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Higher alcohols such as n-butanol and n-hexanol have higher energy density than ethanol, are more com-
patible with current fuel infrastructure, and can be upgraded to jet and diesel fuels. Several organisms are
known to convert syngas to ethanol, but very few can produce higher alcohols alone. As a potential solu-
tion, mixed culture fermentation between the syngas fermenting Alkalibaculum bacchi strain CP15 and
propionic acid producer Clostridium propionicum was studied. The monoculture of CP15 produced only
ethanol from syngas without initial addition of organic acids to the fermentation medium. However,
the mixed culture produced ethanol, n-propanol and n-butanol from syngas. The addition of propionic
acid, butyric acid and hexanoic acid to the mixed culture resulted in a 50% higher conversion efficiency
of these acids to their respective alcohols compared to CP15 monoculture. These findings illustrate the
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n-Butanol great potential of mixed culture syngas fermentation in production of higher alcohols.
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1. Introduction

Efforts to develop renewable energy are driven by the negative
impacts of satiating an ever-increasing global consumption of en-
ergy with the burning of fossil fuels (Atsumi et al., 2008). The costs
associated with transitioning from fossil to renewable transporta-
tion fuels will be minimized if major changes in existing infrastruc-
tures can be avoided. Ethanol is a renewable transportation fuel
(i.e. biofuel) that can be directly blended with gasoline. Ethanol,
however, is hygroscopic and has corrosive characteristics that
translate into increased transportation costs because it must be
transported mainly by trucks instead of existing gasoline pipelines
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(Tyner, 2010). Higher alcohols such as n-butanol and n-hexanol are
candidates to replace ethanol due to their higher energy density
and lower water solubility than ethanol. n-Butanol is less hygro-
scopic than ethanol and it has a 29% higher volumetric energy den-
sity than ethanol (ethanol 21 MJ/L vs n-butanol 27 MJ/L) (Mann
et al., 2006; Atsumi and Liao, 2008). n-Propanol is an important
chemical for ink, polymer and pharmaceutical industries (Demirer
and Speece, 1998). n-Propanol has also been considered as a candi-
date for the replacement of gasoline (Simmons, 2011). n-Hexanol
has low miscibility with water and less volatility than ethanol or
n-butanol and can be blended with biodiesel or gasoline (Yeung
and Thomson, 2013). Thus, these higher alcohols have more poten-
tial than ethanol as “drop-in” biofuels, and they also can be con-
verted to jet fuels and chemicals (Harvey and Meylemans, 2011).
The hybrid gasification-syngas fermentation technology for the
production of fuels and chemicals is on the verge of commerciali-
zation. In this process, syngas is produced by gasification of
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biomass or municipal solid waste followed by conversion of syngas
components (mainly CO, H, and CO,) to liquid fuels and chemicals
(Wilkins and Atiyeh, 2011). Several reports have been published on
the production of ethanol and higher alcohols such as n-butanol
using syngas fermentation by Clostridium carboxidivorans, “Clos-
tridium ragsdalei”, and Eubacterium limosum (“Butyribacterium
methylotrophicum’™) (Shen et al., 1999; Tanner, 2008; Maddipati
et al., 2011; Ukpong et al., 2012; Ramachandriya et al., 2013). “C.
ragsdalei” also converted acetone to isopropanol during syngas fer-
mentation (Ramachandriya et al., 2011).

Previous studies of syngas fermentation for the production of li-
quid fuels have been focused on the use of monocultures. Mixed
cultures of sulfate reducing bacteria, methanogenic archaea and
homoacetogenic bacteria using H,/CO, or CO have been reported
to produce methane during anaerobic digestion of sludge (Esposito
et al.,, 2003; Sipma et al., 2004). In another study, a mixed culture
containing Rhodospirillum rubrum, Methanobacterium formicicum
and Methanosarcina barkeri was reported to convert CO, CO, and
H, to methane via synergy among the three bacteria (Klasson
et al., 1990).

Alkalibaculum bacchi strain CP15 is capable of producing ethanol
at a yield that is over 43% higher than A. bacchi strains CP11T and
CP13 (Liu et al., 2012). It was found that the cost of the syngas fer-
mentation medium for strain CP15 can be reduced by over 27% by
removing [N-tris (hydroxymethyl)methyl]-3-aminopropanesulfon-
ic acid (TAPS buffer) as well as replacing the yeast extract (YE),
minerals and vitamins with corn steep liquor (CSL) (Liu et al.,
2014). 78% more ethanol was produced in 20 g/L CSL medium than
in the YE medium using strain CP15, indicating the potential of CSL
use as a cost-effective nutrient for large scale fermentation. Addi-
tionally, strain CP15 can grow to a high cell mass during continu-
ous syngas fermentation with cell recycling (Liu et al., 2014).
During this continuous syngas fermentation in CSL medium, n-pro-
panol and n-butanol production was observed, which has not been
reported previously for strain CP15 (Allen et al., 2010; Liu et al,,
2012). These alcohols were produced from a serendipitous mixed
culture formed at the late stages of a continuous fermentation as
confirmed by 16S rRNA gene sequencing. The mixed culture con-
sisted largely of A. bacchi CP15 (56%) and Clostridium propionicum
(34%), with the remaining 10% made up of 4 other Clostridium spe-
cies (Liu et al., 2014).

