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OBJECTIVE

Biclogical synthesis of liquid fuels from coal derived
gases and methanol has the potential for developing
processes which are highly selective and efficient. Large
quantities of one-carbon feedatocks such as carbon monoxide
(CO), hydrogen (H,), carbon dioxide (CO,), and methanol can
be available from fossil fuels such as coal and natural gas.

This project on indirect liguefaction of coal derived
synthesis gas is focused on two stage anaerobic
bioconversion. The first stage addresses biocconversion of
synthesis gas (CO, E,/CO,) to volatile fatty acids by a CO
adapted strain of Butyribacterium methylotrophicum. The
second stage involves bioconversion o atty acids to
combustible solvents-acetcone, butanol, and ethanol by a
strain of Clostridium acetobutylicum. The acidogenic
bacteria can convert CO and/or methanol directly to acetate
and butyrate without consuming B, from syngas. The reguired
H, comes from water and the shift reaction is not
necegsary. The hydrogen from syngas which passes through
the first bioreactor can be used for conversion of fatty
acids to solvents in the second bioreactor. These
organisms, B. methylotrophicum and C. acetobutylicum, offer
the best potential because of their demonstrated performence
as reported in the literature (l-4). During this project
period, our primary objectives for the acidogenic stage were
to investigate factors affecting carbon and electron flow in
B, methylotrophicum and development of a chemostat
fermentation Eor this bacteria. For the solventogenic
stage, the main objective was development of an improved
strain for achieving increased solvent yields and
productivity. ’

‘TECHENICAL APPROACH

Acidogenic conversion of carbon monoxide
by B. methylotrophicum was investigated in both batch and
continuous culture fermentations, with emphasis on carbon
pathway manipulation to maximize butyric acid producticn,
Previous studies without pH control had shown low levels of
butyric acid production and culture pH-drop to be linked
during stationary phase growth. Thus, our primary approach
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was to analyze the effect of lower broth pH on the carbon
monoxide fermentation, This was conducted in batch culture.
with a high degres of suceesa. Onee identifled as a
critical paraneter influencing the carbon and electron
partitioning in B. methylotrophicum, fermentation pH was
studied in continnous eulture to determine its influence on
Bteady state produccion of organie acids. Egtablishing
conditiona for steady etate production waes paramount for
these experiments.

For converslon of the aclds to solvents, wild=-type
sporeforming straln (ATCC 4259) of C. acetobutylicum was
revived from the soll stocks. Carbohydrate fermentation by
thia bacteria was studied in a 2-liter fermenter |Hew
Brunswick} te confirm its typical biphasic farmentation,
The wild-type then was mutagenized to obtain improved mutant
Etrain of this bacteria to obtaln high salvant
concentration, yield and productivity., Batch fermantation
of improved autant was condocted to eompare the solvent
concentration, yield and productivity with Ehe parent
{wildtype) strain of C. apatobutylicum.

SIGNIFICANT AUCOMPLISHMENTE

1. Bacch Fermentatlon

An extended-batch fermentation with continucus CO
sparging was conducted at & pH of 6.8, The results are
shown in Pigure 1. Trends in the growth and product
formation curves are consistent with those chitained in both
batch culture (5) and in fed=batch culture with intarmittent
C2 addition (B). CO assimilation led to cell growth, and
acatate wag the primary reduced end preduct,. No hutyrate
production was observed in batch culture (5), and only small
amounts of butyrate were detected in Eed-batch culture (6}
and in the present etudy. The initial apecific growth rate
was approximately D.05 hri,

Cactbon and electron balances were used to calculate the
aiount &£ CO consumad from product-formation data. These
balancea were found by Lynd et al. (5) to be within 3% for
bateh €O fermentations using 8. nethglotrgaﬂicum. The
cverall carbon balance determined for ata 1o Figute 1
ig given balow.

