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Charles D. Scott
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ABSTRACT

Biocatalytic systems utilizing either living organisms or modified enzymes have
been shown to enhance the liquefaction (products are liquid at ambient conditions)
or solubilization of coal under anaerobic conditions. Microbial tests have been
carried out in aqueous media with organisms isolated from outcropping of coal or
from premium coal samples. Some of these isolates have been shown to grow on
coal as the only carbon source and to produce small quantities of oxychemicals
such as acetate or ethanol. Reducing enzymes, such as hydrogenase and
cytochrome C, can be chemically modified to increase solubilization in organic
solvents by attaching less polar chemicals, such as phenyl groups or polyethylene
glycol, to the free amino groups on the enzymes. These biocatalysts have been
shown to degrade model compounds and enhance the solubilization of coal in
organic solvents under a hydrogen atmosphere. The resulting product is a

relatively light hydrocarbon mixture with reasonably high volatility.

*Research supported by the Fossil Energy Advanced Research and Technology
Program, part of which is managed by the Pittsburgh Energy Technology Center,
U.S. Department of Energy, under contract DE-AC05-840R21400 with Martin
Marictta Energy Systems, Inc.
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INTRODUHTITON

Althoyph thermalchemical lechnigpes hawe been developed 1o convert caal Lo
liquids and zases, ralthel severe temperatures, puessures, and chemical
enviroomentis must be uzzd. Sinee biokoica] proessies operale wb relativel mikd
consditons, they may offer atiractive prikessing alernztives for coal enaversion.

[L has previously been shown that acrobdc mizrobial systems and in vitro
enmvmes enhanee the solohilization of low-rank coals in hoth aqueaus and arganic
ricdia,'~ Preliminary resulis bave also mdicated thet under ansenshic conditions
BOTNE MiCTOd T EanisS arkd engymes also enhance coal ileactions * ' These
bvestigations Bave beon funher extended with an emphasis oo mived orlzuees of
microorganises and the use ol enrytes in crganic solvenls, MNew mictohisl
songorta kave hazn istlared from Argonne Premiom Cnal samples, and dilferant
approaches are voder development for the chemical modifrcation o enzymes 1o

enhance sodubilfzation in organic solvenis.
MATERIALS AND METHODS
Microorganisms

Microorgatisms roceally lnvestigatad e this study inclode oo steain that had
been pheviows Ty shown Lo ineracs wizh ¢oal amder acrobic ogditions [Candide sp.
ML13 isalated Ioem 2 Hpaae enicroaming by Prof. B Waed, Univessity of
Mississippi} and those #niatad ar this laboratoey [rom premmum coal ssmplas
obtamed from the Argonne collection. The izolames recovered from Argonne
Premium Coal samples included one From lgnite {L-1), one [rom subbiiuminous
coal (5-17, und one fram bitomingos coal {(B-1).

The culivre from lionire grown in either acetaie o benzoate cotained
Gram-pusilive nonsporulating rods, Gramenepative rods, and Crranme-nepaiive o
These neganisTs wore wentatively identified as methanogens that exhibit Gram
variahility, and they probahly inclade Merdia rebaiefim and Mahanoococns spp.

The culture from subbiluminous coals contained plump Gram-posilive and
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Gram-negative rols, sote ol which contained spores. Nossporolating organisms
were tentatively identified as methanogons, while the spurulating arpanisms were
tentatively idenlified as members of the tanuly Bacitlaceae, which includes the
yenera Clastidium, Bactllus, Sporolaciobacitius, and Desulfeiomactifius. Thesc
gencrd are known 1o produce acids and wicohols from arganic substraies.