C. propionicum is known to consume amino acids and ferments
lactate via the acrylate-CoA pathway, converting lactate into propi-
onate and acetate (Cardon and Barker, 1946; Tholozan et al., 1992).
C. propionicum was reported to not consume carbohydrates (Car-
don and Barker, 1946; O’Brien et al., 1990). There have been no
previous reports of n-propanol production during syngas fermen-
tation via mixed culture. This study investigated the production
of ethanol, n-propanol and n-butanol during syngas fermentation
using the mixed culture in YE and CSL media in a 3 L fermentor.
The ability of a monoculture of A. bacchi strain CP15 and a mixed
culture of mainly A. bacchi CP15 and C. propionicum to convert car-
boxylic acids into their corresponding alcohols was also examined.

2. Methods
2.1. Microorganisms

The mixed culture was obtained from the fermentor at the end
of the continuous syngas fermentation as reported previously (Liu
et al., 2014). The mixed culture was transferred to yeast extract
(YE) medium and maintained under syngas (40% CO, 30% CO,
and 30% H;) and used as the inoculum source for all experiments
performed in the present study. The monoculture of A. bacchi strain
CP15 and mixed culture were maintained on YE medium with an

initial pH 8.0 under anaerobic condition at 37 °C. The YE medium
preparation was described previously (Liu et al., 2012). Inocula of
strain CP15 and the mixed culture were prepared by sub-culturing
twice to reduce the lag phase of growth. The inocula of the mixed
culture were from the same mother culture and were prepared in
YE medium and incubated at 37 °C. Syngas made of 40% CO, 30%
CO, and 30% H, was used. This was done to ensure consistency
in the initial composition of the mixed culture used in all experi-
ments. Fermentations with either strain CP15 or the mixed culture
were inoculated with 10% (v/v) inocula.

2.2. Semi-continuous fermentation in a 3 L fermentor using mixed
culture

A 3 L fermentor (Bioflo 110, New Brunswick Scientific Co., Edi-
son, NJ, USA) with 2.5 L working volume was used in a semi-con-
tinuous fermentation (i.e., only continuous syngas feed). Two six-
blade Rushton impellers separated by a distance equal to the
impeller diameter were mounted on an agitator shaft as suggested
by Bakker et al. (1994). Four baffles were used to avoid vortices.YE
medium and 20 g/L CSL medium without TAPS buffer were used.
The YE medium also contained YE, minerals, vitamins and trace
metals as descried previously (Liu et al., 2012). The 20 g/L CSL
was used to replace YE, vitamins and minerals in the YE medium.
All media contained 5 g/L NaHCOs as a buffer, 2.5 mL/L of 4% cys-
teine sulfide solution as a reducing agent and 1 mL/L of 0.1% resa-
zurin solution as a redox indicator. The compositions of the
minerals, trace metals and vitamins stock solutions were reported
previously (Tanner, 2007). The medium in the fermentor was ster-
ilized at 121 °C for 30 min and allowed to cool to room tempera-
ture by purging 18 sccm (standard cubic centimeter per minute)
N, at 150 rpm agitation for 3 h. The medium was then purged for
8 h with 18 sccm syngas (38% CO, 28.5% H,, 28.5% CO, and 5% N,
by volume, Stillwater Steel Co., Stillwater, OK, USA). Before inocu-
lation, the medium was reduced by adding 2.5 mL/L 4% cysteine
sulfide. The fermentor was inoculated with 10% (v/v) of the mixed
culture. The inlet gas flow rate was controlled by a thermal mass
flow controller (Porter, Hatfield, PA, USA). The pH of the medium
during the fermentation was controlled above 6.1 by the addition
of 7% NaHCOs3 based on preliminary results, which showed a sub-
stantial decrease in H, conversion at lower pH values. When foam
in the fermentor was 1.3 cm above the level of liquid, 0.2 mL of 5%
antifoam (Antifoam B emulsion, Sigma-Aldrich, St. Louis, MO, USA)
was added. The fermentation temperature was controlled at 37 °C
via a heating jacket (New Brunswick Scientific Co.). A condenser
and a bubbler controlled at 5°C by a refrigerated recirculator
(1156D, VWR International, West Chester, PA, USA) were used to
condense the vapor leaving the exhaust gas line. Liquid and gas
samples were withdrawn from the reactor periodically to measure
pH, cell mass and product concentrations, and gas composition in
the exhaust gas line.