4 €O+ 2,04 COy + D.B6 AC + 0,024 By + 0.14 C-molm cells

whare COs, Ac, and Bu are the mclar yields of carbon
dioxide, acetate, and butyrate, respectively. One C-mole is
the guantity of cell maes contalining 12 grama of carbon.
fgr B. methylotrophicum, I C-mole eguals 26 g (dry) celis

]
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Acetate production occurs during both the growth and the
stationary phase, and can be adequately described using the
Leudeking-Piret model (7):

where P and X are the acetate and cell concentrations,
respectively, t is time, a is the rate constant for growth-
associated acetate formation, and g is the rate constant for
non-growth-associated acetate formation. The values

of a and 8 were estimated to be the following: .

a = 24 g acetate/g cells
8 =1.7 x 10”3 g acetate/g cells*hr

Butyrate, on the other hand, appears to be a secohdary
metabolite. 1Its production begins as the growth rate
declines, and is most rapid during the stationary phase.

1.1 pH-Shift Batch Fermentation

Figure 2 shows the results of an extended-batch
fermentation designed to investigate the effect of pH on
stationary-phase butyrate production. B. methylotrophicum
Cells were grown as in the first experiment unti) the cell
concentration reached a value of 0.31 g/L. At this time,
the setpoint of the pH controller was changed from 6.8 to
6.0. The resulting pH shift led to a dramatic increase in
butyrate production relative to the constant-pH

experiment. A final butyrate concentration of 6 9/L was
obtained. The overall carbon balance is shown below. -

4 CO - 2.30 CO, + 0.26 Ac + 0.27 Bu + 0.055 C-mole cells
The effect of the pH shift on product formation is even

more pronounced when the growth and stationary phases are
analyzed separately. The growth phase was taken to be the
time between the onset of growth and a major decrease in the
growth rate, approximately 72 hr, The carbon balance during
the growth phase is

4 CO + 2.05 CO; + 0.71 Ac + 0.02 Bu + 0.43 C-mole cells,
and the carbon balance during the stationary phase is

4 CO - 2,31 CO, + 0.21 Ac + 0.31 Bu + 0.009 C-mole cells.
For comparison, the constant-pH fermentation can also be

divided into growth and stationary phases. The carbon
balances are

4 CO - 2,02 COp + 0.80 Ac + 0.37 C-mole cells
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for the growth phase and

4 CO - 2.04 CD4y 1+ 0.80 Ac + 0,034 Bu + 0.671 C-mole calla
for the ataticnary phace.

Thus, b decfeaaing the pH from 6.8 to 6.0 at the cnset

&f the stationary phase, tha pnetabolism 5. methylotrophicum
can be shifted from acetate Lo bukyrate prnﬂunt!on. Eﬁe
flow oF available slectrons from CO to the various products
i phown in Table }. Since heats of combustion are directly
proportional to the avaiiable eleckron content for a wide
variety of bicchemicals (B}, Table 1 can also be interpreted
as the relative chemlcal energy content of the preducts.

These regults are very important and unigue because
they show that by a simple shifting of the pH the metabolic

reguiation of the organiam can be changed dramatigalil and
tEhis shift enables cne to produce a § carbon arganIc acig
(butyric acid) directly [rom gaseous f

2. Continuous Culktura Studies

With the important and unigue results obtalned from
batch culture indicating fermeantation pH as a direct
regulatsr of the C-1 to C-4 metabolic pathway, the next goal ‘
of the project was to dstarmine the sxtent cf this
regulation upder similar conditicns in continuoue culture.
This involved first estabplishing conditions for steady atate
operation of a chemocatat and then conducting steady state
eperation over a range of broth pE. Steady state aoperation
wag defined as deviations of not more than 10% of the mean
call density value over a pariod of three residence times,
or approximately nine days. Although rigorous, this
gstrictura provided increased confidence in the accuracy of
the data obtained, Henceforth, all data pressnted ace
ateady state valued defined by thie criteria.