The bituminnus coal culiure grown in an acetate medinm contajped
Gram-negative rods and Gram-positive tods with spores tentatively idenified as
methanogens and bailli, respectively. However, this culture grows i benzogie
contained Ciram-negative rods of irregular marphology {(tentatively identificd as
members of the Propionibacteriaceas family), phus Gram-negative rods and coegl

that were probably methanopens.
Chemicals

The primary chemical reaviants used to modify enzymes were activated
oiethuxypolyethylene plycol (PEG,) and diritrallyrobahzenc {DNIB), buh
obtained from Sigma Cheical Co. Twe model eompounds used Lo simulale some
of the chemical intersctions necessary [or coal solubilization were
L2-bis(4-quinclyNethane (QE), supplied by Dr. M. Farcasin of the Pittsburgh
Encrgy Technolugy Center, and L2-bis{4-pymidylJethanc {PE), obtained from
Sigma Chemical Co. The model compounds have two identical aromatic
compunents connected by an ethane growp. Several expected breakdown
prowduets of Lhese compounds were slso obtained from Sigma Chemical Coo 1o be
uscd as relerenee malerial for analysis by pas chromatography (GC). For QEF
these included uinoline (), the aromatic component, ad lepidine (LY, the
atormalic component with a methyl group. Reference bycakdown products for PE
included pyridding (P}, the primary aromatic companent, piceling (PTY, the aromatic
component with y methyl group, and 4-cthyl pyridine {4-EP), the aromatic
component with an cthyl group atlached, Ouher chemicals used were rcageni
grade and obtainz=d from Baker Chemical Co. The enzymes wscd for this study
were hydrogenase, isolated from Proews vielgaris, cxtracted amd purilicd by 2

lechnique previvusly deseribed,” and cytochrome ¢, availzhle trom Sigma Chemical Co.



Meabhods for Wicrobial Tests

The micrabial isalaes were cultured in frec suspension in shake flasks (s
with tedis containing 1% glucose and then subculoared into 15 solutions of
either sodinm acctaic or sodium benzoale as the sole carbon suurce. In later weses,
varios \ypes of size-redoecd (- 100 mesh) coal were added Lo Lhe culturcs. Al
tests wers earvied out snacrobically, tnoer ninogen, at ambient temperature tor
periods of up to 42 . The cullures were examined misrascopivally in ardzr m
vatablish a tentative characterization by Gram-staling reaciions, and the liquid
preducts were determined by G, thin layer chetualogruphy, ard GC-mass
spectrophotomety. In some of the 12sts, the methane aongent of the gas in the
head space ol Lhe cullunmmg flusk wan oisn determined by GC

Melhods for Enmyme Tesis

Recovery of Membrupe-Bound iydrogenase, A msjor partian of the
hyvdrugenase in P vidgarts s apparenlly bound to the extetior membrane, In most
of the lesls, the enzyme was isolated rom the membrane and further porified as
ali aquoous solution using @ techmique provicusly described.? In some tesls,
membrane frapments containing the cnzyme were used. This ctude hydroger sse
mixture was prepared by harvesting of the cells duting the esponential growth
phase, scricatinn wr disrupt the cells, and mild cenuifugation au 500 g lor 15 min
1o accumulate the membrare fiagments. After wasfiing with disdiled watzr, the
mrterial was cither lvophilized o suspended in a 0,05 M phosphate buller at pH
7.0 far siovage and later ase.

Chemical Modification of Enzymes. Mast aqueots soluble engymes such as
the purified hydrogenase and cytochrome O have unmeasurable solubilization in
nonpalar organic solvenis such as benzene. Howover, it has Beon shown that such
cnrynes cah be chemically modified o increase the hydrophobicity and, thos,
merease the solubilizatiop in organics. These Minve been made with the addition of

PEG, uttlizing techriquss previcusly developed® and a new apprcach in which



phenyl groups are added to the enzyme. In the latter case, DNFB is known to
interact with "free" amino groups on proteins to form a stable chemical complex.’
Typically, the reaction solution was 15 mL of 67% ethanol in distilled water into
which 0.5 g of N aHCO; and 0.5 mL of DNFB were dissolved, Approximately 0.1 g
of the enzyme (hydrogenase or cytochrome C) was then introduced to this mixiure
and allowed to react anacrobically in a shake flask for 1 h at ambient temperature.
The resulting yellow précipitate was successively washed with 10 ml. of an aqueous
solution of sodium dithionite (5 mg/mL), to maintain the enzyme in a reduced
state, 10 mL of ethanol, and 10 mL of diethyl ether. The solids were then dried
under a N, atmosphere and stored in a stoppered container at 4°C. The solid
product was the dinitrophenyl (DNP) derivative of the enzyme.

