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ABSTRACT 

Fermentation of s l i g h t l y  soluble  gaseous s u b s t r a t e s ,  such a s  CO and H2. 
requi res  the t r a n s p o r t  o f  the  subs t ra te  from t h e  gas phase, through the  l i q u i d  
phase, and i n t o  the  s o l i d  phase f o r  conversion. These reac t ions  a r e  general ly  
mass t ranspor t  l i m i t e d ,  and b ioreac tor  designs must achieve high mass t r a n s f e r  
c o e f f i c i e n t s ,  a s  wel l  as h igh  c e l l  concentrat ions,  t o  minimize reac tor  volume. 
Immobilized c e l l  systems a r e  i d e a l  for  these fermentations,  and operat ion a t  
high pressure f a c i l i t a t e s  gas  s o l u b i l i t y  and f a s t e r  mass t r a n s f e r .  This paper 
compares the  performance of a continuous s t i r r e d  tank reac tor ,  a bubble column 
r e a c t o r ,  and a t r i c k l e - b e d  r e a c t o r  f o r  the  conversion of CO, C o p ,  and H p  i n  
coa l  synthesis  gas i n t o  methane using a t r i - c u l t u r e  of PhodosDirillum m, 
Methanobacterium fomic icum,  and )Iethanosarcinq barker i .  R. rubrum is a 
photosynthet ic  bacter ium, and spec ia l  provis ions f o r  supplying l i g h t  f o r  
growth of t h i s  organism a r e  necessary. 
compared and i n t r i n s i c  k i n e t i c s  presented. Gas re ten t ion  times of a few 
minutes have been achieved f o r  complete conversion of the gaseous subs t ra te .  

Mass t r a n s f e r  coef f ic ien ts  a r e  

INTRODUCTION 

Synthesis gas,  a mixture of primarily CO. H2 and COz. is a major bui lding 
The gas may be produced from block i n  the production of  f u e l s  and chemicals. 

severa l  sources,  inc luding  coa l ,  o i l  sha le ,  t a r  sands, heavy res idues ,  biomass 
o r  n a t u r a l  gas. 
of n a t u r a l  gas ,  a l though the p a r t i a l  oxidat ion of heavy l iqu ids  is a lso  
prac t iced  (Graboski, 1984). Only a small percentage of the synthes is  gas 
cur ren t ly  produced i s  by g a s i f i c a t i o n  of s o l i d  f u e l .  However, because of 
l a rge  reserves  of coa l  i n  the  United S ta tes  (300 year  supply a t  the cur ren t  
consumption r a t e  (Specks and Klussman. 1982)), synthes is  gas production from 
coal w i l l  become an important technology i n  the  fu ture .  

Most s y n t h e s i s  gas is produced today by c a t a l y t i c  reforming 

Coal g a s i f i c a t i o n ,  which is a combination of pyrolysis  and combustion 
reac t ions ,  (Simbeck et al. 1982), produces a gas  consis t ing of more than 50 
percent  H p  and CO, the  balance being a mixture of Cop,  CHq, H p S ,  COS and 
n i t rogen  compounds. The a c t u a l  composition depends upon process condi t ions 
and t h e  coal t h a t  is employed. 
with a heat ing value o f  160-450 Btu/SCF. depending on whether a i r  o r  oxygen i s  
used during g a s i f i c a t i o n  (Coffin,  1984). Following quenching and 
p u r i f i c a t i o n ,  t h e  synthes is  gas contains 25-35 percent  H2, 40-65 percent  CO, 
1-20 percent  C o p .  0-7  percent  C&, and o ther  compounds i n  small q u a n t i t i e s .  

The raw gas has a low t o  medium Btu content,  

C a t a l y t i c  processes  may be used to convert syngas in to  a v a r i e t y  of fue ls  
and chemicals, such a s ,  methane, methanol, formaldehyde, a c e t i c  ac id ,  e t c .  
(Courty and Chaumette, 1978). 
synthes is  gas components i n t o  f u e l s  and chemicals. 
a l though general ly  slower than chemical r e a c t i o n s ,  have several  advantages 
over c a t a l y t i c  processes ,  such as  higher s p e c i f i c i t y ,  higher y i e l d s ,  lower 
energy c o s t s  and genera l ly  grea te r  res i s tance  t o  poisoning. Furthermore. the 
i r r e v e r s i b l e  charac te r  of b io logica l  reactions allows complete conversion and 
avoids  thermodynamic equi l ibr ium relationships.  

Microorganism may a lso  be used t o  convert 
Biological processes,  
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The purpose of t h i s  paper is t o  present  da ta  f o r  the development o f  
optimal bioreactor  concepts f o r  syngas fermentations. 
continuous cu l ture  experiments f o r  the  conversion of synthesis  gas components 
i n t o  methane and ethanol are  presented. 
synthesis  gas fermentations have been invest igated and mathematical models 
t h a t  def ine i n t r i n s i c  k ine t ics  and mass t ransfer  re la t ionships  a r e  developed. 
Methods t o  pred ic t  reac tor  performance and gas re tent ion times f o r  the CSTR 
and immobilized cel l  reactor  a r e  presented. 

