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Abstract The focus of this study was to produce isopro-
panol and butanol (IB) from dilute sulfuric acid treated
cassava bagasse hydrolysate (SACBH), and improve IB
production by co-culturing Clostridium beijerinckii (C.
beijerinckii) with Clostridium tyrobutyricum (C. tyrobu-
tyricum) in an immobilized-cell fermentation system. Con-
centrated SACBH could be converted to solvents efficiently
by immobilized pure culture of C. beijerinckii. Consider-
able solvent concentrations of 6.19 g/L isopropanol and
12.32 g/L butanol were obtained from batch fermentation,
and the total solvent yield and volumetric productivity
were 0.42 g/g and 0.30 g/L/h, respectively. Furthermore,
the concentrations of isopropanol and butanol increased
to 7.63 and 13.26 g/L, respectively, under the immobilized
co-culture conditions when concentrated SACBH was used
as the carbon source. The concentrations of isopropanol
and butanol from the immobilized co-culture fermenta-
tion were, respectively, 42.62 and 25.45 % higher than the
production resulting from pure culture fermentation. The
total solvent yield and volumetric productivity increased to
0.51 g/g and 0.44 g/L/h when co-culture conditions were
utilized. Our results indicated that SACBH could be used
as an economically favorable carbon source or substrate for
IB production using immobilized fermentation. Addition-
ally, IB production could be significantly improved by co-
culture immobilization, which provides extracellular acetic
acid to C. beijerinckii from C. tyrobutyricum. This study
provided a technically feasible and cost-efficient way for

4 Jufang Wang
jufwang@scut.edu.cn

' School of Bioscience and Bioengineering, South China

University of Technology, Guangzhou 510006, China

IB production using cassava bagasse, which may be suit-
able for industrial solvent production.
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Introduction

Isopropanol is an important industrial chemical that has
been used as a chemical backbone in synthetic chemical
industries, a dissolving reagent in the biochemical field and
a cleaning detergent in our daily life [42, 48]. This reagent
is also considered a potentially renewable bio-fuel or fuel
additive that is similar to butanol, due to its high-energy
density and its ability to be produced by biotechnological
processes [31, 38]. With the gradual exhaustion of crude oil
and the shortage of food-based substrates, the production
of these short-chain aliphatic alcohols using microorgan-
isms from an inexpensive biomass has gained the interest
of many.

Isopropanol and butanol (IB) can be produced simulta-
neously by a small percentage of the bacteria, Clostridium
beijerinckii (C. beijerinckii). IB is a major product of these
strains, which produce none or only trace amounts of ace-
tone and no ethanol [8, 22, 53]. C. beijerinckii can utilize a
variety of carbohydrates such as glucose, fructose, xylose,
cellobiose, and mannose [17]. In previous studies, a wide
variety of agricultural products have been used to produce
solvents, including corn starch [19], potato starch [23], cas-
sava starch and molasses [32]. However, the fermentation
processes used to produce these solvents have been directly
restricted by high substrate costs and limited food supply.
For the purpose of lowering the costs involved with these
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processes, extensive research has been committed to con-
verting agricultural residues and food processing wastes to
fermentable sugars, which include maize stalk [12], wheat
straw [41], rice straw [7], peanut shells [20], sugarcane
bagasse [52], and cassava bagasse [34]. Cassava bagasse is
a kind of fibrous residue generated from the industrial pro-
cessing of cassava starch. This fibrous by-product is gener-
ated in large quantities in factories and normally used fur-
ther as fertilizer or is directly discarded [39, 46]. Cassava
bagasse is abundantly rich with starch, cellulose and hemi-
cellulose that can be converted to be glucose and xylose
by the process of dilute sulfuric acid hydrolysis, which has
been considered as an economical and efficient hydrolysis
method of biomass production [16, 33]. In addition, cas-
sava bagasse contains vegetable proteins that can be hydro-
lyzed into amino acids and used for microorganism growth
[1, 39]. Approximately 30 million tons of fibrous residue is
generated in starch production from cassava in the south of
China each year. Accordingly, we decided to use cassava
fibrous residue as the feedstock for IB production in the
present study.

