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ABSTRACT 

Biological conversion of low-Btu coal synthesis gas to higher Btu 
methane was demonstrated using both pure co-cultures and/or 
adapted-mixed anaerobic bacteria. Peptostreptococcus productus metab- 
olized coal gas to mainly acetate and CO2. The co-cultures containing 
methanogens converted these products to methane. In mixed culture 
studies,  CH4 and small amounts of acetate were produced. Reactor 
studies using stirred-tank and immobilized cell reactors exhibited ex- 
cellent potential to convert CO, CO2 and H2 to methane at higher gas 
flow rates. Gas retention times ranging from 0.7 to 2 hours and high 
agitation were required for 90 percent CO conversion in these sys- 
tems. This paper also illustrates the potential of biological 
methanation and demonstrates the need for good mass transfer in 
converting gas phase substrates. 

Index Entries: Coal synthesis gas; Peptostreptococcus productus; 
carbon monoxide; methane; anaerobic. 

INTRODUCTION 

A syn thes i s  gas con ta in ing  principal ly h y d r o g e n  a n d  ca rbon  m o n o x -  
ide is p r o d u c e d  d u r i n g  the  catalytic hydrogas i f ica t ion  of coal. To u p g r a d e  
the  low-Btu gas, a catalytic shift  convers ion  react ion is t radi t ional ly  em- 
p l o y e d  to conver t  carbon  m o n o x i d e  and  water  to ca rbon  dioxide  a n d  hy- 
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drogen. Following purification to remove excess carbon dioxide and hy- 
drogen sulfide, the hydrogen and carbon dioxide are catalytically reacted 
to methane and water. The water is then removed to give a gas that is 
95-98% methane,  with an energy content of 980-1035 Btu/scf. 

Microorganisms may also be used to convert coal to methane by 
their action on syngas. Microbial processes offer certain advantages over 
chemical conversions. Microorganisms exist 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 microorganism utilizes only a small fraction of 
the substrate for energy and growth. Under proper conditions, microbial 
conversions are quite specific, generally 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. 

The purpose of this paper is to present an overview of the possible 
biological routes to produce methane from coal synthesis gas substrates. 
The paper focuses on the feasibility of the reactions from an industrial 
approach and topics such as operation at increased pressure, conversion 
levels under  various conditions, and mass transfer difficulties are ad- 
dressed. Experimental results comparing mixed culture performance and 
various pure culture microorganisms are presented and discussed. 

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

The primary reactions in the biological conversion of synthesis gas to 
methane are the formation of methane precursors and the biomethana- 
tion reactions. Table 1 shows the known biological routes to methane 
from synthesis  gas components. All of these reactions are carried out 
anaerobically and usually require very low redox potentials in the liquid 
medium in which the microorganisms are suspended (1). As is seen in 
the table, the formation of methane can be accomplished by direct con- 
version of CO, CO2, and H2 or by the indirect formation of methane in- 
termediates (acetate or H2 and CO2). Of the one-step reactions, only reac- 
tion 1.3, the direct formation of methane from H2 and CO2, has been 
well-studied and verified (2). This reaction is known to be carried out 
by most of the methanogens, (3). Still, some methanogens such as 
Methanothrix sp. are not capable of this direct conversion (4). 

The one-step reactions that convert carbon monoxide directly to 
methane have been suggested in the literature. Methanobacterium ther- 
moautotrophicum has been reported to produce methane from carbon 
monoxide according to Eq. (I.1) (5). The growth of M. thermoautotrophi- 
cure on CO was reported to be very slow and was inhibited by high sub- 
strate concentrations. It has also been reported that other methanogenic 
bacteria may convert carbon monoxide and hydrogen directly to methane 
according to Eq. (I.2) (6,7,8). It is more likely, however, that the carbon 
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Table 1 
Possible Routes to Methane from Coal Gas Components  

381 

(I) One-step reactions 

4CO + 2H20 

CO + 3H2 

4H2 + CO2 
(II) Multiple-step reactions 

4CO + 2H20 
~lG ~ = - 37.8 

4H2 + 2CO2 
AG O = - 1 8 . 7  

CO + H20 
AG O = - 4 . 8  

1.1 
---> CH4 + 3CO2 
1.2 
--> CH4 + H 2 0  
1.3 
---> CH4 + 2 H 2 0  

~lG ~ = - 50.4 kcal/reac. 

