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Abstract Extractive butanol fermentation with non-ionic
surfactant, a recently explored area, has shown promising
results with several advantages but is relatively less
investigated. This work reports the extractive fermentation
with selected non-ionic surfactants (L62 and L62D) to
enhance butanol production using a high-butanol producing
strain (Clostridium beijerinckii MCMB 581). Biocompati-
bility studies with both the surfactants showed growth.
Higher concentrations of surfactant (>5%) affected the cell
count. 15.3 g L™" of butanol and 21 g L™" of total solvents
were obtained with 3% (v/v) L62 which was respectively,
43% (w/w) and 55% (w/w), higher than control. It was
found that surfactant addition at 9th h doubled the pro-
ductivity (from 0.13 to 0.31 g L™' h™' and 0.17 to 0.39 g
L' h™!, respectively for butanol and total solvent).
Butanol productivity obtained was 2-3 times higher than
similar studies on extractive fermentation with non-ionic
surfactants. Interestingly, mixing did not improve butanol
production.
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Introduction

Biobutanol production is a classic case of product inhibition.
Butanol normally less than 20 g L™" becomes toxic to the
microorganisms and inhibits cell growth consequently
butanol production (Awang et al. 1988). Further, due to low
titer of butanol and low productivity, separation of butanol
has become a major critical challenge (Abdehagh et al. 2014;
Huang et al. 2014). Various methods are reported to relieve
butanol toxicity which include gas stripping (Ezeji et al.
2003, 2007; Setlhaku et al. 2013), pervaporation (Qureshi
etal.2001; Setlhaku et al. 2013; Tong et al. 2010), membrane
assisted solvent extraction (Jeon and Lee 1987; Tanaka et al.
2012), adsorption (Qureshi et al. 2005; Xue et al. 2016), and
liquid-liquid extraction (Dadgar and Foutch 1988; Ha et al.
2010). However, most of these methods focus on separation
of butanol as it is formed and not on increasing the initial
concentration of butanol in the broth which would reduce the
downstream processing cost. Recently, Dhamole et al.
(2012, 2015) have for the first time reported extractive fer-
mentation with non-ionic surfactants for butanol production.
It addresses two interlinked problems with butanol fermen-
tation, first it relives butanol toxicity to the microbes thus
enhancing the butanol production (and hence titer), and
second, it concentrates butanol in downstream processing.
Surfactants self-assemble into micelles above their
critical micelle concentration and entrap (hydrophobic)
butanol into micelles, thus relieving the butanol toxicity to
the microorganisms. Surfactant based extractive fermen-
tation has many advantages and is explored for several
extractive fermentation (Wang and Dai 2010; Wang et al.
2008a, b). Surfactant reduces the substrate or product
toxicity by entrapping the substrate/product. Surfactant
based cloud point extraction significantly reduces the pro-
cess volume and concentrates the product in the surfactant
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rich phase consequently into reduction in downstream
processing cost (Dhamole et al. 2013, 2014). Also, sur-
factant recovery (>95%) and reuse is possible with sur-
factants (Dhamole et al. 2012). Despite several advantages,
limited studies are reported on extractive fermentation of
butanol using non-ionic surfactant (Dhamole et al.

2012, 2015).
Our earlier work (Dhamole et al. 2012, 2015) on
extractive fermentation with non-ionic surfactants

