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Co-production of solvents (butanol, acetone, and ethanol) and organic acids (butyrate and acetate) by

Clostridium acetobutylicum using lignocellulosic biomass as a substrate could further enlarge the

application scope of butanol fermentation. This is mainly because solvents and organic acids could be

used for production of fine chemicals such as butyl butyrate, butyl oleate, etc. However, many phenolic

fermentation inhibitors are formed during the pretreatment process because of lignin degradation. The

present study investigated the effects of five typical lignin-derived phenolics on the biosynthesis of

solvents and organic acids in C. acetobutylicum ATCC 824. Results obtained in 100 mL anaerobic bottles

indicated that butanol concentration was enhanced from 10.29 g L�1 to 11.36 g L�1 by the addition of

0.1 g L�1 vanillin. Subsequently, a pH-control strategy was proposed in a 5 L anaerobic fermenter to

alleviate the “acid crash” phenomenon and improve butanol fermentation performance, simultaneously.

Notably, organic acid concentration was enhanced from 6.38 g L�1 (control) to a high level of 9.21–

12.57 g L�1 with vanillin or/and vanillic acid addition (0.2 g L�1) under the pH-control strategy.

Furthermore, the butyrate/butanol ratio reached the highest level of 0.80 g g�1 with vanillin/vanillic acid

co-addition, and solvent concentration reached 13.85 g L�1, a comparable level to the control (13.69 g

L�1). The effectiveness and robustness of the strategy for solvent and organic acid co-production was

also verified under five typical phenolic environments. In conclusion, these results suggest that the

proposed process strategy would potentially promote butanol fermentative products from renewable

biomass.
1. Introduction

Inevitable depletion of fossil fuels, energy insecurity and envi-
ronmental concerns have diverted the attention of the scientic
community toward the development of a sustainable and
environmentally responsive approach for production of biofuels
such as ethanol and butanol. Exploitation of bio-renewable
resources for producing biofuels and other commodities has
become a hotspot research arena over the last decade for
developing a greener economy.1 As a four carbon alcohol
(C4H9OH), butanol (1-butanol or n-butanol) is superior to
ethanol as an advanced fuel in terms of many characteristics
including a high energy content and low vapor pressure as it is
less volatile.2 Therefore, it is widely used in the elds of phar-
maceuticals, chemicals, cosmetics, and textiles.3 Biobutanol is
, Huaiyin Institute of Technology, Huaian

ity of Science and Technology, Rolla, MO

hemistry 2019
mainly produced via an anaerobic fermentation process by
solventogenic clostridia including Clostridium acetobutylicum
and C. beijerinckii, but it markedly inhibits the cell growth and
metabolism of producing strains at a butanol concentration in
the fermentation broth beyond the tolerance threshold value of
�10 g L�1.4,5 Moreover, butanol fermentation (i.e., acetone–
butanol–ethanol or ABE fermentation) is associated with several
drawbacks, such as low butanol titre and productivity, and
elevated cost of raw feedstock.6 Of these, high raw material cost
is the major limiting factor for the large-scale application of
biobutanol as an alternative biofuel or platform chemical.7,8

Lignocellulosic biomasses are considered as abundant and
renewable feedstocks for the fermentative production of
butanol and other ne chemicals.9 However, the effective utili-
zation of lignocellulosic biomass for chemicals production
necessitates a pre-treatment process for disrupting the close
inter-component association between cellulose, hemicellulose,
and lignin.10 Although raw materials cost could be efficiently
decreased by utilizing lignocellulose for butanol production,
the detoxication process of lignocellulosic hydrolysate even
RSC Adv., 2019, 9, 6919–6927 | 6919
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might increase the total production cost.11 It is mainly attrib-
uted to the presence of inhibitory compounds in lignocellulosic
hydrolysate, which deteriorate butanol fermentation perfor-
mance. For instance, formic acid, acetate, furfural, 5-hydrox-
ymethylfurfural (5-HMF), and phenolics are generated during
pre-treatment of lignocellulose.12 Some of these biomass-
derived compounds are known to inhibit several strains
including C. acetobutylicum, C. beijerinckii and C. saccha-
roperbutylacetonicum.13–15 Some studies reported that the
concentration of phenolics degraded from lignin in the real
lignocellulosic hydrolysates was about 2–4 g L�1.16,17 In addi-
tion, the lignin-derived phenolics are generally more toxic to
microorganisms than furan derivatives,18,19 but several sol-
ventogenic clostridia could tolerate low concentration of
phenolics (<0.5 g L�1).15 Recently, Baral and Shah13 reviewed
and evaluated the removal efficiency of phenolics in hydrolysate
via multiple methods including laccase treatment, over-liming
treatment, and anion exchange treatment. However, low
concentration of phenolics (�0.1–0.5 g L�1) still present in
lignocellulosic hydrolysates aer detoxication process, and the
inuences of these phenolics on the overall performance of
solvents synthesis, cells growth, off-gas and organic acids
synthesis have not been investigated adequately.