All continuous studies were performed ptrictly under the
same conditions with Fermentation pH as the variable
parameter. Thus direst correlations can be drawn between
all experiments relating pH to product mix and
concentrationa. Analytical techniques were psrformed as
outlined previsusly., Daily microacopic chbaervation was
esonducted bo insure pure, non=gontaminatsd culture
conditions.

2.1 Easelina Fermentation {pH = &.B)

An initial continucus Farmentaticn of 100% carbon
monoxide using Butyribacterium EEEhylattﬂphiﬂgg_uﬂﬂ
conducted for thrae verksa with npprn:imatelz ten days of
ateady atate cperation at pH = 6.6. Conditlions were )
continucus CO gassling at a rate of 50 mL/min, a temperature
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of 37 C, an agitation rate of 50 rpm, and a dilution rate of
-015 hr in a 1.25L working volume. Similar conditions in
batch culture described previously favor acetate production
with a corresponding acetate/butyrate ratio (molar) of

30:1. In continuous culture, these conditions result in
production of acetate and butyrate at .88 and .11g/L,
respectively, yielding a molar product ratio of
approximately 8.3:1. Ethanol production was also observed
in lower (<.05¢/L) quantities. Carbon and electron balance
calculations give an overall stoichiometry of

4 CO - 2.09 COp + 0.63 Ac + 0.043 Bu + 0.027 EtOH + 0.43 Cells

These values allow calculation of some key fermentation
concepts—-mainly electron/carbon partitioning and molar yield
coefficients. Molar yield coefficients, defined as moles
product produced divided by the moles substrate consumed, are
helpful in following the overall conversion of substrate to
multiple products. For the above products from CQO the values
are

Yetom/co = +007  Ypey3 msco = 108

electron partitioning, which corresponds to the distribution of
the total chemical energy content of the substrate Co, is

100% CO -~ 63% Ac + 11% Bu + 4% EtOH + 22% Cells

Carbon partitioning, or total carbon distribution from CO to
products, can be calculated as

100% CO - 52% CO, + 32% Ac + 4% Bu + 1.5% EtOH + 10.5% Cells

When analyzed together, these values present some interesting
and valuable information for subsequent comparison at lower pH:

1. As determined in batch culture, CO, generation results
in a loss of approximately half of“the incoming carbon.

2. Acetate is the major reduced product, accounting for 67%
of the reduced product carbon.

3. Compared to batch fermentation results at the same pH,
continuous culture data indicates a small metabolic
shift towards more reduced product formation based
solely on the continucus environment of the system,

Therefore, as the fermentation PH in continuocus culture is
lowered, this pH-induced metabolic shift is expected to become
more pronounced, until cell washout begins to influence the
detectable product mix. '

675



2.2, pH ve. Prodyct Pormation Fermentatiens ‘

Onee conditions for continuous culture were established as
cutlined above, experiments based on fermentation pH could be
conducted and compazed to the baseline pH = 6.3 fermantation.
Data wag collected during fermentation at steady atate
conditions for broth pH values of 6.5, 6.0, and 5.5. Operation
was then attempted at pH = 5.0 but was discontinued due to cell
wasnout. The results for these experiments have been combined
with the baseline fermentation and presented in the Eorn of
overall stolechicmetry, electron partitioning. carbhan
partitioning, and molar yield coefficients in Tables 2-5,
respectively. Alac included in Table B are molar (weight}
product raties, specific product weight ratios based on grams
product per gram cell in Table 7, and in Tabls 8, the broth
product ¢oncentrations in g/l.