~iG ~ = - 36.0 kcal/reac. 

AG o = - 31.3 kcal/reac. 

II.1 II.4 
---> C H 3 C O O H - - - >  CH4 q- CO2 
kcal/reac. + ~iG ~ = -12.6  kcal/reac. 

2CO2 
II.2 II.4 
--> C H 3 C O O H - - - >  CH4 q- C O  2 
kcal/reac. + AG o = -12.6  kcal/reac. 

2H20 
II.3 II.3 or 
"--> H2 + CO2-"-> C H 4  q- . -  �9 
kcal / reac .  II.2 + II.4 

m o n o x i d e  r e d u c t i o n  to m e t h a n e  in these  expe r imen t s  p r o c e e d e d  via the  
mu l t i p l e - s t ep  react ions II.3 and  1.3 (5,9). 

With  the  except ion  of Eq. (I.3), an  indi rec t  fo rmat ion  of m e t h a n e  
s e e m s  m o r e  viable than  the  direct rou tes  p rev ious ly  d i scussed .  These  
m u l t i s t e p  react ions  may  involve the fo rma t ion  of a l iquid i n t e rmed ia t e ,  
acetate,  or  t he  uti l ization of carbon monoxide ,  to p r o d u c e  carbon  d ioxide  
a n d  h y d r o g e n  by  the  water  gas shift reac t ion  [Eq. (II.3)]. In t he  lat ter  
case, t he  p r o d u c t s  of h y d r o g e n  and  ca rbon  dioxide can be direct ly con-  
ve r t ed  to m e t h a n e  [Eq. (I.3)] or may  en te r  the  mul t ip le  s tep  process  tha t  
p r o d u c e s  aceta te  as an in te rmedia te  [Eq. (II.2)]. The  o rgan i sms  Rhodo- 
pseudomonas gelatinosa (10,11), and  Rhodospirillum rubrum (12) are k n o w n  
to p e r f o r m  the  wa te r -gas  shift reaction. Unfo r tuna te ly ,  R. gelatinosa re- 
qui res  c o m p l e t e  da rkness  and  R. rubrum will no t  g r o w  in the  absence  of 
light.  

The  m o s t  p romi s ing  approach  to indirect  m e t h a n e  p r o d u c t i o n  is 
p robab ly  the  fo rma t ion  of acetate as a m e t h a n e  precursor .  In anaerob ic  
d iges t i on  processes ,  80% of the m e t h a n e  is p r o d u c e d  f rom acetate  by  Eq. 
(II.4). The  o r g a n i s m s  Peptostreptococcus productus (13), Acetobacterium 
woodii (14), a n d  Eubacteriurn limosum (15) have  b e e n  f o u n d  to p r o d u c e  ace- 
tate by  Eq. (II.1). A m o n g  these  bacteria,  P. productus has  s h o w n  the  
fastest  g r o w t h  rate a n d  the  h ighes t  to lerance to carbon  monox ide .  These  
m i c r o o r g a n i s m s  have  also been  f o u n d  to carry ou t  the  conve r s ion  of hy-  
d r o g e n  a n d  ca rbon  dioxide to acetate [Eq. (II.2)], a l t h o u g h  in P. productus, 
carbon  m o n o x i d e  appears  to be a p re fe r red  substrate .  

Ace ta te  can  be t r ans fo rmed  by m e t h a n o g e n s  of the  Methanosa rc ina -  
ceae fami ly  s u c h  as Methanosarcina barkeri a n d  Methanothrix soehngenii (3). 
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While Methanosarcina barkeri, for example, will utilize acetate only in the 
absence of other preferred substrates (such as H2 and CO2), Methanothrix 
sp. does not utilize normal methanogenic substrates and growth and 
methane formation is exclusively observed in the presence of acetate 
(4,16). Both microorganisms show comparable specific growth rates at 
low acetate concentrations (< 3 mM). On the other hand,  in view of the 
Monod saturation constants available for the two microorganisms, (Ks = 
0.7 ~mol/L for Methanothrix), it is expected that at low acetate concentra- 
tions Methanothrix is the more predominant of the two. 

MATERIALS AND METHODS 

Sources of Organisms 

Peptrostreptococcus productus, strain U-l, and Acetobacterium woodii 
were kindly supplied by Professor M. P. Bryant, University of Illinois, 
Urbana, IL 61801. Rhodopseudomonas gelatinosa and Rhosospirillum rubrum 
(Strains I and II) were obtained from the American Type Culture Collec- 
tion, Rockville, MD 20852. 