Laboratory data f o r  

Various bioreactor  schemes f o r  

SYNTHESIS GAS PEWENTATIONS 

flethane Productiog 

Methane may be produced by methanogenic bac ter ia  from e i t h e r  a c e t a t e  or Hp 
Acetate may be and CO2, both of which may be produced from syngas components. 

produced by several  anaerobic bac ter ia ,  including peotostreotococcus 
productus, (Barik e t  al.  1987; Lorowitr and Bryant, 1984), L c e t o b a c t e r i q  
woodii (Kerby et a l .  1983) Clostridium thermoaceticum (Wood e t  a l .  1982; and 
Kerby and Zeikus. 1982) and Fubacterium woodii (Genthner and Bryant, 1982), 
which produce ace ta te  by the react ion:  

4 CO + 2 H20 + CH3COOH + 2 COq (1) 

Among these b a c t e r i a l  species ,  E productuf u t i l i z e s  CO very rapidly with a 
doubling time of l e s s  than two hours, and can grow with as  much a s  90 percent 
CO i n  the gas phase (Barik e t  al.  1987). 

Many anaerobic b a c t e r i a ,  including g, productus. a r e  known t o  produce 
ace ta te  from Hq and CO2, (Mayer e t  al. 1977; S lea t  e t  a l .  1985; and Balch e t  
a l .  1977). which produces a homoacetic fermentation by anaerobically oxidizing 
hydrogen and reducing Cog according t o  the equation: 

4 H 2  + 2 COq + CH3COOH + 2 H20 (2) 

Two species  of purple non-sulfur bac te r ia ,  fiodooseudomonas nelat inosa 
(Uffen, 1976; and Dashkevic and Uffen, 1979) and f iodosDir i l~um rubrum (Breed 
et a l .  1977) a r e  known t o  perform the water gas s h i f t  react ion t o  produce H2 
as  follows: 

CO + Hq0 + H2 + CO2 (3)  

u e l a t i n o s a  grows under s t r i c t  anaerobic conditions on the dark v i t h  CO as 
the only carbon and energy source, although growth is st imulated by the 
addi t ion  of t rypt icase.  L requires  tungsten l i g h t  and the  presence of 
a carbon source other  than CO (sugars, ace ta te ,  yeast  e x t r a c t  e t c . )  f o r  
growth. 
higher  c e l l  concentrations t h a t  uptake CO more rapidly. 
been found t o  to le ra te  small amounts of oxygen and su l fur  compounds of ten  
present  i n  synthesis  gas. 

I n  comparing these two species ,  E rubnus grows f a s t e r  and reaches 
L rubruql has  a l so  

Almost a l l  methanogenic bac ter ia ,  including MethanosDirillw hungatii, 
Methanobacterium formi cicuq, bthanobrevibacter  s m i t h u ,  Bethanosarcina 
barker<,  utLl ize  Cop and H2 t o  produce CHf, according t o  (Thauer e t  a l .  1977; 
Balch e t  al. 1979; and Zehnder e t  a l .  1981: 
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4 H2 + C02 -. CQ + H20 AG' - -31.3 Kcal/reaction ( 4 )  

Methane may a l s o  be produced from acetate  by Methanosarcinaceae sp. .  such as  
flethanosarcina barker i .  as  wel l  as M e t h a n o w  soehnaenii (Jones e t  a l .  
1987). While pethanosarcine barker i  w i l l  u t i l i z e  ace ta te  only i n  the absence 
of other  preferred subs t ra tes  (such as  H2 and C o p ) ,  Methanothrix sp.  does not  
u t i l i z e  H2  and COP and growth and methane formation is  observed exclusively i n  
t h e  presence of a c e t a t e  (Huser e t  81. 1982. Both microorganisms shov 
comparable spec i f ic  grovth r a t e s  a t  low ace ta te  concentrations (< 3d). 
However, from the Monod s a t u r a t i o n  constants (K, - 0 . 7  mmol/l f o r  Hethanothrix 
and 5 mmol/l for  n. b a r k e d ,  it is  expected t h a t  a t  low acetate  concentrations 
Methanothrix w i l l  g ive f a s t e r  r a t e s  and predominate. 

From the above, it can be seen t h a t  the production of methane from syngas 
is a two-step process: formation of the methane precursors (ace ta te  or 
hydrogen) and the biomethanation of the precursor. 
car r ied  out  i n  separa te  s tages  o r  as  a CO cu l ture  i n  the  same reactor .  
Compatibility of the  c u l t u r e s  with substrates  and products is essent ia l  f o r  an 
e f f i c i e n t  process. 

Methane Production from Acetate. 
gas through ace ta te ,  CO (and possibly C02 and H2) is f i r s t  converted to  
ace ta te  using the bacterium P. Droductus. The ace ta te  i s  then reacted t o  
methane using e i t h e r  Methanothrix sp. o r  1. barker i .  

