size on the 
gasification reactivity, coarse particles of YL coal with the size of 0.25-0.50 
mm in diameter were immersed in an aqueous solution of Ca(CHgC00)2 and the 
resulting particles were dried at 380 K in a Ng stream. The reactivity of this 
sample was almost equal to that for fine powders of <0.02 mm; the average 
gasification rate at 5 % Ca and at 923 K was 3.0 and 3.4 h-^ for coarse 
particles and fine powders, respectively. The size effect was not so 
appreciable under these conditions. This can be attributed to the great 
adsorptive ability of low rank coals.

10.3.5 Coal type
The catalytic effectiveness of Ca(CHgCOO^ in the gasification of nine coals 

with different carbon and sulfur contents was examined at a loading of 1 %. The

YL *MW

• WD

Carbon content, wt%(daf)

Fig. 10.4 Effectiveness of calcium catalyst for the gasification of several 
coals at 923 K.
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difference in gasification rates with and without calcium, (RCa“^none^’ 1s used 
as an index of the effectiveness. A plot of (Rca”^none^ versus carbon content 
in coal is illustrated in Figure 10.4, where the symbols designate the names of 
the examined coals (see Table 10.1). The effectiveness of calcium depended on 
the coal type; the larger effectiveness was observed for the coals with lower 
carbon contents. Since the effectiveness for VL and SB coals with high sulfur 
contents was almost similar as that for RB and CW coals with low sulfur 
contents, there may be little dependence on the sulfur content.

10.3.6 Calcium loading
Figure 10.5 illustrates the influence of the amount of added calcium on the 

gasification rates for YL, MW, SB and CW coals. The rates for YL and CW coals 
increased almost 1inearly with the calcium loading, whereas the rates for MW 
and SB coals tended to level off at around 5 %. Walker and co-workers (refs. 
15,17) also observed that the effect of calcium loading on the gasification 
rates of American lignites depended on the coal type. At 5 % Ca all these coals 
were completely gasified within at least 100 min; the rates for YL, CW, MW and 
SB coals with calcium were 28, 27, 6 and 3 times those without catalyst, 
respectively. The degree of rate enhancement by calcium addition was much 
larger for YL and CW coals which showed lower reactivities without catalyst.

10.3.7 Temperature dependence
The gasification rates of Ca(CHgCOO^-impregnated YL and SB coals were 

determined at different temperatures. In both coals the calcium showed no 
catalytic activity at a low temperature of 773 K, in contrast with an extremely

Added Ca, wt%

Fig. 10.5 Effect of calcium loading on the gasification rates of several coals 
at 923 K.
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high activity of nickel catalyst in this temperature region (refs. 5-7). The 
rate enhancement by calcium was appreciable at > 850 K. The gasification rate 
increased with temperature and the complete conversion of YL or SB coal with 5 
7o Ca was achieved within 25 or 40 min at 973 K.

Figure 10.6 illustrates the Arrhenius plots. The apparent activation 
energies and frequency factors for YL coal were 170, 170 and 140 kJ/mol, and
4.7 x 10®, 7.7 x 10^ and 3.2 x 10® h“^ at 0, 1 and 5 % Ca, respectively. These 
values for SB coal, though the data at 1 % Ca were not shown in the figure, 
were 160, 160 and 130 kJ/mol, and 1.4 x 10^, 1.5 x 10^ and 2.4 x 10^ h-^ at 0,
1 and 5 % Ca, respectively. For both coals, the activation energy remained 
unchanged and only the frequency factor was increased by the addition of 1 %
Ca, and a slight decrease in the activation energy was observed in the presence 
of 5 % Ca. Otto et al. (ref. 25) also observed that the apparent activation 
energy for the steam gasification of bituminous coal char slightly decreased at 
a higher calcium loading. The catalysis of calcium at low loadings may be due 
to an increase in the reaction-site density (ref. 25).

Figure 10.6 also shows that, in order to attain a practically sufficient 
reaction rate, say 1 h-^, with YL coal, a temperature of 1020 K is required

YL (Ca 1 %)-
L (Ca 5 %)

iB (Ca 5 %)

SB (none) \ a *<

YL (none)

o • YL coal
a a SB coal

1/T x 103, K"1

Fig. 10.6 Arrhenius plots for the gasification of Yallourn and South Beulah 
coals.
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without catalyst, whereas 920 and 870 K are enough with 1 and 5 % Ca, 
respectively. In other words, the presence of 1 and 5 % Ca could lower the 
gasification temperature by 100 and 150 K, respectively. With SB coal the 
addition of 5 % Ca lowered the temperature by 50 K only.

10.3.8 XRD profiles of calcium-bearing chars
Figure 10.7 illustrates XRD patterns for different chars prepared from 

Ca(CHgC00 ^-loaded coals. In every case the calcium loading was 5 % on the coal 
before char preparation. For YL coal impregnated with Ca(CHgCOO^, no XRD lines 
from calcium species were detectable for the char devolatilized at 923 K (Fig. 
10.7A). This observation shows that the calcium catalyst is very finely 
dispersed on the surface of char. When the devolatilization temperature was 
raised to 1023 K, the small and broad peaks attributable to CaO appeared (Fig. 
10.7B), the average crystallite size being determined to 21 nm. Thus the heat 
treatment at higher temperatures accelerated the crystallization of calcium 
species.

When the CafCHgCOO^ physically-mixed with YL coal was used instead of the 
impregnated-Ca(CHgC00)2, the diffraction peaks from this compound were 
detectable even at room temperature. Thus the change in chemical form with 
temperature could be followed by HTXRD. The dehydration of Ca(CHgC00)2 
completed at <570 K. At around 700 K the XRD lines of anhydrous Ca(CHgC00)2 
disappeared, and instead the peaks of CaCOg appeared. The diffraction intensity 
of CaCOg peaks increased with increasing the temperature. At a constant 
temperature of 923 K, the decomposition of CaCOg to CaO proceeded gradually 
with the soaking time and completed in 40 min. Figure 10.7C shows the XRD 
profile for the char prepared from the physical mixture of YL coal and 
Ca(CHgC00)2. The strong and sharp lines of CaCOg, together with the small peaks 
of CaO, were observed. The crystallite size of CaCOg was as large as 40 nm. The 
comparison with XRD patterns for the chars from Ca(CHgC00 ^-impregnated coals 
reveals that the physical mixing of Ca(CHgC00)2 with coal gives the poorly 
dispersed calcium.

Figures 10.7D and 7E illustrate XRD profiles for calcium-bearing chars from 
Ca(CHgC00^-impregnated SB and TH coals, respectively. No XRD lines of calcium 
species were observed with SB char, similarly as the case of YL char (Fig.
10.7A), whereas the signals from CaCOg crystallites were detectable with TH 
char. These observations show the decreased dispersion of calcium catalyst on 
the surface of TH char.

The chemical form and dispersion of the catalysts from other calcium salts 
than Ca(CHgC00)2 were examined with YL coal in the same manner as in Fig.
10.7A. Strong and sharp peaks due to CaSO^ were observed in the case of CaSO^
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A; CaSO,
Ci CaCO;
L; CaO

P; FeS

Q; SiO.

Q C.Q

20(Cu-Ka), deg.

Fig. 10.7 XRD profiles of different calcium-bearing chars.
The conditions of char preparation are as follows; A, D, E, from Ca(CHgC00)2- 
impregnated YL, SB, and TH coals at 923 K, respectively; B, from Ca(CHgC00)2- 
impregnated YL coal at 1023 K; C, from the physical mixture of YL coal and 
Ca(CH3C00)2 at 923 K.

(ref. 21). With the CaS-loaded coal, the small peaks of CaCOg and CaO as well 
as CaS were detected, indicating that some CaS are converted to CaCOg and CaO. 
On the other hand, for Ca(N0g)2-, Ca(0H)2- and CaCl2-loaded coals, no XRD lines 
from calcium species were detectable on these chars prepared at 923 K (ref.
21), similarly as the case of Ca(CHgC00)2 (Fig. 10.7A). Calcium species derived 
from these compounds were found to be highly dispersed. Although the absence of 
XRD signals gave no information on their chemical forms, the XRD results for 
Ca(CHgC00)2 physically-mixed with YL coal or impregnated on TH coal suggest 
that CaCOg is the predominant species at 923 K (Figs. 10.7C and 7E). When the
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devolatilization temperature was raised to 1023 K, the broad peaks attributable 
to CaO appeared with these three chars. The decomposition of CaC03 to CaO 
proceeded easily in an inert atmosphere at 1023 K.

10.3.9 Catalyst preparation
Table 10.2 summarizes how both the method of catalyst addition and the heat 

treatment prior to steam gasification, that is, the devolatilization of 
calcium-loaded coal, affect the catalyst dispersion and subsequent char 
reactivity. When YL coal impregnated with CaCCHgCOO^ was heated rapidly (300 
K/min) up to 923 K and soaked for 5 min, the specific rate of the resulting 
char, 3.3 h“\ was almost the same as that (3.4 h“^) without heat treatment.
The calcium on the surface of this char was very finely dispersed because no 
XRD lines attributable to calcium species were detected. The dispersion of 
calcium catalyst lowered with increasing severity of conditions of heat 
treatment, in other words, with decreasing the heating rate, increasing the 
temperature, and increasing the soaking time. The severer conditions resulted 
in lower gasification reactivities of chars; the reaction rate decreased from
3.3 h~^ for the char of 300 K/min - 923 K - 5 min to 1.8 h-^ for the char of 10 
K/min - 1023 K - 30 min. The devolatilization of the physical mixture of YL 
coal and Ca(CH3C00)2 at 923 K gave the formation of larger CaC03 particles (40 
nm), which resulted in the considerable decrease in the rate. Thus a good

TABLE 10.2

Influence of conditions of catalyst preparation on the dispersion of calcium 
catalyst and the gasification rate of char.

Method of
catalyst 
additiona

Conditions of heat treatment Calcium catalyst Specific
rate at
923 K (h_1)

Heat, rate
(K/min)

Temp.
(K)

Soaking 
time (min)

Chemical
form

Crystal. 
size (nm)

Impregnation No treatment - - 3.4
Impregnation 300 923 5 n.d.b - 3.3
Impregnation 10 923 30 n. d. - 2.6
Impregnation 300 1023 30 Ca0c 21 2.1
Impregnation 10 1023 30 CaO 24 1.8
Physical mix 300 923 5 CaC03d 40 0.5

aYL coal; Ca(CH3COO)2 (Ca, 5 %). 
dNot detectable by XRD (Fig. 10.7A). 
cShown in Figure 10.7B
dWith the small peaks of CaO (Fig. 10.7C).
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correlation was observed between the catalyst dispersion and the char 
reactivity.