Once again, as was observed in bateh culture, there is a
signiEicant relationship between the fermentatlon broth pH and
the product selectivity, now confirmed in contlinuous culture.
Several important conclusions can be drawn from these data
accumulated in Tableg 2-8. First, and of prime importances, is
the trend towards more reduced product formation, mainly
butyrate and alconols, as the pE of the fermentation la
redyced, Thic trend parallmls what has been obaegrvead in batch
fermentation, and i# clearly shown in all the Tablas. It muat
bhe stated, howevezr, that although the pH = 5.5 data does nat ‘
gqupport this trend entirely, we believe this to be an effect of
the diluticon and not directly of the pE drop. This was
concluded from an sxamination of the data in Table 8, which
shows & significant drop in the cell density (concentration)
between pH = 6.0 and 5.5. If the dilution rate, which was
maintained constant in all of the fermentations, was lawered in
order to mainkain a constank call density, it ig thus logical
that all the fermentation products would be concentrated and the
true metaholic atoichiometry revealed. Therefore, the small
ghift back towards leass reduced products observed ak pH = 5.5 is
due not to the pH eEFfect, but Lo the experimental design in
wnich dilution rate, instead of cell density, was hald constant.

Another highly significant discovery shown by these data js
the preduction of aleohols, epecifically the d4-carbon butanol .
solely Erom the one carbon substrate €O, observed at pH = 6.0,
Shown in Table 7, butanel, when normalized to the cell densaity,
is produced by weight in greater awounts than tha 2-carbon
sthancl, and as seen in Table 3, contains a significant portion
of the available energy content from CG. Thia indicates &

direct metabolic pathway in B, msthylotrophieum te convert
gasaous carbon monexide directly to butanol.

Alse cbserved, as was expected, is the drop in cell
production ag the pH decreaszes below 6.0, ghown in Talble B. Asa

menticned previpusly, washout was observed at pE = 5.0. TFigure
1 illustrates this phenomena more clearly. Regarding CO4 '
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production, Takles 2, 4, ané 5 indicate that carbon dioxide
evolution is not significantly affected by pH, and thum reducing
thes carbon lost to €0, cannot be overcome by manipulating thig
paramater.

3. Batch Fermentarion and NMutagenesis of C. acetobutylicum

Batch fermentation of carbohydrates by the wildtype strain
of solventogen, C. acetobutylicum, was conducted and the reaults
are presented in Pigure 3. Ypical biphasie (acidogenic
followed by solventogenic) fermentatior occurred after an
initial lag period, The respective butancl concentration and
yield, 11.6 9/1 buramol and 21.6% {From dextrose), achieved were
typical for this atrain.

In order to improve the cukiore with regard to productivity,
Eolvent concentration and yield, the wildtype straln wan
mutagenized using nitromoguanidine (NTG) and &thyl methane
sulfonate {(EM5). The concentration of NTG and EMS uaed ware 100
ug/ml and 2% V/V, respectively., Mutants cbtained with either
NIG (Table 89) or EMS {Table 10} varied greatly in bkerms of
substrate consuaption, wolvents concentration and ¥ield, They
also variad in sporulation ability. Of the mutants isclated
mutant N3D&, RE604, E60J and E610) were much batter sither ip
butanol concentration, butanol yleld sor both iTaklea 9 and 10
}. Interestingly, sporulation ability im these autants was
affected. While only < 10% cells were nbserved pporulating
(waak sporulatien} in mutmnts W306, N60d and ZE04 Iin comparisaon
to wildtype, no aporulation was detscted in mutant E&l0, Thia
indicatwd that sporulation character cowld be ugsed te pelect
posaibly usaful mutant,

Mutant E604 was further comparad with wildtypa. A 2«liter
batch fermentation of carhohydrate (Plgure 4) showed that the
mutant #traln had Fast fermentation rate and butanol wan
produced in higher concentration than wildtype. The compariscn
data presented in Table 1% indicates that sutant E604 had
substrate conaumption {1.45 vs 0.70 g/l -hr) and roductivity
rates (.33 va 0,17 g/1 =hr) much higher than wil type. Mutant
strain aleo produced a higher butancl eoncentraticn (13.D vs
10.% /1) in fermentation broth and resulted in higher bButansl
yield (22.7 va 21.3 wi¥) when compared wich wildeype.

