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INTRODUCTION 

Microorganisms may be used to convert coal to chemicals either di- 
rectly or indirectly by their action on synthesis gas. Microbial processes 
offer certain advantages over chemical conversions. Microorganisms ex- 
ist and carry out conversions at ambient temperatures and pressures, 
which should result in substantial energy and equipment savings. Also, 
yields from microbial conversions are quite high, since the microorgan- 
ism utilizes only a small fraction of the substrate for energy and growth. 
Under proper conditions, microbial conversions are quite specific, gener- 
ally converting a substrate into a single product, with perhaps a few 
byproducts. These advantages are offset by slower reaction rates and 
special reactor considerations, such as sterility, nutrient provision, and 
so on. 

Direct Coal Conversion 

Direct microbial conversion involves the selection of a microorgan- 
ism to produce liquid and gaseous fuels by direct biological action on 
coal, perhaps in situ. Although the prospects for success are limited, 
there is t remendous potential for this type of coal conversion process. In- 
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dicative of the problems associated with direct microbial action on coal is 
the apparent  toxicity of liquefied coal products and wastewater streams 
from the coal conversion processes (1-5). Also, it has been extremely 
difficult to get active flora to flourish on the ground cover composed of 
coal mine spoil or tailings (6,7). 

Many species of fungi and a few bacterial strains have been found to 
degrade lignin. These include Coriolus versicolor, Sporotrichum pulverulen- 
tium, Phanerochaete chrysosporium, Aspergillus fumigatus, Metulius tremello- 
sus, and some species of Acetiomycetes and Eubacteria (8-11). Some ligno- 
lytic fungi and bacteria have been shown to be capable of solubilizing 
lignite. A fungal mat of Polyporus versicolor has been used to produce a 
black water soluble liquid from leonardite (12). Bacterial species of the 
genus Streptomyces have been shown to solubilize lignite in submerged 
culture (13). However, conventional liquid fuels have not as yet been 
produced. 

Indirect Coal Conversion 
A more promising biological approach, perhaps, is the indirect coal 

conversion of synthesis gas by microorganisms capable of producing al- 
cohols, acids, aldehydes, and so on from CO, CO2, H2, and H20. Syn- 
thesis gas is first produced by catalytic action on coal using conventional 
coal gasification techniques. The synthesis gas is then converted to liquid 
fuels biologically. Thus, the process is an indirect liquefaction process 
utilizing conventional and biological techniques. 

A detailed and comprehensive review of the literature has identified 
organisms capable of converting CO, CO2, and H2 in synthesis gas to or- 
ganic acids such as acetate and butyrate, and to methane (14). The litera- 
ture also indicates that acetate may be utilized to produce higher organic 
acids, such as citric acid and lysine. However, no source identified mixed 
.or pure cultures capable of producing liquid fuels from CO, CO2, H2, or 
acetate. Therefore, alternate pure cultures or bacteria isolated from natu- 
ral sources must be utilized to determine the feasibility of biological liq- 
uid fuel production. 

Purpose 
The purpose of this project is to demonstrate the feasibility of pro- 

ducing liquid fuels from the components of synthesis gas through biolog- 
ical indirect liquefaction. The results of pure culture and natural source 
screening studies aimed at finding organisms capable of carrying out the 
conversions are presented and discussed. 

M I C R O B I O L O G Y  O F  BIOLOGICAL C O N V E R S I O N  

The major known reactions in the biological conversion of synthesis 
gas are the formation of methane precursors and the biomethanation re- 
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actions.  The  o rgan i sms  Rhodopseudomonas gelatinosa a n d  Rhodospirillum 
rubrum util ize CO to p r o d u c e  CO2 a n d  H2 by t he  react ion 

CO + H20  ~ C O  2 "Jr" H2 (1) 
The  o r g a n i s m s  Peptostreptococcus productus, Acetobacterium woodii, a n d  
Eubacterium limosum p r o d u c e  acetate (CH3 C O O H )  by the  react ion 