explored the low butanol producing strains, Clostridium
acetobutylicum ATCC No. 824 (NCIM No. 2337) and
Clostridium pasteurianum ATCC No. 824 (NCIM No.
2337) 4-5¢ Lfl). Both the studies showed enhanced
butanol production with L62 and L62D. However, the
effect of increase in concentration of surfactant on buta-
nol production was studied only till 9% of surfactant.
Further, the effect of mixing, time of addition of surfac-
tant, effect of surfactant and its varying concentration on
cell count/number and butanol production was not
explored. This work investigated extractive butanol fer-
mentation with high-butanol producing strain (as com-
pared to Dhamole et al. 2012, 2015) and also the effect of
varying operating conditions (mixing, time of addition of
surfactant, effect of surfactant and its varying concentra-
tion) on butanol production. Surfactant based system
improved butanol production however, the productivity
was very low. Butanol fermentation data in presence of
surfactant showed delayed butanol production (Dhamole
et al. 2012, 2015). Microbes might need some adaptation
to the surfactant before starting butanol production. Also,
both the studies were carried out using a low butanol
producing strain eventually leading to low productivity.
Presence of L62D produced maximum butanol of 11.9 g
L~" with productivity of 0.16 g L™' h™' using Clostrid-
ium acetobutylicum (Dhamole et al. 2015). With
Clostridium pasteurianum ATCC No. 824 (NCIM No.
2337) and L62, maximum butanol titer of 10.7 g L~ ! with
productivity of 0.09 g L™' h™' was obtained. The maxi-
mum amount of butanol that is produced by C. aceto-
butylicum and C. pasteurianum in absence of surfactant
was respectively, 8 and 4.3 g L™'. Further, the effect of
surfactant was observed only on butanol production (in
terms of biocompatibility). Impact of these surfactants on
cell number or growth was not investigated in both the
work. Hence, this work was undertaken to study the
enhanced butanol production with a strain producing
relatively high amount of butanol and estimate maximum
butanol production with such a strain. In addition,
understand the effect of surfactant on biomass and
improve the productivity of the process. Clostridium
beijerinckii MCM B581that produces 10 g L™ of butanol
was used in the present work (Singh et al. 2016).
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Materials and methods
Chemicals

Chemicals such as glucose, ammonium sulfate, K,HPOy,,
CaCOs3, MgS0,, FeSO,, yeast extract, and cysteine HCI
were purchased from Hi-Media; whereas, butanol, acetone,
ethanol, and i-propanol were purchased from Sigma
Aldrich. All the chemicals were of analytical grade. Non-
ionic pluronic surfactants L62 and L62D were provided by
BASF, USA as a gift sample. De-ionized water was used
through-out the studies. Both the surfactants (L62 and
L62D) are tri-block PEO-PPO-PEO polymeric surfactants
and are amphiphilic in nature.

Organism

A laboratory stock of C. beijerinckii isolated (Singh et al.
2016) and deposited at Agharkar Research Institute (ARI,
Pune) as MCM B581, was routinely maintained as spore
suspension in Pre-Culture medium (PC) (Cheng et al.
2012) and stored at room temperature. The strain is
mesophile and shows good growth at 37 °C after incuba-
tion period of 18-24 h. The spore suspension was activated
by heat shock at 80 °C for 2 min followed by cold shock at
—20 °C for 2 min. The activated spores were then trans-
ferred to fresh PC medium. This was used for preparing
inoculum for studies.

Biocompatibility of the surfactant

Cell count study was carried out in order to analyze sur-
factant toxicity to the organism. Experiment was performed
in 130 mL serum bottles. Surfactants L62 and L62D were
added in different concentrations (1-10% v/v) to the Pep-
tone-Yeast Extract- Glucose (PYG) medium (10 g L!
Peptone; 10 g L™' Yeast extract; 20 g L™" Glucose; 3 g
L~ Sodium acetate; 5 g L™" NaCl; 0.5 g L™' cysteine
HCI) and was sterilized at 121 °C for 15 min. The pH of
the media was adjusted to 6.8 and head space of the serum
bottles was flushed with N, gas prior to sterilization. Each
bottle was inoculated with 1 mL (containing 1 x 10° cells/
mL) actively proliferating cells. Experiment was performed
at 37 °C. Cell count was taken using cytometer under phase
contrast microscope. Control studies were carried out in
absence of surfactant. Cell number was counted at the end
of 24 h.