On the other hand, solventogenic clostridia are character-
ized by a biphasic metabolic pathway i.e., acidogenesis and
solventogenesis. Production of butyrate and acetate are gener-
ally regarded as the main by-products in butanol fermentation
because the separation of organic acids would increase the cost
of the downstream process and deteriorate the whole
economics of butanol production. One recent study reported
that butyl butyrate, a value-added chemical and biofuel, can be
successfully produced in butanol fermentation by engineered C.
beijerinckii spo0A mutant20 because this engineered strain
exhibited a signicant potential to accumulate high amounts of
butyrate (8.96 g L�1) and butanol (3.32 g L�1) from 60 g L�1

glucose with a pH-control strategy. Through the simultaneous
butanol fermentation, condensation, and extraction, 3.32 g L�1

butyl butyrate was obtained in the hexadecane layer,20 which
provides a novel process strategy for the biosynthesis of value-
added chemicals via butanol fermentation. In addition, other
reports related to butyl butyrate,21–23 butyl oleate,24 bio-lipids25

or other chemicals productions in butanol fermentation with
esterication technology have also been documented in the past
ve years.26 Our previous studies have demonstrated that
acetone can be synthesized from acetate in butanol fermenta-
tion by C. acetobutylicum ATCC 824.27,28 Thus, solvents (acetone,
butanol, and ethanol) and organic acids (butyrate and acetate)
co-production in the fermentation process is a highly desirable
target/objective for extending the application scope of butanol
fermentation.

In this study, the effects of ve typical lignin-derived
phenolics on butanol fermentation performance by C. aceto-
butylicum ATCC 824 in both 100 mL anaerobic bottles and 5 L
fermenter were investigated. Different strategies for alleviation
of the “acid crash” phenomenon in butanol fermentation were
also evaluated and executed in a 5 L anaerobic fermenter. In
addition, the combined phenolics addition was performed to
6920 | RSC Adv., 2019, 9, 6919–6927
increase the concentration of solvents and organic acids.
Finally, a novel fermentation strategy for the co-production of
solvents and organic acids with lignin-derived phenolics exis-
tence was proposed, which might have a potential for the
production of ne chemicals (such as butyl butyrate, butyl
acetate, etc.) from cheaper lignocellulosic feedstocks.

2. Experimental
2.1 Strain and media

Clostridium acetobutylicum ATCC 824 was used as a host strain
for butanol fermentation in this study. The strain was main-
tained and preserved as spores in cornmeal (5%, w/v) medium
as reported in our previous study.28 Clostridial growth medium
(CGM) consisting of (g L�1): KH2PO4 0.75, K2HPO4 0.75, NaCl
1.0, MnSO4$5H2O 0.017, MgSO4$7H2O 0.70, FeSO4$7H2O 0.01,
L-asparagine 2.0, yeast extract 5.0, (NH4)2SO4 2.0, and glucose 30
was used as a seedmedium for the germination of strain.29 CGM
was also used as fermentation medium to produce solvents and
organic acids. It should be noted that the initial glucose
concentration in the fermentation medium was 60 g L�1.

2.2 Selection of lignin-derived phenolics

Five typical lignin-derived phenolics including vanillin, vanillic
acid, p-hydroxybenzaldehyde, p-hydroxybenzoic acid, and
ferulic acid (Sigma-Aldrich) were considered in this study. All
these phenolics were added in the fermentation medium before
pH adjustment and the dosage was adjusted according to the
requirements.