4 CO + 2H20  ~ C H 3 C O O H  + 2CO2 (2) 

All m e t h a n e  bacteria utilize CO2 and  H2 to p r o d u c e  CH4 by the  react ion 

C O 2  q- 4H2 ~ C H 4  + 2 H 2 0  (3) 

Methanothrix soehngenii utilizes acetate to p r o d u c e  CH4 by  the  react ion 

C H 3 C O O H  ~ CO2 + CH4 (4) 

All of these  o rgan i sms  have  been  isolated f rom s e w a g e  s ludge  or an imal  
r u m i n .  Thus ,  mixed  cul tures  f rom natura l  sources  or p u r e  cul tures  of the  
above  o r g a n i s m s  m igh t  be util ized for the  des i r ed  conve r s ion  to l iquid 
fuels.  

In add i t ion ,  alcohols can, theoretically,  be p r o d u c e d  f rom carbon 
m o n o x i d e ,  carbon dioxide,  and  h y d r o g e n  or aceta te  as ind ica ted  by  the  
free energ ies  of reaction. Table 1 presents  a list of poss ible  react ions uti- 
l izing these  subst ra tes  as reactants,  wi th  the  associa ted  free energies .  Re- 
act ions  w i th  h igh ly  nega t ive  free energies  have  the  m o s t  potent ia l  as be- 
ing  viable reactions.  As no ted ,  there  is s t rong  l ike l ihood  that  m e t h a n o l  
(CH3OH), e thano l  (C2HsOH), and  bu tano l  (C4H9OH) m a y  be p r o d u c e d  
f rom syn thes i s  gas. CO,  CO2 a n d  H2 appear  to be bet ter  feeds tocks  t han  
acetate.  

Table 1 
Theoretically Feasible Reactions Using CO, CO2, and H2 or Acetate 

'.ompound Net Reactions 
A G ~ kcal/mol 

of product formed ~ 

Iethanol 

thanol 

;utanol 

CO + 2H2 ~ CH3OH 
3CO + 2H20 ~ CH3OH + 2CO2 
CO2 + 3H2 ~ CH3OH + H20 
Acetate + 4H + --* 2CH3OH 

2CO + 4H2--~ C2HsOH + H20 
6CO + 3H20 ~ C2HsOH + 4CO2 
2CO2 + 6H2 ~ C2HsOH + 3H20 
Acetate + 2H2 ~ C2HsOH + H20 

4CO + 8H2--~ CH3(CH2)2CH2OH + 3H20 
12CO + 5H20 ~ CH3(CH2)2CH2OH + 8CO2 
4CO2 + 12H2 ~ CH3(CH2)2CH2OH + 7 H 2 0  

- 6.99 
- 16.64 

- 2.23 
10.31 

- 3 2 . 8 3  

- 51.93 
- 23.31 

-2 .3  

- 77.86 
- 116.16 

- 5 8 . 6 2  

"Calculated from Thauer et al. (15). 
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BACTERIAL SCREENING 

Natural sources of bacteria such as sewage sludge, animal wastes, 
and muds  serve as a final repository for a consortium of bacteria, capable 
of converting a wide variety of substrates to many different products. Al- 
most all of the pure culture bacteria found in culture collections today 
originated from a mixed bacterial population isolated from such natural 
environments.  The natural carbon flow in the mixed cultures in sewage 
sludge and animal rumin is the metabolism of substrate to methane.  
Thus, methane  inhibitors must be added to samples from these sources 
in order to stop methane production and to allow intermediates to form. 
Acclimation to CO, CO2, and H2 must be achieved over an extended pe- 
riod of time, during which the cultures are supplemented with basal 
salts, vitamins, and minerals. 