These react ions may be 

In  order t o  product methane from synthesis  

In order  t o  develop a successful  co-cul ture .  both the  acetogenic and 
methanogenic bac ter ia  must have resis tance to CO tox ic i ty .  
uptake r a t e  with time f o r  L productus using var ious i n i t i a l  CO p a r t i a l  
pressures  showed an increase i n  the r a t e  of react ion with increasing p a r t i a l  
pressure up t o  a p a r t i a l  pressure of 1 . 6  a m .  A t  a p a r t i a l  pressure of 2.5 
atm, however, the c u l t u r e  f a i l e d  t o  u t i l i z e  the gas a f t e r  a shor t  i n i t i a l  
period of uptake. A t  2.5 atm, the dissolved CO concentration reached toxic 
leve ls  due to insuf f ic ien t  c e l l  mass t o  keep the react ion mass t ransfer -  
l imited.  Studies have shown t h a t  both growth and CO uptake by & productus 
a r e  inh ib i ted  a t  dissolved CO tensions above 016-0.8 atm (Vega e t  a l .  1989). 
Higher gas phase CO p a r t i a l  pressures  may be employed a s  long as  a s u f f i c i e n t  
number of c e l l s  a re  present  t o  keep the dissolved CO tension low. 

Studies of t h e  CO 

Figure 1 i l l u s t r a t e s  a gradual stepwise procedure where CO p a r t i a l  
pressures  as high a s  10 atm a r e  successful ly  employed. 
gradually increased i n  t h i s  s tudy only a f t e r  the c e l l  concentration increased 
i n  order t o  keep the process  mass t ransfer- l imited.  
methanogens may be i l l u s t r a t e d  using the  bacterium M. barker i .  The 
consumption of H2 w i t h  time f o r  H. barker i  a t  var ious i n i t i a l  CO p a r t i a l  
pressures  i s  shown in Figure 2.  As noted, the time f o r  consumption 
e s s e n t i a l l y  doubled when increasing the CO p a r t i a l  pressure from 0 t o  0.59 
atm. 
hydrogenases. Similar r e s u l t s  were obtained f o r  Clethanothrix sp. It  is  thus 
e s s e n t i a l  f o r  hydrogen-utilizing organisms such as methanogenic bacter ia  tha t  
a low dissolved CO concentrat ion be maintained. 

The pressure vas 

The ef fec ts  of CO on 

This r e s u l t  is expected due t o  the  well-known inhibi tory e f f e c t  of CO on 

j,' 
I, 
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A second factor in evaluating methane production from synthesis gas 
through acetate is the potential inhibitory effects of acetate on both E 
productuz by product inhibition and methanogens by substrate inhibition. 
has been found that acetate concentrations of 20-25 g/L may be successfully 
employed with E productus without appreciable product inhibition. 
shows the effect o f  acetate concentration on methane production by L barkeri 
in batch culture. As noted, the methane production increased with increasing 
acetate concentration up to 6 g/L acetate, with some inhibition noted at the 6 
g/L level. At acetate concentrations above 6 g/L. however, methane production 
was severely inhibited. 
bethanothris sp. where methane production was slowed at 9 g/L acetate and 
stopped at 12 g/L. 

It 

Figure 3 

Similar inhibitory effects were seen with 

Figure 4 shows the methane productivity in an immobilized cell reactor 
(ICR) employing Methanothrix sp. at various feed acetate concentrations. The 
column was operated over a period of nearly 250 days by gradually increasing 
the inlet acetate concentration and flow rate as cell growth allowed. 
noted in the figure, a maximum inlet acetate concentration of 10 g/L was 
successfully employed at a methane productivity of 5 W D .  
in the acetate concentration were not possible, even with the simultaneous 
addition of high concentrations of yeast extract. Thus, comparitively low 
productivities, even in an ICR, result for methane production from acetate. 

As 

Further increases 

Co-culturing of productus and methanogens utilizing acetate was not 
found feasible due to the slow rate of growth and low acetate tolerance of 
methanogens. 
acetate much faster and in higher concentrations than the methanogens were 
capable of utilizing. 
co-culture could not be sustained. 
will, therefore, require separate reaction vessels. 

Methane Production from H2 and Cog. 
conversion of CO and H2 by P. rubrum, followed by conversion of all the H2 and 
C02 to methane using either L formicicurq or L barkeri. 
that H2 production by E rubrum is essentially unaffected by CO partial 
pressures up to 2.0 a m .  Therefore, as with E productus, the limiting factor 
in CO utilization by E rubrum is the ability to maintain a high cell 
concentration and, consequently, a low dissolved CO tension in the liquid 
phase. 
produce methane much faster than H. barkerb. However, in order to form a 
successful co-culture, L formicicum must be able to tolerate low levels of 
dissolved CO. 
various CO partial pressures is shown in Figure 5. As noted, nearly complete 
inhibition of H2 uptake was found at a CO partial pressure of only 0.76 atm. 
the inhibition of CO on n. barkeri might enable a rapid rate of uptake of H2. 