10.4 DISCUSSION
10.4.1 Reaction scheme

In a previous study using the HTXRD technique (ref. 21), it has been 
suggested that the calcium-catalyzed gasification at low temperatures of around 
950 K may proceed through the following carbonate-oxide cycle.

CaC03 + C = CaO + 2C0 (10.1)

H20 + CO = H2 + C02 (10.2)

CaO + C02 = CaC03 (10.3)

McKee (ref. 26) investigated the catalysis of alkaline earth salts in the steam 
gasification of graphite at high temperatures of 1100-1300 K, and suggested 
that the catalytic mechanism may involve a carbonate-oxide oxidation-reduction 
cycle. The mechanism proposed by McKee has been modified as the above reaction 
scheme for explaining the catalysis of calcium in the low temperature region.

The occurrence of eqn. 10.1, that is, the promotion of the decomposition of 
CaC03 by carbon, was confirmed also in the present study; the TPXRD experiment 
of the physical mixture of YL coal and Ca(CH3C00)2 revealed that the 
decomposition of CaC03 to CaO at 923 K completed in 40 min on the surface of 
char, whereas it took much more than 90 min for the completion of CaC03 
decomposition on inert A1203 (ref. 21). Since the calcium catalyst was more 
finely dispersed with the impregnated Ca(CH3C00)2 than with the physically- 
mixed one (Figs. 10.7A and 7C), the reaction rate of eqn. 10.1 would be larger 
in the former case. With eqn. 10.2, a high partial pressure of steam (66 kPa) 
in the present study would favor the shift conversion of CO formed, and further 
calcium catalyst considerably promotes this reaction during steam gasification 
(ref. 27). The regeneration of CaC03 from CaO (eqn. 10.3) proceeded readily in 
the presence of C02 and at temperatures of <1000 K (ref. 21), though the 
regeneration was not so easy at higher temperatures even in the presence of 
C02. Thus the catalytic gasification of low rank coals with Ca(CH3C00)2 at 
around 950 K may proceed via a carbonate-oxide cycle mechanism.

10.4.2 Importance of catalyst dispersion
Walker and co-workers (refs. 18,19) reported that the heat treatment of 

calcium-exchanged lignite decreased the dispersion of calcium and consequently
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lowered the catalytic activity toward the subsequent reaction of char with air. 
As is shown in Table 10.2, the degree of catalyst dispersion was well 
correlated with the gasification rate of calcium-bearing char. This finding 
points out that the catalyst dispersion is an important factor which controls 
the rate enhancement by calcium also in the gasification of coal with steam. 
When Ca(CHgC00)2 was impregnated on YL coal and then devolatilized at 923 K, 
calcium species were not detectable by XRD (Fig. 10.7A) and thus very finely 
dispersed on the surface of char. Since some exchange of calcium ions with 
oxygen functional groups in YL coal takes place in the impregnation step, such 
a high degree of dispersion would be brought about by the presence of ion- 
exchanged calcium. The increase in severity of conditions of devolatilization 
of calcium-loaded coal accelerated the agglomeration of calcium particles, and 
the decreased dispersion of calcium catalyst resulted in the small rate 
enhancement (Table 10.2). Although the ion exchange or impregnation method 
provides essentially atomic dispersion in the step of catalyst addition, the 
heat treatment prior to the gasification decreases the catalyst dispersion and 
thus lowers the inherent catalytic activity. Therefore the gasification 
catalyst should be used without such the pretreatment so that the inherent 
activity can be maximally exhibited in the gasification step.

For TH coal with a smaller content of surface oxygen groups than YL coal, 
the formation of CaCOg crystallites was observed on the devolatilized char 
(Fig. 10.7E). The sintering of CaCOg particles would arise from a lower 
exchange extent of calcium ions with these acid cites. The smaller catalyst 
effectiveness of calcium observed for TH coal, as shown in Figure 10.4, is 
ascribed partly to the decreased dispersion.

Table 10.2 shows that the catalyst dispersion is affected also by the method 
of catalyst addition. In contrast with the highly dispersed calcium observed 
for the impregnated Ca(CHgC00)2, the physically-mixed Ca(CHgC00)2 gave large 
CaCOg particles in the devolatilization step (Fig. 10.7C). Since no ion 
exchanges occur in the catalyst addition like physical mixing, the absence of 
exchanged calcium would be the reason for the poor dispersion. The catalytic 
effect of poorly dispersed calcium was quite small (Table 10.2).

10.4.3 Effectiveness of calcium catalyst
The effectiveness of various catalysts in the steam gasification of coal has 

been studied by many investigators, and found to depend on several factors, 
such as the catalyst loading, the kind of precursor salt, the coal type and the 
reaction temperature. In this section the catalyst effectiveness of calcium 
will be discussed from these point of view.
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(i) Comparison with other metals. As shown in Figure 10.1, at a low loading 
of 1 %, the calcium was the most active catalyst among different metals 
examined in the present study. Although alkali-metal compounds have been 
generally accepted to be most effective, the potassium at 1 % was less active 
than calcium. When the catalyst loading was increased up to 10 %, however, the 
effectiveness of potassium was very large for the gasification of many coals 
from lignite to anthracite (refs. 28,29). The activity of nickel was not so 
high in this work, but the nickel at a high loading of 10 % exhibited an 
extremely high activity toward the gasification of brown coals with low sulfur 
contents even at low temperatures of < 800 K (refs. 5-7). Other catalysts than 
nickel, potassium, calcium and iron, were inactive in this temperature region.

With the activity sequence of alkali earth metals, it has been reported that 
barium is more active than calcium at temperatures of >1000 K (refs. 25,26,30). 
In the present work, however, the reverse sequence was observed (Fig. 10.1). 
Calcium catalyst was still more active than barium catalyst even when the 
activity at 923-973 K was compared at the same atomic per cent, say 0.7 at.% 
(1.5 wtZ Ca and 5.0 wt% Ba) (ref. 21). The difference in activity sequence 
between the earlier studies and the present work can be explained on the basis 
of the above-mentioned reaction mechanism. The mechanism suggests that, if 
alkaline earth metal can readily cycle between carbonate and oxide, the metal 
is more active. The interconversion between CaCOg and CaO is easy at around 950 
K, but it is difficult at high temperatures of >1000 K because CaO is very 
stable. On the other hand, the barium shows the reverse behavior. Consequently 
the difference would be observed. The detailed discussion has been described

TABLE 10.3

Lowering in gasification temperature, AT, by catalyst addition in the steam 
gasification of Yallourn brown coal.

Catalyst AT
Metal Precursor Salt Amount (%) (K)

Fea Fe(N03)3 10 50
Nab NaCl 5 120
Ca Ca(CH3C00)2 5 150
Kb KC1 10 170
Nic Ni(NH3)6C03 10 300

?Ref. 10.
°Ref. 12; metal ions alone are incorporated 

method using a pH adjusting agent.
into coal 1
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elsewhere (ref. 21).
Figure 10.6 shows that the gasification temperature for YL coal can be 

lowered by 100 and 150 K with the aid of 1 and 5 % Ca, respectively. The degree 
of the lowering in gasification temperature by catalyst addition is a 
convenient index that represents the catalyst effectiveness quantitatively.
This index (AT) in the steam gasification of YL coal with different catalysts 
is summarized in Table 10.3, where the values for nickel, iron, sodium and 
potassium catalysts have already been shown elsewhere (refs. 5,10,13). On this 
criterion, the calcium prepared from Ca(CHgC00)2 was more effective than sodium 
and iron, but less effective than nickel and potassium. With the most effective 
nickel catalyst, however, the expensive nickel of a large amount of 10 % is 
essential for such the large effectiveness, and 15 wt% of coal remains 
ungasified because of the rapid deactivation of nickel catalyst (refs. 5,7). 
With potassium catalyst, KC1 as a catalyst precursor is inexpensive, but the 
use of a pH adjusting agent like NHg or Ca(0H)2 is unavoidably necessary for 
preparing the active, chlorine-free catalyst (ref. 13). The application of this 
catalyst to the coals with high ash contents seems riot so easy because of the 
catalyst deterioration by the reaction with alumino-silicate compounds in 
minerals (ref. 31). On the other hand, with calcium catalyst, the complete 
conversion of coal can easily be achieved (Fig. 10.2), and this catalyst is 
applicable to the coals with high ash and high sulfur contents (ref. 22). 
Furthermore, there is the advantage that cheap raw materials like Ca(0H)2,
CaCOg and CMA can be used (Figs. 10.2 and 10.3). Therefore it can be concluded 
that the calcium is the most promising catalyst for coal gasification.

(ii) Influence of catalyst precursor. Figure 10.2 shows that CatNOg)^, 
Ca(0H)2, CaCOg and CaClg exhibit similar catalyst effectiveness as Ca(CHgC00)2. 
Large effectiveness of calcium catalysts from these precursors would be 
ascribed to the high degree of catalyst dispersion. Interestingly even CaS 
promoted the gasification to a large extent (Fig. 10.2). The XRD measurement 
for the CaS-loaded coal revealed the presence of CaCOg and CaO as well as CaS 
on the devolatilized char. This observation means that some CaS are converted 
to CaCOg and CaO by the reaction with HgO and COg evolved during 

devolatilization according to the following equations.

CaS + C02 + H20 = CaCOg + HgS (10.4)

CaS + H20 = CaO + HgS (10.5)

Since the concentrations of HgO and C0g around CaS particles become higher 
during steam gasification, the reaction rates of eqns. 10.4 and 10.5 would be
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larger. CaCOg and CaO formed would promote the gasification through the 
carbonate-oxide cycle. With the CaSO^-loaded coal, no XRD lines from CaCOg and 
CaO were detectable on the char, indicating that no change in the form of CaSO^ 
takes place. Therefore little effectiveness was observed with CaSO^.

(iii) Influence of coal type. As is seen in Figure 10.4, the effectiveness 
of calcium catalyst for high sulfur coals (VL, SB) was almost the same as that 
for low sulfur coals (RB, CW). This suggests that calcium catalyst is hardly 
deactivated by the sulfur compounds like HgS evolved during the 
devolatilization and subsequent gasification. However, Otto et al. (ref. 25) 
observed that calcium catalyst was severely poisoned by externally-added HgS in 
the steam gasification of coal chars. This difference can be explained from the 
different reaction conditions. The conditions of Otto et al., an extremely low 
partial pressure of steam (2.7 kPa) and a relatively high temperature of 1023 
K, favor thermodynamically the reactions of CaCOg and CaO with HgS, that is, 
the reverse reactions of eqns. 10.4 and 10.5. However, the present conditions 
of both a high partial pressure of steam (66 kPa) and a low temperature of 923 
K are unfavorable to the poisoning of calcium catalyst by HgS. This would be 
supported by the fact that the catalyst derived from CaS exhibits a high 
activity (Fig. 10.2).