Procedures 
Several experimental studies were initiated in an attempt to produce 

alcohols from CO, acetate, and synthesis gas. Three natural sources of 
inocula were utilized, sewage sludge, chicken waste, and coal/coal mud  
samples. One mL of natural inocula sample was added to 9 mL of basal 
media containing acetate (80 mM), Co (52-55%, 2 atm), or synthetic syn- 
thesis gas as the primary carbon sources. Although the synthesis gas did 
not contain contaminants such as H2S, COS, or SO2, previous studies 
with other organisms in the presence of these contaminants showed no 
effect on CO uptake of sulfur gas concentrations of 2% or less. Similar 
studies are planned for organisms isolated in these studies. Monensin (1 
~g/mL) and 2-bromoethanesulfonic acid (BESA) (20 ~M/mL) were used 
as methanogenic inhibitors. Anaerobic media were prepared using the 
Hungate method  and were placed in serum tubes sealed with butyl rub- 
ber stoppers. Samples were incubated at 37~ with the pH between 4 and 
7. Gas samples were analyzed for the consumption of synthesis gas and 
liquid samples were analyzed for the production of acids and alcohols. 

The gas phase composition was measured by gas-solid chromatogra- 
phy using a Porapak QS column. The liquid phase composition was 
measured by gas-solid chromatography using separate procedures for al- 
cohol and acid analysis. 

A large number  of these samples were inoculated at various condi- 
tions in an at tempt to produce alcohols. All experiments were conducted 
in triplicate. After a 3-4 wk period, the cultures were transferred with 
fresh media and gases and the experiments repeated. Successive transfer 
of the best cultures allows the mixed population to evolve to utilize the 
desired substrate and produce the desired products. 

Results~lnhibition of Methanogenesis 
As ment ioned  previously, the natural tendency for most mixed bac- 

terial cultures is to produce methane from organic substrates. In order to 
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p r o d u c e  alcohols ,  wh ich  are in te rmedia tes  in m e t h a n e  syn thes i s ,  inhibi-  
tors m u s t  be  a d d e d  to the  cultures to block m e t h a n e  p roduc t i on .  There-  
fore, the  first s tep  was  to de t e rmine  w h e t h e r  m e t h a n o g e n e s i s  cou ld  be  
b locked  w i t h  certain chemical  inhibitors .  

A n  e x a m p l e  of the  inhibi t ion of m e t h a n o g e n e s i s  u s ing  CO the  sub-  
strate w i t h  a sewage  s ludge  i n o c u l u m  is s h o w n  in Table 2. W i t h o u t  an  
inhibi tor ,  m e t h a n e  concent ra t ions  as h igh  as 10% were  f o u n d  in 14 d, 
a n d  ove r  20% in 35 d. In the  p resence  of m o n e n s i n ,  t he  m a x i m u m  
m e t h a n e  concen t ra t ion  p r o d u c e d  was  9% in 35 d. In the  p r e s e n c e  of 
BESA, the  m a x i m u m  m e t h a n e  concen t ra t ion  was  less t h a n  5% in 35 d. 
Both m o n e n s i n  and  BESA appear  to be g o o d  inhibi tors  of m e t h a n e  pro-  
duc t i on  in a mixed  culture.  

Results~lnitial Alcohol Production 

After  several  m o n t h s  of cul ture  t ransfer  a n d  accl imation,  small  quan -  
tifies of  acids  a n d  alcohols began  to appea r  in s o m e  of the  cu l tu res  f rom 
the  c o n v e r s i o n  of CO in synthes is  gas. Table 3 s h o w s  qual i ta t ive resul t s  
for acid a n d  alcohol p r o d u c t i o n  f rom CO and  acetate  as a f unc t i on  of p H  
us ing  a s e w a g e  s ludge  cul ture  in the p resence  of the  two m e t h a n e  inhibi-  
tors. As  n o t e d ,  C1-C4 alcohols were  p r o d u c e d ,  as well as C2-C4 organic  
acids. 