2.3. Conversion of carboxylic acids into alcohols in bottle
fermentations

Fed-batch fermentations in 250 mL bottles (Wheaton, NJ, USA)
with 100 mL working volume were used in the conversion of car-
boxylic acids into alcohols. The fermentation medium used was
the YE medium. The carboxylic acids used included propionic acid,
butyric acid, hexanoic acid and lactic acid. Each carboxylic acid was
added separately to the medium at the beginning of fermentation
at an initial concentration around 1.5 g/L. A control treatment con-
tained all medium components but no carboxylic acid. The initial
pH of the medium was adjusted to pH 7.5 by adding sterilized
2 N KOH, and each bottle was inoculated with 10% (v/v) of either
strain CP15 or the mixed culture. The syngas used contained 40%



K. Liu et al./Bioresource Technology 152 (2014) 337-346 339

CO, 30% CO, and 30% H; by volume (Stillwater Steel Co.). The syn-
gas was fed into all bottles every 24 h at 239 kPa, and the bottles
were incubated at 37 °C and 150 rpm on an orbital shaker (Innova
2100, New Brunswick Scientific). In a related experiment, lactic
acid was added to the YE medium, headspace in the bottle was
pressurized with 100% N, at 121 kPa, and the medium was inocu-
lated with the mixed culture. The purpose of this experiment was
to determine if the mixed culture could produce n-propanol from
lactic acid under N, headspace. Liquid and gas samples were with-
drawn to measure pH, cell mass concentration, carboxylic acid and
product concentrations, and gas compositions in the headspace. All
fermentations were done in triplicate.

2.4. Analytical procedures

2.4.1. Cell mass, acid and solvent concentrations and gas analysis

Cell mass concentration measurements were made at 660 nm
as reported previously (Liu et al., 2012). Each liquid sample
(0.7 mL) was acidified using 0.7 mL 0.1 N HCI. Ethanol, n-propanol,
n-butanol, n-hexanol, acetic acid, propionic acid, butyric acid and
hexanoic acid concentrations were analyzed using gas chromatog-
raphy (GC) (Agilent 7890N GC, Agilent Technologies, Wilmington,
DE, USA) with a flame ionization detector (FID) and DB-FFAP cap-
illary column (Agilent Technologies). H, was used as the carrier
gas at an initial flow rate of 2.26 mL/min for 10 min. The inlet port
temperature was kept at 225 °C with a split ratio 20:1. The initial
oven temperature was set at 90 °C and held for 2 min, and then
ramped at a rate of 40 °C/min to 250 °C with 1 min holding time.
The FID temperature was set at 300 °C with H, and air flow rates
of 30 mL/min and 400 mL/min, respectively.

A volume of 100 pL of gas from 250 mL bottle headspace or the
3 L fermentor’s exhaust line was injected in an Agilent 6890N GC
(Agilent Technologies) to determine gas composition in the head-
space. Argon was used as the carrier gas with an initial gas flow
rate of 2 mL/min and holding time of 2 min. The flow rate of the
carrier gas was then increased to 4 mL/min at a ramping rate of
2.5 mL/min2. The inlet port temperature was set at 200 °C with a
split ratio 30:1. The initial oven temperature was 80 °C with a
holding time of 5.5 min, and the TCD temperature was 230 °C.

The sugar content of the liquid samples in the CSL medium was
measured using high pressure liquid chromatography (HPLC) (Agi-
lent 1200 series) with a refractive index detector (RID). A Rezex™
RPM-Monosaccharide column (Phenomenex, Torrance, CA, USA)
was used and operated at 80 °C with deionized water as the mobile
phase pumped at 0.6 mL/min for 25 min per sample. Lactic acid
concentration in the CSL medium in the 3 L fermentor or in bottle
fermentations was determined using HPLC (Agilent 1200 series)
with RID and BioRad HPX-87H column (BioRad Corporate, Hercu-
les, CA, USA). The column temperature was 60 °C using 0.01 N
H,SO,4 as the mobile phase and pumped at 0.6 mL/min for 40 min
per sample.

2.4.2. Statistical analysis and calculation of kinetic parameters

Duncan’s multiple range test was analyzed by GLM procedure
using SAS Release 9.3 (Cary, NC, USA) at 95% confidence level to
determine pairwise statistical differences of ethanol concentration,
cell mass concentration, gas utilizations and total alcohols produc-
tion in bottle study among all treatments using either the strain
CP15 alone or the mixed culture. Each TTEST was performed using
SAS Release 9.3 to identify any significant differences ( >95% con-
fidence) in cell growth, carboxylic acid conversion, ethanol produc-
tion, total alcohol production or gas utilization between strain
CP15 and the mixed culture. The estimation of cell mass yield,
gas utilization and ethanol yield were reported in previously (Liu
et al,, 2012).The percentage conversion of ethanol to n-propanol
in % (mol/mol) was calculated using Eq. (1)