Enzyme Solubilization Tests, Tests for enzyme solubilization in organic
solvents, primarily benzene, were made by mixing the enzyme preparation with
benzene in shake flasks operating at 100 rpm for 1 h in the temperature range of
ambient (~25°C) to 40°C under a N, or H, atmosphere. Equal volumes of the
organic and enzyme preparation were used when the enzyme was in solution or
suspension, while 5 to 20 mg of the dried €nzyme preparation was added per mL
of benzene. The amount of enzyme solubilized into the organic was determined
cither by weighting, after evaporation of the benzene, or by measuring the increase
in light absorption at 280 nm.

Degradation of Model Compounds. Experiments were made with a nominal
1 mg/mL of each model compound dissolved in benzene and contacted with
molecular hydrogen in a shake flask for up to 24 h at 30°C. Tests were carried out
with and without the modified enzymes with each enzyme individually or in
combination. Small liquid samples were taken periodically and analyzed for the
model compound and potential breakdown products with a Waters DB5, 60 M
capillary column in a Hewlett Packard 5890 GC with flame ionization detection,

Coal Solubilization Tests. Coal solubilization tests were made by adding 0.1 to
0.2 g of size-reduced coal (-100 mesh) to 10 mL of the benzene mixture ina
25-mL shake flask operating at 100 rpm. The flasks were temperature controlled
in the range of 25° to 40°C, and a H, atmosphere was maintained during the

course of the 24-h test. The coal was vacuum dried at 100°C for 4 h and weighted
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privr L mbroduction te che henzene mixtare, and, in snmea cases, the salid residus
wits simclarly drealed al che end o the teel. Oplicw, sosorotion spectra of the
stubilizirp salution were perindieally mewsored during the course of cach west for
on indication of ccal solubilization. Eelerence test were miade urinp each ooal
solubilisgtion run m wldch idenlical chemical and physica) condiljors woerc

maintained cxcepl for the inclusion ol the cneyme.

RESULTS

A zerics of teses Fove boen made with both anscrobic micoohial syslems and
modificd onmymes froovitm., Althourh the primary omphasis has been on
understanding the underlying bivlogics| processes, preliminmy wsls nave i heen

made on the enbancemen of coal solahilization by these hinlogical caialyars,

Micraobind Interacexons

Several oif the micioarganisms tesled were shown o ehilize either acelate or
beneonue as Lhe carbon source, whide others acwually produeed trace quantitivs of
axyelieuucaly with ool 28 the anly cacbon source.

Candida sp, ML 13 was typical of several of the microbial isolates ested,
tewmse 1L wis tound o wiillze vinouws carbin sOUrces even m an anaercbic
eavironmenl. Swall guankities of several seychemicals wwres also detecled during
14-tl tests in which the only carbon sotrce was coal (see Takle 1), This Candids
strain produced both crthanol and acelatz when in contael with native hignite.
Hiveevar, whoen leached sith water, thore were me datectable guartines iof gither
of these axychemicals. Terhape this indicates that only the water soluble fraction
i lignite can be metaboliged. Largor qaantitics of acetate were produced when
subbliuminous coal was used, ever. afier leaching with water, althouph therc was
apparently na cihanal produced. Candidn appeared to have hle imeraction with

Pituminous coal




Table 1. The production of partially reduced products from coal
by Candida ML13

Ethanol Acetone

Coal substrate (mg/L) (mg/L)
Cultures without added glucose
North Dakota lignite 0 0
Washed lignite® 10 51
Wyodak subbituminous 0 104
Washed subbituminous® 0 83
INlinois No. 6 bituminous 0 0
Washed bituminous® 0 0
Cultures containing 1% glucose
Reference (no coal) 415 374
North Dakota lignite 80 0
Washed lignite® 214 27
Wyodak subbituminous 1855 271
Washed subbituminous® 1743 649
Hlinois No. 6 bituminous 2284 513
Washed bituminous® 1545 228

*All tests were made with 150 mL of a mineral salt medium in a 250-mL shake flask operating
at 100 rpm under N, at 30°C. The flasks were inoculated to a microbial concentration of 106
cells/mL after which 2 g of size-reduced coal (-100 mesh) was added. All tests lasted for 14 d.
Analysis of ethanol and acetone was by gas chromatography.