Different fermentation strategies have been employed in
the production of solvents, including batch fermentation,
fed-batch fermentation [18], continuous fermentation [47],
immobilized-cell fermentation [25], extractive fermenta-
tion [34], and co-culture fermentation [32]. In addition
to extractive fermentation, co-culture fermentation could
be considered as another effective technique designed to
improve solvent production. Co-culture fermentation is
defined as the incubation of different specified microbial
strains under the same conditions. This type of fermenta-
tion appears to be advantageous compared to pure culture
fermentation due to the potential for synergistic utilization
of the metabolic pathways of all involved microorganisms
in the co-culture system [4]. Cheng and Zhu co-cultured
the bacterial strain Clostridium thermocellum (C. ther-
mocellum) with Thermoanaerobacterium aotearoense to
produce bio-hydrogen from sugarcane bagasse. In this co-
culture fermentation, C. thermocellum acted as an impor-
tant decomposer by degrading the lignocellulosic biomass
to fermentable sugars [9]. Dwidar and colleagues co-cul-
tured Bacillus with Clostridium tyrobutyricum (C. tyrobu-
tyricum) to aid C. tyrobutyricum in degrading sucrose in
order to produce butyric acid [15]. Li et al. cultured C.
tyrobutyricum to C. beijerinckii together to utilize the sup-
ply of extracellular butyric acid from C. tyrobutyricum to
improve butanol production in co-culture system [32]. The
co-culture fermentation processes previously mentioned
used a helper bacterial strain to assist the main bacterial
strain in obtaining an absorbable substrate from a certain
biomass, which the main strain is incapable of directly
absorbing. The alternative strategy for using these co-cul-
ture fermentations involved the use of a helper bacterial

@ Springer

strain to provide the precursor for enhanced production by
the main bacterial strain.

For the IB-producing bacterial strain Clostridia, there
are two important phases referred to as acidogenesis and
solventogenesis in the metabolism of carbon sources [29].
The synthesis of solvents initiates at the end of the acido-
genic phase in which acetic acid and butyric acid are syn-
thesized, and then transition into the solventogenic phase
form alcohols [11, 54]. In the solventogenic phase, butyric
acid synthesized in the acidogenic phase can be reuti-
lized to synthesize butanol [25]. Therefore, co-culturing
the butanol-producing Clostridia, with other anaerobic
butyric acid-producing microorganisms is an effective way
to enhance butanol production, which in turn, can supply
extracellular butyric acid directly and effectively [32]. It
was also reported that the added acetic acid could be reu-
tilized for butanol synthesis in some other solvent-produc-
ing Clostridia [40]. However, further studies are needed to
determine whether the synthesis of isopropanol by a bacte-
rial strain that produces isopropanol is affected by the ace-
tic acid produced by the bacterial strain itself or an extrane-
ous strain.

The purpose of the present study was to investigate
the feasibility of converting SACBH into IB, and further
improve IB production by supplying extracellular ace-
tic acid from C. tyrobutyricum to C. beijerinckii using the
immobilized-cell co-culture fermentation.

Materials and methods
Microorganisms, media and growth conditions

Clostridium beijerinckii (ATCC 6014) was purchased
from American Type Culture Collection (ATCC, Manas-
sas, VA, USA). C. tyrobutyricum (ATCC 25755) was
originally supplied by Professor Shang-Tian Yang at Ohio
State University. The two bacterial strains were rejuve-
nated and propagated in a Reinforced Clostridial Medium
(RCM; Oxoid CM149; Oxoid Limited, Hampshire, Eng-
land) composed of yeast extract at 3.00 g/L, beef extract
powder at 10.00 g/L, peptone at 10.00 g/L, soluble starch
at 1.00 g/L, glucose at 5.00 g/L, cysteine hydrochloride
at 0.50 g/L, sodium chloride at 5.00 g/L. and sodium ace-
tate at 3.00 g/L, and incubated at 37 °C in an anaerobic
serum bottle. P2 medium [41] was used in the fermenta-
tion experiments, it contains carbon sources (glucose,
xylose or SACBH), yeast extract at 1.00 g/L, phosphate
buffer (KH,PO, at 0.50 g/L, K,HPO, at 0.50 g/L, ammo-
nium acetate at 2.20 g/L), mineral salts (MgSO,-7H,0
at 0.20 g/L, MnSO,-H,0 at 0.01 g/L, FeSO,-7H,0O at
0.01 g/L, and NaCl at 0.01 g/L), vitamins (para-amin-
obenzoic acid at 1.00 mg/L, thiamin at 1.00 mg/L, and
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biotin at 0.01 mg/L), and pH was maintained at 6.0. The
carbon source and yeast extract were sterilized at 115 °C
for 20 min. Phosphate buffer, mineral salts and vitamins
were sterilized by filtration.