Media and Conditions of Cultivation 

The anaerobic techniques for the preparation and use of media were 
essentially those of Hungate  (17), as modified by Bryant (18) and Balch 
and Wolfe (19). A basal salts medium supplemented with yeast extract 
and vitamins was used to grow the bacterial cultures (20). 

Sodium sulfide (2.5%) was used to reduce the media prior to use. 
The med ium was always inoculated (5-10% inoculum) with a log-phase 
culture. The CO or synthesis gas mixture was added  using either a sterile 
syringe fitted with a one-way valve or a gas manifold in connection with 
a vacum pump.  

Control tubes wi thout  CO or synthesis gas were  run simultaneously 
with each experiment. The cultures of P. productus were incubated (flat) 
in the dark at 37~ and  A. woodii was incubated at 30~ All incubations 
of R. rubrum (Strains I and II) were performed under  tungsten light at 
30~ R. gelatinosa was grown in an incubator at 30~ 

Synthesis Gas Composition 

Two synthesis gas compositions as shown in Table 2 were used in 
the experimental studies. These compositions were  chosen as typical 
compositions from coal gasification processes. As noted,  the synthesis 
gas contained small amounts  of carbon dioxide and methane,  as well as 
carbon monoxide and  hydrogen as the major components .  
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Table 2 
Laboratory Synthetic Coal Gas Composition 

Mole Percent 

Gas I Gas II 

Carbon Monoxide 45 65 
Hydrogen 30 22 
Carbon Dioxide 15 11 
Methane 10 2 

Reaction Vessels  

Two types of reaction vessels were utilized, the stirred-tank reactor 
and a plug flow fixed film or immobilized cell reactor. The stirred-tank 
reactor consisted of a New Brunswick Model C30 chemostat modified for 
continuous gas flow and anaerobic operation. The fixed-film reactors 
were packed column reactors utilizing either Raschig rings or wood  chips 
as the inert support. 

AnaO4:ical Procedures 

Several analytical procedures were used on a routine basis to moni- 
tor the progress of the experiments. Gas composition was measured  on a 
daily basis. On a periodic basis, the liquid culture was analyzed for bacte- 
rial growth,  pH, ammonia,  ATP, and volatile fatty acids. These experi- 
mental  methods will be described briefly in the following sections. 

Bacterial Growth 

Bacterial growth was determined by optical density (OD) measure- 
ment  using a Bausch and Lomb Spectronic-20 spectrophotometer.  
Growth of P. productus, A. woodii, and mixed cultures were measured at 
580 n m  whereas the optical densities of R. gelatinosa and R. rubrum 
(Strains I and II) were taken at 600 nm. 

Liquid Analysis 
An Orion Research Ionalyzer (Model 407A) was used for measuring 

ammonia  in the bacterial culture. Cellular ATP was measured  by lumi- 
nescence techniques using a Pico-Lite Luminometer  Analyzer (Packard 
Instruments  Company). The fermentation products were de termined as 
free acids using a Perkin-Elmer Sigma 3B gas chromatograph. The sam- 
ples were  injected into a 2' x 1/s" Teflon column packed with Poropak QS 
and the amount  of the acids were calculated using an area percent- -con-  
centration standard curve for the individual acids. 

Gas Analysis 

Gas compositions were determined by gas-solid chromatography 
using a Perkin-Elmer Sigma 300 gas chromatograph equipped with a hot 
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wire detector. A 6' x Vd' stainless steel column packed with 60--80 mesh 
Carbosphere was used for this purpose. 

RESULTS 

As illustrated in Table 1, several combinations of reactions may be 
used to produce methane from the components of synthesis gas. In a 
series process, methane precursors are first produced in pure culture 
from CO, CO2, and H2. Because thes e gas phase reactants are, for the 
most part, only slightly soluble in the/liquid phase, mass transfer is an 
important consideration. Methane is then iproduced from the precursors 
in a second reaction vessel. In a one-step process, methane is produced 
directly from CO, CO2, and H2 by a single culture, a co-culture, or an 
acclimated mixed culture isolated from natural sources. This reaction 
scheme is much the same as methane precursor formation in the series 
process. 

