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ABSTRACT
We have investigated the potential of hydrogenase-containing bacteria in the direct
hydrogenation of different untreated coals and coai-related model compounds for
improved liquetaction. Hycrogen uptake hydrogenase-possessing thermoacidophilic
archaebacterium Sulfolobus brierleyi and mesophilic sulfate-reducing bacteria
Deasulfovibrio des.ifuricans were used to study the biological hydrogenation of
different coals and various mode! compounds such as diphenyl methane ( DPM ), 1,2-
diquirolyl ethane, a-naphthyl hexane. The enzyme activity in D.desulfuricans and in
S. brerleyi was determined by Warburg manometry with H2 as the electron donor and
methylene blue as the electron acceptor under anaerobic conditions. in paraliel
expenments the H? uptake by the mode! compounds and various coal types catalyzed
by the microbial systerms was also determined using G.C. The expenmants with the
model compounds indeed showad hydrogen uptake ranging from 0.28 pmcles H2 /
umole of DPM to 6.55 umoles H2 / pmoies ot 1,2-diquinolyl ethane in presence of S.
bnerieyi and D. desulfuncans respectively. However, chloroform extract of aqueous
phase analysis using GC-MS did show that DPM was fragmented intc lower parent

fragments of M Z values 73. 95 ang 147 depending upon the microorganism used.



The biocatalyzed net hydrogen uptake by untreated coals varied from 370 to 1100
umotes H2 / g coal depending upon coal type and the microorganism; the highest H2
uptake occurred in the untreated Fire Clay coal { KCER # 4677 ). The biohydrogention
of the pretreated KY 11 coal { KCER # 91182P ) and asphattenes occured to a much
greater extent and yielkded the respective net H2 uptake values of 2370 and 1800
umoles H2 / g coal. A net increase of 3% and 10 % in the chemical liquefaction yieid
was obtained respectively in case of S. bnerfeyi and D.desulfuricans treated coals
@ither for hydrogenation or for in-situ catalyst formation. Therefore, our present study
revealed that biotreated coals exhibited enhanced liquefaction yield.

OBJECTIVES
One of the primary objectives of our work is direct micrabial hydrogenation of
untreated. treated coals and model compounds for ultimate enhancement of
liquefaction yield. However, the general scheme of our work includes different

aspects of bioprocessing of coat and model compounds (Figure 1).

INTRODUCTION
Biological processing of coa! has many inherent advantages (1), such as mild
operating conditions and control of the fine crystal size of metal catalyst formatinn
possibly due 10 the production and coating of biomolecules generated during bactenal
growtr(2). This process is cansidered 10 be one of the viable alternatives for
enhanced liquetaction. However, research for improving coal liquefaction by
biotreatment needs to be focussed in ditferent directions i.@., physicai and chemical
pretreatment, formation of iron based metal catalysts, anaerobic hydrogenation and
remova! of inorganic and orgamic sulfur and heteroatom content. Since adzaptation of
microorganisms to extrems environmen:s has been well documented (3}, the success

of improved :quefaction yeld depends upon appropriate selection of microorganisms



and in oesigning suitable cukiure conditions. Our latest work has revealed that coal
treatment in the presence of organic solvents and also in hydrogen atmosphere
separately by anaerobic bacteria containing hydrogen uptake hydrogenase enzyme

increased the liquefaction yield (4).

In recent times, extensive desulfurization studies have been reported in the literature
(5-11). Calculation of costs of difterent process configurations for microbial coal
desulturization have also been reported (12). Most researcn has involved studies of
coal-solubilizing bacteria and fungi (13-16). Evidence suggests that some
microorganisms excrete oxidative enzymes which degrade coal into water soluble
polymeric products (17). The detection of the ability of anaerobic bacteria possessing
hydrogen uptake hydrogenase in hydrogen atmosphere is important (18-21) for direct
hydrogenation of coal and modei compounds.

ACCOMPLISHMENTS AND CONCLUSIONS

In-situ formation of fine FeOOH crystals:

We have investigated the potential of hydrogenase-containing bacteria in the direct
hydrogenation of different untreated coals and coal-related model compounds, and of
sullur and iron metabolizing bacteria tor in-situ catalist formation for improvement of
the liquefacticn yield (Table 1) The general process of in-situ fine crystals of FeOOH
formation studies is presented in Figure 2. Our tindings have shown that Sulfolobus
brierfeyi could tolerate different amounts of molybdenum which was present in culture
medium (Figure 3). Though, there was increase in protein content in culture broth, we
nbserved sudden decline of growth at the end of 12th day of the experiment (Figure 4).
Mossbauer analysis of these biotreated coal samples obtained at the end of the run
showed significant changes in the iron forms (Table 2). XAFS study of biotreated

samples obtained with increase ot time exhibted prominent increase of peak between



50-60 eV represents Mo impregnation on coal. Similarly, XPS studies revealed that
Mo and Fe were deposited on ccal surface of biotreated coal samples particularly in
the samplgs collected from the growth termentor. The liquefaction was also improved
by 3% even without pre-sulfiding conditions (Figure 5}. Interesting part of this work was
that the reprecipitation of aqueous phase iron as FeOOH released from coal {Figure
€) and sudden decrease of protein content of the culiure broth ( Figure 4) might have
infiuenced the controll of the ultra-fine size of the catalyst. Mioprocessing of coal with
S.brierleyi lead 1o 5 to 10% enhancement in chemical liquetaction yieki depending
upon the temperature used for liquefaction of bioprocessed coal obtained under
different operation conditions.