2.3 Fermentation conditions and experimental setup

Seed cultures were carried out in 100 mL anaerobic bottles
containing 50mL seedmedium. A 5mL spore suspension of the
strain was inoculated in the anaerobic bottles and then vacuu-
mized by a vacuum pump for 2 min. The seed culture was
placed on a thermostat water bath at 37 �C for 24 h. For butanol
production, a 10% (v/v) seed culture was inoculated into 100 mL
anaerobic bottles containing 50 mL fermentation medium. The
bottles were vacuumed for 2 min to eliminate oxygen dissolved
in the medium and then placed at 37 �C in a water bath for
fermentation. In this case, lignin-derived phenolics were added
in CGM with the dosage of 0–1.0 g L�1 and the initial pH of
culture was adjusted to 5.0. The off-gas (H2 + CO2) produced by
C. acetobutylicum ATCC 824 was discharged manually every 4–
5 h. The butanol fermentation was ended at 72 h without
controlling pH throughout the process. The butanol fermenta-
tion was also implemented in the 5 L anaerobic fermentor
(BLBIO-5GJ, Shanghai Bailun Bioengineering Co., Ltd., China),
loaded with 3 L fermentation medium at an inoculum size of
10% (v/v). Before inoculation, N2 (>99.99%) was sparged for
20 min to remove dissolved oxygen in CGM. During fermenta-
tion, the temperature was maintained at 37 �C and agitation
speed was controlled at 100 rpm. The experimental setup of
butanol fermentation in 5 L anaerobic fermenter is shown in
Fig. 1. An optimized pH-control strategy during butanol
fermentation was described as follows: pH was controlled at 5.0
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Experimental setup for the co-production of solvents and
organic acids in butanol fermentation by C. acetobutylicum.
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by automatically feeding a 25% (w/v) ammonia solution during
acidogenesis (0–15 h), and it was not controlled when pH
became higher than 5.0 during solventogenesis (15–48 h). The
produced gas was measured by the off-gas collection and anal-
ysis system (Fig. 1) and fermentation was ended at 48 h.

2.4 Analytical methods

The concentration of glucose and products in the fermentation
broth was analysed aer removing cells by centrifugation at
10 000 � g for 10 min. The concentration of butanol, acetone,
ethanol, acetate, and butyrate was measured by a gas chro-
matograph (GC3900) equipped with a ame ionization detector
(FID) and FFAP column (30 m � 0.32 mm � 0.5 mm). The oven
was programmed to heat from 60 �C to 210 �C with a heating
rate of 15 �C min�1. Iso-butanol was used as the internal stan-
dard.30 The residual glucose concentration in broth was
measured by a biosensors analyser (S-10, Shenzhen Siemen
Technology Co., Ltd., China). The concentration of vanillin and
vanillic acid in fermentation broth was determined by an Agi-
lent HPLC system.31 Cells growth of C. acetobutylicum ATCC 824
was monitored by measuring the optical density at 600 nm
(OD600) using a UV-visible spectrophotometer (UV-2100, Unico
Instrument Co., Ltd., Shanghai).

2.5 Statistical analysis

Data were statistically analysed using the statistical soware
package (SPSS Statics 21). The means, and standard derivations
of means (mean � SD) were calculated for three independent
replicates, and SD values have been displayed as Y-error bars in
gures.

3. Results
3.1 Effects of phenolics on butanol fermentation without
a pH-control strategy

In order to investigate the effects of lignin-derived phenolics on
butanol fermentation by C. acetobutylicum ATCC 824 without
a pH-control strategy, ve typical phenolics (vanillin, vanillic
This journal is © The Royal Society of Chemistry 2019
acid, p-hydroxybenzaldehyde, p-hydroxybenzoic acid, and
ferulic acid) were selected in this study. The fermentations were
carried out in 100 mL anaerobic bottles with an initial glucose
concentration of 60 g L�1, and the addition dosage of each
phenolic compound in CGM was 0–1.0 g L�1. The initial pH of
fermentation medium in these cases was 5.0. As shown in Table
1, 10.29 g L�1 butanol, 3.12 g L�1 acetone, and 1.04 g L�1

ethanol was produced in 72 h, with total acetone–butanol–
ethanol (ABE) concentration of 14.45 g L�1 without the addition
of phenolics (control). The nal concentration of acetate,
butyrate, and total acids was 0.78 g L�1, 0.66 g L�1, and 1.44 g
L�1, respectively. ABE yield on glucose was 0.29 g g�1 by
consumption of 49.72 g L�1 glucose. Previous studies have re-
ported that more than 0.5 g L�1 lignin-derived phenolics inhibit
butanol synthesis in solventogenic clostridia.18,32 Herein, the
results indicated that butanol concentration was not reduced
and even enhanced from 10.29 g L�1 to 11.36 g L�1 with 10.4%
increment by the addition of 0.1 g L�1 vanillin. In this case, total
ABE concentration (15.98 g L�1), ABE productivity (0.22 g L�1