*The coal was washed by continuously passing distilled water through a bed of the particulates

for 48 h at ambient temperature. The easily solubilized components of lignite inhibit the
microbial process.
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Similar tests were made bul with the addition of 19 glucose. [n this cuse,

thers was atl apparent cnhancement i 1he produstion ol ethancl willy the

presence of subbituminous or mituminous coal, but an apparent inhibitio in

ethanal production when lienile wis prescnt Perhaps this mdicatgs thal some of

Lhe cusily solubilized components of lignite inhibit the microbial process.

Microbial cultures from Argonne Premiam Coal Samples were found to

preduce methane, accate, butanol, and ©0, when in contact with coal in 1%

glucoss nuLricot solution (see Table 2). Trace amounts of isopropanul and brutano)

were delectod, and  small amount of ethanol was also [ound.

Table 2. Product farmation from glucose and coal by culturcs
assouiuled with Argonne premium coal’

Froducts {mg/ml.]

Cullurcfeoal CH, COy Fithanol Acclale
L 1Aignite® 4 (] 11 2707
§-1/subbituminous” 32 37 0 2113
B- Lutuminous® 60 111 0 2521

A1l tests were made with 150 mL of o mineral salts medium containing 15% glucose in a
250-nL shake tlask operating at 100 prm under Ny at 30° C with the addition of 2 g of
size-reduced (-100 mesh) Norih Dakola lignite, Wyodak subbiluminous, or Tilinwis No. 6
hiluminous coal. Al tests lasied for 77 d. Analysis of the products was by gas

chromatography.
bTrace yuantities of isopropancl werc detected.

*A trace amount of bulanol was destectod.
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Membrane-Bound Hydrogenase

Two different types of tests were made to determine the solubilization in
benzene of hydrogenase from P, vulgaris still attached to cell membrane fragments:
(1) an aqueous slurry of the crude hydrogenase was contacted with benzene; and
(2) freeze-dried particles of the crude hydrogenase were contacted with benzene.
As indicated in Table 3, there was appreciable protein (enzyme) solubilization in
the benzene as determined by absorbance measurements at 280 nm.
Unfortunately, this crude enzyme product also contains large amounts of other
proteins and membrane components. But, the apparent solubilization of the
membrane-bound components could provide a useful basis for future approaches

to enzyme modification.

Table 3. Benzene solubilization of membrane-bound hydrogenase®

Description of Absorbance Approximate
€nzyme preparation (280 nm) concentration
(mg/mL)
0.81 0.7

Aqueous slurry®

Freeze-dried solids* _ 0.46 0.4

“Tests were made with 10 mL of benzene in a 25-mL shake flask operating at 100 rpm and
ambient temperature under a N, atmosphere.

*10 mL of a slurry of the crude membrane-bound hydrogenase (20 mg/mL) in 0.05 M
phosphate buffer (pH+7.0) contacted the benzene for 1 h followed by centrifugation at 500 g
for 15 min and recovery of the benzene phase.

120 mg of freeze-dried crude membrane-bound hydrogenase was added to the benzene for
1 h followed by centrifugation at 500 g for 15 min and recovery of the liquid.
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Chemical Modification of Enzymes

Attachment of Polyelhyione Glycol P, velgaris hydiogenase and cytochrome C
were modified with PEG,. Similar hydrogenases have about S0 [rec amine groups
per molecule, while cytochrome C is known Lo have 20 fiec anuna groups.
Previous tosts were carried oul wulb a PEG, concentration eyuivalent w a molar
ralio of 1:1 compared to the free smino groups. NOW Lesls have been carsied oul
over a tange of PEG, concenlrations wquivalkent to & molar ratio of 1:1 tu 10:1 in
arder ta delesmine the cliect on enzvine seilubilization in benzene. After
soluhilization in the organic, the modilied enzyme was extracled from the benzene
by contact with ap equal volome: of the phosphate bolfer. Then the amount of
enzyme aclivity was determined, thus giving a measurement of the active enzyme
that was dissolved in benzene.