Smal l  quant i t ies  of acetic, propionic ,  n-butyric a n d  /-butyric acids 
we re  f o u n d  in essential ly all of the samples ,  wi th  acetic acid the  p r e d o m i -  
n a n t  acid p r o d u c e d .  Me thano l  was f o u n d  in app rox ima te ly  half  of the  

Table 2 
Inhibition of Methanogenesis from CO Using Sewage Sludge 

as Primary Inoculum 

Substrate 
and 
Inhibitors 

Mol % 
Day 14 Day 35 

pH CO CH4 CO CH4 

CO ~ 

CO 

Monensin ~ 

CO 

B E S A  c 

4 51.7 .6 47.3 .25 
5 39.7 9.0 17.3 20.9 
6 41.9 7.7 21.5 16.4 
7 39.5 10.6 15.4 20.5 

4 53.7 0 46.3 0.47 

5 42.0 9.3 0 25.1 
6 48.8 4.9 47.1 6.1 
7 49.4 3.2 38.0 9.2 

4 50.8 .3 27.5 1.2 

5 46.7 .8 23.8 3.2 
6 44.1 1.1 30.3 2.3 
7 37.8 2.7 5.1 4.8 

"CO leve l  w a s  52-55%, 2 a tm o n  0 d. 
q p.gram/mL (~g/mL) filter sterilized. 
~20 p~M, filter sterilized. 
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Table 3 
Production of Alcohols and Acids by Bacterial Enrichments Obtained 

from Sewage Sludge at Various Levels of pH and in the Presence 
of Methane Inhibitors 

pH Inhibitor + BESA, 20 ~M + Monensin, 1 ~g/mL 

CO as carbon source ~ 
4 E,B,A, PR,1B,NB M,E,B,A, PR,1B, NB 
5 M,E,B,A,PR,1B,NB M,E,A, PR, NB 
6 A, PR,1B,NB M,E,B,A, PR,1B,NB 
7 A, PR,1B,NB M,A, PR,1B,NB 
Acetate as carbon source h 
4 M,P,A, PR,1B,NB A,PR,1B,NB 
5 M,P,A, PR,1B,NB A, PR,1B,NB 
6 A, PR,1B,NB A, PR,1B,NB 
7 A, PR,1B,NB M,E,A, PR,1B, NB 

"Gas phase contained 60% CO by volume (2 atm); balance 80:20 N2, CO2 
"8mM/mL concentration. All samples were taken after 28 d of incubation.Samples 

were transferred at least 5 times before these analyses were done. 
M Methanol 
E Ethanol 
P Propanol 
B n-butanol 
A Acetic acid 
PR Propionic acid 
1B iso-butyric acid 
NB n-butyric acid 
Values for alcohols are less than lgFL. Values for acids are more than lg/L. 

samples .  P ropano l  was  p r o d u c e d  only  in the  samples  fed  acetate at p H  4 
a n d  5 u s i n g  a BESA inhibi tor .  E thanol  and  n-butanol  w e r e  p r o d u c e d  only  
f rom CO,  a n d  m o s t  p r o m i n a n t l y  at p H  4 and  5. The  m o s t  p r e d o m i n a n t  
a lcohol  p r o d u c e d  was  e thanol .  A l t h o u g h  quant i ta t ive  resul ts  are no t  
g iven ,  t he  typical  concen t ra t ion  levels were  .01-.5 g/L, w i th  acids be ing  
m o r e  p r eva l en t  t h a n  alcohols .  

Similar resul ts  we re  ob ta ined  f rom the i n o c u l u m  de r ived  f rom chic- 
k e n  waste .  The  coal m u d  samples  were  m u c h  less p r o d u c t i v e  a n d  were  
a b a n d o n e d .  F r o m  the  p re l imina ry  screening  data,  m i x e d  cu l tures  were  
s h o w n  to p r o d u c e  a lcohols  w h e n  CO, CO in syn thes i s  gas, or acetate  
wa s  u s e d  as the  sole ca rbon  source.  In general ,  m o r e  a lcohols  we re  de- 
tec ted  in the  s am p le s  w i th  lower  p H  and  in the  p r e s e n c e  of  m e t h a n o -  
genic  inhib i tors  such  as BESA and  m o n e n s i n .  

Results~Experiments to Quantify Alcohol Production. 