Pure Culture Studies 

A schematic of a process to produce methane from synthesis gas 
components  using a series of pure cultures is shown in Fig. 1. Synthesis 
gas is first fed to a reactor where the conversion of CO to acetate takes 
place according to Eq. (II. 1). This reaction alternative is superior to other 
possibilities, as will be described later. The CO2, H2, and methane pres- 
ent in the synthesis gas is then converted in a second reactor either to 
methane  by Eq. (I.3), or to acetate utilizing Eq. (II.2). Both of these reac- 
tions are under  study, so that the preferred process is uncertain at this 
time. The production of acetate from CO2 and H2 will probably not occur 
in the presence of CO, so that a second reactor is required. Finally, the 
acetate is converted to methane by Eq. (II.4). 

In analyzing the process scheme of Fig. 1, two types of reactions are 
observed. The utilization of CO, CO2, and H2 to produce acetate or 
methane are reactions in which mass transfer is quite important, since 
the reactants must first be transferred into the liquid phase prior to reac- 
tion. Methane production from acetate is a liquid phase reactant so that 
reactor design is controlled by kinetic analysis. 

Reactions Significantly Affected by Mass Transfer 

The conversion of CO, CO2, and H2 to acetate or methane can be 
viewed as a series of elementary steps by which the substrate is trans- 
ported to the cells, where the reaction takes place. The gas phase sub- 
strate must pass through a series of transport resistances, the magni- 
tudes depending upon the characteristics of the system employed (21). 
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Fig. 1. Series production of methane from synthesis gas. 

For slightly soluble gases, all of the resistance essential ly lies in the 
l iquid-side film. Thus,  special at tent ion mus t  be given to maximizing 
mass  transfer in p roduc t ing  acetate or m e t h a n e  f rom CO, H2, and  CO2. 

Pure cultures of CO convert ing bacteria were  sc reened  for their abil- 
ity to conver t  CO to m e t h a n e  intermediates.  CO converters  were  chosen  
since the natural  sources,  such as sewage  s ludge,  are deficient in these 
bacteria, thus  requir ing long acclimation times. Me thane  bacteria are well  
def ined  and  were  not  inc luded  in these screening studies.  Convers ion  to 
bo th  acetate and  CO2 and  H2 w e r e  cons idered  since pure  cul ture meth-  
ane  bacteria are able to use both products  as substrates.  The results of 
this screening s tudy  are s h o w n  in Table 3. O n  the basis of p ro longed  
screening and  opt imizat ion studies, two anaerobic bacteria were  selected 
as having  significant promise.  Rhodospirillum rubrum, Strain II, utilizes 
CO to p roduce  CO2 and  H2. Peptostreptococcus productus utilizes CO to 
p roduce  acetate. Both of these organisms have  been  found  to be capable 
of util izing up  to 90% CO in producing  m e t h a n e  intermediates .  Nei ther  
H2S n o r  COS, in concentra t ions  up to 2%, affect the rate of product ion ,  
a l though  bacterial g rowth  is inhibited by h igher  concentra t ions  of COS. 
These  organisms are available for use in combina t ion  wi th  me thane  bac- 
teria in series reactors and  as a coculture in a single reactor. 

To demons t ra t e  the feasibility of gas phase  convers ion,  CSTR and  
fixed film reactors were  used  in the convers ion  of CO to acetate. The ana- 
erobic bacteria Peptostreptococcus productus was  fed synthesis  gas at var- 
ious gas re tent ion t imes in a chemostat  wi th  con t inuous  gas flow. The 
liquid was  exchanged  as n e e d e d  on a periodic basis. A s u m m a r y  of the 
results  of these exper iments  is shown in Table 4. As noted ,  a 90% conver-  
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Table 4 
Conversion of Coal Gas by P. productus 

in a Bioflo Reactor 

Agitation Gas Retention CO Conversion 
(rpm) Time (hrs)* (%) 

250 1.56 13.7 
0.73 12.4 

300 1.56 32.3 
0.73 23.3 

400 1.56 69.8 
0.73 54.7 

500 1.56 87.1 
0.73 60.2 

600 1.56 88.0 
0.73 80.6 

700 1.56 88.0 
0.73 80.6 

800 1.56 90.2 
0.73 86.9 

850 1.56 91.7 
0.73 87.3 

*A minimum of 3-4 gas retention times were 
to reach optimum conversion 

Note: feed gas composition was 65% CO, 22% 
CO2 

required 

H2, 11% 

s ion of CO can be ob ta ined  at a gas r e t en t i on  t ime of 0.73 h. H i g h  agita- 
t ion rates of  800-850 r p m  are requi red  to p rov ide  a d e q u a t e  t ransfer  of the  
CO into  the  l iquid phases .  