As shown in Figure 1, the activity of 1he modified erzymes in benzene intkially
increases as Lhe reladve PEG, concentration INCreases. Over the comcentsation
range investigated, hydrogenase aclivity continucd 10 increase with an INCIease in
PEG. concentration; however. cytochrome aclivity reached a maximum al a polar
ratic of 5:1, and thereafier it decreased. Apparently. additional chemical

micractions with the PEG, aftceied the active sites in cylochrome.

Astschment of Phenyl Groups. Tt may be more appropriate w allach arcmatic
groups ralhcr than polvtneric hydiocarboas to couse the protein to be much less
polar, To test this hypothesis, the reagent, DMTB, was used with both
hydrogenase and cytochrome ¢ After conversion to the modified
dinitrophenyl-enzyms (DNP-cnzyme), 50 mg of each of the two cnzymes was
mixcd with 10 mL of benzene and the absorption at 280 nm was measurcd. In
both cases, the results were compared 1o a relerenes test in which e DNLID
precipitate in the absence of protein was used. There was considerable
colubilization of the modified protein with an estimate of >1.2 mgmb for the
DNP-hydrogenasc and 1.8 mg/ml fur the DNP-cytochrome. This promises 1o he

an intercsling now approach w enzyme sulubilization in organics.
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Degradatinn of Model Compounds

Two model compounds | 1.2,-bis(4-pyrkdsly ethane {PE) and 1,2-bis(4-quinalyTy
clhane (QE§] that have chebrical stroiures somewhas similar w that of a portion
ot enal arc heing vsed 10 more clearly deline énzyme interactions in benzens,
Buoth enzymes chemically modified with PEG, were Fund t enhiance the
degradaiion of oty inodel compounds, As shown in Figures 2 aod 3, up oo 209
of 1he model compounds were degraded over a period of 2 to 4 b, The optimum
temperature of this tvpe of conversion was found to be 257 iy 30°C

Each wpe af the DNP-cogyme derivatives was ¢lso tested (or degradation of
QE. Three diffcrent tesis were made in which dissulved DNF-yvtechrome,
DMNP-hydicgenase, and & mixtune of the two modificd enzymes in benxene weme in
cantact with 1 mg/mT. of QF under H. mimosphere at 30°C for 4 b, There was a
definite enhancement of degradation of the model compound when the enrmes
were present with the maximum elfect occurmiag when botb proteins were presenl
fee Fig. 4). Greater than 50% of the QE disapnearcd during the first 12 b, with
essemtially no additional weuetien cecurring during the last 12 b of the 24-h tost.
Although there is indication of & small amount of the expecied breakdawn
products, the major products have pot vet been identified.  This may mdicate a
morc sipnificant degradation than a simple cleavage sl or in the cthane bridpe.

Eimilar fcsis woere also carried ant with degradation of PE. The most
sigrficant results spain wene with mixed enzymes; howsver, the apparcnt dopree nf
intcraction was ool abous 20% (Fin, 43 As wilh Lthe tesls with QF, there were
minimal amonnts of the expected breakdown products, perhaps indicating a rome

significant alterat’on of the modet compound.
Lngyme-Lnbhanced Coal Solukilization
Alihough the majur research effort continues to be the crhancement of

enzyne solubilization it opuoic sulvers, periodic ests have alko been made on

the solubilization of coal, particularly bituminous coal (Tipois Mo. 6], As with Lho
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case of PEG-enzymes previously reported,? it was also showr that the modified

cngymcs Ltilizing new technigues for beneene solubilization alse enhanced the

diascdution oF comversicn of cual in bepeene when ca-vied cut at 30YC under a

hydrogen atmasphere. This was 1rue for the membrane-bound hydrogenyse,
DNP-hydropenase, DMP-cylocheome O, and a combmation of both modiicd

enzymes [Table 4. The most sipnificant effect was ugain whoen both hydrogenms.e

and cytochreme C were presenl. Maletal balances of the eoal a-e stll diffieuit

make, but & very conservative estimate based on loss ol weight ol the coal in the

tesl wilh enzymes indicated greater than 3% coal solubilization. There was

indication of weight grin in the reference test wichout enzymes. (It is very difficulc

10 remove some of the known precipitales that occur, so there was likely 2 muoch

preater degree of selubilization) Fractional distillation tests indicawe a much

gredier degree o voal solulilization.