h�1), ABE yield on glucose (0.34 g g�1), and nal OD600 (2.59)
were enhanced in comparison with the control, which coin-
cided with the butyrate fermentation results by C. tyrobutyricum
ATCC 25755.31 When elevating the vanillin addition amount
from 0.2 g L�1 to 1.0 g L�1, butanol fermentation performance
was inhibited gradually (Table 1). However, the nal OD600 was
still higher than that of control when the addition dosage of
vanillin was in the range of 0.1–0.8 g L�1, which indicated that
lower vanillin concentration did not inhibit the cells growth of
C. acetobutylicum ATCC 824.

When adding vanillic acid in CGM, butanol fermentation
performance was remarkably deteriorated even though the
initial adding concentration was as low as 0.1 g L�1 (4.23 g L�1

butanol vs. 10.29 g L�1 butanol, Table 1). The glucose
consumption of only 21.19 g L�1 in 72 h demonstrated the
strong inhibitory effect of vanillic acid on cells metabolism.
Here, it should be noted that the total acids concentration
reached a higher level of 1.67–4.15 g L�1 with 0.1–0.4 g L�1

vanillic acid addition and the nal pH reached a low level of
3.80. The results revealed that butanol fermentation was ended
in acidogenesis mainly attributed to the “acid crash” effect.33,34

As shown in Table 1, the cells growth, solvents synthesis and
glucose consumption amount of C. acetobutylicum were
inhibited largely when adding 0.1–1.0 g L�1 of p-hydrox-
ybenzaldehyde, p-hydroxybenzoic acid, and ferulic acid in CGM.

The results obtained above indicated that adding sole lignin-
derived phenolic compound inuenced butanol fermentation
performance. However, the effects of two phenolics addition on
butanol fermentation in CGM were not investigated so far.
Based on the positive effect of vanillin addition on butanol
synthesis (Table 1), we speculated that simultaneous addition
vanillin and other lignin-derived phenolic compounds might
have synergistic effects on butanol fermentation. Therefore,
four combinations such as vanillin & vanillic acid, vanillin & p-
hydroxybenzaldehyde, vanillin & p-hydroxybenzoic acid, and
vanillin & ferulic acid, were designed to evaluate their inhibitory
effects on butanol fermentation in 100 mL anaerobic bottles.
Each phenolic compound concentration was 0.1 g L�1 with
RSC Adv., 2019, 9, 6919–6927 | 6921
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Table 1 Butanol fermentation performance in 100 mL anaerobic bottles containing exogenously added lignin-derived phenolicsab

Operation modec

Solvents
concentration (g L�1)

PABE (g L�1 h�1)

Organic acids
conc. (g L�1)