Biohydrogenation of coals:

Hydrogen uptake nydrogenase-possessing thermoacidophilic archaebacterium
Sulfolobus brierieyi ana the mesophilic sulfate-reducing bacteria Desulfovibrio
desulfuricans were used 10 determine the biological hydrogenation of different coals
and various mode! compounds such as diphenyt methane ( DPM ), 1,2-diquinolyl
ethane, and a-naphthy! hexane { Table 1). Hydrogenase enzymes of different
bacteria responsible for hydrogen uptake cften contain Ni, Fe, Se, and Mo in the
catalytic centers of proteins comprising the enzymes and they occur in different
locations of the cells of Desulfovibrio sgocies (Table 4 and Figure 7). General
mechanism oi reversible hydrogenase of Desulfovibrio species and Clostridium
thermoaceticum is shown in Figure 8 which highlights the significance of hydrogenase

enzyme present in different bacteria.
Washed cell suspensions were used from the S.brierleyi growr chemolithotrophicaily

under aarobic conditions with elemental sulfur as the oxidizable energy source, and

D.desulfuricans grown anaerobically with lactate as the energy source and sultate as

475



the final electron acceptor Both organisms possessed h rxgenase activity under
these growth conditions. The enzyme activity in D.desulfuricans was determined by
Warburg manometry at 30°C and pH 7.4, and at 60°C and pH 2.0 in S. brierleyi with
H2 as the electron donor and methylene blue as the electron acceptor under
anaersbic conditions. In parallel experirents the H2 uptake by the model compounds
and various coal types catalyzed by the microbial systems was also determined using

gas chromatography.

The biocatalyzed net hydrogen uptake by untreated coals varied from 370 to 1100
umoles H2 / g coal depending upon coal type and the microorganism. Out of different
coals used for biorydrogenation by D. desulfuricans, coal (KCER # 4677) showed the
highest hydrogen uptake. However, there was significant variation in the extent of
hydrogenation depending upon the complexity of the substrate (Figure 8). The
biohydrogention of the pretreated ( 200°C in H2 atmosphere ) Kentucky 11 coal
( KCER # 91182P ) and asphaitenes occured to a much greater extent and yieided the
respective net H2 uptake values ot 2370 and 180C pmoles H2 / g coal. These results
ingicate that pretreatment of coals at 200°C in H2 atmosphere may significantly
enhance biohydrogenation and the liquefaction yield. Liguetaction uf bictreated coal
sample (KCER # 4677) showed an increase of approximately 5.5% of liquefaction
yield (Table 5). Sulfolobus brierieyi also influenced in hydrogenation of some of the

coal samples and of model compounds but it was not as efficient as Desulfovibno

desulfuricans .

Hydrogenation of different model compounds by bacteria:
Chemica! structures of ditterent model compounds used for bichydrogenation is given

in Figure 10. The experiments with model compounds indeed showed hydrogen
uptake ranging from 0.28 pmoies H2 / umole of DPM to 6.55 umoles H, / umoles of



1.2-diquinolyl ethane in presence of S. brierfeyi and D. agesulfurizans respectively
(Tabie 6 and Figures 11 &12). YWhen 1 .2-diquinolyl ethane was dissolved in ethanol, it
did not show any hydrogen uptake in presence of D. desulfulicans due to the enzyme
inactivation and thus acted as a control (Figure 13). There was a wide variation it the
extent of hydrogen uptake even among the mode! compounds (Figure 14). At present,
it is not clear about the pathway of hydrogen incorporation into these compounds.
However, chioroform extra.. ! aqueous phase analysis using GC-MS did show that
OPM was fragmented into lcwer parent fragments of M/Z values 73, 95 and 147

depending upon the microorganism used.

Sulfolobus brierleyi utilized dibenzothiophene and thiophene dissolved in coal liquid
1o the extent of 27 and 36% respectively ( Table 7). A netincrease of 6% and 7.3% in
the chemical liquetaction yield was obtained in coals treated with D.desulfuricans n
presence of various concentrations of benzene (Figure 15). Therefors, our present
study revealed that biotreated coals exhibited enhanced liqueiaction yield when
treated with D.desulfuricans in presence of 50% benzene. The organism was to be

metabolically active even in presence of 80% bezane..