Peptostreptococcus productus was also e m p l o y e d  in a f ixed-fi lm reactor  
in an  effort  to r educe  the  opera t ing  costs  for agitat ion.  This  reactor  is 
charac te r ized  by  the  a t t achmen t  of bacteria to an  iner t  s u p p o r t  in o rde r  to 
yield a ve ry  h i g h  cell densi ty.  This type  of reactor  has  b e e n  s h o w n  to 
yield p roduc t iv i t i e s  as h igh  as 20 t imes  the  va lues  of ba tch  a n d  st irred- 
t ank  vesse ls  w h e n  p r o d u c i n g  e thanol  by  fe rmenta t ion .  Also,  because  of 
the  h i g h  cell densi t ies ,  reactor size is s ignif icantly r e d u c e d  for a g iven  re- 
t en t ion  t ime  a n d  convers ion.  Since a p lug- f low c o l u m n  reactor  is em-  
p loyed ,  no  agi ta t ion is required.  Pre l iminary  resul ts  (not s h o w n )  indicate  
that  a 50-min  re t en t ion  t ime can be u t i l ized  to give h igh  conve r s ions  o f  
CO to acetate.  The  pe r fo rmance  of the  reactor  is a func t ion  of  cell m a s s  
a n d  p e r f o r m a n c e  con t inues  to i m p r o v e  wi th  increas ing  cell dens i ty .  

Reactions Plot Limited by Mass Transfer 

The  c o n v e r s i o n  of acetate to m e t h a n e  is a react ion no t  l imi ted  by 
mass  t ransfer  because  the  substrate is p r e sen t  in the  l iquid phase .  Re- 
act ion vesse ls  for l iquid phase  subs t ra tes  are t hus  m u c h  smal ler  t h a n  
g a s ; p h a s e  subs t ra te  reactors since p rov i s ions  for mass  t ransfer  are unnec -  
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essary. Tradit ional fe rmenta t ion  vessels, such as s t i r red-tank and  immo-  
bilized cell reactors,  m a y  thus be used for acetate convers ion.  

Immobi l ized  cell reactors are particularly effective for l iquid phase  
reactions.  In these  sys tems,  the high cell densi ty  al lows for t h roughpu t s  
wh ich  far exceed w a s h o u t  in a CSTR. Reactor vo lume  can thus  be mini- 
mized  for a g iven conversion.  

A fixed-film or immobi l ized cell reactor has been  uti l ized for acetate 
convers ion  to me thane .  In the reactor, a mixed m e t h a n e  bacterial culture 
a t tached to an  inert  suppor t  was fed acetate at p H  5. N o  buffering of the 
feed was  requi red  to mainta in  the pH at 7.0 in the  reactor. 

Table 5 presen ts  the data for the conversion of acetate to me thane  in 
an  ICR using Methanothrix sp. A retent ion time of e i ther  12 or 6 h gives 
total acetate convers ion  wi th  a stoichiometric m e t h a n e  concentrat ion of 
50%. The re tent ion  time probably can be reduced  as the  cell mass  builds 
up  in this reactor.  H o w e v e r ,  the size of this second-s tage reactor is not  
large since it converts  only  the small liquid s t ream from the gas phase  
reactor. A 6-h re ten t ion  time translates into a reactor  of about  one- 
thirt ieth the size of the  gas phase reactor. Therefore,  the  re tent ion time in 
this reactor is less critical, and 6 h is acceptable. 

JYdxed Culture Studies 

As an al ternat ive to mult is tep pure  culture processes ,  synthesis  gas 
m a y  be conver ted  to m e t h a n e  in a single reactor ut i l izing a consor t ium of 
bacteria in a mixed  cul ture  from natural  sources, or by us ing a coculture 
of pure  cul ture bacteria. Because a single mixed cul ture  is utilized, reac- 
tors used  for these  s tudies  mus t  necessarily be conce rned  wi th  the trans- 
fer of CO, H2, and  CO2 into the liquid phase  prior to reactions.  Thus,  a 
process scheme for mixed culture convers ion copies the first half of the 
flow diagram s h o w n  in Fig. 1. Synthesis gas is me re ly  fed to the reactor 
w h e r e  both the convers ion  to intermediates  and  m e t h a n e  occurs. 