Butanol tolerance test

Clostridium beijerinckii was grown in PYG medium in
presence of different concentration of butanol (6-20 g L_l)
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and 6% (v/v) L62 to study the maximum tolerance of
butanol to the microbes in presence of surfactant. Control
without any externally added butanol and surfactant was
kept for comparison. Samples were collected after 48 h of
fermentation and butanol was measured.

Fermentation with non-ionic surfactants: effect
of different parameters

All the fermentation studies in this work were carried out
using the medium consisting of 80 g L' glucose, 2 g L™!
ammonium sulfate, 2 g L~} K,HPO,, 3 ¢ L~} CaCOs,
0.55 g L™ MgSOy,, 0.52 g L' FeSO,, 6.5 g L' yeast
extract, 0.5 ¢ L™ cysteine HCI. This was sterilized at
121 °C for 15 min. The pH of the media was adjusted to
6.5. Serum bottles (130 mL) with working volume of
60 mL were used for fermentation. Anaerobic conditions
were maintained by flushing head space of the bottle with
N, gas prior to sterilization. Fermentation was initiated by
inoculating a 10% (v/v) highly motile cell of C. beijerinckii
(18-24 h old inoculum). All experiments were conducted
at a constant temperature of 37 °C.

Effect of surfactant concentration

Fermentation was carried out in presence of different
concentrations (3 to 20% v/v) of L62 and L62D. Solvents
(i-propanol, acetone, butanol and ethanol) production and
glucose consumption was monitored. Biomass growth was
measured in terms of protein.

Mixing effect

The fermentation was carried out with 3% (v/v) L62 sur-
factant in rotary incubator shaker at 37 °C at 0, 60, and
120 rpm for 144 h. Control without surfactant was also run
simultaneously.

Time of surfactant addition in fermentation

Samples without surfactants in the media initiated solvent
production at 9th h (as shown in Fig. 3a) of the fermen-
tation whereas samples with surfactant in the media initi-
ated solvent production at 24 h and showed very less
increment in solvents till 72 h. This shows that addition of
surfactants causes an extended lag which ultimately delays
the solvent production. Due to this, instead of adding sur-
factant initially, it was added at 9th h at which microbes
had already initiated solvent production, so fermentation
was carried out without surfactant addition till 9 h. Steril-
ized surfactant (3% v/v L62) was added in a controlled
manner at 9th h of the fermentation and proceeded till
144 h at 37° C.

Analysis

Solvents were analyzed with Gas Chromatograph (Bruker-
450) with capillary column (30 m x 0.32 mm inner
diameter Stabilwax®-DA Columns (fused silica), Cross-
bond® Carbowax® polyethylene glycol) equipped with a
flame ionization detector. The standard buffer solution
containing known amount of solvents (acetone, methanol,
ethanol, i-propanol, n-propanol, i-butanol, n-butanol) was
injected. The gas chromatography was operated at an
injector temperature of 150 °C, oven temperature 80 °C
and detector temperature 200 °C with flow rates of Nj-
30 mL/min; H,-30 mL/min and Air-300 mL/min, respec-
tively. Glucose concentration in the fermentation media
was determined by a standard 3,5-dinitrosalicylic acid
(DNSA) assay (Miller 1959). The absorbance was mea-
sured using UV-visible spectrophotometer (UV 1601,
Shimadzu, Japan). pH of the media was analyzed with
calibrated digital pH meter. Initial cell concentration was
estimated by optical density at 600 nm. Productivity was
calculated as total isopropanol, acetone, butanol, and
ethanol IABE) produced (g L Hina given fermentation
time (h). Yield was calculated as total gram of iABE
produced per gram of glucose utilized.