Cassava bagasse hydrolysis preparation

Cassava bagasse was supplied by a cassava starch process-
ing factory (Guangdong, China). The material was dried
and milled to a fine powder (approximately 50-300 pwm in
diameter) and hydrolyzed using 2.50 % (v/v) dilute sulfu-
ric acid with a solid-to-liquid ratio of 1:12 at 120 °C for
120 min. The raw hydrolysate was adjusted to pH 6.0 using
solid calcium hydroxide, and then filtered to remove the
solid material and further purify the SACBH sample. The
SACBH contains 20.70 g/L of total saccharide, which con-
sists of 9.37 g/L of glucose, 7.06 g/L of xylose, 1.53 g/L of
mannose, 1.95 g/L of fructose and 0.79 g/L of arabinose.
The SACBH was concentrated approximately three-fold
to obtain a concentration of 28.98 g/L. of glucose, and
23.04 g/L of xylose.

Experimental setup and fermentation process

To analyze the feasibility of cultivating C. beijerinckii
using SACBH as an economically favorable substrate,
we firstly examined the effects of various single carbon
sources on the cell growth and solvent production by feed-
ing C. beijerinckii with 12 types of sugars at a concentra-
tion of 30.00 g/L in 100-mL serum bottles with a working
volume of 50 mL of P2 medium at 36 °C. Simultaneously,
the SACBH was diluted to be equivalent to the concentra-
tion of the total sugars and mixed with P2 medium to cul-
ture both the C. beijerinckii and C. tyrobutyricum.

Fig. 1 Experimental design
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The immobilized fermentation system consisted of a
5-L bioreactor (BIOSTA A plus, Sartorius Stedim Bio-
tech, Germany) connected to a 0.5-L fibrous-bed bioreac-
tor (FBB) with a recirculated latex tube loop. The reaction
temperature and agitation speed were controlled by an on-
line sensing control system. FBB was made of a jacketed
glass column packed with a spirally wound cotton towel
(35 x 40 cm; about 5 mm thickness; with >95 % porosity).
A detailed description of the bioreactor system has been
previously described [26, 44].

Cell immobilization was carried out using an autoclaved
immobilized cell fermentation system that contained 2.0
L sterile fermentation medium with 30.00 g/L glucose as
the carbon source. High purity nitrogen was pumped into
the bioreactor for approximately 2 h to obtain an anaero-
bic environment. The cell was inoculated at a ratio of
5.00 % (v/v) to the bioreactor. The fermentation broth
was recirculated through the FBB by the peristaltic pump
at a rate of approximately 30 mL/min until the cell opti-
cal density (ODyg,) reached approximately four, and cells
were gradually immobilized onto the fibrous matrix. For
approximately 12 h of immobilizing the cell by continuous
circulation until the cell density no longer decreased and
was maintained at a stable level in the broth, the old broth
was entirely pumped out to complete a whole cell immo-
bilization process. Next, 2.50 L of fresh P2 medium which
contained a specified carbon source, was pumped into the
system immediately to start the immobilized batch fermen-
tation. For the repeated batch fermentations, a new cycle
was carried out after the old broth of the previous batch fer-
mentation was replaced with fresh medium when there was
no fluctuation in the concentrations of the products.

The co-culture fermentation system was constructed
by connecting two FBBs in series in the immobilized cell
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fermentation system (Fig. 1). The upstream FBB was used
for immobilizing C. tyrobutyricum and the downstream
FBB was used for immobilizing C. beijerinckii. After both
strains have been immobilized, the two FBBs were con-
nected and fresh medium was pumped into the co-cul-
ture fermentation system to conduct the batch co-culture
fermentation.

Analytical methods

Cell density was analyzed by measuring ODg, with a spec-
trophotometer (UV 2100, Unico). The inhibitor concen-
trations in SACBH [49], and the sugar concentrations in
SACBH or fermentation broth were measured using a high-
performance liquid chromatograph (HPLC), (Waters HPLC
2695, Waters Corporation) equipped with an Aminex
HPX-87H organic acid analysis column (Bio-Rad, Hercu-
les, CA) operated at 60 °C, and a refractive index detector
(Waters Refractive Index Detector 2414) operated at 45 °C.
The mobile phase was 2.50 mM H,SO, at a flow rate of
0.60 mL/min. The concentrations of isopropanol, butanol,
acetic acid, and butyric acid were measured by a gas chro-
matograph (GC) (Agilent 7890A, Agilent Technologies)
equipped with a flame ionization detector, an automatic
injector (Agilent 7683B series injector, Agilent Technolo-
gies), and a DB-FFAP capillary column (30 m, 0.25 mm
inside diameter, 0.50 wm film thickness, Agilent Technolo-
gies). The oven temperature of the GC was initially main-
tained at 40 °C for 3 min, then increased to 160 °C at the
speed of 10 °C/min, and then increased to 230 °C at the
speed of 50 °C/min and maintained at 230 °C for 2 min.
The temperatures of the injector and detector were main-
tained at 200 and 300 °C, respectively.