E productus totally dominated the co-cultures, producing 
The methanogens were thus inhibited by acetate and the 

The production of methane through acetate 

An alternative route involves the 

It has been found 

L formicicum has been shown to be able to uptake H2 and COP to 

The utilization of H2 by L formicicum in the presence of 

E rubrum is a photosynthetic bacteria requiring tungsten light for 
growth, but not for CO uptake. Figure 6 shows the growth and consumption of 
CO with time at various light intensities for p. rubrwq. As shown, the cell 
growth rate increased with light intensity up to 1490 lux, however, no further 
enhancement was found at higher intensities. CO consumption was essentially 
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unaffected by the  presence of  l i g h t .  
unaffected by the  presence of l i g h t .  

Methanogens have been found t o  be 

An experiment w a s  performed i n  a continuous s t i r r e d - t a n k  reactor  to  study 
t h e  simultaneous conversion of  C02 and H2 d i r e c t l y  t o  CHq employing a CO- 

c u l t u r e  of rubnun and L formicicum. 
optimum temperatures, t h e  lower temperature, 30'C, was chosen f o r  study. 
Figure 7 shows the  CcHq and CO production with time s ince s ince  s t a r t - u p  i n  the 
CSTR. Following a s i g n i f i c a n t  per iod of methanogen acclimation. almost 
complete conversion of both CO and H2 occurred a f t e r  300 hours of operation. 
The methane production r a t e  shown i n  Figure 7 reached a s teady-s ta te  leve l  
a f t e r  350 hours of  opera t ion  of about 1 . 6  mmole CHq/hr, which represents  a 
methane yield from CO. and H2 and COP of about 96 percent of theore t ica l .  The 
system was operated with a r e t e n t i o n  time of one hour and s t a b l e  operation was 
monitored f o r  severa l  weeks. 

Ethanol Production 

Since the organisms have d i f fe ren t  

While many anaerobic ,  f a c u l t a t i v e l y  anaerobic and even some s t r i c t l y  
aerobic microorganisms form various amounts of ethanol from glucose (Wiegel, 
1980). no organisms were known to  form ethanol autotrophical ly  from synthesis  
gas components. I n  1987. a s t r i c t  anaerobic mesophilic bacterium was isolated 
t h a t  was capable of convert ing CO, H2 and c02 t o  a mixture of  ace ta te  and 
ethanol (Barik e t  a l .  1987). Ident i f ica t ion  and charac te r iza t ion  s tudies  have 
shown tha t  the bacterium is a new c l o s t r i d i a l  species ,  named Clostridium 
llunedahlil.. S t r a i n  PETC, i n  honor of  D r .  Lars G .  Ljungdahl f o r  h i s  work on 
c l o s t r i d i a  and acetogens (Clausen and Gaddy, 1988). 
pos i t ive ,  motile, rod-shaped anaerobic bacterium which sporulates  
infrequently. In  addi t ion  t o  synthesis  gas components, it i s  capable of 
growing on xylose, arabinose and fructose.  
i t  is expected t h a t  ethanol and ace ta te  are  formed through acetyl-coA as  the 
cent ra l  intermediate (Rogers, 1986). 

lunpdahl i t  is a gram- 

As with other  c l a s s  I c l o s t r i d i a ,  

The overal l  s toichiometry f o r  the formation of ethanol and acetate  from CO 
and Hp/COp has been es tab l i shed  a s  (Vega et a l .  1989): 

6 CO + 3 H20 + CH3CH20H + 4 COP 
AG' - -59.9 Kcal/reac. 

2 C02 + 6 H2 + CH3CH20H + 3 H20 
AG' - -23.2 Kcal/reac. 

4 CO + 2 H7O -t CHjCOOH + 2 C02 
AG' - -37.0 Kcal/reac. 

2 CO2 + 4 Hq + CH3COOH + 2 H20 
AG. - -10.7 Kcal/reac. 

(3) 

(4) 

Under usual  laboratory condi t ions,  L Liunedahlii. produces acetate  as the 
major product, with only small  quant i t ies  of ethanol present  i n  the product 
stream. 
funct ion of yeast  e x t r a c t  concentration. 

Figures 8 and 9 show the ace ta te  and ethanol production prof i les  a s  a 
The data show an ethanol/acetate 
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ratio of only 0.5. 
the product racio, which leads to the hypothesis that high ethanol production 
is non-growth related. 
production of acetate is balanced in ATP, while ethanol production results in 
a net consumption of ATP which would not support growth of the bacteria. 
Therefore, studies to minimize acetate production have concentrated upon 
factors which would not support growth of the bacteria. 
minimize acetate pioduction have concentrated upon factors which regulate the 
growth of the organism. 