Results and discussion

Biocompatibility of the surfactant to Clostridium
beijerinckii MCMB 581

Earlier butanol fermentation studies with non-ionic sur-
factant showed maximum butanol production in presence
of L62 and L62D (Dhamole et al. 2012, 2015). Since the
butanol production (with low butanol producing strain) was
enhanced in presence of L62 and L62D, it was decided to
carry out biocompatibility studies with both the surfactants
with C. beijerinckii MCMB 581. Biocompatibility was
decided based on the growth of C. beijerinckii (cell num-
ber) at different concentrations of surfactant (1 to 10% v/v)
in a growth medium (Table 1). All the flasks were inocu-
lated with 1 mL inoculum containing 10° cells. It was
observed that the number of cells increased for all the
different concentrations of surfactant with respect to the
initially added number of cells. However, as compared to
control (7 x 10®) the number of cells was slightly less in
presence of surfactant. Overall, the cell count marginally
decreased with increase in surfactant concentration from 1
to 10% v/v (6 x 10% to 3 x 10%). It was seen that surfac-
tant delayed the growth of microbes but did not inhibit it.
This could be attributed to covering of cells by the sur-
factant as was observed under microscope in presence of
higher surfactant level. Also, the delayed growth could be
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Table 1 Cell number at different concentration of surfactant (L62
and L62D) in growth medium for 24 h

% Surfactant (v/v) Cell number (no. x 108 cells/mL)

L62 L62D
1 6 £+ 0.25 6 £0.25
2 5£025 5+£05
3 4+05 4 £+ 0.25
4 5+025 5+05
5 6+0.5 5£025
6 4+05 4 £0.25
7 5£05 4 £0.25
8 4+05 2£025
9 3+£025 2+£05
10 4+ 0.75 3£0.75

Inoculum containing 1 x 10° cells/mL was added in each fermenta-
tion bottle. Cell number obtained in control (i.e., without surfactant)
was 7 + 0.25 x 10® cells/mL

attributed to the shock due to surfactant addition. It is
anticipated that microbes would take some time for adap-
tation to surfactant resulting into delayed growth. Thus, it
was found that both the surfactants were biocompatible.

Butanol tolerance test

Biocompatibility studies showed that L62 and L62D are
biocompatible. However, it is important to relieve the butanol
toxicity to the microbes. Hence, butanol tolerance test was
carried out in presence of surfactant. Butanol production was
observed in presence of different concentrations of externally
added butanol (0.6, 0.8, 1.0, 1.4 and 2.0% w/v) and surfactant
(L62 and L62D). Butanol production was observed in pres-
ence of initially fed butanol 0.8% (w/v) (Fig. 1). However, no
butanol was produced in presence of 1.0% (w/v) butanol,
though very small amount of glucose (3.6 g L™") was con-
sumed, indicating butanol tolerance till 1% (w/v) of butanol in
presence of surfactant. Thus, it is expected that butanol pro-
duction will occur even in presence of 1% (w/v) of butanol.
Maximum butanol producing capacity of the strain C. bei-
Jjerinckii MCMB 581 is 11 g/L (as shown in Fig. 3a). More
butanol concentration than this amount causes a toxic envi-
ronment for the cells. Hence, further increase in butanol than
1% eventually kills the cells, thus increase in butanol con-
centration can be seen up to 1%. Further increase in externally
added butanol inhibits butanol production.

Effect of different concentrations of surfactants
on butanol production

Effect of varying concentrations of surfactant, both L62

and L62D (3% to 20% v/v) on butanol and total solvent
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Fig. 1 Effect of initial butanol (i.e., externally added butanol) on
butanol production in presence of 6% (v/v) surfactants (L62 and
L62D) and in absence of surfactant at the end of 48 h. Butanol
produced in control is 6.6 g L™" (i.e., when butanol added = 0 gL ™"
(Total butanol = Externally added butanol 4 butanol produced)
(L62—bar filled with horizontal lines and L62D—bar filled with
inclined lines). Butanol production is inhibited when externally added
butanol >10 g/L