Results and discussion
IB production from SACBH by C. beijerinckii

To evaluate the effect of saccharides derived from the bio-
masses on cell growth and solvents production, various
single carbon sources were individually supplemented into
the P2 medium at a concentration of 30.00 g/L to carry
out serum bottle fermentations with C. beijerinckii. Mean-
while, concentrated SACBH was diluted to the equivalent
of the total sugar concentration of 30.00 g/L to culture C.
beijerinckii and C. tyrobutyricum. C. beijerinckii showed
high cell density and solvent concentration when glu-
cose, xylose, mannose, SACBH, fructose and galactose
were supplemented as the carbon source (data not shown).
Moreover, the highest concentration of isopropanol and
butanol at 4.27 and 8.24 g/L, respectively, was achieved
using SACBH as the carbon source. However, this bacterial
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strain could not utilize pectin, arabinose, starch and hemi-
cellulose, and did not efficiently grow when cultured with
cellobiose, sucrose and maltose. Isopropanol was undetect-
able and only trace amounts of butanol was produced under
these conditions (data not shown). Furthermore, acetone
and ethanol levels were undetectable in the broth accord-
ing to all of the fermentation test results. The fermenta-
tion of C. tyrobutyricum generated 4.67 g/L of acetic acid
and 10.92 g/L of butyric acid when cultured with SACBH.
Cytotoxicity tests indicated that there were no obvious
inhibitory effects found in the two microbial strains when
SACBH was added as a substrate even at a sixfold concen-
tration (data not shown). Moreover, the above-mentioned
fermentations using SACBH indicated that C. beijerinckii
utilized xylose efficiently, which is an advantageous char-
acteristic similar to most solvent-producing Clostridia
since these bacterial strains can utilize hexose and pentose
[7]. Thus, the utilization of SACBH as a cost efficient sub-
strate for solvent production is feasible.

To investigate IB production by immobilized C. beijer-
inckii with the concentrated SACBH, batch fermentation
was conducted in an immobilized mode using either glu-
cose, a mixture of glucose and xylose, and concentrated
SACBH as the carbon source, respectively. The fermenta-
tion results in which glucose was used as the carbon source
served as the control.

Figure 2a indicates the batch fermentation kinetics when
glucose is used as the carbon source. In this experiment,
acetic acid and butyric acid were generated during the aci-
dogenesis phase. The acetic acid concentration quickly
increased and reached its maximum production level of
5.68 g/L during the first 15 h, and decreased to a relatively
stable level of 2.45 g/L after the fermentation phase was
switched to the solventogenesis phase. However, the con-
centration of butyric acid was consistently low and stable at
approximately 1.20 g/L and absent of any obvious fluctua-
tion with respect to the concentration. The IB concentration
increased rapidly from the 15th to 45th hour. After 63 h of
fermentation, the concentrations of isopropanol and butanol
were 5.35 and 10.50 g/L, respectively (Table 1). The con-
centration of acids and IB were similar to those that were
previously reported for IB fermentation [47]. The total
solvent yield was 0.39 g/g and the volumetric productivity
was 0.25 g/L/h with 39.74 % of carbon source conversion.
Interestingly, there was no detectable acetone and ethanol
in the culture broth, which is similar to the results obtained
when fermentation was conducted in the serum bottle.
These results differ from the recent report regarding vari-
ous other strains of C. beijerinckii as well as the original
report regarding the similar bacterial strain [8, 47], which
generated small amounts of acetone.

Figure 2b indicates the solvent production resulting
from the addition of the sugar mixture, glucose and xylose.
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Fig. 2 Immobilized batch fermentation of C. beijerinckii using dif-
ferent carbon sources. a glucose, b mix of glucose and xylose, ¢ con-
centrated SACBH. Experiments were carried out in duplicate

The growth rate of C. beijerinckii under these conditions
was similar to those when glucose was used as the single
carbon source. Sugar consumption began with the prefer-
ential utilization of glucose. Xylose absorption was slightly
delayed due to the cellular preference of glucose com-
pared to xylose [7]. However, xylose decreased to a much

lower concentration in the presence of glucose. The final
concentrations of isopropanol and butanol were 5.28 and
10.42 g/L, respectively, and were similar to the results men-
tioned above regarding fermentation with glucose as the
carbon source. The total solvent yield was 0.48 g/g and the
volumetric productivity was 0.25 g/L/h with 44.63 % total
sugar conversion. The experimental results further indi-
cated that both glucose and xylose could be utilized for sol-
vent production by C. beijerinckii when supplied together.