CGlc (g L�1) YABE (g g�1) Final OD600 Final pHhBtOH ACE EtOH ABE AA BA Acids

Control 10.29 3.12 1.04 14.45 0.20 0.78 0.66 1.44 49.72 0.29 2.56 4.43
Vanillin 0.1 11.36 3.44 1.18 15.98 0.22 0.68 0.70 1.38 46.96 0.34 2.59 4.55
Vanillin 0.2 9.90 3.15 1.07 14.12 0.20 0.80 0.75 1.55 42.56 0.33 2.81 4.46
Vanillin 0.4 8.20 2.47 1.40 12.07 0.17 0.55 0.21 0.76 36.12 0.33 3.73 4.37
Vanillin 0.8 7.20 2.13 1.02 10.35 0.14 0.71 0.37 1.08 28.80 0.36 3.55 4.36
Vanillin 1.0 4.43 0.84 0.29 5.56 0.08 0.44 0.26 0.70 22.46 0.25 1.24 4.33
Vanillic acid 0.1 4.23 2.08 0.44 6.98 0.10 0.84 0.83 1.67 21.19 0.33 1.73 3.82
Vanillic acid 0.2 0.79 0.57 0.07 1.43 0.02 0.82 1.20 2.02 15.57 0.09 1.43 3.81
Vanillic acid 0.4 0.71 0.60 0.20 1.51 0.02 1.59 2.56 4.15 14.10 0.11 1.24 3.80
Vanillic acid 0.8 0.21 0.47 0.11 0.79 0.01 0.56 0.40 0.96 13.47 0.06 0.65 4.22
Vanillic acid 1.0 0.28 0.29 0.07 0.64 0.01 0.40 0.60 1.00 7.50 0.09 0.47 4.21
p-Hydroxybenzaldehyde 0.1 8.47 2.64 0.89 12.07 0.17 0.57 0.51 1.08 36.78 0.33 2.81 4.48
p-Hydroxybenzaldehyde 0.2 1.87 0.76 0.20 2.83 0.04 0.97 0.21 1.18 13.00 0.22 1.73 4.50
p-Hydroxybenzaldehyde 0.4 1.18 0.52 0.16 1.86 0.03 0.96 0.21 1.17 10.54 0.18 1.58 3.85
p-Hydroxybenzaldehyde 0.8 0.63 0.28 0.05 0.96 0.01 0.68 0.63 1.31 8.90 0.11 1.66 3.88
p-Hydroxybenzaldehyde 1.0 0.78 0.17 0.07 1.02 0.01 0.90 0.68 1.58 10.54 0.10 1.80 3.90
p-Hydroxybenzoic acid 0.1 5.97 1.59 0.40 7.96 0.11 0.93 0.60 1.53 32.58 0.24 1.21 4.19
p-Hydroxybenzoic acid 0.2 1.66 0.73 0.21 2.60 0.04 1.20 1.23 2.43 16.69 0.16 1.19 3.84
p-Hydroxybenzoic acid 0.4 0.64 0.44 0.15 1.23 0.02 0.55 0.81 1.36 15.05 0.08 0.56 3.78
p-Hydroxybenzoic acid 0.8 0.78 0.49 0.25 1.52 0.02 0.39 0.49 0.88 9.72 0.16 0.33 4.09
p-Hydroxybenzoic acid 1.0 0.61 0.32 0.10 1.03 0.01 0.59 0.52 1.11 12.18 0.08 0.19 4.33
Ferulic acid 0.1 4.48 1.68 0.51 6.67 0.09 1.56 1.25 2.81 23.34 0.29 1.82 4.25
Ferulic acid 0.2 2.12 0.77 0.23 3.12 0.04 1.07 0.80 1.87 18.51 0.17 1.95 3.77
Ferulic acid 0.4 1.49 0.60 0.23 2.32 0.03 0.97 0.60 1.57 17.67 0.13 2.08 3.83
Ferulic acid 0.8 0.24 0.47 0.16 0.87 0.01 0.70 0.24 0.94 6.33 0.14 0.43 4.20
Ferulic acid 1.0 0.17 0.31 0.08 0.56 0.01 0.40 0.15 0.55 6.12 0.09 0.49 4.51
Combined mode #1d 2.80 0.96 0.22 3.94 0.05 0.50 0.54 1.04 15.40 0.26 1.79 3.83
Combined mode #2e 2.08 0.72 0.17 2.97 0.04 0.56 0.47 1.03 17.10 0.17 1.99 3.77
Combined mode #3f 1.64 0.55 0.13 2.32 0.03 0.92 0.87 1.79 14.60 0.16 1.33 3.81
Combined mode #4g 11.10 3.03 1.15 15.28 0.21 0.53 0.37 0.90 51.10 0.30 2.48 4.44

a BtOH, butanol; ACE, acetone; EtOH, ethanol; ABE, total solvents; AA, acetate; BA, butyrate; acids, total organic acids (i.e., acetate and butyrate);
PABE, ABE productivity; CGlc, glucose consumption; YABE, ABE yield on glucose consumption. b Each batch culture was performed three times,
and the average was represented in Table 1. It should be noted that the parameters in Table 1 were calculated aer 72 h of fermentation without
a pH-control strategy. c The values followed by lignin-derived phenolics were the corresponding phenolic adding dosage (g L�1) in CGM.
d Adding vanillin (0.1 g L�1) and vanillic acid (0.1 g L�1) simultaneously in CGM. e Adding vanillin (0.1 g L�1) and p-hydroxybenzaldehyde
(0.1 g L�1) simultaneously in CGM. f Adding vanillin (0.1 g L�1) and p-hydroxybenzoic acid (0.1 g L�1) simultaneously in CGM. g Adding
vanillin (0.1 g L�1) and ferulic acid (0.1 g L�1) simultaneously in CGM. h The initial pH of CGM was 5.0 in the cases of lignin-derived
phenolics addition.
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a total amount of 0.2 g L�1 phenolics. Results in Table 1
represents that the butanol concentration and nal OD600