Control of Growth Rate Parameterg. a grows well and produces 
ethanol and acetate within a pH range of 4-6  vith typical anaerobic media. 
Figure 10 shows the product distribution for Wostri d i w  sp. with various 
initial yeast extract concentrations in batch culture. As noted, a molar 
ethanol to acetate ratio of 1:0 was obtained for yeast extract concentrations 
betveen 0.005 and 0.05 percent. 
favorable growth condittons when employing 0.1 and 0.2 percent yeast extract. 
Studies with a defined medium of only vitamins, minerals and salts showed 
similar results in increasing the product ratio to about .l. 

It is also noted that yeast extract has an influence on 

An examination of the acetyl-coA pathway shows that 

Therefore, studies to 

The normal ratio of 1:22 results under more 

Recent research has shown that the presence of reducing agents in the 
liquid media of Clostridium fermentations has brought about an increase in 
solvent formation (Rao and Muetharsan, 1987; 1988). Reducing agents 
apparently cause altered electron flow, which direct carbon flow and acid to 
alcohol production. 
NADH which, in turn, resulted in increased alcohol production. Batch 
experiments were carried out with 
reducing agents (30.50 and 100 ppm) to assess the feasibility of increasing 
the ethanol to acetate ratio. 
reducing agents resulted in very limited growth in all cases. On the other 
hand, 50 ppm and 30 ppm concentrations were successful in improving the 
ethanol to acetate ratio in some cases, as is shown in Table 1. The 
experiment with benzyl-viologen at a concentration of 30 ppm produced 3.7 m o l  
of ethanol with a ratio of 1.1, the highest ratio obsenred in batch 
experiments. 
improved the product ratio always resulted in slower growth rates of the 
bacteria, as could be expected from decreased ATP formation. 

Reducing equivalents are directed to the formation of 

liunedahlii. by adding small quantities of 

The experiment carried out with 100 ppm of 

It is interesting to mention that those reducing agents that 
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Table 1. Peak Levels for Ethanol Production and the Molar Ratio 
(ETOH/ACH at 30 and 50 ppm Reducing Agent Concentrations 

(50 Durn) (30 Dum) 
Reducine aFenf Etoh(mmol1 ET OH/AQi ETOH (moll ETOH/ACY 

Control 0.60 0.12 1.40 0.24 

Sodium thioglycolate 1.30 0.20 1.30 0.25 

Ascorbic acid 1.50 0.24 1.50 0.25 

Menthyl Viologen 1.90 0.20 2.50 0.40 

Benzyl Viologen 1.25 0.21 3.70 1.10 

Recently, the connection between sporulation and increased solventogenesis 
has been identified (Jones et a1.1982; Long et al. 1984; Gattschal and Morris, 
1981). Under certain conditions, which are strain-dependent, a shift of the 
bacteria into a sporulation phase is accompanied by morphological changes 
(elongation of the cells) and the production of solvents rather than acids. 
batch experiment with llunedahlii was conducted on the premise that by 
forcing the culture to grow at a reduced rate, sporulation could be induced 
with an accompanying improvement in ethanol production. Synthesis gas was 
used as the primary carbon substrate. However, the complex nutrient yeast 
extract was replaced by various sugars and starches which,.in previous 
studies, promoted sporulation of Clostridium thernosaccharolvticum (Pheil and 
Ordal, 1967). Table 2 summarizes the results obtained for each of the 
nutrients studies, along with the maximum values obtained for cell 
concentration, ethanol concentration and molar product ratios. As noted, the 
highest product ratios were obtained for cellobiose and rhamnose, with product 
ratios over 3 times the ratio obtained in the presence of yeast extract. 
Ethanol and cell concentrations were highest in the presence of cellobiose and 
galactose, where the ethanol concentrations were over 4 times the value 
obtained in the presence of yeast extract and the cell concentrations were 20 
percent greater. 
ratios of ethanol to acetate, but also higher concentrations of ethanol and 
cells. 

A 

Thus, cellobiose as a nutrient produces not only higher 
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Table 2. Swmary of Results with Nutrient Sources 
Bringing About Sporulation 

Maximum ETOH/ACH 
butriea Cell C onc (me/Ll ETOH (molJ  molar ratie 

Yeast Extract 140 0.13 0.13 

Cellobiose 170 0.56 0.45 

Rhamnose 135 0.31 0.44 

Galactose 168 0.53 0.36 

Starch 130 0.27 0.36 

Continuous Stirred-Tank Reactor Performance. 
high ethanol ratios is to operate two continuous reactors in series, with the 
first used to promote cell growth, while the second reactor is used for 
increased ethanol production. A pH shift between the reactors from 4.5 to 
4.0, as well as a dilution rate shift, are used to cause the onset of ethanol 
production while, at the same time, causing growth to cease. Media 
constitutents to promote growth can be added to the first reactor, and 
constitutents to promote ethanol production at the expense of acetate can be 
added t o  the second reactor. 