It is well known that alkali and alkali earth metal cations exchanged with 
carboxyl groups naturally exist in low rank coals. Takarada et al. (ref. 23) 
have shown that the amount of such metal ions, especially Ca and Na, controls 
the reactivity of low rank coals in steam. The presence of inherent, 
exchangeable calcium ions may also affect the degree of rate enhancement by

a
T3
C

c
0)
E
<DO
C
(0
.c
S
0)
S

Inherent exchangeable Ca. wt%

Fig. 10.8 Influence of the amount of inherent exchangeable calcium on the rate 
enhancement indexes for various low rank coals.
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externally-added calcium in the gasification of these coals. A rate enhancement 
index, (Rca-Rnone^Rnone' may be convenient for expressing quantitatively the 
difference of rate enhancement among several low rank coals. In Figure 10.8, 
this index at a loading of 1 % Ca is plotted as a function of the amount of 
inherent, exchangeable calcium. A relatively good correlation between the two, 
except for TH and IL coals, was observed; the enhancement index decreased with 
an increase in the amount of inherent calcium. The indexes for TH and IL coals 
deviated from the expected correlation curve. This deviation would be ascribed 
to the poor dispersion of calcium catalyst on these chars, as indicated by the 
fact that the catalyst dispersion was poorer on TH char than on YL and SB chars 
(Fig. 10.7).

10.5 CONCLUSION
Calcium catalyst prepared from Ca(CHgCOO^ promoted the steam gasification 

of low rank coals at low temperatures of around 950 K. The catalytic 
effectiveness of CaCCHgCOO^ depended on the coal type; the larger rate 
enhancement by calcium was observed for the coals with smaller amounts of 
inherent exchangeable calcium, such as Yallourn, Colowyo and Morwel1 coal. The 
gasification rate increased with the calcium loading, the degree of rate 
increase being also dependent on the coal type. With Yallourn coal, calcium 
catalyst was effective even at a low loading of 1 %, and most active among the 
examined metals like K, Mg, Ba, Fe and Ni. The presence of 5 % Ca lowered the 
gasification temperature of Yallourn coal by 150 K. Cheap and effective calcium 
is found to be the most promising catalyst for coal gasification. The co
impregnated Ca(CHgC00)2 and MgCCHgCOO^ also enhanced the reactivity of 
Yallourn coal to a similar degree as the case of Ca(CHgCOO^ alone. This 
finding shows that CMA can also be used as a catalyst raw material. The 
dispersion of calcium catalyst was affected by the conditions of catalyst 
preparation. The devolatilization of calcium-loaded coal, that is, the heat 
treatment prior to the gasification, brought about the decreased catalyst 
dispersion, which resulted in the lowering of gasification activity. Therefore 
the gasification catalyst should be used without the pretreatment to gain the 

maximal activity.
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INTERNATIONAL

Research in Japan shows potential
for catalyst use in gasification
LONDON — Researchers at Japan’s Institute for 
Chemical Reaction Science at Tohoku University have 
determined that steel acid washing wastes and lime
stone could eventually prove to be an inexpensive 
catalyst in the gasification of low-grade coal.

The researchers are currently looking for funding to 
continue the research on a larger scale, and plan to 
report on their findings in a technical journal later this 
summer. In a recent interview with McGraw-Hill's 

Coal Tech International, Prof. Yasuo Ohtsuka of the 
Institute for Chemical Reaction Science noted that

future research would focus on devising processes for 
the recapture and recirculation of the catalyst within 
the gasification process, as well as working on in-bed 
simultaneous removal of sulfur and nitrogen com
pounds during catalytic gasification.

Current coal gasification processes do not use cata
lysts, but next-generation gasifiers are expected to rely 
on catalysts, especially if these catalysts can be made of 
inexpensive raw materials, and if the additional cost of 
adding and recovering the catalyst can be minimized. 
Use of a catalyst in coal gasification would not only lower 
the temperature of the gasification process, but also 
could control the composition of the product gas.

The Japanese researchers say they have identified 
catalysts that allow for direct conversion of coal into 
methane or hydrogen at temperatures of600 C to 700 
C and that allow for high gasification efficiencies. The 
catalysts are obtained from limestone and acid wastes 
that are generated in large volumes when iron and 
steel plate surfaces are washed with acid.

In experiments conducted gasifying Australian Loy 
Yang subbituminous coal, which has a 68.1 percent 
carbon weight, the Tohoku University researchers 
evaluated the use of limestone (CaC03) and iron and 
steel acid washing wastes (FeC13, FeS02) as catalyst 
raw materials. The coal comes from a vast 43-billion- 
mt reserve in Victoria.

In the experiments, limestone powder was mixed 
with 0.07 to 0.15-mm coal particles in water while iron 
hydroxide was precipitated onto the coal by adding 
Ca(OH)2 powder into an aqueous solution of iron or 
steel acid-washing wastes dispersed with brown coal.

Coal, containing either 3 percent calcium or 3 per
cent iron was heated with steam to temperatures of 
700 C to 750 C and gasified at ambient pressure. The 
coal containing calcium was gasified by 90 percent to 
95 percent in 20 minutes at a temperature of 700 C. 
The gasification rate was as large as 70 to 100 times 
that of coal gasified with no catalyst. Some 60 percent 
of the generated gas in the fluidized bed gasification 
consisted ofhydrogen with the remainder consisting of 
carbon monoxide and carbon dioxide.

The coal containing the iron catalyst was gasified 
completely in an hour at 700 C and in 20 minutes at 
750 C. The gas formed under excess steam consisted of 
about 70 percent hydrogen, with the remainder con
sisting of carbon monoxide and carbon dioxide.

When hydrogen was used instead of steam and the 
coal was gasified at a pressure of 7 MPa, methane was 
generated at a yield of 80 percent at about 550 C.

ENTERPRISE

GE announces new ammonia-based 
flue gas desulfurization process
LEBANON PA — General Electric Environmental 
Systems has reported that it has developed a new 
ammonia-based flue gas desulfurizaion process which

(Continued on page 4)

3McGraw-Hill’s COAL TECH INTERNATIONAL • July 5, 1993

-194-



B SR, 1 9 93#(¥E5^)9^8B (TkBgB)

600 700 800 900 600 700 800 900
sire

II
X #
!i
11
u m
a r.6S%
@ mu
# s 
<b n % r
# ©
g*

m it if; n
il$il
I fill 

-6ffl
T £ * €> 14
& ^ m m m
# A) # M ©

i & r m9 X ° 17# P7r« # X tt' sb X ifc « 5a Zn a # it£> X© © It m.P0 fill t) mm ^ n ft;JC 9 rW IV v> m.
a % Is 0t

& /k m. c° K m 7k m
1b ts m it

# X 1b X
© iZ -#

5 IS 15 -Sr7C # m CS(7) T & n 1k
ffi * n u #=m f£ •S /\ fill& -r u %

z> <b 9 mX & * A
& © B SP m
ft m 3)9 Iffl m

m u w© n © m
w -f- ° «f. ixm tc im SI) li(>
& d: s m wfT -3 © z 5%r •fem m EE 9
# a z % 9
iff m I
1k BZ 9 A? ©m fZ 1 X
* & IV H mu *> 9 JE£ m <b Xu s •v aiir n 1 % «(7) tr am 5k ttz: * m -5 ©
9 -m 5 wH <b a %m |E?J 'k 9
■r 9 © IV° IV (C a II a 99 tT © «T E

« s O #
# a % mX 3f mZ .h 5©

^ ^ m ±

fflij
Sf5 © 0 ft «1* » W 
© e « m co is tz m &. & & m a m © m m m 4> n
"BiSOT '

x * a u a *& *5a x m. tz m & ee
SI X *5 ° JJ ffi-<D 
© 'x <k X U ^xE© y ' u

Is ft 0 5 9

-c bo m #
Az U 'IcH

Sell!
C JK 9 f &Ln &. a a * 
^ ^ & n m 
iMixmfcm

tcEEmwm<D3kmm
‘TiftMfft st

a.'8iiss?R» w x # # a% & & 
£ 4* tc © as a bij &
BStB6*K5
WKsarira#
^ £ S X X 1k ©
^ n % m ° m m a

0 iz & <d m iz m tn 
is — m ' 9 & 6 

at $ S *' fc' u Jt *' 
tr ni£ 6 «J; I % 6
.#&*&# x * a e 
x * m ^ iz mm 
6 j # a% i *> m 
nj&LT-mtpm mm z m ^ m (D -? m iz

© &. -v m. n ■5 t / T ° a ti # © d 0 e -s 
£ ns bp 0
*< % B# 
fit te m 

^ « u 
» 4: H. fc U + tKn r i mT It E 1k

u m kb 
' * ffc 2

ti a © x % 
m # '

?)OCllD^?
' c % m k ia *

$&&.&£#f i 
1 iSTUfe t'C 

iv a tc ' ^ it m

g<iiife€gi5«
« t & iz. ° z itm —

mm

sm%iii§
% - 7k 5 « ffig 5a x

rrm *
x t? i
t KM#
% a © bo A 
d w a b m -t ' i m re ms t
E x # ° C £ «b 
E H ft r + c

* e ± &tv%Vl ?
c

1#
X/x
©

-195-



-ffc 49k % e $R. 1 993#(Wt58p)4fl1 4B (*888)

($>8W^A'6(db t xa^$jis$iaa^n—)

15
u m

5>

A9 z> -t mw
ic m & it e
It 'ft 13 £ tfr 
li & T tMC 
iK 1 X 5 
<70 to 6? d A Z # d 
-f S €• 1C 
K 7c ft £ 
p ° A <0 
/i Ji (C dll f't- 
d' -(* -r ^ ;£-

w

I

7K 
zr m
X S 
Z)^ €> 
6 (O
II

CD if 
% 71/ 
*> i

MJflUCN i W S 
Al—tz*7-f h

sr
s
6

I
1
<p^s
tc
to
17

1
%

it m
A J:
rr x5S
I fe
. ' M

n rg$to ft
i!,h Aif S
a m8£
C O1? 
IK s° 
sfc — 
ZM HD 
ft (70 
A m
fC 3% 
7£ /J-1