The concentrated SACBH was used as a carbon source
in the immobilized batch fermentations in efforts to pro-
duce solvents (Fig. 2c). Interestingly, the results showed
the production of significantly higher concentrations of
isopropanol and butanol, 6.69 and 12.31 g/L, respectively,
when concentrated SACBH was used as the carbon source.
These concentrations were 25.05 and 17.24 % higher in
isopropanol and butanol, respectively, when compared to
the results of fermentation with glucose. In addition, iso-
propanol production improved more than butanol, and was
7.81 % higher in concentration, when using SACBH as the
carbon source. The total solvent yield was 0.43 g/g and the
volumetric productivity was 0.31 g/L/h, 10.26 and 24.0 %
higher, respectively, than the fermentation with glucose.
Meanwhile, it was observed that acetic acid reached its
maximum concentration of 5.24 g/L, and then the concen-
tration started to decline and the production of isopropanol
and butanol initiated simultaneously. The concentration
of acetic acid decreased to its lowest level of 1.84 g/L at
the end of the batch culture. The butyric acid concentra-
tion always kept relatively lower level of approximately
0.80 g/L, with a little fluctuation during solventogenic
phase. Furthermore, the final solvent concentrations indi-
cated that there was no evident inhibitory effect in the batch
fermentation when concentrated SACBH was used as the
carbon source, since only trace amounts of the inhibitors
including furfural, 5-Hydroxymethylfurfural and phenol
compounds existed in the medium.

To further evaluate the long-term performance of the
solvent production when SACBH was used as the carbon
source, the fermentation was repeated for five batches.
These batch cultures were conducted under the same con-
ditions using the original immobilized cell in the FBB
(Fig. 3). In the five repeated batch fermentations, the pro-
duction of isopropanol, butanol and acids were relatively
stable. The average concentrations of isopropanol and
butanol were 6.78 and 12.33 g/L, respectively (Table 1), and
the average total solvent yield and volumetric productivity
were 0.45 g/g and 0.36 g/L/h, respectively. In the latter four
batches, the solvent yield and productivity were slightly
higher compared to the first batch. This increase in solvent
yield and productivity may be due to an increase in the
activity of the solvent-producing cells immobilized on the
FBB matrix. Meanwhile, all of the examined fermentation
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Table 1 Comparison of isopropanol and butanol production with immobilized fermentation by C. beijerinckii or co-culturing C. beijerinckii and

C. tyrobutyricum. All experiments were carried out in duplicate

Factors

Pure cultures

Co-cultures

Glucose (Glu + Xyl)* SACBH (SACBH-R)® (Glu+ A)° (Glu+ A+ B!

Glucose SACBH (SACBH-R)®

Fermentation time (h)
Original total sugar (g/L)
Glucose uptake (g/L)
Xylose uptake (g/L)
Glucose uptake rate (g/L/h)
Xylose uptake rate (g/L/h)
Isopropanol produced (g/L)
Butanol produced (g/L)
Total production (g/L)
Isopropanol/Butanol ratio
(g/®)
Acetic acid produced (g/L)
Butyric acid produced (g/L)
Total acid production (g/L)
Isopropanol yield (g/g)
Butanol yield (g/g)
Total yield (g/g)

Isopropanol productivity
(¢/L/h)

Butanol productivity (g/L/h)
Total productivity (g/L/h)

63
51.23
39.88

0.63

5.35
10.50
15.85
0.51

2.45
1.20
3.65
0.13
0.26
0.39
0.08

0.17
0.25

63
51.18
21.60
10.89
0.38
0.19
5.28
10.42
14.50
0.51

1.80
0.65
2.45
0.16
0.32
0.48
0.08

0.17
0.25

63
52.01
24.08
16.48
0.38
0.26
6.69
12.31
18.52
0.50

1.84
0.79
2.63
0.13
0.30
0.43
0.11

0.20
0.31

54
51.97
25.09
17.14
0.46
0.32
6.78
12.33
19.11
0.55

1.60
1.55
3.15
0.16
0.29
0.45
0.13

0.23
0.36

54
49.13
29.51

0.55

6.32
12.07
18.39
0.52

2.67
2.28
4.95
0.21
0.41
0.62
0.12

0.22
0.34

54
50.75
27.67

0.51

6.45
12.43
18.88
0.52

2.29
1.45
3.74
0.23
0.45
0.68
0.12

0.23
0.35

48.00
61.56
41.74

0.87

6.85
12.29
19.07
0.56

4.65
3.53
8.18
0.16
0.29
0.45
0.14

0.25
0.39

48.00
60.10
24.74
16.08
0.52
0.33
7.63
13.26
20.89
0.58

4.23
3.45
7.68
0.19
0.32
0.51
0.16

0.28
0.44

48.00
60.96
25.34
16.24
0.53
0.34
7.57
13.15
20.72
0.58

4.24
3.62
7.86
0.18
0.32
0.50
0.16

0.27
0.43

# (Glu + Xyl) = Batch fermentation using the mixture of glucose and xylose as the carbon source

® (SACBH-R) = Repeated batch fermentation using concentrated SACBH as the carbon source

