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ABSTRACT
Wa have investigated the patential of hydrogenase-cantaining bacteria in the direct
hydrogenation of different untreated coals and coal-ralated model compounds for
improved liquetaction. Hydrogen uptake hydrogenase-posSsessing thermoacidophilic
archaebacterium Sulfolobus briefleyi and mesaphilic sulfate-reducing bacteria
Desulfovibrio desulfuricans were used o study the biolngical hydrogenation of
ditferent coals and various mods compounds such as dipheny| methane { DPM}, 1.2
diquinoly! ethane, a-naphthyi hexanc. The enzyme activity (D D.desuffuricans and in
8. pbrierfayi was determined by Warburg manametry with H2 as the alectron donar and
methylene blue as the electron acceptor under anagrobic conditions. In parallel
expetiments the Hz uptake by ihe model compounds and various coal types catalyzed
by the microbial syslems was also determinad using G.C. The experimants with the
model compounds indeed showed hydrogen uptake ranging frem 0.28 pmales H2 4
urmole of DPM {0 6.55 umeles Hz / pmoles of 1,2-diquinalyl ethane In presence of &5
brierleyi and D. desuliuticans respectively, However, chioroform gxtract of aquecus
phase analysis Jsing GC-IMS did show that DPM was Iragmented into lower parent

fragments of M/Z values 73, 95 and 147 depending upon ‘he microorganism used,
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The biocatalyzed net hydrogen uptake by untreated coals varied from 370 to 1100
umoles 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 asphaltenes occured to a much
greater extent and yielded the respective net H2 uptake values of 2370 and 1800
umoles H2 / g coal. A net increase of 3% and 10 % in the chemical liguefaction yield
was obtained respectively in case of S. brierleyi and D.desulfuricans treated coals
either 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 microbial 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 coal and model compounds (Figure 1).

INTRODUCTION
Biological processing of coal has many inherent advantages (1), such as mild
operating conditions and control of the fine crystal size of metal catalyst formation
possibly due to the production and coating of biomolecules generated during bacterial
growth(2). This process is considered to 'be one of the viable alternatives for
enhanced liquefaction. However, research for improving coal liquefaction by
biotreatment needs to be focussed in different directions i.e., physical and chemical
pretreatment, formation of iron based metal catalysts, anaerobic hydrogenation and
removal of inorganic and organic sulfur and heteroatom content. Since adaptation of
microarganisms to extreme environments has been well documented (3), the success

of improved liquefaction yield depends upon appropriate selection of microorganisms
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and in desigring suitable culiure conditions, Our latest work has revealed that coal
treatment in tne presence of organic solvents and alse in hydrogen atmosphare
separately by anagrobic bacteria containing hydrogen uptake hydrogenase enzyme

increasad the hquefactian yigld (4).

In recenl times, axtensive desulfurization ctudies have besn repared in the literaturs
{5-11). Calculation of costs of difierent process configurations for microbial coal
desulfurization have aiso been reported (12). Most researcn has involvad studies of
coal-solubilizing bacleria and fungi {(13-16). Evidence suggesls that some
microorganisms excrete oxidaiive enzymes which degrade coal into water soluble
polymeri¢ products (17} The detaction of the ability of anaerobic bacteria possessing
hydrogen uptake hydrogenase in hydrogen atmosphere is important (18-21} far direct

hydrogenation of coal and modsl compounds.

ACCOMPLISHMENTS AND CONCLUSIONS

In-situ formation of fine FeQOH crystals:

We have investigated the potential ot hydrogenase-containing bacteria in the diracl
hydrogenation of ditferent untreatad coals and coal-related model compounds, and of
suttur and iron metabolizing bacteria for in-situ catalist formation far improvement of
the liguefaciion yield (Tadle 1). The ganeral process of in-situ fine crys1als of FeQOH
tormation studies is presented in Figure 2. Our fingings have shown that Stifolobus
brierleyi could tolerate diferent amounts of molybdenum which was present in culture
madium (Figure 3). Though, there was increase in pretein content in culture broth, we
observed sudden decline of growth al the and of 12th day of the experiment {Figure 4.
Mossbauer analysis of these biotreated caal samples obtained at the end of the run
showed significant changes in the iron forms (Table 2). XAFS study of bictreated

samples obtained with ingrease of ime axhibtad prominant increase of peak between
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50-60 eV represents Mo impregnation on coal. Similarly, XPS studies revealed that
Mo and Fe were deposited on coal surface of biotreated coal samples particularly in
the samples collected from the growth fermentor. 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
6) and sydden decrease of protein content of the culture broth ( Figure 4) might have
influenced the controll of the ultra-fine size of the catalyst. Bioprocessing of coal with
S.brierleyi lead to 5 to 10% énhancement in chemical liquefaction yield depending
upon the temperature used for liquefaction of bioprocessed coal obtained under

different operation conditions.

Biohydrogenation of coals:

Hydrogen uptake hydrogenase-possessing thermoacidophilic archaebacterium
Sulfolobus brierleyi and the mesophilic sulfate-reducing bacteria Desulfovibrio
desulfuricans were used to determine the biological hydrogenation of different coals
and various model compounds such as diphenyl methane ( DPM ), 1,2-diquinolyl
ethane, and a-naphthyl hexane ( Table 1). Hydrogenase enzymes of different
bacteria responsible for hydrogen uptake often 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 species (Table 4 and Figure 7). General
mechanism of reversible hydrogenase of Desuifovibrio 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 grown chemolithotrophically

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

D.desulfuricans grown anaerobically with lactate as the energy source and sulfate as
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the tinal electron acceptor. Bath organisms possessed hydrogenase activity under
these growtr. condilions. The enzyme activity in D.desulfuncans was determined by
Warburg manometry at 30°C anc pH! 7.4, and at 60°C and pH 2.0 in 5. brigrieyi with
H2 as the elgctron dono: and methylene blue as the electron acceptor under
anaerobic conditinns. In paralle! axperiments the H2 uptake by the modal compounds
and various coal types catalyzed by the microbial systems was also determinad using

gas chromatography.