A c c l i m a t e d  Nl ixed  Culture Studies 

Studies have  been  conduc ted  to de te rmine  the  feasibility of devel- 
op ing  an  accl imated mixed  culture to produce  m e t h a n e  from synthesis  
gas. A sewage  s ludge  inocu lum was utilized. 

Table 5 
Conversion of Acetate to Methane by Methanothrix 

in a Fixed-Film Reactor 

Methane Concentration 
Retention Time Acetate Conversion in the Gas Phase 
(Hours) (Percent) (Mole Percent) 

12 100 50 
6 100 50 
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Development  of the culture was achieved by acclimation to synthesis 
gas first in batch and then with continuous gas flow. Culture acclimation 
was a slow procedure requiring approximately 3 mo of gradual gas intro- 
duction into the sludge culture. Since CO is toxic to many organisms, the 
liquid culture was buffered to pH 7.3 to prevent pH increase during the 
death of non-contributing organisms in the system. As the culture began 
to produce methane, the flow rate of synthesis gas was increased, and a 
viable cell mass began to emerge. As the culture continued to acclimate, 
data collection began. 

The results of biomethanation studies carried out with the accli- 
mated mixed culture at a 1.94-h gas retention time (based upon liquid 
volume) and variable agitation rates are shown in Table 6. Continuous 
gas flow was utilized in a batch liquid culture with periodic media ex- 
change as required. These data were collected after approximately one 
year of continuous operation and acclimation of the mixed culture. These 
results indicate that a 90% conversion of CO and H2 can occur at a 2-h 
retention time and an agitation rate of 500 rpm. It should be noted that a 
2-h retention time is quite good for a biological reactor; ethanol fermenta- 
tion, for example, requires 30-40 h in a batch culture. Nevertheless, a 2-h 
retention time translates into very large reactors for synthesis gas conver- 
sion. Though these reactors are simple and inexpensive, future efforts 
should concentrate on improving reaction rates to reduce retention time'. 

Early experiments with the acclimated mixed culture required an 8-h 
gas retention time for complete conversion. It is felt that the major reason 
for the improvement in the culture with time was the enr ichment  of the 
culture. Organisms necessary for CO and H 2 conversion became more 
dominant  in the mixed culture, and thus the population of the essential 
CO and H2 utilizing organisms increased. Therefore, with time the mixed 
culture evolved toward a consortia of organisms capable of converting 
CO and H2 to methane. No efforts have been made at this time to iden- 
tify the organisms present in this culture. 

As with other mass transfer limited reactions, the conversions are 
improved with agitation rate, requiring 600 rpm for nearly complete con- 
version. At low agitation rates, the biological reactions are mass transfer 
limited. Solubilities of the reacting gases are very low and transport of 

Table 6 
Mixed Culture Single Stage Conversion of CO and H2 

Conversion (%) 
Agitation Gas Retention O.D. at 
(rpm) Time (hrs) 580 rm CO H2 

200 1.94 2.25 0 36.6 
300 1.94 2.35 40.48 62.28 
400 1.94 2.30 85.16 85.78 
500 1.94 2.55 89.80 90.52 
600 1.94 2.15 96.28 93.03 
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t he  reac tan t s  f rom the gas into the  l iquid phase  and  to the  sol id  phase  is 
qu i te  s low. Therefore ,  h i g h  agi tat ion rates are necessa ry  to e n h a n c e  the  
conve r s ion .  The  p r o d u c t  gas compos i t ion  u n d e r  these  c o n d i t i o n s  pro-  
v ides  a c losed  m a s s  balance,  wi th  a concent ra t ion  of a lmos t  40% m e t h a n e  
a n d  60% CO2. 

Co-Culture Operation 
A n  obv ious  economical ly  beneficial al ternative to series ope ra t i on  is 

to uti l ize two  bacteria toge the r  in a co-culture to p r o d u c e  m e t h a n e .  In this 
m a n n e r ,  a CO-ut i l iz ing  bacteria can p r o d u c e  a m e t h a n e  p recu r so r ,  a n d  a 
m e t h a n e  bacteria  can utilize the  p recursor  to p r o d u c e  m e t h a n e  in the  
s a m e  reactor.  Co-cul tur ing ,  if successful ,  can e l iminate  a reac t ion  vessel ,  
wh i l e  m a i n t a i n i n g  react ion condi t ions  near  op t imal  for each  ind iv idua l  
bacteria.  