EtOH converted to PrOH

PrOH produced from consumed EtOH, mol , (1)
_ x 100%
EtOH consumed, mol

Carboxylic acids (propionic acid, butyric acid, hexanoic acid or
lactic acid) conversions to corresponding alcohols % (mol/mol)
were calculated when the concentration of the alcohol reached a
maximum using Eq. (2)

Acid converted to alcohol

_ Maximum corresponding alcohol produced, mol

07
Initial amount of carboxylic acid, mol x 100%

)

The carbon balance was calculated based on the percentage of
total carbon produced divided by total carbon consumed. The total
produced carbon included that from produced ethanol, n-propanol,
n-butanol, n-hexanol, acetic acid, propionic acid, butyric acid and
net CO,. The net CO, was estimated as the difference between
CO, provided in the feed gas and CO, remained in the headspace
or left the fermentor. CO, content in the gas mixture was measured
using the GC method discussed in the previous section. The total
consumed carbon included that from consumed CO, sugars and lac-
tic acid from CSL and the carboxylic acids added into the medium.

3. Results and discussion

3.1. Semi-continuous fermentation in a 3 L fermentor using mixed
culture

3.1.1. Cell growth and pH profiles

The inoculum of the mixed culture for the 3 L fermentor with YE
and CSL media was from the same inoculum source. The maximum
cell mass concentrations of the mixed culture were similar in both
the YE and CSL media and reached 0.73 g/L (OD 1.9) (Fig. 1A). Cells
entered stationary growth phase 48 h after inoculation in both
media. Cell mass concentration remained constant in the CSL med-
ium but started to decrease after 84 h in the YE medium, suggest-
ing nutrient limitation. In addition, the growth rate of the mixed
culture in the CSL medium was 56% higher than in the YE medium
(Table 1), which could be due to the consumption of the 1 g/L lactic
acid present in the CSL medium in the first 48 h by C. propionicum
of the mixed culture.

C. propionicum can grow on lactic acid, converting it into propi-
onic acid and acetic acid (Johns, 1952). Propionic acid (0.45 g/L)
was produced during the first 24 h of mixed culture growth in
CSL medium, likely due to fermentation of the lactic acid by C. pro-
pionicum (Fig. 1C). It should be noted that A. bacchi cannot con-
sume lactic acid (Allen et al., 2010).

The initial pH of both YE and CSL media before inoculation was
8.0. However, before the addition of reducing agent into the fer-
mentor and inoculation, the medium was purged 8 h with syngas
(38% CO, 28.5% H,, 28.5% CO, and 5% N, by volume), which resulted
in the decrease in pH to 7.1 due to CO, from the syngas. This value
was consistent with the calculated equilibrium medium pH 7.2
using a modified Henderson-Haselbach equation for NaHCO3/CO,
buffer system (Sowers and Noll, 1995). In the present study, TAPS
buffer was not added to the medium. Therefore, the buffer capacity
was mainly dependent on the NaHCO3/CO, buffer system. During
the fermentation, the pH of both media decreased to 6.1 in the first
40 h and remained at this level until 80 h with the pH controlled at
above 6.1 by the addition of 7% NaHCOs (Fig. 1A). The decrease in
pH during the first 80h resulted mainly from acetic acid
production (Fig. 1B). After 80 h, the pH increased to 6.4 in YE med-
ium and 6.3 in CSL medium due to conversion of acetic acid to eth-
anol (Fig. 1B). However, it was observed that the pH of both media
decreased to 6.1 after 100 h. This second decrease of pH was asso-
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Fig. 1. Semi-continuous fermentation profiles in 3 L fermentor using the mixed culture in YE medium (solid line) and CSL medium (dash line); (A) pH (M), cell mass (®); (B)
acetic acid (a), ethanol (x); (C) n-propanol (¢), propionic acid (3); (D) butanol (+), butyric acid ().

ciated with a rapid increase in the propionic acid concentration 3.1.2. Product formation

from 0.4 g/L to above 1 g/L in both media (Fig. 1C). This was the Acetic acid concentrations in the YE and CSL media reached a
first time that propionic acid was produced during syngas fermen- maximum of 4.2 g/L and 6.4 g/L at 80 h, respectively (Fig. 1B). After
tation, which was due to the mixed culture. reaching a maximum, acetic acid concentrations in the YE and CSL
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Table 1
Kinetic parameters in the YE and CSL media in the 3 L fermentor with the mixed
culture.

Table 2
Possible reactions for ethanol conversion to n-propanol and propionic acid and their
standard Gibbs free energy (adapted from Wu and Hickey, 1996).