¢ (Glu + A) = Batch fermentation using glucose and extraneous acetic acid as the carbon source

4 (Glu + A+ B) = Batch fermentation using glucose, extraneous acetic acid and butyric acid as the carbon source

¢ (SACBH-R) = Repeated co-culture batch fermentation using concentrated SACBH as the carbon source

Fig. 3 1B production of C.

beijerinckii using immobilized

repeated-batch fermentation
with concentrated SACBH as
the carbon source

Glucose, Xylose (g/L)

procedures did not display any inhibitory effects, and
showed a satisfactory level of stability. Compared to other
reports regarding isopropanol-producing strains, 6.78 g/L
of isopropanol and 12.33 g/L of butanol were produced
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using SACBH by immobilized fermentation, whereas, 1.56
or 5.40 g/L isopropanol and 7.56 or 9.70 g/L butanol were
produced with batch fermentation using glucose produced
by C. beijerinckii [2, 47]. Isopropanol at a concentration of
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Table 2 Comparison of isopropanol and butanol (IB) production by various microorganisms with different fermentation processes

Substrates Microorganisms Cultivation methods Isopropanol Butanol IB yield IB productivity References

(g/L) (g/L) (g9 (g/L/h)

Glucose C. beijerinckii Batch 5.40 9.70 0.25 0.28 [47]

Glucose C. beijerinckii Batch 1.56 7.56 0.15 0.19 2]

Glucose C. isopropylicum Continuous 3.10 7.90 0.40 0.18 [35]

Glucose Engineered Candida Fed-batch 9.50 0.42 - - [48]
utilis

Glucose Engineered E. coli  Flask cultures 4.92 - 0.44 0.16 [24]

Glucose Engineered E. coli  Flask cultures 13.76 - 0.38 0.38 [27]

Glucose Engineered C. ace- Batch 8.80 - - - [10]
tobutylicum

Cellobiose Engineered E. coli Batch 5.16 - - 0.25 [45]

Glucose Engineered C. ace-  Fed-batch, gas 5.20 8.10 0.27 0.28 [30]
tobutylicum stripping

Glucose Engineered C. ace-  Flask cultures 7.60 15.00 0.31 0.50 [13]
tobutylicum

Glucose Engineered C. ace- Batch 4.75 14.63 0.31 0.65 [14]
tobutylicum

Glucose Engineered C. ace- Batch 1.55 6.19 - - [5]
tobutylicum

Glucose Engineered C. ace-  Batch, continuous 6.70 - 0.39 - [6]
tobutylicum

Glucose C. beijerinckii Immobilized-cell 5.35 10.50 0.39 0.25 Current study

SACBH C. beijerinckii Immobilized-cell 6.78 12.33 0.45 0.36 Current study

SACBH C. beijerinckii, Immobilized 7.63 13.26 0.51 0.44 Current study

C. tyrobutyricum co-cultures

3.10 g/L and butanol at 7.90 g/L. were produced with con-
tinuous fermentation using glucose produced by Clostridim
isopropylicum [35]. Our immobilized batch fermentation
with SACBH indicated higher IB concentrations compare
with other reported fermentation results (Table 2). The
above-mentioned results further demonstrate the advan-
tages of using concentrated SACBH for IB production,
which would be attributed to the presence of a vast vari-
ety of sugars and other important nutrient substances such
as amino acids and trace elements that might be useful for
microorganism growth [1].