reached 11.10 g L�1 and 2.48, respectively, with a glucose
consumption of 51.10 g L�1 in case of simultaneous addition of
vanillin & ferulic acid, which was almost the same as purely
adding 0.1 g L�1 vanillin. However, butanol fermentation
performance of the other three combinations was inhibited
dramatically and recorded in the range of 1.64–2.80 g L�1,
which were much lower than that the addition of pure phenolic
compound (0.1 g L�1). Thus, the synergistic inhibitory effect of
lignin-derived phenolics on butanol fermentation exists in
100 mL anaerobic bottles without a pH-control strategy.
Although the chemical structure of vanillic acid and vanillin are
similar, the co-existence features of vanillic acid and vanillin in
broth during the butanol fermentation process remain to be
elucidated. Furthermore, lower nal pH value (3.8) and the
“acid crash” phenomenon in these cases might be deciphered
by a pH-control strategy in the anaerobic fermenter.
6922 | RSC Adv., 2019, 9, 6919–6927
3.2 Alleviation of “acid crash” of butanol fermentation with
a pH-control strategy

In the above section, we have investigated the effects of
phenolics on butanol fermentation performance in 100 mL
anaerobic bottles. However, in these cases, the culture pH was
not controlled and the pressure in headspace was higher than
that of atmosphere during the fermentation process. Therefore,
the environment for butanol fermentation by C. acetobutylicum
will profoundly change, when scaling-up from 100 mL anaer-
obic bottles to 5 L anaerobic fermenter. Here, two typical
fermentation batches (#1 and #2) were implemented with
different pH strategies. In fermentation batch #1, the pH of
culture was not controlled, and pH-changing patterns is por-
trayed in Fig. 2a. Clearly, the culture pH was gradually reduced
from 4.6 (0 h) to 3.7 (48 h), and glucose consumption and nal
OD600 were only 17.22 g L�1 and 2.63, respectively. In this case,
a lower level of 1.16 g L�1 butanol and 1.79 g L�1 total ABE was
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The time courses of butanol fermentation under different
strategies. (a) Without a pH-control strategy, batch #1; (b) with a pH-
control strategy, batch #2. : butanol; : acetone; : ethanol; :
acetate; : butyrate; : OD600; : glucose; broken line: pH.
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produced by C. acetobutylicum. At the completion of fermenta-
tion, nal organic acids concentrations reached higher levels:
1.95 g L�1 butyrate, 2.16 g L�1 acetate, and 4.11 g L�1 total acids.
Various studies have reported that excessive accumulation of
undissociated butyrate33 and acetate35 are detrimental to sol-
ventogenic clostridia (such as C. acetobutylicum and C. beijer-
inckii) for glucose uptake, cells growth and solvents synthesis.
The ndings were consistent with the above reports, and
butanol fermentation was ended by “acid crash” with a low pH
environment (Fig. 2a). Therefore, further fermentation strategy
with a pH-control should be developed to alleviate the “acid
crash” phenomenon.