II
* my
t?B a,t
a* m

7U au 
/ # 
i5? -j-
II

M

? % 

/K

r 
to

I
#%
di-;
•r

I ^i? iv
ye
*>
*

^ v 
ill dr

J-tv m
— -lb

% It
d it 
V 1 ■'('■
2 W
iHj %
% m 
m oj 
c tut
A ui
x ^ 
■M % 
X 13 
• 6
I' CO 

71/ W 
x % 
x ^
• JU 

|y
^ fi

¥ 8!
A %

II
H it T 7 0 rS a

£ % v x )u - m &
<b & V] JK 5 'V A
(C 3$ to m X dr S'&% m x zm M ;u -
«Eb-1««/±
£ 7c dr M3 CD ^ JK
- fc ^ ^ u c
V (70 CO AH 7H X r

dr ° - 0 T r '
71/ O ffi T' X if; E E
X • lit B / 1 te it

tz <d z m m 7l _
B 0 “ ® % *

J\ Hr T A *: (O
15 CD X fb co 3^ * ft -Ml if
JK M Iix # E *% n im m 7)'C 5E it aq 'L' (70

1 r ik U lit 1C AH
m H s m v El iff 71/ h<&

m *t ' m <70 ft d
% % u X Aik — «fc b ^7 n

r&m<k 
a

it 
-< 
B 
T 
X

A

51

«
-m cifs n
II

ZM (70 
($ Wf 
*' % 
(70
t . e>es

& x mu r>: ^ p
ff w w x $ u
*3 ftl1. to is
x <D £ m tz x
§ fix n 0 7j( t'tz m n rr- yt-;
% PR % 7jij />Jc(7o _t e r ;h -r

° If bt: v r z>
€> r f£A — w
m b m u ye
K# T & 51 *>

$4b* • SB
#i[#@ $ S\r—~f

g

f

1

T
U
•S

B O- C
t m n x « s 
w ws r
ft m (7o
<77 <r %J 

S: > i
5- * 
e fe 
d d 

t:
(c r

. m vi tz nu 
7K -j- jk m % 
IU S C “ Zj( 
a d f<j ^ ft 
13 d jOI E 3S
e> dr tc t£? r-
(O 6S ft iti $.
if i s 3S ;k €>
71/ U # (C d 

i 7c fU- fe d 
zf ° /7< ro ' 
« rr A- $

t£ -t }& ik 
< g" (O 3 < 
t£ 6 tk IX 
Z> t ft iAA
d m m m d -ye z;<« 

^ m A 
e> <70 ^ -i- 
J\ 'k ' S'
vj nic £ z>
JK ZM 7c d 
C '> to 3ti

U (O

81 

*' dr n 
« ^ 
ft L
if!
— s

i p ;-i> a. s a 
m m rJ,i 'ix-v. - mm -{i if <x <x % ~ xIk E $£ '<X % T
it it it to Z, X
i&A® S £ V /

m m m '<x iz y
C C *' E % 71/

-198-



JOURNAL OF CATALYSIS 140, 168-172 (1993)

Regeneration of Nickel Catalyst on Carbon

Tetsuya Haga and Yoshiyuki Nishiyama1

Institute for Chemical Reaction Science, Tohoku University, Katahira, Sendai-980, Japan 
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Catalytic activity of nickel for carbon gasification is initially high at 5()()-7()()°C, but it disappears 
when the reaction is repeated or the specimen is preheated in an inert atmosphere above 700°C. The 
deactivated catalyst was found to be regenerated by a treatment with steam at 700-800°C and 
subsequent reduction at 350°C. The surface state of nickel on carbon was inferred by temperature- 
programmed desorption of hydrogen, and a correlation was found between the TPD patterns and 
the catalytic activity for gasification. Catalytic activity of the nickel for C02 conversion in 
1%C02+99%H2 mixture deactivated, and the catalyst was regenerated in a similar way as that 
observed for gasification. Redispersion of nickel and, possibly, removal of contaminants are 
thought to be responsible for the observed catalyst regeneration. ^ 1993 Academic Press, inc.

INTRODUCTION

It is well known that some transition 
metals such as nickel and cobalt catalyze 
carbon gasification in two temperature re
gions: the lower one between 400 and 700°C 
and the higher one above 750°C (/, 2). The 
lower temperature reaction (LTR) takes 
place nearly in the same temperature region 
irrespective of the nature and pressure of 
gasifying agent (3), and the reaction rate is 
reported to decrease from 600 to 700°C (4, 
5). This is different from the higher temper
ature reaction (HTR), which proceeds with
out serious deactivation as long as carbon 
substrate remains (6, 7). A similar deactiva
tion to that observed for the LTR was seen 
in hydrogenation of CO or C02 catalyzed 
by nickel on carbon during gasification in a 
somewhat wider temperature region of 
500-700°C (5). The sintering of nickel parti
cles and carbon deposition onto or into 
nickel are possible causes of deactivation.

The carbon conversion in LTR can be en
hanced by modifying the reaction system 
(9-13). Here, we tried to regenerate the 
catalytic activity of nickel in the LTR re
gion during hydrogasification, and found

1 To whom correspondence should be addressed. 

0021-9517/93 $5.00
Copyright © 1993 by Academic Press, Inc.
All rights of reproduction in any form reserved.

that it can be restored by a steam treatment 
and subsequent reduction in hydrogen.

EXPERIMENTAL

A calcined pitch coke, supplied by Nit- 
tetsu Chemical Industry Co., was crushed 
to 0.25-0.5 mm and heated to 750°C to re
move residual volatile matter (0.3 wt%). As 
the surface state of this carbon was not suit
able for catalyst loading, the carbon was 
treated at 850°C for 1 h with 50%H2O-He, 
which caused a weight decrease of about 
1% and an enlargement in surface area mea
sured by nitrogen adsorption from 0.5 to 3 
m2/g (9). The treated specimen is hereafter 
referred to as SPC. The SPC was impreg
nated with nickel nitrate to load 5 wt% of 
nickel, and dried at 50°C in vacuum. The 
nitrate was reduced to nickel at 350°C by 
hydrogen before use.

In the present study, three temperature- 
programmed methods were employed. In 
hydrogasification, referred to as H2-TPG, 
approximately 1 g of the Ni-loaded sample 
was packed in a quartz tube of 15 mm I D., 
and was heated up to 1000°C at a rate of 
5°C/min in a flow of pure hydrogen, 100 
cm3/min (20°C, 1 atm). In another tempera
ture-programmed reaction, designated as 
1%C02/H2-TPR, about 0.1 g of the speci-

168
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men was heated in a flow of 
1%C02+99%H2 under the same tempera
ture and flow rates as H2-TPG. The state of 
nickel was inferred by temperature- 
programmed desorption of hydrogen (H2- 
TPD). In FL-TPD, the specimen was ex
posed to hydrogen for 5 min at 300°C and 1 
atm and cooled in hydrogen to 25°C. Then, 
after the hydrogen in the gas phase was 
purged, the specimen was heated to 300°C 
at 30°C/min in a flow of pure argon, 30 cm3/ 
min (20°C, 1 atm), and the amount of hydro
gen evolved was quantified using a thermal 
conductivity detector (TCD).

After a reaction, either H2-TPG or 
1%C02/H2-TPR, the specimen was treated 
with 50%H2O-He at 1 atm for various 
times at temperatures between 300 and 
800°C to alter the state of nickel. After the 
treatment, nickel (nickel oxide) was re
duced by hydrogen at 350°C and I atm for 
1 h. The 50%H2O treatment and the suc
ceeding reduction are hereafter referred to 
simply as “steam treatment’’ and denoted 
by a code such as T(700,3), which express 
the temperature (°C) and the duration (h) of 
exposure to 50%H2O-He. During all the re
actions and treatments, C-containing com
ponents (CO, C02, and CH4) in the effluent 
gases were monitored by a gas chromato
graph, from which reaction rates (/?) were 
calculated. These are expressed on a basis 
of mol converted per unit weight of catalyst 
on the carbon specimen.

RESULTS

Hydrogasification Rims Repeated with
Intermediate Steam Treatment
The H2-TPG of the 5%Ni-SPC specimen 

was repeated with intermediate steam treat
ment, varying the treating temperature and 
duration. The profiles of methane formation 
in H2-TPG are depicted in Fig. 1. The fresh 
specimen is gasified in the temperature 
ranges 400-700°C(LTR) and above 
700°C(HTR) as described above. Noncata- 
lytic hydrogasification occurred only above 
750°C at a small rate. The carbon conver-

(a) Untreated

(b) U20-Treated

A T(70(), 10)

\ T<700'3)

/! \y T(700.1)

7 Vx

7(800,6)
A V 7(800,3) 
// \ \ T/wnn i

Temperature (T)

Fig. I. Methane formation profiles in HrTPG of 
59fNi-SPC for a series of gasification-steam treatment 
experiments, (a) Untreated, (b) treated at 700°C. and 
(c) treated at 800°C. The PL-TPGs were conducted in 
the order (a), (h). (c), and from shorter duration to 
longer ones.

sion in the initial run was about 3%. The 
methane formation profile in the second or 
later runs, when the H2-TPG was repeated 
without intermediate steam treatment, is 
shown by a dotted line in Fig. la as “Deac
tivated.’’ The LTR is totally lacking, indi
cating a change in the reaction system. As 
the deactivation is also caused by heating in 
helium or C02, the notation is used regard
less of the heating atmosphere.

Methane formation profiles after the 
steam treatment below 500°C were the 
same as that of the deactivated. By raising 
the treatment temperature to 700°C or 
higher, LTR was observed again as seen in 
Fig. 1, though methane was formed in a 
temperature range a little higher than that 
of the fresh sample. Thus, the nickel cata
lyst deactivated in LTR can be regenerated 
by treating the specimen with steam at a
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temperature between 700 and 800°C and re
ducing at 350°C. The methane formation 
profiles after regeneration depend some
what on the history of the specimen, but the 
main features are the same irrespective of 
the deactivation-regeneration sequence. 
Also, the steam treatment at 700°C appears 
to be more effective than that at 800°C. Car
bon conversion in H2-TPG after regenera
tion was less than 2%.

It is important that a similar treatment of 
the deactivated specimen with 100% C02 at 
I atm for 1 to 10 h at temperatures from 300 
to 800°C did not cause any regeneration. 
The weight losses in the steam treatment 
were less than 1%, while a larger weight 
loss was observed during CCMreatmcnl at 
700°C.

The Hj-TPD Study
As a probe of the changes in the state of 

nickel on carbon, the H2-TPD experiments 
were conducted on fresh, deactivated, and 
steam-treated specimens. Figure 2 displays 
the H2-TPD profiles for the specimens after 
hydrogasification up to a temperature be
tween 400 and 700°C. The pattern for a 
freshly prepared specimen is almost the 
same as that of the specimen heated to

600 T

H 700, 1)

100 200 
Temperature (T)

Fig. 2. FL-TPD profiles of 59£Ni-SPC heated in hy
drogen up to the temperature shown in the figure. The 
steam treatments were conducted for specimens gasi
fied up to 70()°C.