The bipcatalyzed nei hydrogen uptake by untreated coals vared from 370 to 1100
umoles H2 / g coal depending upon coal type and the microorganism, Qut of differant
coals uzed for bichydrogenation by D. desulfuticans, coal (KCER # 4677) showed the
highest hydrogen uptake. Howgver, there was significant variation in the extent of
hydrogenation depending upon the complexity of the substrate (Figure 9). The
biohydrogention of ihe prelreated { 200°C in H2 atmosphere ) Kentucky 11 coal
( KCER # 91182P ) and asphattenes occured 10 2 much greater exient and yiekled the
respective nel H2 uptake values of 2370 and 1800 umoles H2 / g coal. These resulls
indicate that pretreatment of coals at 200°C in H2 atmosphers may significantly
enhance hichydrogenation and the liguefaction yield. Liquelaction of bintreated coal
sampie (KCER # 4677} showed an increase of approximately 5.5% of ligquefaction
yleld (Table 5). Sulfolobus briereyi also influenced in hydrogenation of some of the
coal samples and of model compounds but il was not as efficient as Desulfovibno

desuifuricans .

Hydrogenatlon of diflerent model compounds by bacteria:
Chemical structures of different model compounds used for bishydrogenation is given

in Figure 10. The experiments with model compounds indeed showsd hydrogen
uptake ranging from 0.28 umoles H2 / umole of DPM to 8.55 umolas Hy / pmolas of
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1,2-diquinolyl ethane in presence of S. brierleyi and D. desulfuricans respectively
(Table 6 and Figures 11 8&12). When 1,2-diquinolyi ethane was dissolved in ethanol, it
did not show any hydrogen uptake in presence of D. desulfuricans due to the enzyme
inactivation and thus acted as a control (Figure 13). There was a wide variation in the
extent of hydrogen uptake even among the model compounds (Figure 14). At present,
it is not clear about the pathway of hydrogen incorporation into these compounds.
However, chloroform extract of aqueous phase analysis using GC-MS did show that
DPM was fragmented into lower parent fragments of M/Z values 73, 95 and 147

depending upon the microorganism used.

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

metabolically active even in presence of 80% bezene..

PLANS

Our future plans will be to determine:

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

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

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

active iron catalyst on coal surface
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4.The bioformation and development of different metal based catalysts on

biohydrogerated coal suriace as a ‘wo-stage treatmant 10 improve liqusfaction yield.
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Table 1. List of microorganisms and
substrates used in this study

Microorganisms
Desulfovibrio desulfuricans
.Desulfovibrio nigrificans
_Rhizobium sesbanium
Sulfolobus  brierleyi

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

Coal
KCER # 91182, 71637 and 4677
.Coal (KCER # 91182} + benzens
_Pretreated coal KCER # 91182
(20Q°C, 800 p.s.i Hz. 1 hour)
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Table 8. list of coal-related
chemolithotrophic anaerobic bacteria and
their metabolic significance

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

Growth on H2 + CO2 (or CO) + SO4--

Some can grow in presence of NO3— instead of SO3——
Can also use a variety 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)
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Fig.1 General scheme of our research activity
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rig. 2 SCHEMATIC REPRESENTATION OF EXPERIMENTAL PROCEDURE

FOR THE PROCESSING OF COAL (KCER # 891182) WITH THERMOPHILIC
BACTERIA, SULFOLOBUS BRIERLEY! AT 60°C AND pH 3

CELL CENTRI-
GROWTH FUGE
VESSEL
AIR
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COAL————» pH CONTROL
FERMENTOR
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l COAL SLURRY

COAL FILTER AQUEOUS PHASE
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Fig. 3 Determination of Molybdenum tolerance by assay of
the cell proteln of Sulfolobus brietleyl when grown on
5% Coal {(KCER # 91182) at 60°C and inltial pH 2.5
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(ng/mi)

Protein

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

in shaker setup at 60°C and initial pH of 3.0
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0 3 6 9 12 15 18
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Fig. 5 Llquefaction product profile of Coal {KCER # 91182}
bloprocessed with Sulfolobus brierleyl 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 Coal (KCER # 91182) of 1% slurry treated in
fermentor with Sulfolobus brierleyi 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
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Fig. 9 Comparison of hydrogen uptake results for Coal
(KCER # 91182), Pretreated coal and Asphaltenes
using Desulfovibrio desulfuricans
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Fig.10 Structures of different model
compounds used for biohydrogenation
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Fig. 11 Hydrogen uptake In presence of D. desulfuricans
by 1,2-diquinolyl ethane sublected to autoclaving cenditions
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Fig. 12 Hydrogen uptake in presence of Desulfovibrio
desulfuricans by o - naphthyl hexane
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Hydrogen uptake
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Fig. 13 Hydrogen uptake in presence of 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 Chemlcal llquefaction results of biotreated Coal
(KCER # 91182) In presence of varying amounts of benzene

80

(1 Gas B oi B

Preasphaltenes

Asphaltenes [ Conversion
66 %

56 %

L2}
o
1

Mass fraction in %
-
Q

20 -

Type of treatment

- No benzene ng hacteria

- B0/50 (%%), benzene/medium and no bacteria
- No benzene but with bacteria

- 20/80 {%), benzene/medium with bacteria

- B0/50 (%}, benzene/medium with bacteria

- B0/20 (%), benzene/medium with bacteria

N B o

il