An obvious method to produce 

Figure 11 shows the molar product ratios for both stirred-tank reactors. 
yeast extract (0.02 percent) was added to the liquid medium of Reactor A 
(first in the series initially and cellobiose later). 
in Reactor B increased to nearly 3 g/L and seemed to be stimulated somewhat by 
the use of cellobiose as the nutrient for cell growth. 
conversions were essentially 100 percent in Reactor A. and fluctuated somewhat 
in Reactor B. 
reaching a value of about 1.0 in Reactor A and a value of about 1.5 in Reactor 
B. 
extract. 
ethanol ratio of 4 moles is obtained in Reactor 8 .  

Ethanol concentrations 

Substrate CO and H2 

The product ratio increased with time in both reactors, 

The addition of cellobiose seemed to improve the product ratio over yeast 
By subtracting the product concentrations produced in Reactor A ,  an 

The specific productivity steadily improved to levels of 250-300 m o l e  
ethanol/gcell.day throughout the experiment, which is a 30-fold improvement 
over specific productivities in a single CSTR. 

BIOREACTOB DESIGN 

The choice of a suitable bioreactor for synthesis gas fermentations will 
be a matter of matching reaction kinetics with the capabilities of the various 
reactors. It has been found that for these slightly soluble gases, the rate 
of mass transfer usually controls the reactor size (Vega e t  al. 1989a, 1989b). 
Mass transfer capabilities of the reactor must be balanced with the cell 
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density achieved. 
t h a t  achieve high m a s s  t r a n s f e r  r a t e s  and high c e l l  dens i t ies .  
w i l l  be expanded i n  t h i s  and the following sect ion.  

The proper  reactors  f o r  these sys’tems w i l l  l i k e l y  be ones 
These concepts 

Gas-Liauid Mass Transfer  Conceuts 

The t r a n s f e r  of gas phase subs t ra tes  i n  fermentation systems involves 
three heterogeneous phases: the  bulk gas phase, the cu l ture  medium ( l iqu id)  
and microbial c e l l s  ( so l id)  suspended i n  the medium. The reac tan ts ,  present  
i n  the gas phase, m u s t  be t ransported across  the gas- l iqu id  in te r face  and 
diffuse through the cu l ture  medium t o  the  c e l l  surface t o  be consumed by the 
microbes. I n  general ,  a combination of the following res i s tances  can be 
expected (Bailey and O l l i s ,  1986) 

1. 

2 .  Movement across  the  gas- l iqu id  in te r face .  

3. 

Diffusion through the  bulk gas t o  the gas- l iquid in te r face .  

Diffusion o f  the so lu te  through the r e l a t i v e l y  unmixed l iqu id  region 
(f i lm) adjacent  t o  t h e  bubble and in to  the well-mixed bulk l iqu id .  

Transport o f  the so lu te  through the bulk l iqu id  t o  the  stagnant film 
surrounding the microbial species .  

Transport through the  second unmixed l iqu id  f i lm associated with the 
microbes. 

Diffusive t ranspor t  across  the  l iquid/sol id  boundary and in to  the 
microbial f l o c ,  mycelia, o r p a r t i c l e ,  i f  appropriate. When the 
microbes take t h e  form of individual c e l l s ,  t h i s  res i s tance  
disappears. 

4. 

5 .  

6 .  

7. Transport across  the c e l l  envelope t o  the i n t r a c e l l u l a r  react ion s i t e .  

As with the conventional chemical engineering analysis  of absorption 
processes, mass t r a n s f e r  through the bulk gas phase is assumed t o  be 
instantaneous. 
l iqu id  f i lm resis tance around the c e l l s  is usual ly  neglected with respect  t o  
other res is tances ,  because of  the minute s i z e  and the enormous t o t a l  surface 
of the c e l l s  (Finn, 1954). Thus. f o r  the t ransfer  of spar ingly soluble gases, 
such as  GO, the  primary res i s tance  t o  t ransport  may be assumed t o  be i n  the 
l iqu id  film a t  the gas- l iqu id  interface.  

A l s o ,  when individual  c e l l s  a r e  suspended i n  a medium, the 

I t  can be shown t h a t  the substrate  r a t e  per  unit of  reactor  volume, 

-, is given i n  terms of  the gas phase p a r t i a l  pressures  as: 
VLdE 

4 
d N: - - KL” (PZ - Pf) 
VLdt H 
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where NG - moles substrate transferred from the gas phase, V is the volume 
of the fiquid phase, t is time, %is the overall mass transfkr coefficient, 
a is the gae-liquid interfacial area per unit volume, H is Henry's law 
constent, P is the partial pressure of the substrate in the bulk gas phase, 
and P is she gartial paressure (dissolved tension) of the substrate in the 
liqud phase (P 
equal to the rase of sonsumption in the liquid phase, given by a Honod 
relationship: 

- .HC ) .  The rate of transport from the gas phase must be 

where X is cell concentration and %, K;, and W' are Monod constants. 

operate in either of two regimes. 
to react more solute, but the mass-transfer rate cannot keep pace, Therefore, 
the liquid phase concentration goes to zero and the reactor is mass transport 
limited. 
ability of that particular reactor to transfer substrate. In the other case, 
sufficient substrate can be supplied, but the cell concentration does not 
allow consumption at an equal rate. Then the liquid phase concentration is 
not zero (with possible inhibitory effects) and the rate is limited by the 
cell concentrations in that particular bioreactor. Obviously, the best 
bioreactor is one that will achieve high cell concentrations and high mass 
transfer rates. 