Kinetic parameters 3 L fermentor study Reactions AGY, kJ/mol
Medium YE medium CSL medium 1 CH3CH,OH + 3H, + HCO; + H" —» CH3CH,CH,OH + 3H,0 -78.9
Specific growth rate, h~! 0.16 0.25 2 CH3CH,OH + HQO; +2H, + 1/2H" - 1/2CH5CH,CH,0H + -72.8

) 1/2CH5CH,CO0~ + 2.5 H,0
Cell mass yield, g cells/mol CO 3.68 3.08 3 CH.CH.OM + HCO= + H CHACH.COO- + 2150 66.7
Ethanol yield from CO, % 44.7 62.0 4 CH3CH2COO7 o l-i N H{" CH3 c1—12 CH.OH + HZ o *51 s
Maximum ethanol concentration, g/L* 1.30 2.36 3-12 2 — LA 2 w2
Final ethanol concentration, g/L 0.50 1.13 5 CHyCHOH + CO +2H, — CH3CH,CHZ0H + H,0 -94.2
Final n-propanol concentration, g/L 0.37 0.98

. _ % b . . . .

Ethanol conversion to n-propanol, % (mol/mol) 15.7 24.5 Thermodynamically, several possible reactions exist for the
Final n-butanol concentration, g/L ND! 0.09 . S I
Total alcohols concentration, g/L 0.87 2.20 conversion of ethanol to propionic acid and n-propanol from
CO utilization, %° 40.4 50.3 anaerobic mixed cultures (Wu and Hickey, 1996), which are listed
H; utilization, %° 28.1 239 in Table 2. Reactions 1 and 2 describe the conversion of ethanol to

2 Cell mass yield was calculated at maximum cell mass concentration; ethanol
yield was calculated at maximum ethanol concentration at 102 h and 111 h in YE
and CSL medium, respectively. CO and H, utilization were calculated at 200 h.

b Calculation was based on the time when ethanol started to decrease in YE
medium and CSL medium after 102 h and 111 h, respectively, to the end of fer-
mentation using Eq. (1).

¢ ND = not detectable.

media slowly decreased to 3.4 g/L and 4.9 g/L at around 100 h,
respectively, due to acetic acid conversion to ethanol. The maxi-
mum ethanol concentrations measured in the YE and CSL media
were 1.3 g/L at 102 h and 2.4 g/L ethanol at 111 h, respectively
(Fig. 1B). Ethanol production in both media was due to the conver-
sion of syngas by the mixed culture, since all of the monosaccha-
rides (glucose, fructose, mannose and galactose) present in the
20 g/L CSL medium at a total concentration of 0.3 g/L were con-
sumed during the first 111 h. Based on the maximum theoretical
conversion of sugars to either acetic acid or ethanol, however,
the sugars could only contribute about 3-6% to these products,
indicating that syngas mainly contributed to product formation.
Moreover, the production of ethanol by the mixed culture was
non-growth related, which was observed in a previous study with
strain CP15 monoculture (Liu et al., 2012).

The consumption of ethanol after it reached a maximum was
observed simultaneously with the production of n-propanol
(Fig. 1B and C). The decrease in ethanol concentration was also
observed in the continuous syngas fermentation in the 20 g/L CSL
medium (Liu et al., 2014). The final concentrations of n-propanol
in the YE and CSL media were 0.37 g/L and 0.98 g/L, respectively
(Fig. 1C). The accumulation of n-propanol in the YE medium was
associated with the increase in propionic acid concentration after
80 h. Production of n-propanol in the CSL medium started at the
beginning of fermentation through the conversion of lactic acid
to propionic acid by C. propionicum, followed by reduction of the
propionic acid to n-propanol by strain CP15 in the mixed culture.
Another source of n-propanol was the conversion of ethanol,
whose concentrations decreased by 38.5% and 47.9% from their
maxima in the YE and CSL media, respectively. There was 1.6 times
more ethanol converted to n-propanol in the CSL medium and total
alcohol concentration in the CSL medium was 2.5 times higher
than in the YE medium (Table 1).

The production of n-propanol and propionic acid from ethanol
with the mixed culture could be due to C. propionicum by a
metabolic pathway similar to Clostridium neopropionicum: etha-
nol — acetaldehyde — acetyl-CoA — pyruvate — lactate — lactyl-
CoA — propionyl-CoA — propionate (Tholozan et al., 1992).
Additionally, strain CP15 could be reducing propionic acid to
n-propanol during syngas fermentation, a property shared by
C. ljungdahlii and “C. ragsdalei” (Perez et al., 2012). In this case,
CO and H; would serve as reducing equivalents to generate NADH
needed by strain CP15 in the mixed culture to reduce the propi-
onic acid likely made by C. propionicum.

n-propanol and propionic acid. Reaction 1 may be less likely than
reaction 2 as both n-propanol and propionic acid were produced
in the present study. Reaction 3 describes the conversion of etha-
nol to propionic acid, which could due to C. propionicum. Reaction
4 describes the direct reduction of propionic acid to n-propanol
which could due to A. bacchi CP15. Reaction 5 describes the direct
conversion of ethanol to n-propanol using CO and H; as reactants.
Reaction 5 has not been described for any biological system (Wu
and Hickey, 1996), nor have syngas fermenting strains or C. propi-
onicum been described as capable of directly converting CO and H,
to n-propanol.