400°C. The profiles indicate the existence of 
at least two kinds of hydrogen-adsorbing 
sites. Also drawn in Fig. 2 are H2-TPD pro
files of two steam-treated specimens. They 
have a small peak at I00°C and a sharp rise 
near 300°C, and resemble somewhat those 
of the specimens gasified up to 500 or 
550°C, suggesting that the state of nickel 
after the steam treatment is similar to those 
on partially gasified specimens.

y/,p /%co2/#2-7™ SWy
The deactivation and the regeneration 

of nickel on carbon were also examined 
for C02 hydrogenation catalyzed by the 
nickel using 1%C02/FI2-TPR method. In 
1%C02 + 99%H2, C02 was converted into 
CO and CH4 by the reverse shift and metha- 
nation reactions, respectively. We esti
mated the rate of individual reactions, by 
using the observed rates of disappearance 
of C02, formation of CO and CH4, and hy
drogasification measured separately. In do
ing so, assumptions were made about the 
additivity of the rates and the inhibition of 
the Boudouard reaction in a large excess of 
hydrogen (5). In Fig. 3, parts of the results 
are presented. /?(-C02) is the rate of dis
appearance of C02 and P(CH^) is the 
difference in the rates of methane forma
tion between 1%C02+99%H2 run and 
100%H2(H2-TPG); the former is believed to 
correspond to the activity for reverse shift 
reaction and the latter to methanation of 
CO and C02.

The nickel on SPC as prepared is very 
active for converting C02 in the range of 
350 to 600°C, but loses its activity after 
heated above 700°C, similar to the deactiva
tion in gasification. The catalytic activities 
for C02 conversion and methane formation 
are also regenerated by the steam treat
ment. It is again noted that the active region 
shifted to a higher temperature side after 
the steam treatment. It was observed that 
the rate of conversion after regeneration is 
somewhat affected by the maximum tem
perature of preceding reaction; heating to a 
higher temperature resulted in a lower rate
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- (a) Fresh

3 0.02

(b) Dcaclivalcd

R(-C02)

(c) Regenerated

R(-CO

0.02 -

400 500 600
Temperature (T)

Fig. 3. The rates of disappearance of CO: 
[/?(— C02)] and methane formation other than hydro
gasification |/?(CH*)] on the 59rNi-SPC in 
1%C0: + 99%H:. (a) Fresh, (b) after HrTPG up to 
700°C, and (c) regenerated by a steam treatment 
[T(700,1)].

even after the regeneration, as illustrated in 
Fig. 4.

DISCUSSION

The present work showed that a nickel 
catalyst deactivated by hydrogasification or 
in a \%C02 + 99%H2 mixture at tempera-

- 0.04 - Fresh

0.02 -
M00" C

Temperature (° C)

Fig. 4. Dependence of methane formation rate 
[/?(CH*)| on the prior history of heating. Specimens 
were heated in I9£C(): + 99'7rH, flow up to the temper
ature indicated in the figure and then steam treated at 
70fi°C for I h, except for the fresh specimen.

ture up to 700°C can be regenerated by the 
steam treatment. In this system, three pos
sible reasons for the deactivation are ag
glomeration of nickel or loss of contact to 
carbon, encapsulation or embedding into 
the substrate, and/or a change in the chemi
cal form such as carbide formation.

Though a definite conclusion cannot be 
drawn from the present study alone, we 
think it most feasible to suppose that the 
deactivation is caused by the sintering of 
nickel which was initially well dispersed, 
and the steam treatment results in a redis
persion of nickel. At the same time, some 
contribution may occur from removal of 
carbon contamination, either covering over 
or dissolving into nickel (14). The results of 
FF-TPD are in accord with the above view. 
We suppose that the agglomerated nickel in 
a metallic state was oxidized by steam, 
spread over the carbon substrate, and was 
reduced there, resulting in a redispersion. 
In another study of nickel on silica, we also 
noted the redispersion of nickel by oxida
tion-reduction treatment (15). It was found 
that the redispersion was accomplished at 
some limited temperature program; treat
ment at higher temperature reduced the ef
fect similarly to the present results. These 
results might be explained by supposing 
that the spreading in the oxide form is bal
anced with their own coalescence, and is 
sensitive to the treatment temperature. It is 
possible that oxygen was incorporated with 
the carbon surface by the steam treatment, 
so that some alteration of the carbon sur
face may contribute to the restoring of the 
activity. Baker et at. (16) reported the 
change in the state of nickel on graphite by 
steaming. In another study, nickel wetted 
the graphite surface more in steam when 
hydrogen was absent (17).

Removal of carbon contaminants may 
contribute to some degree to the regenera
tion, but the nature of contamination is not 
clear. At least this cannot be the deposition 
from the gas phase, as the deactivation took 
place under conditions where nickel is cata
lyzing carbon gasification. The carbon re
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moval did not appear to be the main reason 
for the regeneration, as the CO: treatment 
which gasifies carbon does not cause regen
eration. In CO:, the surface state of carbon 
as well as the chemical form of nickel 
would be different from that in steam.

So far, in considering the behavior of 
nickel, we did not discriminate between 
gasification, CO: conversion, and methana- 
tion, but they are not the same, and there 
are some differences in the temperature 
range and the degree of deactivation as well 
as the degree of regeneration for the same 
treatment. Naturally, the activity or turn
over frequency of a catalyst is determined 
by a number of parameters, depending on 
the nature of reaction, e.g., activity for gas
ification may be more sensitive to the num
ber of contacts between carbon and nickel, 
while methane formation from carbon ox
ides may be sensitive to the surface struc
ture of nickel. The similarity in the change 
of activities can be taken to indicate that 
there is one dominate parameter.

Although the catalytic activity for lower 
temperature reactions is restored by the 
steam treatment, the nickel-loaded carbon 
after regeneration is not totally the same as 
the fresh one, and the reaction occurred at 
some higher temperature ranges. The Hr 
TPD after the regeneration resembles 
somewhat that on the specimen heated up 
to 550°C in hydrogen. It may be that the 
steam-treated sample no longer contains 
very small nickel particles, and incomplete 
redispersion of nickel by the treatment re
sulted in the shift in the active temperature 
region.

It is interesting to add that the activity for 
HTR is always the same regardless of the 
state of nickel (Fig. 1). This can be under
stood by the carbon-dissolution-into-nickel

mechanism in which the surface state of 
nickel is not the controlling factor.
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Iron-containing carbons (0.4-8.9 wt % Fc) were prepared by pyrolysis at 400 °C of poly(vinylidene chloride) 
physically mixed with ferrocene. The electrical conductivity of the carbons with a small amount of iron is higher 
by 10 orders of magnitude at maximum than the carbon without iron. Comparison of the degree of carbonization 
of the iron-containing carbons with that of the carbon without iron using x-electronic excitations for infrared 
ray revealed that the effect of iron addition is to promote carbonization. X-ray diffraction observation also 
indicated the development of graphitic structure with the increase in the iron content. From X-ray photoelectron 
spectroscopy and electron paramagnetic resonance measurements, the effective iron species for the promotion 
of carbonization reaction seems to be small iron clusters with lower valence state. Addition of iron species can 
be one way to modify the electrical properties of carbons prepared at lower temperatures.

Introduction

Carbonization can be recognized as formation of condensed 
aromatic systems with the elimination of foreign atoms other 
than carbon atom and unstable carbon containing fragments from 
the original organic substances. As the condensed aromatic 
polycyclic sheets have mobile ^-electrons, the electrical conduc
tivity of carbons increases during carbonization lower than 1000 
°C, due to development of the size of the graphitic sheets. The 
present authors have been interested in the drastic change in the 
electrical conductivity during carbonization, because of the 
possibility of producing materials with electronic functions by 
controlling the carbonization process. We have paid attention 
to the x-electronic excitation by infrared radiation and have shown 
that a parameter obtained by an analysis of the absorption edge 
gives an estimation of the volume fraction of x-electron containing 
constituents in carbonized materials.1-2 We also have shown an 
application of x-electron excitation by infrared radiation to a 
photoconductive device.3

We think there are two ways to control the electrical properties. 
One is to control the carbonization conditions, such as temperature, 
reaction period, and starting materials. Another is modification 
by adding other elements or compounds such as halogens, alkali 
metals, etc. The latter is widely investigated on conductive 
polymers. Tanaka et al. studied the doping effect on polyacenic 
materials4"7 and coals.8 We also studied the effect of bromine 
doping to the carbons derived from poly(vinylidene chloride) 
(PVDC) and presented a model to explain the increase in electrical 
conductivity with the bromine addition.9

The catalytic effect of foreign elements on graphitization has 
been widely investigated. Marsh and Warburton reviewed 
catalysis of graphitization.10 Promotive effects on graphitization 
were found for many elements, such as iron,11-13 ferrosilicon,13 
titanium oxide,14 etc. The admixing methods for these studies 
were physical mixing of powders of metals or metallic compounds 
and carbon. Kammereck, Nakamizo, and Walker15 and Naka- 
mizo16 tried carbonization of copolymers consisting of furfuryl 
alcohol and vinyl ferrocene or ferrocene dicarboxylic acid to obtain 
homogeneously dispersed iron-containing glassy carbons. Yasuda 
et al. prepared metal-containing carbons by pyrolysis of metal- 
polymer complexes.17 Although there arc many studies on the 
effect of metallic element on graphitization, there are only a few 
studies for carbonization at lower than 1000 °C.

Carmona and Delhaes considered carbons derived from 
anthracene as inhomogeneous materials; that is to say, carbons 
consist of graphitic phase and disordered phase, and hence the

0022-3654/93/2097-1400S04.00/0

properties of them are determined by the composition of the 
constituents.18 We extended this concept to a three-phase model, 
which includes a conductor phase, a semiconductor phase, and 
an insulator phase.2 We believe that the inhomogeneous structures 
of carbons are essential for developing semiconductive properties 
of carbon as a whole, because the changes in electrical conductivity 
by adsorption of gases or absorption of radiations are remarkable 
for semiconductive materials. Construction of conjugated x-elec
tron systems is one of the most interesting problems in physical 
chemistry with hopes for developing optical or electronic functions. 
We consider carbonization as one way to obtain conjugated 
x-electron systems and are very interested in the way to control 
the sizes of the graphitic sheets while maintaining the inhomo
geneous nature of carbons. As the structures of carbons heat- 
treated at higher temperatures approach that of graphite, the 
carbonization temperature must be as low as possible to obtain 
the inhomogeneous structures.