production was studied (Fig. 2). It can be seen that total
solvent and maximum butanol produced in absence of
control is 13.5 and 10.7 g L™, respectively, whereas in
presence of 3% v/v L62, the total solvent and maximum
butanol produced is 21 and 15.3 g L™", respectively. Thus,
43% (w/w) more butanol and 55% (w/w) more total sol-
vents were produced in extractive fermentation with 3%
(v/v) L62. Overall L62 was found to be better than L62D
in terms of enhancing butanol production and hence
remaining studies were carried out with 3% (v/v) L62. The
better performance of L62 over L62D could be attributed
to the two phase formation with L62D at fermentation
temperature consequently into no entrapment of butanol.
Therefore, the maximum butanol produced remained
unaffected at different concentrations of L62D. Figure 3
shows the typical profiles for butanol, i-propanol, total
solvents produced, and glucose utilization in the absence
of surfactant and in the presence of 3% (v/v) L62. With 3%
(v/v) L62, the butanol and total solvent yield 0.31 and
0.43 g/g glucose. The yield remained unchanged for both
the studies. pH decreased during the fermentation from 6.5
to 5. At higher surfactant concentration, butanol produc-
tion as well as cell number decreased. During cell number
studies, it was observed that cells were covered with sur-
factant initially. Increase in surfactant concentration might
be an obstacle for microbes which also caused low
microbial motility. Hence, it was anticipated that cells
would take more time to get adapted into surfactant con-
tained media. This might have adversely affected the
supply of substrate subsequently butanol production.
Besides, with increasing surfactant (L62) concentration,
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Fig. 2 Effect of surfactant concentration on butanol and total solvent
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Fig. 3 Typical solvent profile and glucose utilization obtained in
absence of surfactant (i.e., Control) (a) and in presence of 3% (v/v)
L62 (b)

cloud point also increases, thus entrapment of butanol into
micelles is delayed. Hence, at fermentation temperature,
there is decrease in entrapment of butanol with increasing
surfactant concentration. This would have lead to reduction
in butanol production.

Effect of mixing on butanol fermentation

It is expected that if proper mixing is not provided, then
supply of nutrients to microbes and entrapment of butanol
would limit the rate of butanol production and its produc-
tivity. Hence, it was planned to study the effect of mixing
on butanol production in presence of surfactant. Fermen-
tation was carried out at three different shaking speeds (0,
60, and 120 rpm) in an orbital shaker in presence of 3% (v/
v) L62. Figure 4 shows the butanol production profile
without the addition of surfactant at stationary condition
(control) and with addition of surfactant at three different
speeds. In presence of 3% L62 at stationary condition, 45%
more butanol (14.7 g L") was produced as compared to
control (with no mixing and in absence of surfactant). It is
interesting to note that the butanol production did not
increase with increase in mixing speed or when mixing was
provided. With 3% (v/v) L62, at 60 and 120 RPM, butanol
produced was 10.2 g¢ L' as compared to 14.7 g L™" at
stationary conditions. Further, the amount of butanol pro-
duced in presence of surfactant at 60 and 120 RPM is close
to butanol produced in absence of surfactant at stationary

]——0 RPM W/o Surfactant —8—0 RPM (Surfactant)
—4&— 60 RPM (Surfactant) ——120 RPM (Surfactant)

Butanol, g/LL
o

0 24 48 72 96 120 144
Time, h

Fig. 4 Effect of mixing on butanol addition Butanol production in
control 1 (i.e., 0% surfactant and no mixing) (square), 3% (v/v) L62
with no mixing (circle), 3% (v/v) L62 and at 60 RPM (triangle), and
3% (v/v) L62 and at 120 RPM (triangle)

—A—Butanol (0 h) —O6—Butanol (9 h)

—@—Total Solvents (9 h) —&— Total Solvent (0 h)

Butanol, Total Solvent, g/L.