Effect of acetic acid on IB production

Acetic acid and butyric acid are the main by-products from
Clostridium species. Previous reports show that the acetic
acid produced by C. tyrobutyricum can be reutilized for
cell growth and butyric acid production [21, 26], and the
acetic acid formation yields more ATP to meet the energy
demands required for the rapid growth of microorgan-
isms compared to its butyric acid production [36]. In all
of the immobilized batch fermentations from this current
study, acetic acid concentration was at its peak concentra-
tion of approximately 5.00 g/L rapidly in 10 h. However,

the concentration of acetic acid decreased shortly and was
maintained at a relatively stable level when coupled with
the production of isopropanol, butanol and butyric acid.
These results suggest a possible acetic acid reutilization of
C. beijerinckii during fermentation (Figs. 2, 3). To examine
the effect of acetic acid on solvent production by immobi-
lized C. beijerinckii, 3.00 g/L exogenous acetic acid was
added to the medium (Fig. 4a), based on the highest con-
centration of acetic acid in the previously mentioned results
was 5.00 g/L, and in other reported fermentation results
was 3.00 g/L [32]. The acetic acid concentration increased
up to 5.40 g/L on the basic level of 3.00 g/L in the fermen-
tation medium. This result implies that acetic acid was also
generated under the presence of extraneous acetic acid. The
concentrations of acetic acid began to decrease when the
fermentation entered into the solventogenesis phase, and
dropped lower than the basic level to its value of 2.67 g/L.
These results indicate that both exogenous acetic acid and
endogenous acetic acid can be reutilized. When the extrane-
ous acetic acid was provided, the concentrations of isopro-
panol and butanol increased to 6.32 and 12.07 g/L, which
were 18.13 and 14.19 % higher than the control. The total
solvent yield was 0.62 g/g and the volumetric productiv-
ity was 0.34 g/L/h, 58.97 and 36.00 % higher, respectively,
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Fig. 4 Immobilized batch fermentation of C. beijerinckii ATCC 6014
using glucose as the carbon source with the addition of acid in the
medium. a with 3 g/L acetic acid, b with 3 g/L acetic acid and 2 g/LL
butyric acid. Experiments were carried out in duplicate

than the control with 26.00 % decreased carbon source con-
sumption. The results of the batch fermentation illustrated
that exogenous acetic acids could be reutilized for solvent
production by C. beijerinckii, and that the production of
isopropanol and butanol were improved simultaneously.

On the other hand, Huang et al., Al-Shorgani et al. and
Li et al. verified that the presence of extracellular butyric
acid could improve butanol production during fermenta-
tion [3, 25, 32]. In addition, Qureshi et al. reported that
both acetic acid and butyric acid could be reutilized to
aid in butanol production [40]. In our fermentation proce-
dures, the butyric acid concentration was maintained at a
relatively low level of approximately 1.20 g/L, due to the
verified reutilization by C. beijerinckii. To investigate sol-
vents production in the presence of the exogenous butyric
acid during fermentation, 3.00 g/L exogenous acetic acid
and 2.00 g/L of butyric acid were added, respectively, to
the medium (Fig. 4b). The concentration of butyric acid

@ Springer

A
~~
_ %
N’
g‘n 2
e 2
8 e
g =¥
5 QZ%
o
B35
~ ~
) )
N s
2 a
o Q
= 3
> e
o =9
8 3
Q 3
= a
O o

Time (g/L)

—o— Glucose —o— Xylose —*—OD_ —=— Butanol

—e — [sopropanol —4— Acetic acid —4— Butyric acid
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tyricum with immobilized batch fermentations from different carbon
source. a glucose, b concentrated SACBH. Experiments were carried
out in duplicate

steadily decreased from its peak concentration of 2.76 g/L
at the first 10 h, to 1.45 g/L with minor fluctuation in the
concentration at the end. The maximum concentrations of
isopropanol and butanol were 6.45 and 12.43 g/L, respec-
tively. The total solvent yield was 0.68 g/g and the volu-
metric productivity was 0.35 g/L/h, which was, respec-
tively, 74.36 and 40.00 % higher than the control with
30.62 % decreased carbon source consumption. Therefore,
the results illustrate that the addition of the two acids could
improve IB production when using C. beijerinckii.