A successfu l  co-cul ture  was  e m p l o y e d  us ing  P. productus w i t h  an  en-  
r i c h m e n t  of Methanothrix sp. The resul ts  of c o n t i n u o u s  c o n v e r s i o n  s tud-  
ies as s h o w n  in Table 7. The convers ion  of CO parallels the  p e r f o r m a n c e  
of P. productus, w h i c h  was  nearly identical  to the  p u r e  cu l tu re  P. productus 
resul ts  of  Table 4. M e t h a n e  fo rmat ion  was  88% of the  s to ich iomet r ic  max-  
i m u m .  

The  co-cul tur ing  process  was  no t  a lways successful .  W h e n  Pepto- 
streptococcus productus a n d  Methanosarcina sp. were  co -cu l tu red  in cont in-  
u o u s  reactors ,  the  Methanosarcina sp. d id  no t  grow,  bu t  i n s t e a d  w a s h e d  
ou t  of the  reactor  in a shor t  pe r iod  of t ime. P. productus w a s  unaf fec ted  
a n d  c o n t i n u e d  to p r o d u c e  acetate. Methanosarcina sp. is sens i t ive  to the  
p r e s e n c e  of CO,  a n d  d id  no t  g r o w  even  at low CO concen t ra t ions .  Simi- 
lar a t t e m p t s  at co-cul tur ing  P. productus with  Methanobacterium sp. a n d  
Methanospirillum sp. w e r e  also unsuccessfu l .  

CONCLUSIONS 

M e t h a n e  m a y  be p r o d u c e d  f rom CO, CO2, a n d  H2 in syn thes i s  gas 
by  the  ac t ion  of anaerobic  bacteria. Two  types  of react ions  s h o u l d  be con- 

Table 7 
Coal Gas Conversion by P. productus in Co-Culture 

with Methanothrix sp. in a CSTR 

Conversion (%) 
Agitation Retention Time 
(rpm) (hours) CO H2 

250 
300 
400 
500 
600 

1.45 21.36 21.82 
1.45 38.74 54.60 
1.45 72.94 72.19 
1.45 79.40 82.47 
1.45 91.10 85.10 
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sidered:  those that  involve mass transfer difficulties, and  those that  are 
not  l imited by mass  transfer. Methane may  be p r o d u c e d  from synthesis  
gas by uti l izing a serves of pure  culture organisms,  in wh ich  acetate or 
CO2 and  H2 series as the me thane  precursor.  Alternat ively,  a mixed pop- 
ulat ion may  be employed ,  either as a co-culture of organisms or as an  
accl imated mixed cul ture isolated from natural  sources.  

Reaction s tudies  in a stirred-tank reactor wi th  con t inuous  gas flow 
and  periodic l iquid media  exchange s h o w e d  that  the strict anaerobe  
Peptostreptococcus productus requires a 0.73-h gas re ten t ion  t ime and  850 
rpm for a 90% convers ion  of CO to acetate. This h igh  agitation rate is 
indicative of the  mass  transfer difficulties associated wi th  gas phase  sub- 
strate convers ion.  A smaller liquid phase  immobi l ized  cell or fixed-film 
reactor was  then  utilized to convert  the acetate to me thane  us ing  an 
enr iched  cul ture  of Methanothrix sp. 

As an al ternat ive to using a series of pure  cul tures ,  a co-culture of P. 
productus and  Methanothr& sp. was used to conver t  CO, CO2, and  H2 to 
methane .  A 1.45-h gas retent ion time at 600 rpm was  requi red  for 90% 
convers ion of CO and  H2. Finally, an accl imated mixed  cul ture isolated 
from sewage  s ludge  was  used  for synthesis gas convers ion.  A 1.94-h gas 
re tent ion t ime at 600 rpm was  required for near ly  comple te  convers ion of 
CO and  H2. 

These results  illustrate the potential of biological synthesis  gas meth-  
anat ion,  and  s h o w  the need  for a good u n d e r s t a n d i n g  of gas- l iquid mass  
transfer as it relates to gas phase  substrate convers ion.  Future  work  will 
concentra te  on de te rmin ing  mass transfer and  kinetic relat ionships for 
the various systems,  and  optimizing process condi t ions  for des ign and  
scaleup. 
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