0 24 48 72 96 120
Time, h

Fig. 5 Effect of time of addition of surfactant on butanol and total
solvent production (filled symbols Total solvent, unfilled symbols
butanol). Control—surfactant addition at O h (friangle), Surfactant
addition at 9 h (circle)
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Table 2 Total solvent productivity in presence of surfactant

Strain Source ABE titer

ABE productivity

Butanol productivity

Reference

Clostridium pasteurianum ATCC No. Glucose 14*

824 (NCIM No. 2337)
Clostridium acetobutylicum
Clostridium beijerinckii MCMB 581

13.86
18.3°

Glucose
Glucose

0.12°

0.2
0.38°

0.09

0.16
0.31°

Dhamole et al. (2012)

Dhamole et al. (2015)
This work

% Only AB was produced
 JABE (i.e., i-propanol and ABE-Acetone, butanol, and ethanol)

conditions. It is assumed that when mixing was provided,
butanol entrapment did not take place which resulted into
no capturing of butanol consequently into less amount of
butanol production. Also, it can be seen that the delayed
fermentation which was observed earlier in presence of
surfactant was not observed in these studies when mixing
was provided. This clearly indicates that surfactant is free
in the broth and they are neither entrapping butanol nor
affecting the biomass. It is to be noted that the rate of
butanol production (till 48 h) at stationary condition in
presence of surfactant was less than control (without sur-
factant). This again confirms that mixing might have led to
inhibition of micelle formation.

Effect of time of addition of surfactant

Extractive fermentation with surfactant enhances butanol
production; however, it affects the productivity of the pro-
cess. Butanol productivity of 0.1 and 0.05g L™'h™!
respectively was obtained with 162 and L62D. Butanol
production profile in presence of different concentration of
surfactant showed that addition of surfactant slowed down
the butanol production rate. With increase in concentration
of surfactant, the rate of butanol production decreases
(Dhamole et al. 2015). In the present study, the cell number
data in presence of surfactant and in absence of surfactant
also showed that surfactant affects the cell growth. It was
observed that in absence of surfactant (i.e., control), butanol
production started at 9th h (Fig. 3a) and in presence of sur-
factant (added at Oth h), butanol production was delayed
(started at 24th h). This shows that addition of surfactants at
0 h causes an extended lag which ultimately delays the sol-
vent production. Hence, it was decided to add surfactant at a
stage where the microbes are in active state and starts pro-
ducing butanol (i.e., at 9th h in this work). It was observed
that butanol production in control (i.e., without surfactant)
reaches a saturation level very quickly (in 72 h). In case of
3% (v/v) L62, it took 120 h to achieve the maximum butanol
production of 15.3 g L™" (Fig. 3). Figure 5 shows the sol-
vent production profile with 3% (v/v) L62 addition at O hi.e.,
at the start of the fermentation (control) and surfactant
addition at 9th h. It is clearly seen that addition of surfactant
at 9th h significantly enhanced the butanol productivity. The
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amount of butanol and total solvent produced (with surfac-
tant addition at 9th h) after 48 h, was respectively 14.8 and
18.3 g L™ with a productivity of 0.31 and 0.38 g L™' h™".

With surfactant addition at the start (i.e., at O h), the
maximum amount of butanol and total solvent production
was respectively, 15.3 and 21 g L™, produced in 120 h
with a productivity of 0.13 and 0.17 g L™' h™'. Thus,
addition of surfactant at 9th h doubled the productivity. In
comparison with earlier work on extractive fermentation
(Dhamole et al. 2012, 2015), productivity is 2-3 times
higher (Table 2) than earlier studies.

Conclusions

Both the surfactants (L62 and L62D) were found to be
biocompatible. Maximum butanol (15.3 g L_l) and total
solvent (21 g LY production was achieved with 3% (v/v)
L62 using extractive fermentation. Thus, 43% (w/w) more
butanol and 55% (w/w) more solvents were obtained with
3% (v/v) L62 than control (without surfactant). Surfactant
addition at 9th h doubled the butanol and solvent produc-
tivity with respect to surfactant addition at the start.
Overall, the productivity was 2-3 times higher than earlier
studies on extractive butanol fermentation with non-ionic
surfactant. Thus, it can be concluded that enhanced butanol
production and higher solvent productivity was achieved
using extractive fermentation with surfactant.
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