In addition to n-propanol, n-butanol (0.14 g/L) was produced by
the mixed culture in the CSL medium (Fig. 1D). Butyric acid, a
growth associated product, was formed in both YE and CSL media
at concentrations of 0.15 g/L and 0.45 g/L, respectively. The pro-
duction of butyric acid could be due to C. propionicum fermenting
four carbon amino acids such as threonine into butyric acid
(Cardon and Barker, 1946). Given the ability of strain CP15 to
convert carboxylic acids to their respective alcohol, it is posited
that C. propionicum produced butyric acid, which was further
reduced to n-butanol by strain CP15 in the mixed culture. Details
of this synergy between C. propionicum and strain CP15 are
discussed in Section 3.2.

Although there might be changes in the composition of the
mixed culture during fermentation, the trends in cell mass, pH,
acetic acid, propionic acid, butyric acid, propanol and ethanol
profiles in both YE and CSL media were similar (Fig. 1). This indi-
cates a similar function and stability of the mixed culture.

3.1.3. Gas utilization and carbon balance

The cumulative CO consumption by the mixed culture in CSL
medium was 1.4 mol, which was 27% higher than in YE medium.
The cumulative consumption of H,, however, did not differ consid-
erably between the CSL and YE medium. The percentages of CO and
H, utilized by the mixed culture in the YE medium at the end of
fermentation were 40% and 28%, respectively (Table 1). The CO
and H, utilized by the mixed culture in the CSL medium were
50% and 24%, respectively. The carbon balance in both media
showed that there were 86% and 104% carbon recovery in the YE
and CSL (including the sugars and lactic acid in CSL) media,
respectively.

3.2. Conversion of carboxylic acids into alcohols

3.2.1. Effect of carboxylic acids on cell growth

Cell growth was observed in all treatments with the carboxylic
acids used with either strain CP15 or the mixed culture (Fig. 2).
However, the maximum cell mass concentration in each treatment
varied depending on the individual carboxylic acid added (Table 3).
The maximum cell mass concentration in each treatment was over
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Table 3

Syngas fermentation parameters during the conversion of carboxylic acids into alcohols in 250 mL bottle fermentors.

Treatments’

No acid Propionic acid Butyric acid Hexanoic acid Lactic acid
CP15 Mixed CP15 Mixed CP15 Mixed CP15 Mixed CP15 Mixed
culture culture culture culture culture
Max. cell conc., g/L 0.3 £0.0MY 05+0.1° 02+00% 03+00° 02+00% 04:+00° 02+00% 03+00° 0.1+0.0° 0.3=0.00¢
% Of growth inhibition? -3 - 243+49° 326+22° 234+93° 297+04 40.1+3.1° 468+4.0° 750+06" 34.1+1.3°
Final ethanol, g/L 0.4 0.0M 02200 02%0.0° 02+0.0° 03x00% 06£00° 03+00° 0.5+0.2° - 0.2 £ 0.0
Ethanol yield from 212+ 112 105+£2.1° 11.8+07%Y 86+07° 19.0+1.7% 207+12° 23.1£22* 347#6.1° - 11.7£1.2°
CO, %
n-Propanol, g/L - - 0.4 +0.0¥ 1.0+0.2 - 0.9+0.1 - 0.1+0.0 - 0.4+0.0
n-Butanol, g/L - - - - 0.5%0.1Y 0.8+0.0 - - - -
Hexanol, g/L - - - - - - 0.8+0.1Y 1.0+0.0 - -
Acid converted - - 36.8+2.0" 83428 386zx53Y 747+56 63.6%6.0Y 90.7 £5.0 - -
to alcohol, %
Total alcohols, g/L 0.4 +0.0°Y 02+0.0° 06+00°Y 12+01° 08+01* 23+01* 10+01*Y 1.6+02° - 0.6+0.0¢
CO utilization, % 30.6+1.14 305£02° 229+1.0% 364+1.0° 21.7+128Y 435£13% 172215 21.5+4.8¢ 48+1.0°Y 305+1.2°
H, utilization, % 28.1+3.14° 321+1.1° 209+3.1% 256+1.5° 167+3.8%Y 276226 9.0:3.1° 6.0+1.8° 4.6+28%Y 246+1.9°

ABCDDyncan’s test group for the monoculture of strain CP15; the same letter in the same row indicates there was no statistical difference among treatments (p > 0.05).

abedepyncan’s test group for the mixed culture; the same letter in the same row indicates there was no statistical difference among treatments (p > 0.05).