Table 4, Enzyme-cnhanced solubilization of [linois No. &
hituminuue ooal in berzene al 30°C under 3 Lydrogen aumosphece”™

Enzyme [nercase in absarbunce
{281 um)
Reference with no enzyme (.07
Membrane-hound hyldrogenase .32
DN P-Rydoegengds: 022
DP-eytochrome C 0.48
DINP-hvdrogenase + DNP-cytochrome 168

*All tests were made with 50 mg of - 100 mesh coal in 10 mL cf Avid in » 25-mL shake fusk
operating At JO rpm. Encrme copceateations in the bepzene were the same as thoso shuwn

in Tabkles 1 and 2.



Characterization of the Liquid Product

The product from liquefaction of bituminous coal in benzene that was
enhanced with hydrogenase modified with PEG, was shown to be much less polar
than the earlier product from aerobic solubilization of low-rank coal. When the
organic phase with product was contacted with an aqueous phase of 0.1 M
phosphate buffer at pH 7.0, the product tended to distribute between the two
phases allowing a determination of the amount of product in each phase by
spectral measurements. It was found that greater than 98% of the liquefied coal
remained in the benzene phase, thus, indicating that the product was very polar.
A small quantity of this liquid product was also used to determine the volatility by
fractional distillation (Fig. 5). Since most of the material was the benzene solvent,
90% of the product was distilled by a temperature of 100°C. As indicated by the
optical density of the condensate fractions, the solubilized coal started distilling
significantly at 160°C, with over 60% in the fraction between 160° and 300°C,
There was still a small quantity of liquid that had not volatilized at 300°C, as well
as a small quantity of material that had the appearance of a highly viscous tar.

Crude fractional distillation tests were also conducted on the liquid products
from coal liquefaction/solubilization tests in benzene that were enhanced by mixed
cnzymes modified with DNFB. As shown in Table 5, much of the material was the
low-boiling benzene solvent, but there was a significant increase in the heavier
fraction in the test with the modified enzymes present. The resulting residue of
the enzyme-enhanced liquefaction/solubilization, after accounting for the dissolved
enzymes, indicated that there was essentially complete coal solubilization.
Undoubtedly, the actual degree of coal liquefaction lies somewhere between 5%
and 100%. Now that the experimental approach is beginning to produce
somewhat reproducible results with the possibility of a definitive material balance,

quantitation will be the primary goal.
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Table 5. Fractional distiliation of the liquid product from the
liquefaction/solubilization of Tllinois No. 6 coal in benzene at
30°C under a hydrogen atmosphere with and without the presence of
a mixture of DNP-hydrogenase and DNP-cytochrome C*

Description of test <85°C >85°C Solid residue
Reference without enzymes 98 2 <1
With mixed enzymes 92 5 3

*Tests were carried out with about 5 mL of solution.

Possible Processing System

Although this processing concept has not been developed to the point where
the parameters for process scale-up are available, it is interesting to consider what
a simplified process flowsheet would ook like. Quite likely, the primary
bioconversion system would be a fluidized-bed bioreactor with continuous coal and
solvent feed and recycle of the enzyme biocatalyst and hydrogen (Fig. 6). If
possible, a process-derived light solvent would be used as the working fluid and the
solid waste would be ash. As additional information is generated, the process

flowsheet can be more completely defined.

CONCLUSIONS

Several types of microorganisms have been shown to directly interact with coal
in an anaerobic environment with the production of small amounts of various
oxychemicals. A new technique for chemically modifying enzymes, utilizing the

addition of phenyl groups, enhances hydrophobicity and solubilization in an organic
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solvent. This type of chemically modilied biocatalyst, as well as membrane-bound

enzymes, can be dissolved in organic solvents and used to catalytically degrade

model compounds and enhance the solubilization of coal under anaerobic

conditions.

The resulting product is relatively volatile and nonpolar. A processing system

utilizing this technique would likely include a fluidized-bed bioreactor with a

process-derived solvent.
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