In our laboratory, carbon deposition orf metals and carbon 
gasification by metal catalysts have been studied, and we have 
information on the interactions between carbons and metals: the 
interaction between iron or nickel and carbons is moderate for 
chemical reactions.19-20 Although there are differences in the 
manner of the two carbon formation reactions, carbon deposition 
and carbonization of polymers, there could be the same elemental 
reaction step in the carbonization of polymers with metals as in 
the carbon deposition on metal surfaces. In planning this work, 
we chose iron as the modifying element because of the moderate 
interaction between iron and carbon.

The purpose of this study is to know the effect of iron on 
carbonization by observing the electrical conductivity of carbons.

Experimental Section

Sample Preparation. We prepared two kinds of samples: one 
is iron-containing carbon and another is a control. The procedure 
of preparation of the iron-containing carbons is as follows. The 
mixture of predetermined amounts of poly(vinylidene chloride) 
(PVDC) (Asahi Chemical Industry Co. Ltd.) and ferrocene 
(Aldrich) was dissolved in warm tetrahydrofuran (THF) in an 
alumina mortar. The solvent was evaporated by stirring in air 
followed by drying under vacuum at room temperature for 1 h. 
Precarbonization was done by heating samples in a helium flow 
at 350 °C for 1 h. The precarbonized samples were pulverized 
into the range of45-125 #tm. The ground samples were subjected 
to carbonization in a helium flow at 400 or 800 °C for 1 h. The 
iron content of resultant carbons was determined by combustion

© 1993 American Chemical Society
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Iron content (wt%)
Figure 1. Changes in the electrical conductivity with iron content for 
F400-A"s.

TABLE I: Elemental Analyses

sample C (wt %) H (wt %) Cl (wt %) Fe (wt %)

F400-0.4 78.4 2.0 18.6 0.4
F400-0.9 88.5 1.9 7.9 0.9
F400-1.8 90.9 1.8 4.3 1.8
F400-2.8 87.0 1.9 5.1 2.8
F400-4.4 81.0 2.1 6.1 4.4
F400-6.8 78.1 2.6 8.3 6.8
F400-8.9 71.9 2.9 12.3 8.9

S400 72.0 2.1 23.3
S500 80.9 1.7 10.8
S550 88.8 1.5 3.7
S600 91.0 1.6 0
S700 90.8 1.0 0
S800 93.0 0.9 0

in air at 800 °C. These samples arc referred to by their
carbonization temperatures and iron content following a prefix
F. For example, F400-1.8 stands for the sample carbonized at 
400 eC with the iron content of 1.8 wt %.

Samples of the second scries were obtained by pyrolysis of 
PVDC without ferrocene additive and with varying carbonization 
temperature, but the preparation procedure was the same as for 
F-series samples; these samples are referred to as S-series.

The elemental composition of the samples used here are 
presented in Table I.

Electrical Conductivity. The electrical conductivity of powder 
sample was measured by using an apparatus consisting of two 
piston-type electrodes. Details are described elsewhere.2

Infrared Absorption. IR spectra were obtained by the diffuse 
reflectance method for carbons diluted by potassium bromide 
powder with an FTIR spectrometer, JIR-100 (JEOL). The 
spectra showed a broad ^-electron excitation absorption continued 
from the near-IR region to the far-IR region with an absorption 
edge. The absorption near the edge was simulated by an equation 
of optical absorption for amorphous semiconductors as reported 
before:1

(hu>a)'/2 = A(ha-E0) (1)

where hu is the energy of the photon, a is the Kubelka-Munk 
function, £0 is the optical gap, and A is the infrared absorption 
parameter. We have assumed that this parameter is proportional 
to the volume fraction of the x-electron-containing part in carbons. 
The unit of this quantity is eV~° $.

X-ray Photoelectron Spectroscopy. Photoelectron spectra of 
Fe 2p3/2 were measured after argon ion etching for 3 min in the
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Iron content (wt%)
Figure 2. Changes in the infrared parameter (eq 1) with iron content for 
F400-A~s.

spectrometer, by using an ESCA750 spectrometer (Shimadzu) 
with a Mg X-ray source.

Electron Paramagnetic Resonance. The samples for this 
measurement were diluted by potassium bromide powder. This 
mixture was charged in a quartz tube and was evacuated by a 
rotary pump for 20 min to eliminate effects of adsorbed oxygen. 
The spectra were measured at room temperature by using an E-4 
ESR spectrometer (Varian) with X-band microwave. Calibra
tions for the magnetic field and the spin concentration were done 
by using diphenylpicrylhydrazyl (DPPH) as reference.

Other Instrumental Analysis. An X-ray diffractogram was 
obtained by an XD-D1 diffractometer (Shimadzu) with Cu Ka 
radiation. Transmission electron microscopic (TEM) observation 
was done for several representative samples using an H-300 Model 
(Hitachi).

Results
Electrical Conductivity. Figure 1 shows the electrical con

ductivity of the F400-% (% stands for iron content in weight 
percent) scries with the content of iron. An increase in the iron 
content to 1-3 wt % gives rise to the maximum increase in the 
electrical conductivity by about 10 orders of magnitude relative 
to that of the X = 0 sample. Introduction of more than 3 wt % 
iron brings about a decrease in the electrical conductivity. Possible 
explanations for the changes in the electrical conductivity are (1) 
introduction of iron induces some structural changes in carbon 
matrix and (2) the electrical conduction process varied with the 
addition of iron. The following experiments were performed to 
investigate which explanation is more plausible.

States of Carbon Matrix. The IR parameter X is plotted against 
the iron content in Figure 2. The parameter A increases in the 
range of 0-1 wt % iron content. At an iron content higher than 
5 wt %, this quantity decreases. This behavior is similar to that 

,of electrical conductivity (Figure 1) to some extent.
Figure 3 shows diffractograms of several F400-A’ samples. 

Carbons show a diffraction peak at about 42-43° by a Cu Ka 
ray which corresponds to the (10) reflection of the graphitic net 
plane. With the increase in iron content up to 3 wt %, the 
development of the (10) peak is observed. This indicates enlarge
ment of the hexagonal net plane in the carbon matrix.

The EPR spectra comprise two absorptions: one is very broad, 
and the other is narrow, as shown in Figure 4. As the broad one 
cannot be seen for the S400 sample, we considered that the broad
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F400-8.9

F400-4.4

F400-1.8

26 (deg)
Figure 3. Cu Ka X-ray diffractograms of F400-AX 
peak originates from iron species and the narrow one from organic 
radicals. Figure 5 shows the variation of the spin concentration 
calculated from peak area of narrow absorption. Introduction 
of iron up to 2 wt % decreases the spin concentration to several 
tenths of the S400 sample.

States of Iron in Carbons. The states of iron in carbon matrix 
were investigated by XRD, EPR, XPS, and TEM. There are no 
diffraction peaks that can be assigned to iron compounds for iron 
content lower than 5 wt %, as shown in Figure 3. For samples 
higher than 5 wt % in iron content, some sharp peaks are detected. 
These peaks can be assigned to FeCl2 and FeCl3. When the 
F400-8.9 sample was immersed in ethanol to prepare the TEM 
sample, the supernatant liquid turned to green. This observation 
agrees with the existence of FeCl2 by XRD for higher iron content 
samples.

The variation of the intensity of broad EPR absorption in Figure 
4a is plotted as a function of iron content in Figure 6. The intensity 
shows a maximum at an iron content of 4 wt %.

Figure 7 shows the Fe 2p3/2 XPS spectra. There is a difference 
at a lower binding energy end, about 709 cV, between samples

Iron content (wt%)
Figure 5. Variation of the spin concentration of organic radicals with 
iron content.

higher and lower than 5 wt % in iron content. This implies that 
there are different states of iron contained in the carbon matrix. 
Peak separation analysis was performed using three Gaussian 
functions, which locate at the binding energies of 709 and 711 
eV, and the remaining shake-up satellite. Figure 8 shows the 
variation of the amounts of the 711- and 709-cV components. 
While the amount of the 711 -e V component almost monotonously 
increases with the iron content, the amount of the 709-eV 
component shows a maximum at 4 wt % of iron content. The 
feature of 709 eV is similar to that of the intensity of the broad 
EPR peak shown in Figure 6.

A few TEM images are presented in Figure 9. The lower iron 
content samples, S400 (Figure 9a) and F400-1.8 (Figure 9b), 
appear similar to one another, and the highest iron content sample, 
F4i)0-8.9 (Figure 9c), shows fibril structures beside solid blocks 
similar to the lower iron content samples. Iron particles are hardly 
seen in Figure 9a,b, but spots which can be considered to be iron 
particles arc seen in Figure 9c.

Leaching by Acid Wash. Elimination of iron particles from 
several samples was performed to investigate the role of iron 
additive to the electrical conduction process. The samples were

—,—,—.—1—.—I—

F400-8.9
1

(a)

F400-0_________

F400-4.4//' 'v

\ X
F400-2.8_________ _ /

F400-1.8
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f "

------------ s4on
f
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£400-2.8
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Figure 4. EPR spectra of S400 and F400-X samples: (a) for wide range scanning and (b) for narrow range scanning focused on organic radicals.
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Iron content (wt%)
Figure 6. Variation of the intensity of broad absorption in EPR spectra 
with iron content.

720 715 710 705
Binding energy (eV)

Figure 7. Fc 2p3/2 X-ray photoelectron spectra of F400-A's.

immersed in 2 M HC1 solutions and shaken for 5 h. Then, the 
samples were washed with ion-exchanged water and dried in 
vacuum. The electrical conductivity and the iron content of acid- 
washed samples are presented in Table II. The iron contents did 
not decrease by acid washing for lower iron content samples. For 
higher iron content samples, F400-8.9, the iron content decreased 
to one-third of the as-prepared sample by acid washing; however 
the electrical conductivity did not show any significant change 
upon acid washing.

Discussion
Promotive Effect of Iron on Carbonization. The infrared 

parameter (see eq 1) is a useful one for describing the degree of 
the carbonization reaction. In this section, some comparisons of 
F-series with S-series are made by using the IR parameter A.

The IR parameter varied with the iron content shown in Figure 
2. As this parameter can be taken to be proportional to the 
volume fraction of x-electron-containing constituents in the 
carbons, the authors infer the introduction of small amounts of 
iron promotes the carbonization reaction. This is evidenced by 
X-ray diffraction studies shown in Figure 3.

Figure 10 shows a plot of electrical conductivity of the S-series, 
F400-X, and F800-% samples as a function of A. The behaviors 
of the F-series show tendencies similar to those of the S-series

w 15(10

711 eV

Iron content (wt%)

Figure 8. Changes in the amounts of 711- and 709-eV components in 
Fe 2p3/2 XPS spectra with iron content.

against A, but the carbonization temperatures differ significantly 
between them. The electrical conductivity of about 10~2 S/cm 
was attained by carbonization at about 600 °C for the S-series, 
while it was attained at 400 °C by introduction of 1-3 wt % of 
iron. This observation also indicates a promotive effect of iron 
on the carbonization reaction.