Boreactors for Synthesis Gas Fermentations 

Equation (2 )  shows that a bioreactor for these gaseous systems must 
In one case, sufficient cells are present 

The cell concentration and rate of consumption are limited by the 

Since large volumes of syngas must be processed, continuous reactors are 
dictated. 
substantial energy input for agitation. 
high cell concentrations, without agitation. and are promising for these 
applications. 
the liquid flows over packed internals, is a unique means of increasing the 
mass transfer for these systems. 

Stirred-Tank Reactor. 
uniform concentrations throughout the bulk liquid phase. 
fermentations, the gas must be sparaged into the liquid phase, be consumed, 
with any excess and product gases leaving the top of the liquid and eventually 
the reactor. High gas flow rates are required and near complete conversion of 
substrate is necessary. Conversely, only small liquid flow rates, essential 
to supply nutrients and remove liquid products, are necessary. Consequently, 
high cell concentrations should be possible. In most cases, the reactor 
volume will be controlled by the necessary gas retention time to achieve the 
desired conversion of substrate. 
required to promote transfer of the slightly soluble gas substrate. 

Stirred-tank reactors achieve high mass transfer rates, but require 
Immobilized cell reactors achieve 

Trickle-bed columns, where the gas is the continuous phase and 

The traditional CSTR assumes complete mixing and 
For syngas 

Relatively high agitation rates will be 
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Mass t r a n s f e r  c o e f f i c i e n t s ,  necessary f o r  predict ion of CSTR performance 

A mater ial  balance around the CSTR with perfect  
and scale-up,  may be obtained from a n  ana lys i s  of the operat ion under mass- 
t r a n s f e r  l imi ted  condi t ions.  
mixing gives  the re la t ionship  def ining concentrations: 

(3) 
1 1 vL 5" p: - - - + -  - - 

Yo Y i  Yi H "1 

Equation (3) is expressed i n  terms o f  an i n e r t  component, vhose quant i ty  and 
p a r t i a l  pressure does not change through the system. Therefore, t o  simplify 
the  model, concentrations a r e  i n  the Eatio o f  substrate  t o  i n e r t  (Y). with Yo 
a t  the o u t l e t  and Yi at the  i n l e t .  
the  gas stream and n is the  molar f 1 6 w  r a t e  of iner t .  The agreement of t h i s  
model with experimengal data for  E productus is shown i n  Figure 1 2 .  
agreement is achieved with a l inear  re la t ionship.  
gives the mass t r a n s f e r  coef f ic ien t ,  KLa/H - 30. A model including Equation 
( 3 ) ,  as w e l l  as mater ia l  balances f o r  the gases flowing in to  the reactor  and 
equilibrium re la t ionships  f o r  the gas phase C02 with the  bicarbonate and the 
pH leve l  i n  the l i q u i d ,  has  been developed (Vega e t  a l .  1989b). Solutions of 
the  model for  var ious volumetric mass t ransfer  coef f ic ien ts  and var ious t o t a l  
operating pressures  a r e  shown i n  Figures 13 and 14. respect ively.  
Experimental data a t  1 atm and a mass t ransfer  coef f ic ien t  of  30 a r e  a lso 
included i n  the figures. As observed. increases i n  t h e  mass t ransfer  
coef f ic ien t  or  i n  t o t a l  operating pressure leads t o  higher  reac tor  
product iv i t ies .  Due t o  the  perfect mixing i n  a CSTR, complete conversion is 
only possible  when t h e  gas flow r a t e  is very low. 

P is the  p a r t i a l  pressure of i n e r t  i n  

Good 
The slope of t h i s  l i n e  

Figure 13 shows t h a t  with a mass t ransfer  coef f ic ien t  of 100. a pseudo 
re ten t ion  time of  one hour would r e s u l t  i n  a conversion of 80 percent. 
Figure 14. the re ten t ion  time could be reduced t o  6 minutes a t  10 atm for the 
same amount of GO converted. The use of the model allows the  extrapolat ion of 
performance of the  CSTR system and w i l l  permit preliminary economic evaluation 
of  an i n d u s t r i a l  s c a l e  process when coupled with su i tab le  equations f o r  sca le -  
up of propert ies  such as the  mass t ransfer  coef f ic ien t .  

Jmobi l ized  Cell Column C1CR.l. 
suspended c e l l s ,  o f f e r  the advantages of high c e l l  dens i t ies  and plug flow 
operation. These systems do not require  mechanical a g i t a t i o n ,  with mixing 
provided by counter flow of  gas and l iquid.  
gas pressure drop and such systems a r e  poten t ia l ly  more economical than the 
CSTR. 
r a t i o s  and high mass t ransfer  ra tes  with reduced back-mixing. 