The  nex t  s tep  in m a n i p u l a t i n g  the  mixed  cu l tu res  for enr ich ing  
specific microf lora  in p r o d u c i n g  alcohols is the  quant i f ica t ion  of the  t im- 
ing  of a lcohol  p roduc t i on .  Selected exper imen t s  w e r e  carr ied ou t  at p H  
levels f rom 4 to 7, m o n i t o r i n g  gas concent ra t ion ,  a lcohol  concen t ra t ion  
a n d  acid concen t ra t ions  o n  a dai ly basis. The  criteria u s e d  in se lect ing 
inocula  for these  e x p e r i m e n t s  was  based u p o n  p r e v i o u s  resul ts  w h e r e  
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sampling had taken place on a weekly to biweekly basis. These inocula 
consisted of both sewage sludge and chicken waste inocula at various pH 
levels and had showed either the best utilization of CO or CO in synthe- 
sis gas, or the best production of alcohols of all samples at a given pH in 
the previous studies. 

Five mL aliquots of inocula were anaerobically transferred into 20 
mL of liquid media in 65 mL stoppered bottles. The liquid media con- 
tained yeast extract, vitamins, basal salts, and either monensin or BESA 
as the methane inhibitor. The pH was adjusted to the desired level by the 
addition of acid or base as needed. The gas phase was initially at a pres- 
sure of 1 atm, and consisted of either CO in CO2 and nitrogen (N2) or a 
synthetic synthesis gas mixture of CO, H2, CO2, and CH4. The gas phase 
with N2 consisted of approximately 64 mol% CO, 24% N2, and 12% CO2. 
The synthesis gas phase consisted of approximately 15 mol% H2, 73% 
CO, 2% CH4, and 10% CO2. 

Representative results of CO and CO in synthesis gas utilization 
studies are shown in Table 4 and Fig. 1. In this experiment, a chicken 
waste inoculum was utilized in the presence of BESA inhibitor. The ini- 
tial pH of the experiment was 5.0. Only alcohol production is shown, al- 
though organic acids were also produced. The ratio of total acids to total 
alcohols was approximately 8:1. As noted in the Figure and Table, the 
carbon monoxide concentration of the gas phase decreased from 73 to 
39% CO in 14 d. Very little H2 or CH4 was utilized. The CO2 concentra- 
tion increased from 9 to 39% during the experiment, indicating the 
production of CO2 with alcohol and acid production. The predominant  
alcohol produced during the experiment was ethanol, reaching a concen- 
tration of .12 g/L after 13 d. Lesser amounts of methanol,  propanol, 
methyl  propanol, and n-butanol were also produced. 

It was found through continued experimentation that the culture 
isolated from chicken waste at pH 5 with a BESA inhibitor outperformed 
the other culture with regard to CO utilization and alcohol production. 
At pH 4, alcohol andacid production was limited to background produc- 
tion from yeast extract. At pH 6 and 7, alcohol production was negligible, 
whereas  acid production was quite high. The results with the BESA in- 
hibitor appeared to be better than with monensin. Media manipulation 
studies were thus carried out on the preferred culture to learn more 
about alcohol production from synthesis gas. 

C(.ILTGRE OPTIMIZATION STUDIES  

Although alcohol production had been demonstrated from coal syn- 
thesis gas, several questions remained with regard to the culture and its 
use in a process scheme. 

1. Are alcohols and acids produced by a single organism, or is 
production by a group of organisms? 
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Fig. 1. Synthesis gas consumption and alcohol production at pH 5 -- 
chicken waste inoculurn, BESA inhibitor. 

2. What media factors influence alcohol and acid production, 
and how can alcohol production be maximized while minimiz- 
ing acid production? 
3. Can a single alcohol be produced from synthesis gas? 
4. What substrates are utilized under various conditions? 

The answers to these questions are under study in the University of 
Arkansas laboratories. Qualitative results are presented in the following 
paragraphs, addressing several of these points. 
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Media Background Studies 

An experiment was performed using the mixed culture without CO 
or synthesis gas as the carbon source. Only background media (salts, vi- 
tamins, yeast extract) were present. A summary of the results of this ex- 
periment  are shown in Table 5. As noted, essentially no alcohol produc- 
tion occurred from the media at pH 5. However,  significant levels of 
organic acids were produced,  probably using yeast extract as the carbon 
source. This result could be important in eliminating or minimizing acid 
production from CO in synthesis gas. 