A biphasic metabolic pathway including acidogenesis and
solventogenesis characterizes butanol production by C. aceto-
butylicum. The main metabolites of acetate and butyrate are
produced during acidogenesis. However, the accumulation of
organic acids causes a drop in the broth pH and thus triggering
the solventogenesis. Subsequently, the organic acids are re-
assimilated for acetone, ethanol and butanol productions.
Reports have demonstrated that organic acids production and
cells growth by clostridia are improved at a higher pH envi-
ronment.4,36 Also, some studies have revealed that pH-control
strategy is an efficient method for enhancing the butanol
fermentation performance.37,38 Based on the results of prelimi-
nary experiments, we found that solvents synthesis in butanol
fermentation was not inhibited at the pH higher than 5.0. Thus,
an optimized pH-control strategy was proposed: where pH was
automatically controlled at 5.0 with ammonia solution feeding
This journal is © The Royal Society of Chemistry 2019
during acidogenesis (0–15 h) via the on-line control system
(Fig. 1), and then not controlled when pH was higher than 5.0
during solventogenesis (15–48 h). As shown in Fig. 2b (batch
#2), the culture pH was maintained at >5.0 and glucose was
entirely consumed at 31 h by the cells. The highest OD600 in
batch #2 was 5.51 at 25 h, which was about 2-fold in comparison
with that of batch #1 without a pH-control strategy (Fig. 2a). At
the fermentation end (48 h), 9.42 g L�1 butanol with a total
13.69 g L�1 ABE were produced. Although the nal acids
concentrations (3.08 g L�1 acetate, 3.30 g L�1 butyrate, and
6.38 g L�1 total acids) with a pH-control strategy reached high
levels, the butanol titre was still signicantly improved from
1.16 g L�1 to 9.42 g L�1 with 712% increment. The results
indicated that the “acid crash” phenomenon in batch #1 was
successfully alleviated. Subsequently, the proposed pH-control
strategy was used for investigating the kinetics of butanol
fermentation in a 5 L anaerobic fermenter under the environ-
ment of lignin-derived phenolics existence.
3.3 Solvents and organic acids co-production in butanol
fermentation with phenolics existence

The changing patterns of butanol fermentation without lignin-
derived phenolics addition have been investigated in a 5 L
anaerobic fermenter with the proposed pH-control strategy
(batch #2). Generally, vanillin and vanillic acid are typical
phenolics derived from lignin degradation during pre-
treatment of lignocellulosic biomasses.10,39 Based on the
results in Table 1, 0.2 g L�1 vanillin was added in the butanol
fermentation medium to analyse the changing feature of bio-
process kinetic parameters (batch #3). Fig. 3a portrays that
butanol fermentation performance was not inhibited largely,
and nal solvents concentration reached 12.57 g L�1 in 48 h (vs.
13.69 g L�1, batch #2). In this case, nal butanol concentration
and the highest OD600 were 8.58 g L�1 (48 h) and 7.55 (26 h),
respectively. Results indicated the improvement of cells growth
could be achieved by the addition of 0.2 g L�1 vanillin in the
fermentation medium. Moreover, a nal concentration of
butyrate and acetate was 5.75 g L�1 and 5.04 g L�1, respectively.
The total acids concentration of 10.79 g L�1 was much higher
than that of batch #2 (6.38 g L�1). With an addition of 0.2 g L�1

vanillic acid (batch #4), butanol fermentation performance was
very different from the case of vanillic acid addition in 100 mL
anaerobic bottles (Table 1 and Fig. 3b). These differential
fermentation results were mainly attributed to the multi-
functionalities of the proposed pH-control strategy in a 5 L
fermenter. In batch #4, the highest concentration of butanol
(8.42 g L�1) and solvents (11.77 g L�1) was obtained at 33 h,
which was reduced by 10.6% and 14.0%, respectively, in
comparison with those of batch #2. The highest value of OD600

(6.96) achieved at 21 h and glucose was consumed completely at
27 h. At 33 h, 4.76 g L�1 butyrate and 9.21 g L�1 total acids were
produced by C. acetobutylicum ATCC 824 (Fig. 3b). Based on the
results obtained in batches #3–#4, the following conclusions
could be listed: (1) C. acetobutylicum could tolerate lower
concentration (0–0.2 g L�1) of vanillin or vanillic acid in
fermenter under the pH-control strategy. Also, lower vanillin or
RSC Adv., 2019, 9, 6919–6927 | 6923
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Fig. 3 The time courses of butanol fermentation with different lignin-
derived phenolics addition under the pH-control strategy. (a) 0.2 g L�1

vanillin was added in the fermentation medium, batch #3; (b) 0.2 g L�1

vanillic acid was added in the fermentation medium, batch #4. :
butanol; : acetone; : ethanol; : acetate; : butyrate; : OD600; :
glucose; broken line: pH.

Fig. 4 The time courses of butanol fermentation with vanillin (0.1 g
L�1) and vanillic acid (0.1 g L�1) addition under the pH-control strategy.
: butanol; : acetone; : ethanol; : acetate; : butyrate; : OD600; :
glucose; broken line: pH.
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vanillic acid concentration could improve the cells growth of C.
acetobutylicum. Since those phenolic compounds are an envi-
ronmental stress factors for solventogenic clostridia,15,40 and we
speculated that the cells need to synthesize more energy
substance such as ATP response to the phenolic stress.41 In the
metabolism of C. acetobutylicum ATCC 824, ATP is mainly
produced in the synthesis pathway of glycolysis, acetate, and
butyrate during solventogenesis.4,42 Therefore, higher acetate
and butyrate concentrations (Fig. 3) could be reected more
ATP supply under the condition of vanillin or vanillic acid
addition. (2) Implementing a pH-control strategy could accu-
mulate solvents and organic acids simultaneously with an
initial glucose concentration of 60 g L�1 in the presence of
phenolic compounds (such as vanillin or vanillic acid).