SUMMARY AMD FUTURE WORK

The batah and continuous Fermentation studies conducted in
our laboratories have uncovered sevasral -irni!icnnt features of
this flrst stage of the indirect liquefaction proceea. In batch
culture it was determiped that fermentation pH is a dirsect
pediator of carbon and slectron flow in B. methylotrophicun,
with more reduced products being formed st Iower PH. It was
alac observed that acetate production cceurrad throughout the

growth phase, while butyric acid and alpohol production were
iipked to the stationary phase only, Staady state operation was

677



achieved in continuous culture, and when the effect of
fermentation pH was examined it was determined that at low pH
the same metabolic shift is present, and thus production of
organic acids and alcchola can be achieved with one carbon
compound as the sole carbon and energy source in continuous
culture, Of major significance is the direct production of
butancl from £0; guantified at low pH. :

With the increase in reduced product formation and decredse
in cell production at low pH this process is ap ideal candidate
for integration of a cell recycle syatem to maintain a high cell
densaity in the fermentar. Th{ﬂ will allow much highar call
concentrations, and thos overall fermenter productivitiea, whila
still retaining the kemefits in terms of product yields of
cperation at low pE. Tomsgtruction and testing of such a systen
is currently underway.

For the soiventogenic fermeatatisme, an improved mutankt of
C. acetobutylicum has hesn cbtained. This atrain will now be
Geed for Further studies with regard to organlc acids uptake .
solvent tolerance etc. The uptake of organic acids will be
maximized, and a process with call recycle will be devaloped
finally for obtaining high#r solvent yield.
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Table 1. Percent of Available Electrons
Contained in Products

Fermentation Conditions Acetate Butyrate Cell Mass
Constant pH, Growth Phase 80 H 20
Constant pH, Stationary Phase 88 8 ‘ 4
Constant pE, Overall 86 6 8
PH Shift, Growth Phase 71 5 24
PH Shift, Stationary Phase 21 78 1
PH Shift, Overall 27 70 3

Table 2. Fermentation Stoichiometry of €O in B,

methylotrophicum in relation to pB

PE Fermentation Stoichiometry

4CO 2.09C0, + .63Ac + .043Bu + ,027EtOH + -43Cells

8

.5 4CO 2.13C05 + .56Ac + .082Bu + .026EtOH + .37Cells

0 4CO 2.27C02 + .303Ac + .161Bu + ,032EtOH + ,029BuOH + +31Cells
5

4CO 2.18C0, + .402Ac + .154Bu + ,40Cells

Table 3: Electron Partitioning during pE-Dependent CO

Fermentation by B. methylotrophicum

pHE \_Electrons

PE Acetate Butyrate EtOH BuOH Cells
6.8 63.0 il1.0 4.0 - 22.0
6.5 56.0 20.5 4.0 Trace 19.5
6.0 30.3 40.2 4.8 8.7 16.0
5.5 40.2 38.5 Trace Trace 21.3
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Table 4: Carbon Partitioning During .pB-Dependent

£

co Fermen;ition by B. methylotrophicum

% Cartbon

COa Acatmts  Butyrate EtOH BuOH Cells

52-“ 32.0 ‘-D 1-5 _— 1ﬂ.5

3.0 28,0 8.2 1.3 Trace 9.5
5,8 1%.2 S 146.1 1.6 2.9 - 7.4
&4.5 20.1 15.4. Trace Trace .lD.B

Table 5: Molar Yield Coafficients Durlng pH-Dependent

€0 Fermentatisn by B. methylotrophicum

pH Co,  hretate Butyrate ELOH BulH Cells
6.8 .522 « 1338 «311 .00% - 108
E.S 232 140 020 « Q07 Trace . 091
6.0 .96 .076 040 .00 . 007 078
5.5 .545 100 238 Trace Trace 100