To know how the iron promotes the carbonization reaction at 
a low temperature, the chemical compositions of carbonized 
polymers were plotted as a function of A in Figure 11. As can 
be seen in Figure 11a, the decrease in the Cl/C ratio shows the 
same behavior as that in the S-series. The decreasing manner 
of H/C for the F400-A' series is somewhat different from that 
for the S-series viewed in the light of a higher H/C ratio.

The possibility of modification of the electrical conduction 
process by iron seems very low from the results of acid washing. 
Thus we conclude that the role of iron additive is to modify the 
structure of the carbon matrix.

Effective Iron Species. The amount of the higher binding energy 
component in the separated Fe 2p3/2 peak increases with the iron 
content, as shown in Figure 8. This component can be assigned 
to FeCl2 (710.8 eV) or FeCl3 (711.5 eV) according to Carver ct 
al.21 This assignment agrees with the XRD studies. Although 
the origin of the 709-eV peak is not clear, the similarity between 
the variation of this peak and that of the intensity of the broad 
EPR absorption with iron content shown in Figure 6 suggests the 
same origin. As the clusters of paramagnetic elements show broad 
EPR peaks,22-23 we inferred that these signals originate from small 
clusters of the lower valence state of iron.

Carbonization is considered to consist mainly of two reactions: 
one is elimination of heteroatoms and another is formation of 
condensed aromatic systems. The addition of iron results in a 
decrease in the chlorine content, and the effect is maximum at 
2-4 wt % of iron content (Table I). The electrical conductivity 
(Figure 1) and the IR parameter A (Figure 2) take maximum 
values at 0.4—4 wt % of iron content, so that the introduced iron 
promotes the formation of condensed aromatic rings in this iron 
content range. The tendency of the above two effects with the 
iron content, promotion of chlorine elimination and condensed 
aromatic ring formation, has some parallelism to that of the 
amount of the small clusters of the lower valence state of iron. 
Thus the authors conclude that the effective iron species for 
promotion of carbonization is small iron clusters with lower valence 
state, and these clusters catalyze the chlorine elimination and the 
aromatic ring formation. This catalytic mechanism is now under 
investigation.

Variation in Conductivity with Iron Content. The electrical
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Abstract

Catalysis in coal gasification is reviewed in relation to the author’s own research. The features 
of three catalyst groups, alkali, alkaline earth and iron-group metals, are compared and the rate 
change during gasification is discussed. Effect of substrate properties, especially surface area and 
state of char, on the activity of catalyst is stated. Steam gasification with catalyst is shown to 
yield more carbon dioxide when gasification activity is high, except for nickel. Possible applica
tions are briefly mentioned.

INTRODUCTION

Among coal utilization processes, gasification is gaining more significance 
as a route of better efficiency in energy consumption. Needless to say, coal 
gasification aims at producing fuel gases or gaseous materials which can be 
converted into useful chemicals. Gasification can be conducted without cata
lyst at higher temperatures and practical processes seem well mature [1,2].

Studies on catalysis of coal gasification have two purposes: (1) to under
stand the kinetics of gasification of coals which contain catalytically active 
minerals; and (2) to design and evaluate possible gasification processes using 
catalysts. The use of catalysts lowers the gasification temperature thereby at
taining an advantage in product composition determined by chemical equilib
rium, in addition to some merits in thermal efficiency and/or reactor mate
rials. However, a catalytic process rarely competes with non-catalytic ones 
under normal circumstances, except when a cheap catalyst that is highly active 
at low temperature is employed.

Research on catalysis of gasification cover a wide range of subjects: basic 
chemistry, application problems and engineering. The state of research up to 
1984 was compiled by Pullen [3] and there are several excellent review articles 
on the subject [4-7]. In the last decade, a number of basic researches have 
been published and the chemistry of catalysis has made good progress, though

0378-3820/91/$4.20 © 1991 Elsevier Science Publishers B.V. All rights reserved
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not yet complete. In these researches, graphite or activated carbon was fre
quently used as the model substrate. Coals have widely diverse properties which 
influence catalysis. It is important to clarify the influence of the nature of 
substrate on catalysis. The author has been working to elucidate the parame
ters influencing catalytic gasification and activating catalytic systems. This 
article reviews briefly recent progress in the area of his own interest.

BASIC CHEMISTRY OF CATALYSIS IN GASIFICATION 

Comparison of gasification catalysts

Catalysis in carbon gasification has long been recognized and the following 
conditions are well agreed.
(1) Salts of alkali and alkaline earth metals as well as transition metals in the 
eighth group are active catalysts for gasification.
(2) Activity depends on the gasifying conditions, and especially on the gasi
fying agent. However, behaviors in oxidative gasifications bear some resem
blance to one another.
(3) The main mechanism of catalysis using alkali and alkaline earth metal 
salts in steam or carbon dioxide gasifications involves the supply of oxygen 
from the catalyst to carbon, perhaps through the formation and decomposition 
of a C-0 complex [5,7].

The mechanism of hydrogasification catalyzed by iron or nickel is still va
gue. The catalyst is active in the metallic state and two catalytic steps, hydro
gen dissociation and carbon activation, seem to work. For the latter, a route of 
carbon dissolution into and diffusion through catalyst particles [8-11] seems 
well supported [12,13]. It should be noted that gasification proceeds in two 
stages, each of differing temperature range and thermal behaviors [14,15], so 
that a single mechanism cannot explain the whole reaction and hydrogen ac
tivation can still be a role of the catalyst.

Calcium as the catalyst has been studied by several research groups [ 16-21 ]. 
This catalyst has very high activity in the initial period when it is well dis
persed, but loses its activity with burn-off. The chemical state and dispersion 
were studied by C02 chemisorption, X-ray diffraction and others, and the ex
istence of two or more states of calcium compound [18] as well as the forma
tion of a surface oxygen complex was elucidated [21].

The comparison of three catalyst groups, alkali, alkaline earth and iron group 
metals, would be interesting and is given in Table 1 and Fig. 1, from the au
thor’s limited experience. Figure 1 depicts typical kinetic patterns of gasifica
tion [22]. Interestingly, the rate increases with burn-off for sodium, rapidly 
decreases for calcium and is invariable for nickel. Note that the comparison 
given in Fig. 1 looks similar to that given by Moulijn and Kapteijn [7], but is
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TABLE 1

Comparison of catalyst group

Item Alkali 
(K, Na)

Alkaline earth 
(Ca)

Iron group 
(Fe, Ni)

Influence of surface area Small Large Large
Influence of surface state of carbon Insensitive Insensitive Sensitive
Effect of minerals Easily poisoned (Not clear) Relatively insensitive
Main Cl product in steam gasification C02 C02 The same as 

uncatalyzed
Effect of the amount® Roughly

proportional
Easy to level- 
off

Proportional

Tn case of a substrate of large surface area.

25 50 75
Conversion (%)

Fig. 1. Typical reaction patterns of steam gasification of an activated carbon with three catalysts, 
0.375 mol% to carbon for each. Reaction at 800°C in 50% H20-He with (a) Na, (b) Ca and (c) 
Ni as catalyst or (d) without catalyst and at 850°C in 50% H20-H2 with (e) Ni as catalyst. The 
rate is expressed in units of 10”3 g carbon gasified/min g carbon initially charged.

different in that the ordinate is not the apparent rate coefficient but the rate 
itself.

Changes in the activity of catalyst during gasification

Catalysis in gasification is unique as compared with usual heterogeneous 
catalysis in that the catalyst is very short-lived and is effective only while it is 
in contact with a particular substrate which eventually changes. The kinetics
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of catalytic gasification is complicated, even when using a model carbon, due 
to unstable changes in the reaction rate, and it is difficult to give an unequi
vocal definition of the activity.

The rate increase with burn-off in the case of an alkali metal catalyst has 
been explained by the change in catalyst dispersion with burn-off and the in
crease in the ratio of catalyst/carbon in the later stage of gasification on the 
grain reaction model [23]. We also noted such rate increases when a deminer
alized char was the substrate [24,25], as shown in Fig. 2. In this figure, the 
product composition is shown to alter with burn-off, but most of the carbon 
monoxide is ascribed to the non-catalytic reaction. Other possible explana
tions for the rate increase would be the change in surface area or diffusibility 
by pore opening, the change in the chemical state of the catalyst and the change 
in the dispersion of catalyst. The CO formation profile in Fig. 2 suggests that 
surface area or diffusibility does not limit the reaction rate. So, for the rate 
change, the explanation by the change in chemical state of catalyst or catalyst- 
carbon system seems most feasible. Matsukata et al. [26] indicated the exis
tence of three types of potassium compounds on the carbon surface. Some of 
the characteristic behaviors of alkali metal compounds is related to the mobil
ity of the catalytic species over the substrate surface.

In the case of nickel-catalyzed hydrogasification, another rate increase was 
observed (Fig. 1, curve e), but its behavior is not the same as above. It was 
found to be sensitive to the surface state of the substrate and disappeared by 
preheating carbon in hydrogen prior to catalyst loading [27]. The rate change 
is ascribed to the diminishing poisonous effect of heteroatoms on the carbon 
surface to nickel or iron.

There are other changes which mostly bring about deactivation of the cata
lyst, for example, agglomeration of catalyst particles, carbon deposi
tion (coking) or carbon dissolution, and reaction with sulfur or other elements.

Immobile catalysts such as calcium or iron usually agglomerate during gas-

Totol

80 0
Conversion (%)

Fig. 2. Reaction of potassium-catalyzed steam gasification of Blair Athol char (demineralized) at 
850°C in 50% H20-He.
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ification and deactivate with burn-off, but the agglomeration can be prevented 
or lessened by some suitable methods. Part, at least, of the synergistic effect of 
calcium and sodium seen in steam gasification [22] could be due to the pre
vention of agglomeration of calcium by a sodium compound [28]. Another 
example is the effect of adding calcium to an iron group catalyst, which has 
been shown to result in pronounced activation and one of the reasons is the 
better dispersion or slow agglomeration of the catalyst [14,29,30]. Suzuki et 
al. [31 ] used cyclic feed of carbon dioxide and inert gas to suppress the deac
tivation of iron catalyst. Thus, elucidation of the causes of changes in activity 
of catalyst, especially deactivation, and its utilization are important problems 
for catalysis.