IB production by co-culturing C. beijerinckii and
C. tyrobutyricum with SACBH

In order to improve IB production by providing C. beijer-
inckii with acetic acid which was produced synchronously
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by C. tyrobutyricum in one bioreactor, the co-culture of the
two microbial strains was carried out in an immobilized
fermentation system which connected two FBBs in series.
The upstream FBB was used for immobilizing C. tyrobu-
tyricum and the downstream FBB was used for immobiliz-
ing C. beijerinckii. Figure 5a indicates the kinetics of the
co-culture fermentation using glucose as the carbon source.
This figure shows that the cell density increased quickly,
and reached its maximum density in 42 h. Under these
conditions, the concentration of the solvents increased at
a faster rate and reached the maximum concentration in a
shortened fermentation time of 48 h. The concentrations
of isopropanol and butanol were, respectively, 6.85 and
12.29 g/L. which were 28.04 and 16.38 % higher than the
pure culture. The butanol concentration was similar to that
reported from butanol production when the Clostridium
species were provided butyric acid directly [3]. The total
solvent yield and the volumetric productivity were 0.45 g/g
and 0.39 g/L/h, which were 15.38 and 56.00 % higher
than the pure culture, respectively. Additionally, the acetic
acid concentration increased from an initial concentration
of 1.48 g/L up to the final concentration of 4.65 g/L, and
the butyric acid concentration also increased from 0.38 to
3.53 g/L during the procedure. Whereas in the pure culture,
the final concentrations of acetic acid and butyric acid were
2.45 and 1.20 g/L for C. beijerinckii, and those final con-
centrations of acids were 4.67 and 10.92 g/L for C. tyrobu-
tyricum, respectively. Therefore, it was obvious that most of
acids from two species were reutilized for alcohols produc-
tion in co-culture, but some of these acids still presented in
broth and caused the higher final concentrations than those
that in pure culture of C. beijerinckii. Furthermore, the total
fermentation time was decreased to 48 h, compared to the
63 h used in pure culture fermentation. Based on the results
that demonstrate improved solvent production, immobi-
lized co-culture fermentation may enhance IB production
by C. beijerinckii by utilizing the extraneous acetic acid

produced by C. tyrobutyricum. These results are consistent
with the recent report that indicates the addition of acetic
acid and butyric acid could significantly increase butanol
production [40, 43].

To further improve the immobilized co-culture in IB
production, four-fold concentrated SACBH was used as
the carbon source of substrate for fermentation (Fig. 5b).
As expected, the concentrations of isopropanol and butanol
were significantly improved and reached the highest con-
centration of 7.63 and 13.26 g/L, respectively. The result-
ing concentrations for isopropanol and butanol were,
respectively, 42.62 and 25.45 % higher than the pure cul-
ture, and were 11.39 and 8.51 % higher than the co-culture
when using glucose as the carbon source. The total solvent
yield and the volumetric productivity were 0.51 g/g and
0.44 g/L/h, respectively, which is 13.33 and 12.82 % higher
than the co-culture using glucose as the carbon source.
These values were the highest compared to each of the
above-mentioned fermentation conditions that do not con-
tain extraneous acids. In comparison to other studies, the
immobilized co-culture fermentation resulted in 7.63 g/L
of isopropanol and 13.26 g/L of butanol production from
SACBH, whereas, butanol produced from crystalline cellu-
lose [37], corn cobs [51], rice straw [28], and cellulose [50]
by co-culture fermentation obtained lower butanol con-
centrations of 7.90, 8.30, 6.90 and 3.73 g/L, respectively.
Isopropanol production using glucose as the carbon source
for bacterial strains that naturally produce isopropanol and
most of the engineered strains were also at low concentra-
tions (Table 2). The final concentrations of acetic acid and
butyric acid maintained at a relatively high level of 4.23
and 3.45 g/L, respectively. The acids concentration kept a
similarly changing trend as observed in the co-culture fer-
mentation using glucose as carbon source. These results
suggest that SACBH could be considered as a suitable car-
bon source and substrate for IB production using co-culture
fermentation.
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Long-term performance of immobilized co-culture with
SACBH was also investigated in our studies (Fig. 6). Five
repeated batch fermentations showed that the concentra-
tions of isopropanol and butanol always maintained a sta-
ble level of approximately 7.47-7.63 and 12.92-13.26 g/L,
respectively, as shown in Table 1. The concentration of the
acids, solvent yields and volumetric productivities in the
latter four batches maintained a similarly changing trend
as observed in the first batch. Both bacterial strains main-
tained growth activities in the multiple repeated batch fer-
mentations, due to the basic tolerance of solvents and acids
[54]. As such, further improvements towards the co-culture
processes are warranted to optimize IB production.

Conclusions

This study investigated the feasibility of producing isopro-
panol and butanol from dilute sulfuric acid treated cassava
bagasse hydrolysate by the immobilized culture of C. bei-
Jjerinckii and by the co-culture of C. beijerinckii with C.
tyrobutyricum. A significant amount of isopropanol and
butanol was produced and reached concentrations as high
as 6.78 and 12.33 g/L, respectively, and were achieved
using immobilized fermentation under pure culture pro-
cedures with C. beijerinckii. Isopropanol and butanol pro-
duction were further improved with an increase in IB con-
centrations up to 7.63 and 13.26 g/L, respectively, by the
co-culture process when concentrated SACBH was added
as the carbon source. The results suggest that SACBH can
be used as the carbon source for efficient IB production,
and that this production can be enhanced by co-culturing
isopropanol-producing Clostridia with an acetic acid or a
butyric acid-producing bacterial strain.
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