From 

Column fermenters, with immobilized o r  

Energy f o r  mixing is supplied by 

Packed columns a l so  of fe r  the  advantages of high surface t o  volume 

Whole c e l l  immobilization techniques can be c l a s s i f i e d  i n t o  two major 
groups, entrapment and c a r r i e r  binding (Vega e t  el .  1988). Entrapment 
includes both enclosure of  a ca ta lys t  being a membrane o r  within a gel  
s t ruc ture .  
binding o f  c e l l s  t o  water-soluble c a r r i e r s  by physical adsorption or by ionic  

Carr ier  binding includes a l l  methods where there  is a di rec t  
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and/or covalent bonds. 
with entrapment systems, either across the gel matrix or gel occlusion, or 
across the system membrane. 
allow direct contact between the fermentation broth and the biocatalyst, with 
potentially enhanced mass transfer rates. 

Potential mass transfer limitations are always present 

On the other hand, the carrier-binding methods 

Microorganisms-can be immobilized to insoluble biosupport materials by two 
methods: crosslinking and adsorption. Crosslinking, or covalent bonding, 
involves the use of a chemical agent, like glutaraldehyde or cyanuric 
chloride, to l ink the cells to the support. The chemical reaction is between 
the hydroxyl or lipid groups in the cell wall and a durable coating, like 
gelatin or agar, applied to the packing. Adsorption is the physical 
(occasionally ionic) attachment of the cell to the support. 
been found to be effective for some small bacteria that can adhere to crevices 
in a support like wood chips. 

This method has 

In these reactors, the microorganisms are in direct contact vith the 
substrate, minimizing diffusional resistance. 
close to plug flow and, thereby, offer kinetic advantages for these reactions. 
Cells attached to the support grov and multiply into a film, vhich may be 
several layers of cells in thickness. 
completely filling the interstitial spaces, such that channeling may be a 
problem. 

These packed columns operate 

In fact, cell overgrowth can result in 

Therefore, high cell densities and low retention times are possible. 

By combining a material balance along the column with the rate expression 
for gas transport into the liquid phase, the following expressLon for the 
ratio of partial pressures of gaseous reactant entering and leaving the 
reactor is obtained: 

where eL is the fraction of liquid in the column, h is the height of the 
column, S is the cross-sectional area of the column, R is the ideal gas 
constant, T is the absolute temperature, and G is the gas flow rate. A plot 
of In Yi/Yo vs ShRT/G yields a straight line vith slope KLatfl. 
numerical solution (Runge-Kutts) of the differential equations that describe 
the system were solved for other operating conditions and are shown in Pigure 
15. 

The 

Experimental data are given for KLacfl of 13.5. 

The immobilized cell column achieves higher rates of specific CO 
conversion than the stirred tank reactor without the need for more expensive 
mechanical agitation. More importantly, at the same mass transfer 
coefficients as in the CSTR, conversions are substantially higher. 
example, at KLa/H - 100, the conversion at a one hour retention time is 95 
percent, compared to 60 percent for the CSTR. Alaternatively, 80 percent 
conversion could be achieved in a retention time only 3 min in the ICR. 
major disadvantage of the ICR is the lack of flexibility in operating 
conditions since the contacting capabilities are mainly fixed with the design 
of the column dimensions and packing. 

For 

The 
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CONCLUSIONS 

The fermentation of co,al synthesis  gas has been demonstrated t o  methane 
and ethanol.  
synthesis  gas have been evaluated. 
intermediate i s  l imi t ed  by acetate  i nh ib i t i on  of methanogens. Production 
through H2 with a co-culture of & rubrun with methanogens gives f a s t e r  ra tes  
without i nh ib i t i on .  

Two pathways f o r  the ind i r ec t  production of methane from 
Production through ace ta t e  as an 

Ethanol can be produced from synthesis  gas with a new species of 
Clostridium i so la t ed  from animal waste. The r a t i o  of ethanol t o  ace t a t e  i n  
the  product stream is affected by many var iables  including pH, nu t r i en t  
composition and the introduction of reducing agents to  a l t e r  e l ec t ron  flow. 
High ethanol r a t i o s  are favored by non-growth conditions.  Product r a t i o s  of 
4 : l  (ethanol t o  ace t a t e )  are  achieved i n  a two-stage continuous cu l tu re  with 
pH and d i l u t i o n  r a t e  s h i f t .  

Bioreactors t h a t  achieve high mass t r ans fe r  r a t e s  and high c e l l  
concentrations a r e  desirable  f o r  synthesis gas fermentations. 
determine mass t r a n s f e r  coeff ic ients  f o r  CSTR and ICR reactors  have been 
developed. 
proportionately.  
substrate  can be achieved i n  a retent ion time of a few minutes. 

Methods t o  

High pressure has been found t o  increase the react ion r a t e  
Models for  these bioreactors  show high conversion of gaseous 
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