YThere was statistical difference between the monoculture of strain CP15 and mixed culture using the T-Test (p < 0.05).
! Product concentrations, yields or gas conversion efficiencies were calculated at the end of experiment of 216 h.
2 Equal to (1 — (maximum cell concentration with added acid/maximum cell mass concentration with no acid)) x 100%.

3 Not applicable or products were not detectable.
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50% higher with the mixed culture than with strain CP15 monocul-
ture (p < 0.05).

Growth, measured as maximum cell mass concentration, was
inhibited in each treatment with acid compared to cultures with
no acid added. Except in the treatment with lactic acid, there were
no statistical differences in the percentage of growth inhibition
between strain CP15 monoculture and mixed culture with the
other acids (p >0.05) (Table 3). The order of growth inhibition
among the acids used with strain CP15 alone was lactic acid > hex-
anoic acid > butyric acid ~ propionic acid > no acid (Table 3). The
highest inhibition of growth observed was 75% for strain CP15,
when lactic acid was added to the medium (Table 3). Lactic acid
is able to cross bacterial cell membranes in an undissociated form,
reducing cell internal pH and disrupting transmembrane proton
motive force for ATP formation (Herrero et al., 1985). This inhibi-
tion has been observed for other bacteria. For example, growth of
Clostridium thermocellum was 50% inhibited when grown on cello-
biose with an initial lactic acid concentration of 2.7 g/L at pH 7.4
(undissociated concentration of lactic acid equals 7.8 x 104 g/L)
with N, headspace (Herrero et al., 1985). In the present study,
the growth cessation of strain CP15 monoculture in the medium
with lactic acid was at pH 6.6 with 4.0 x 107> g/L undissociated
lactic acid, which was fivefold higher than with C. thermocellum.
This may account for the high level of inhibition for strain CP15
caused by lactic acid.

In the lactic acid treatment under syngas headspace, growth
inhibition of the mixed culture less than half of that for strain

343

CP15. This was because 1.2 g/L of lactic acid was consumed (likely
by C. propionicum) during the first 24 h of growth, which have re-
duced the inhibition of strain CP15 in the mixed culture. The inhi-
bition order in the treatments with acid using the mixed culture
was hexanoic acid > propionic acid = butyric acid =~ lactic acid > no
acid.

The cell mass concentration of the mixed culture in the lactic
acid treatment with N, headspace was 38% lower than with syngas
headspace (Fig. 2B). The growth of the mixed culture with a N,
atmosphere was likely due to the growth of C. propionicum that
consumed 1.2 g/L lactic acid and produced 0.48 g/L propionic acid
and 0.6 g/L acetic acid (carbon recovery in products was 99.1%).

3.2.2. Product formation

Ethanol was produced in all treatments with acids except lactic
acid under N, headspace (Fig. 3). Strain CP15 did not consume eth-
anol in any of the treatments (Fig. 3A). The mixed culture, however,
clearly consumed ethanol after 120 h in the treatments containing
propionic acid, butyric acid and lactic acid (Fig. 3B). However, no
ethanol was consumed by the mixed culture in the hexanoic acid
treatment or the treatment without acid.

Acetic acid was also produced during the syngas fermentation
using strain CP15 and the mixed culture (Fig. 4), with the greatest
amount produced in the treatment without acid. The mixed culture
produced a maximum of 4.7 g/L acetic acid, which was 38% higher
than with CP15 alone. In treatment with no acid added to the
mixed culture, acetic acid concentration did not decrease after
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Fig. 3. Ethanol profiles during syngas bottle fermentations with the addition of various carboxylic acids (A) monoculture of CP15 (open symbol and dash line) and (B) mixed
culture (solid symbol and solid line); treatment with no acid (¢), propionic acid (M),butyric acid (a), hexanoic acid (x), lactic acid (®), lactic acid with N, headspace (+).
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reaching a maximum (Fig. 4B). However, acetic acid concentration
decreased from 3.4 g/L to 2.8 g/L in treatments with no acid added
to strain CP15 (Fig. 4A). This indicated that the mixed culture gen-
erated less NADH to reduce acetic acid to ethanol than strain CP15
alone, resulting in less ethanol production. However, acetic acid
conversion to ethanol by the mixed culture was observed in the
treatments that contained propionic acid, butyric acid, hexanoic
acid or lactic acid (Fig. 4B). The mixed culture was more efficient
in the conversion of acetic acid to ethanol in media with acid
amendment compared to strain CP15 alone, suggesting an interac-
tion between CP15 and C. propionicum in the mixed culture that is
not yet understood. Characterizing the changes in the abundance
of CP15 and C. propionicum in the mixed culture during the course
of fermentation can explain the interaction between the two
strains, which warrant further investigation.