Table 6: FProduct Ratica During pH-Dependent

€0 Permentation by B, methylotrophicum

pH Ac/Bu Ac/ELOH Ac/Bu08
6.8 14.7(10}" 23.4(30.7) -
6.5 6.83(4.65) 22.G(28.5) Tracsa
6.0 1.88(¢(1.28) 9.5{12.3) . 10.5(B.51)
5.5 2.61{1.79} Trace Trace

*product ratios on melar (weight basls)
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Table 7: Specific Product Weight Ratios During pH-
Dependent CO Fermentation by B. methylotrophicum

PB Acetate Butyrate EtOH BuOB
6.8 3.47 .35 0.11 ' -
6.5 3.72 0.80 0.13 Trace
6.0 2.41 1.87 0.20 0.28
5.5 2.42 1.36 Trace Trace

Table 8: Product Concentrations in Fermentation Broth
During pH Dependent Co Fermentations by
B. methylotrophicum

pH Acetate Butyrate EtoH BuCH Cells
6.8 .860 .086 .028 - .248
6.5 1.055 . 227 .037 Trace .284
6.0 .689 .536 .056 .081 « 286
5.5 . 475 . 266 Trace Trace .196
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Table §:

Analysis of Mutants of Clastridium acetobutylicum

Cbtained After HTE Mytedenesis

Strain  Sporu- Starch Solvant Butanal
lation Uti111zation Acetic Butyric Acetome Ethangl  Butangi Yield
(s/%) (a1} (%)
WT 3 33.0 1.7 0.0 2.4 t r.3 22.1
H303 5 8.6 1.4 0.0 2.1 t 7.5 19.4
H306 WS 42,2 1.0 0.0 2.4 0.9 5.1 21.6
N308 W5 26.3 2.0 0.7 2.5 t 1.5 20.7
M310 5 12.9 2.1 4.8 2.3 t a.9 21.0
H&04 WS 8.5 1.1 .0 2.8 0.8 8.8 21.7
H&07 5 32.3 2.0 1.2 2.1 T 6.3 15.%
Starch as dextrose; N301 - NTE, 3 for 30' treatment, Ol as mutant numbar
§ = spore former; WS = weak spore former; KX = nom-spore former
Table 10: Analys1s of Mutants of Clostridium acatobhutylicum
_ Obtalned After EMS Mutagenesis
Strath  Sporu- Starch Salvent Butanal
Tation Ueilization Acetic Butyric Acetone Ethansl  Butanol ¥Yield
{g/1) {8/1) (%)
WT 5 33.0 1.7 0.0 2.4 T 7.3 22.1
[ 1) s 2.3 0.4 qa.? 0.0 0.0 0.0 -
EA03 5 3.9 0.4 4.8 0.0 3.0 0.b -
E3Ds 5 0.4 n.? 0.0 0.0 0.0 -
E306 5 0.4 0.7 .o 0.0 0.0 -
E308 : 2.4 4.3 Q.7 0.0 0.0 0.0 —_
E3D9 5 »n.9 1.4 0.0 2.1 0.7 7.0 17.5
(111 3 4.3 1.% 0.4 2.0 t 5,4 18.7
E&O2 WS x.0 1.1 0.0 2.1 t 7.8 20.5
E&04 Ws .2 1.9 0.4 2.6 t 8.1 23.7
E&DE 5 43.3 0.8 0.0 2.4 1.0 7.9 1.2
E&L0 NS 46.2 1.2 0.0 2.6 0.8 8.2 18.9
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Table 1l: Comparison of Wild Type and Mutant of
C. acetobutylicum (Batch Fermentation)

Strain Substrate Actual Final Butanol Butanol
Consumption Butanol Productivity Yield

Rate g/l 9/1«hr (wtT%)

Wildtype 0.75 10.6 0.17 21,30
E604 1.45 13.0 ' 0.33 22.70
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