PROBLEMS ASSOCIATED WITH APPLICATION TO COAL 

Effect of nature of substrate

The activity of a catalyst depends profoundly on the nature of substrate and 
gasifying conditions. Thus, it is necessary to elucidate the factors influencing 
the activity and to design an effective catalyst for individual coals. The main 
properties of the substrate related to the activity are: (1) reactivity of carbon
aceous constituents; (2) catalytic effect of minerals; and (3) effect of minerals 
on the activity of added catalyst.

As stated above, it is difficult, if not impossible, to assign a fixed rate con
stant to a catalytic reaction system, so that the term “activity” can be of qual
itative significance, but comparison of the rate at a fixed time or burn-off can 
indicate the role played by the catalyst. Although, in most experimental stud
ies, factors related to the activity of catalyst given above are not well separated, 
the following can be said to be general trends.

(1) The reactivity of the organic part of coals in relation to coal rank is of 
some ambiguity. Takarada et al. [32] showed that nickel catalysts are more 
effective for lower rank coals, while efficacy of potassium is nearly independent 
of coal rank, if the differences in the reactivity with and without catalyst are 
compared. The nickel catalyst was found to be well dispersed on lower rank 
coals. However, if the ratio of catalytic rate to non-catalytic rate is considered, 
the influence of nickel is generally larger for higher rank coals. In any case, the 
coal rank as given by the carbon content to designate the degree of coalification 
is not an appropriate parameter to predict the catalyst activity.

(2) One of the factors related to the activity is the surface area of coal or 
char. In a simple picture of catalysis, the activity of a catalytic system is deter
mined primarily by the number of active sites which is under the influence of 
the catalyst. The surface area can be related to the number of active sites in 
cases when the amount of catalyst is large enough to cover the available surface 
area at the time of loading. So, if the catalyst is immobile, catalytic conversion
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in a fixed time is almost proportional to the initial surface area, when several 
chars are compared, as given in Fig. 3 [25]. Here, carbon conversions of chars 
with 2 wt% of nickel or calcium are shown to change in a similar manner to 
the surface area (5-180 m2/g) measured by C02 adsorption. Supposing that a 
limited fraction of surface determined by C02 adsorption is available to the 
catalyst (or its precursor) solution at the time of impregnation, the density of 
catalyst (2.5-90 A2 of surface per metal atom) would be enough to occupy 
active sites so that the activity is related to the apparent surface area. In the 
case of a potassium catalyst which is said to be mobile at the working state, the 
activity is not directly related to the surface area of the char.

(3) There are additional properties of carbon to surface area which influence 
catalysis. The behavior of iron or nickel catalyst is found to be sensitive to the 
surface state of carbon as stated above. By a pretreatment of an activated car
bon, more than 80% of carbon could be gasified within 15 min at 650 °C by 
either steam or carbon dioxide using 2-3% of nickel as catalyst [27]. Though 
the pretreatment cannot be directly applied to coal as a practical process, the 
result suggests that a suitable selection of coal species or processing can en
hance the activity of catalysts. Also, we have empirically found that a param
eter derived from X-ray diffraction can be related to the catalytic activity [33]. 
The true nature of the effect is not elucidated yet.

(4) The effect of mineral material on catalysis is double-faced; some min
erals containing active elements such as alkali and alkaline earth metals cat
alyze the reaction and others, such as silica and alumina, interact with the 
added catalyst to deactivate it. Both forms of the influence is well documented 
in the literature. In our own study, demineralization resulted in an enhance-

£ g

AX(Ni)

AX(Ca)

70 75 80 85
%C(daf) of parent coal

Fig. 3. Relation of catalytic reactivity to the surface area of chars. AX is the difference in carbon 
conversions with and without added catalyst (2 wt% of Ni or Ca). Reaction at 750° C for 30 min 
(Ni) or 60 min (Ca). SC02 is the surface area measured by C02 adsorption at 0°C. Data are 
expressed as the relative values to the most reactive coal (Blair Athol char at C = 82%).
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ment of activity noticeably for potassium and only slightly for calcium and 
nickel [24].

Method of catalyst loading

It is well known that the manner of the loading is essential for the activity. 
The catalyst should have a definite contact with both the solid substrate and 
the gaseous reactant. For that purpose, loading to form minute particles on the 
surface is essential if the catalyst component is not mobile under gasifying 
conditions. Incipient wetness impregnation method is convenient in the lab
oratory, but would be inadequate for large scale operation and simple methods 
such as soaking should be tried. In connection with catalyst loading, the fol
lowing would be worth mentioning:
(1) When a catalyst is loaded from an aqueous solution, a carbon surface of 
hydrophobic nature was found to result in a finer dispersion of the catalyst 
than a hydrophilic surface [34], in contrast to empirical feeling. The effect is 
tentatively correlated with surface hydroxyl groups which governs the depo
sition from aqueous solution [35].
(2) In spite of large structural changes during devolatilization, catalyst added 
before and after devolatilization behaved almost identically; in other words, 
devolatilization had slight influence on the activity of the catalyst [36].
(3) As a method of addition, vapor phase impregnation was tried and penta- 
carbonyl iron was successfully deposited as fine iron particles on the carbon 
surface [36].

Product composition in steam gasification

Steam is the main gasifying agent for a practical gasification process to pro
duce a fuel gas or synthesis gas. Reaction of steam with carbon yields hydrogen, 
carbon monoxide and carbon dioxide with a small amount of methane. When 
the ratio of hydrogen to carbon monoxide is important, a shift reactor is nec
essary. It would be advantageous if the ratio can be controlled by the catalyst 
as a side effect. Here, the factors determining the H2 to CO ratio is investigated 
and the result is expressed not by H2/CO but C0-C02 composition, for exper
imental convenience. The CO fraction in the product was compared for several 
coals and was seen to be rich in CO for higher rank coals without added catalyst 
in accord with a previous report [37], when partial pressure of steam is high 
enough to expect a C02-rich gas in equilibrium. In cases of catalytic gasifica
tion, the fraction varies depending on the catalyst species. Then, the relation 
between gasification activity and C0-C02 composition in the product was ex
amined using an activated carbon as a substrate with which CO was the main 
product in the absence of a catalyst. Interestingly, nickel did not alter the com
position while other metals produced more C02 when the gasification activity
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Average rate GO"3 mm"')

Fig. 4. Relation between gasification activity and C0-C02 composition in steam gasification at 
800 °C of an activated carbon with 0.25 mol% of metal element to carbon. The abscissa, average 
rate in gasification for the first 60 min, is used to denote catalyst activity.

025mol% Ni+0.!5mol% Co

Carbon Conversion (%)

Fig. 5. Changes in the product composition during catalytic steam gasification of an activated 
carbon at 800°C in 50% H20-He at 1 atm.

is higher and a linear correlation was found between the activity and C02 frac
tion as illustrated in Fig. 4 [38]. In the presence of calcium or chromium, an 
equilibrium in the shift reaction was attained. The latter element is interesting 
in that it strongly accelerates the shift reaction in spite of rather low activity 
for gasification.

The correlation of gasification activity and product composition was un
changed when the above elements were mixed. Thus, a combination of nickel 
and alkali metal salt is attractive as they form a synergistically active catalyst.
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By an appropriate application of these results, better use of the catalyst could 
be designed.

Examination of the change in product composition with burn-off is illus
trated in Fig. 5 [38]. The general trend is in accord with the above; more CO 
is formed when the catalyst activity becomes low. Thus, product composition 
is a good clue for a diagnosis of the state of the catalyst. If the number of active 
site changes during gasification, product composition is expected to remain 
unchanged, as a first approximation.

Effect of product gases on catalyst activity

Among several parameters which causes deterioration of catalyst, gases 
evolved from coal could contain components harmful to the catalyst. So, the 
effect of the presence of product gas was examined by using, not a differential, 
but an integral type reactor. The average conversions with or without catalyst 
naturally decreased due to the decrease in steam partial pressure at down
stream side, when the height of the fixed bed was increased from 1 to 30 cm, 
keeping the feed-rate of steam constant [36]. The conversion vs bed height 
was much the same for nickel and sodium catalyzed cases with non-catalytic 
ones. This was taken to indicate that the state and activity of the catalyst in 
steam gasification with sodium or nickel catalyst was not so much changed 
even when the catalyst was exposed to the product gases containing heavy tars 
and sulfur compounds.

POSSIBLE CATALYTIC PROCESSES

Catalytic process of coal gasification in large scale operations can be eco
nomical only when some special limitation in the process is imposed. There 
can be several possible applications but their evaluation depends on the cir
cumstances especially on the whole energy strategy. A few possibilities are 
briefly mentioned here.

(1) Production of methane-rich gas at lower temperature, utilizing the ad
vantage in equilibrium [39,40] is the main aim of the process developed by 
Exxon.

(2) Utilization of heat from gas-cooled reactor to supply the endothermic 
reaction of steam gasification indicated by a German group [4].

(3) Hydrogasification, which is quite slow without catalyst, is one compo
nent of clean fuel from coal plan proposed by Steinberg [41]. This reaction 
can be easily conducted by the presence of a catalyst.

(4) Another possibility would be that gasification is conducted in a small 
scale unit where ease of operation is given first priority. For example, a fuel 
cell to supply electricity to some limited unit would need low temperature 
gasification.

(5) A gasification process can be coupled with ore refinery to yield fuel gas 
and metals [42,43].
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(6) Calcium catalyst can be endowed additional roles such as product selec
tivity or purification. Calcium is seen to trap sulfur-containing components in 
the product, and contribute to environmental problems [16,44].

Catalysts are required in a variety of coal utilization process such as lique
faction, purification or upgrading. Catalyst usefulness in gasification is quite 
different from these in that the reactant does not by itself come to contact with 
the catalyst. In case when the catalyst has to maintain contact with the sub
strate, then the study on gasification can be applicable. One such case is the 
pyrolysis of coal to yield liquid and gaseous materials [45-49]. In pyrolysis, a 
catalyst may alter the product composition, but the actual reaction step is not 
clear. There are some reports showing that the product of pyrolysis can be 
altered by adding a catalyst. The catalyst may work on solid material in gasi
fication, on liquid material in liquefaction or in upgrading [49]. At present, 
there seems to be no clear evidence of the influence of a catalyst on solid sub
strate in pyrolysis, but a decrease in char yield is indicated [48]. Then, cata
lytic pyrolysis can be coupled with gasification to convert whole carbonaceous 
materials into fluid form. Also, it is suggested that conversion of biomass into 
gaseous fuel can be assisted by catalyst, similarly to coal [50]. Utilization of 
biomass has to be developed and catalysts may find new application here. Such 
a possibility has not been fully explored and the present author hopes a new 
type of catalyst and sophisticated methods of utilization may come onto the 
stage in the near future.
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