The profiles of carboxylic acid consumption and production of
their respective alcohols are shown in Fig. 5 for strain CP15 and
the mixed culture. There was a lag phase of 48 h before either
strain CP15 alone or the mixed culture began to convert propionic
acid to n-propanol. The production of propionic acid after 120 h
was observed for the mixed culture (Fig. 5A), which was due to
the conversion of ethanol as shown in Fig. 3B. The increase in car-
boxylic acid concentration was not observed with the butyric acid,
hexanoic acid or lactic acid with the mixed culture (Fig. 5). Strain
CP15 alone did not consume lactic acid (Fig. 5B). The mixed cul-
ture, however, directly consumed the lactic acid in the treatments
with syngas or N, headspace. There was also a lag of about 48 h in

the conversion of butyric acid to n-butanol by strain CP15 alone
and the mixed culture (Fig. 5C). Both cultures, however, converted
hexanoic acid to n-hexanol immediately after inoculation (Fig. 5D).

The mixed culture converted 83.4% of propionic acid to n-pro-
panol (including n-propanol from ethanol), 74.7% of butyric acid
to n-butanol and 90.7% of hexanoic acid to hexanol, which were
2.3 times, 1.9 times and 1.4 times, respectively, higher than with
strain CP15 alone (p < 0.05) (Table 3). In addition, with similar ini-
tial carboxylic acid concentrations in the medium, there were 2.0
times, 2.9 times, and 1.6 times higher total alcohol production
from propionic acid, butyric acid, hexanoic acid treatments, respec-
tively, with the mixed culture compared to strain CP15 alone.

The mixed culture completely used the added lactic acid with
syngas in the headspace but only utilized 52% of available lactic
acid when N, was in the headspace (Fig. 5B). Also, it was observed
that 23% of lactic acid on a molar basis was converted to n-propa-
nol by the mixed culture when syngas was used in the headspace
(Fig. 5B). These results with the mixed culture conversion of lactic
acid to propionic acid supports the results obtained in the CSL
medium in the 3 L fermentor, in which lactic acid in the CSL was
converted to propionic acid.

In addition, the ability of strain CP15 to convert propionic acid
to n-propanol supports the hypothesis that n-propanol produced
in the 3 L fermentor was the result of a synergistic interactions.
C. propionicum likely converted ethanol to propionic acid, which
was converted by strain CP15 to n-propanol. The n-butanol pro-
duced in the CSL medium in the 3 L fermentor could be attributed
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to the conversion of butyric acid by strain CP15. The mixed culture
did not produce alcohol in the lactic acid treatment with a N, head-
space but it did produce n-propanol with a syngas headspace by
CP15 due to presence of H, and CO as reductants (Fig. 5B). This re-
sult, further supports the assertion that n-propanol produced in the
3 L fermentor was mainly because of synergistic interactions with-
in the mixed culture.

The conversion efficiencies of propionic acid to n-propanol in
the present study and published reports for C. ljungdahlii ERI-2
and C. ragsdalei (Perez et al., 2012) were as follows: C. ljungdahlii
ERI-2 (92.7%) > mixed culture (83.4%, present study) > “C. ragsda-
lei” (72.3%) > strain CP15 monoculture (36.8%, present study). The
conversion efficiencies of butyric acid to n-butanol were as follow:
mixed culture (74.7%, present study)>C. [ljungdahlii ERI-2
(68.2%) > strain CP15 monoculture (38.6%, present study)>“C.
ragsdalei” (21.0%). For hexanoic acid conversion to n-hexanol, the
conversion efficiencies were as follows: mixed culture (90.7%,
present study)>strain CP15 monoculture (63.6%, present
study) > C. ljungdahlii ERI-2 (46.0%).

3.2.3. Gas utilization and carbon balance

The mixed culture consumed significantly more CO (p < 0.05) in
the treatments that contained propionic acid, butyric acid and lac-
tic acid than strain CP15 monoculture (Table 3). The mixed culture
also utilized more H, in the treatments that contained butyric acid
and lactic acid. CP15 utilized more CO and H, (p <0.05) in the
treatments without acid than treatments where acids were added.
The carbon recoveries in the products were generally 100 + 10% for
strain CP15 and the mixed culture, indicating that no other major
products were generated during the conversion of carboxylic acids
to their respective alcohols.

4. Conclusions

Over twofold more alcohol was produced in CSL medium than
in YE medium during the semi-continuous fermentation in the
3 L fermentor with the mixed culture. Bottle fermentations sug-
gested that n-propanol and n-butanol production were the result
of synergistic interactions between strain CP15 and C. propionicum,
resulting in over 60% more alcohol production than with strain
CP15 alone. In addition, the mixed culture converted 50% more car-
boxylic acids into their corresponding alcohols than the CP15
monoculture. These results show the advantage of using the mixed
culture for higher alcohols production from syngas.
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