PLANS

Our future plans will be to determine:

1.The ability of several hydrogen uptake hydrogenase-possessing thermophilic
and hyperthermophilic { Tabie 8) bacteria to catalyze coal hydrogenation and
enhanced liquefaction

2. In depth studies on anaerobic hydrogenation of difterent model compounds
and different coat types

3.The optimal conditions for the agrobic microbial formation / precipitation of

active iron catalyst on coal surtace
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4 The bioformation and development of differeni meta! based catalysts on

bichydrogenated coal surface as a two-stage treatment to improve liquetaction yield.
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Table 1. List of microorganisms and
substrates used in this study

Microorganisms
.Desulfovibrio desulluricans
.Desulfovibrio nigrificans
.Rhizobium sesbanium
.Sulfolobus brierleyi

Substrates
Model compounds
.diphenyl methane
.methylene blue
.asphaltenes
.1,2-diquinolyl ethane
.a-naphthyl hexane

Coal
.KCER # 91182, 71637 and 4677
.Coal (KCER # 91182) + benzene
Pretreated coal KCER # 91182
(200°C, 800 p.s.i H2, ! hour)

R0
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Table 8. list of coal-related
chemolithotrophic anaerobic bacteria and
their metabolic significance

Desulfobacterium  autotrophicum
Desulfosarcina variabilis
Desulfonema iimicola
Desultococcus niacini
Desulfobacterium vacuolatum
Desulfobacter hydrogenophilus
Clostridium  thermoaceticum”
Themoproteus neutrophilus**
Themoproteus tenax**
Pyrobaculum islandicum***
Pyrococcus furiosus***
Pyrodictium  brockii***
Pyrodictium  occultum***

Growth on Hz + CO2 (or CO) + SO4—

Some can grow in presence of NO3~ Iinstead of SOq—-
Can also use a varlety of organic compounds for
growth e.g., cyclohexane carboxylate, butyrate,
butanol, propanol, ethanol and dicarboxylic acid.

All possess hydrogenase

. - Thermophile (40-80°C)

** - Extreme thermophile (80-100°C)
*** - Hyperthermophile (100°C and above)



Fig.1 General scheme of our research activity
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Fig. 2 SCHEMATIC REPRESENTATION OF EXPERIMENTAL PROCEDURE

FOR THE PROCESS!NG OF COAL (KCER # 91182) WITH THERMOPHILIC
BACTERIA, SULFOLOBUS BRIERLEY! AT 60°C AND pH 3
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Fig. 3 Determination of Molybdenum tolerance by assay of
the cell proteln of Sulfolobus brierlevi when grown on
5% Coal (KCER # 91182) at 60°C and initial pH 2.5
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Proteln (ug/mi)

Fig. 4 Protein content of medium containing 5% Coal
(KCER # 91182) and 200 ppm Molybdenum salt
solution when treated with Sulfolobus brierleyl

In shaker setup at 60°C and initial pH of 3.0

1000
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Fig. 5 Liquefaction product profile of Coal (KCER # 91182)
bioprocessed with Sulfolobus brierleyi at 60°C, pH 3,
in presence of air, CO2 and 200 ppm of Molybdenum salt
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Fig. 6 Variation of liquid phase iron content with time

for 200 mesh Coai (KCER # S1182) of 1% slurry treated in
fermentor with Sulfolobus brierteyi in the presence of CO2
at 60°C and constant pH 2.5
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Fig. 7
A schematic representation of hydrogenase
enzymes localization and different metal reaction
centers present in Desulfovibrio species

Periplasmic
space

Cytoplasmic Cytoplasm
Cell wall membrana

— Fe-Ni-containing hydrogenase
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Fe-Ni-Se-containing hydrogenase
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Fe-containing hydrogenase
e.g. D.vuigaris

Metal reaction centers: 1. Fe
(or prosthetic groups) 2. Fe-Ni
3. Fe-Ni-Se
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Fig. @ Comparlson of hydrogen uptake results for Coal
(KCER # 91182), Pretreated coal and Asphaitenes

using Desulfcvibrio desulfuricans
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Fig.10 Structures of different model
compounds used for biohydrogenation




Fig. 11 Hydrogen uptake In presence of D. desulfuricans
by 1,2-diquinolyl ethane subjected to autoclaving conditions
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Fig. 12 Hydrogen uptake in presence of Desulfovibrio
desulfuricans by a - naphthyl hexane
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Fig. 13 Hydrogen uptake in presence ot D. desulfuricans

by 1,2-diquinolyl ethane dissolved In ethanol
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Fig. 14 Hydrogen uptake by differnet coal-related model
compounds in presence of Desulfovibrio desulfuricans
at the end of 144 hours
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Fig. 15 Chemical liquefaction results of biotreated Coal
(KCER # 91182} In presence of varying amounts of benzene
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