The Effects of Agitation. 

Preliminary experiments were carried out in batch bottles at 37~ 
without  agitation. Since the utilization of synthesis gas components  re- 
quires transfer of a marginally soluble gas into the liquid phase, agitation 
may prove to be beneficial in improving mass transfer and thus improv- 
ing reaction rate. Studies carried out in biologically converting carbon 
monoxide to acetate and methane have shown dramatic improvements  
in rate with agitation (16). 

Experiments were carried out with gentle agitation in a shaking incu- 
bator at 37~ Table 6 shows the time for a given CO conversion with and 
without  agitation. As noted, the rate of CO uptake increased dramatic- 
ally with agitation requiring only 2 d for 90% CO utilization, as opposed 
to 15-20 d in previous experiments. If more cells are present, the rate in- 
creases further. The ratio of alcohol to acid did not improve, but it was 
noticed that hydrogen  was utilized after all of the CO had been ex- 
hausted from the culture. If the CO and H2 levels were allowed to fall to 
zero, the culture died. 

The Role of BESA 

In metabolizing CO in synthesis gas to alcohols and acids, it was no- 
riced that the levels of methane in the gas phase were essentially con- 

Table 5 
Production of Alcohols and Acids from Background 

Media, pH5 

Total Concentration, g/L 

Day Alcohol Acid 

1 .047 .440 
3 .009 .544 
5 .021 .711 
7 - -  .710 
9 .078 .745 

11 .036 .032 
13 - -  .840 
15 .001 .737 
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Table 6 
CO Uptake by the Mixed Culture With and Without 

Agitation, 10% Inoculum 

Time required to reach conversion, h 

Percent CO Without With 
conversion agitation agitation 

3 24 2.5 
6 72 6 

10 120 22.5 
15 240 24 
20 264 27.1 
3O 312 30.2 
50 340 35.6 
70 " 42.5 
0 " 46 

"Blanks indicate no sample taken. 
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s t a n t  a t  a level  of  2% or less. BESA is k n o w n  to be  a s t r o n g  inh ib i to r  of  
s e v e r a l  b io logica l  react ions.  Since BESA w a s  a d d e d  for  the  sole  p u r p o s e  
of  i nh ib i t i ng  m e t h a n e  p r o d u c t i o n ,  t he re  m a y  be  bene f i t s  to inh ib i to r  re- 
m o v a l  f r o m  the  en r i ched  cul ture .  

E x p e r i m e n t s  w e r e  carr ied o u t  u s i n g  the  e n r i c h e d  cu l tu re  w i t h o u t  the  
p r e s e n c e  of  the  BESA inhibi tor .  The  resu l t s  of  t he se  e x p e r i m e n t s  are 
s h o w n  in Table  7, w h e r e  e t h a n o l  a n d  ace ta te  c o n c e n t r a t i o n s  are  s h o w n  
w i t h  t ime  for  e x p e r i m e n t s  wi th  and  w i t h o u t  the  a d d i t i o n  of  BESA. The  
t imes  s h o w n  in the  table reflect  the  fact  tha t  mul t ip l e  gas  a d d i t i o n s  w e r e  
e m p l o y e d  to r ep len i sh  the  C O  s u p p l y  s ince  the  total  t ime for  the  e x p e r i -  
m e n t s  w a s  300 h. W h e n  BESA was  e x c l u d e d  f rom the  m e d i a ,  m e t h a n e  

Table 7 
Production of Ethanol and Acetate from CO With 

and Without BESA Inhibitor 

Concentration, gFL 

Ethanol Acetate 

Time, hr W/BESA W/O BESA W/BESA W/O BESA 

0 .07 .06 . . . .  

27 .08 .08 .41 .23 
67 .09 .21 .52 .24 
75 .13 .40 .55 .22 

100 .35 .91 .76 1.84 
125 .66 1.86 2.76 1.95 
150 1.10 2.54 3.25 2.22 
200 1.12 3.67 3.85 3.44 
300 1.14 4.12 4.62 3.86 

"Blanks indicate no sample taken. 
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production levels remained low. In addition, the levels of ethanol in- 
creased, whereas the acetate levels decreased slightly. 

The Role of Yeast Extract 

Previous experiments indicated that the culture evidently uses yeast 
extract in producing organic acids. No alcohols, however, were produced 
without  the presence of carbon monoxide. It was decided to determine 
the necessary levels of yeast extract to maximize ethanol production, 
while minimizing acid production. 

When yeast extract was eliminated from the media, the ratio of etha- 
nol to acetate improved by 300% (data not shown) (17). However,  or- 
ganic acids remained in the media. Subsequent experiments without 
yeast extract using the same culture were not as successful, and indicated 
that a minimum level of yeast extract (approximately .01%) is necessary 
to provide trace nutrients. 

Media Optimization Results 

The results of an experiment without inhibitors is shown in Table 8 
and Fig. 2. Gentle agitation was provided to increase the rate of transfer 
of CO from the bulk gas phase to the liquid phase. A rather long lag 
phase of 76 h was required because of a low inoculum level of 2% instead 
of the usual 10%. The dashed lines in the upper plot of Fig. 2 indicate 
multiple gas additions. No liquid media additions were made. 

Because of the agitation, 72% of the CO from synthesis gas was 
utilized in 16.7 h. In this study, the maximum ethanol concentration 
reached 4.3 g/L. The maximum acetic acid concentration reached 3.9 g/L, 
yield a ratio of the maximum acetic acid concentration to maximum etha- 
nol concentration of only .9. It thus appears quite possible to increase the 
ethanol concentration, while at the same time decreasing the ratio of 
acid/alcohol. The removal of the inhibitors benefited alcohol production. 

CULTURE DEVELOPMENT 

Several dilution experiments were performed in order to purify the 
highly enriched culture. The culture was diluted up to 10 l~ times with 
media and incubated at 37~ Bacterial growth, CO utilization, and prod- 
uct formation were monitored as needed. Bacterial growth occurred in all 
tubes up to a dilution of 108, and occurred in some tubes at 109 and 101~ 
dilution. 

The product from all of the experiments contained both acetate and 
ethanol. It thus appears that a single culture produces both of these prod- 
ucts, perhaps through acetyl-coA. 
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Fig. 2. CO conversion, alcohol and acids production from synthesis gas: 
pH 5, BESA culture, gentle agitation, no inhibitor. 

Aliquots from the third dilution experiment were spread onto agar 
plates and incubated anaerobically at 37~ Colonies were picked from 
the plates and inoculated into fresh media. These experiments are in 
progress, monitoring growth, substrate utilization and product yield. 

Preliminary observations indicate that the culture is a Clostridium. 
More specific identification techniques are needed for positive identifica- 
tion and characterization. 
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CONCLUSIONS 

A bacterial culture has been isolated from animal waste that  is capa- 
ble of conver t ing  CO in synthesis gas to e thanol  and  acetate. The culture 
requires a yeast  extract level of approximately .01 g/L, and  the convers ion 
is e n h a n c e d  by agitation. The culture produces  a h igher  yield of e thanol  
and  ratio of e thanol  to acetate w h e n  BESA and excess yeast extract are 
r emov e d  from the media. An ethanol  concentrat ion of 4.3 g/L has been  
obta ined in batch screening experiments.  

The culture has been purified by successive dilution and  tentatively 
ident i f ied as a member  of the Clostridium species. Further  exper imenta-  
t ion is required for positive identification. 

FUTURE WORK 

Exper iments  in the near future will be concerned  with further cul- 
ture and  media  optimization in an effort to maximize ethanol  levels and  
min imize  acid levels. Preliminary reactor feasibility exper iments  will be- 
gin shortly. Culture identification exper iments  to isolate and  posit ively 
identify the culture will also be initiated shortly. The long-term goal of 
these exper iments  is to obtain a culture capable of convert ing CO in syn- 
thesis gas to ethanol. Reaction kinetic and  mass transfer studies will be 
carried out  in the future to define des ign  parameters  for scaleup. 
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