As described above (Table 1), the synergistic effect of vanillin
& vanillic acid on butanol fermentation exists in anaerobic
bottles. Meanwhile, the production of solvents and organic
acids was enhanced to higher levels with vanillin (batch #3) or
vanillic acid (batch #4) addition in the anaerobic fermenter.
Consequently, we added 0.1 g L�1 vanillin and 0.1 g L�1 vanillic
acid in CGM to investigate the process features of butanol
fermentation (batch #5). Results in Fig. 4 illustrate that OD600,
acetate and butyrate concentrations were improved rapidly
during 0–22 h (i.e., acidogenesis), while the rate of solvents
synthesis was not high. Aer that (i.e., solventogenesis), butanol
and acetone titres were improved from 4.89 g L�1 to 9.07 g L�1,
6924 | RSC Adv., 2019, 9, 6919–6927
and 1.53 g L�1 to 3.51 g L�1, respectively, during 22–31 h (Fig. 4)
together with a high off-gas production rate (�1.0 h�1). Mean-
while, 60 g L�1 initial glucose was completely assimilated within
31 h of fermentation. In this batch, 7.24 g L�1 butyrate was
produced at 31 h and total acids concentration reached a high
level of 12.57 g L�1. The results revealed that addition of vanillin
and vanillic acid could further promote the biosynthesis of
organic acids. On the other hand, butanol (9.07 g L�1 vs. 9.42 g
L�1) and total solvents (13.85 g L�1 vs. 13.69 g L�1) were negli-
gibly inhibited compared with batch #2 without the addition of
phenolics. To the best of our knowledge, the fermentation
strategy of fermentative inhibitors addition is the rst report
focusing on solvents and organic acids co-production in
butanol fermentation by C. acetobutylicum.
4. Discussion

Generally, several drawbacks hinder the large-scale application
of fermentative butanol by solventogenic clostridia as an alter-
native biofuel. First of all, the cost of raw materials in the
butanol production process is very high and the main feedstock
is edible corn.5 Secondly, low tolerance of the producing strains
against main-product (butanol) inhibits the synthesis efficiency
of butanol when its concentration in broth is higher than 10 g
L�1.4 Many methods have been envisaged to overcome the
above-mentioned key problems, such as applying lignocellu-
losic biomass (corn stover, wheat straw, etc.) as fermentative
substrate for butanol production,43,44 on/off-line synthesizing
other value-added chemicals (butyl butyrate, butyl oleate, bio-
lipids, etc.) from butanol or organic acids,20,24 etc. Neverthe-
less, the use of lignocellulosic biomass as feedstock for butanol
production necessitates a pre-treatment process, and various
fermentative inhibitory compounds including lignin-derived
phenolics are also generated during the process. Previous
studies have focused on removing the derived phenolics in
lignocellulosic hydrolysate by various technologies to alleviate
the inhibitory effects on chemicals production,13,40,45 but, to the
best of our knowledge, utilization of lignocellulosic hydrolysate
with a low concentration of phenolics for chemicals production
has not been reported. On the other hand, conversion of
This journal is © The Royal Society of Chemistry 2019
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butanol or organic acids to other value-added chemicals needs
exogenous addition of butyrate,20–22 butanol46 or oleic acid24,47 as
one of the substrates, which substantially increases the cost of
the overall production process.

In this study, the solvents (acetone, butanol, and ethanol)
and organic acids (butyrate and acetate) were co-produced in
butanol fermentation by a wide-type strain of C. acetobutylicum
ATCC 824 with lignin-derived phenolics addition from glucose.
A nal phenolics concentration range of 0.03–0.07 g L�1 in the
broth (batches #2–#4) indicated that C. acetobutylicum could
metabolize phenolics for weakening their inhibitory effects
(Fig. 5a). When vanillin and vanillic acid were simultaneously
added in CGM, the highest butyrate/butanol ratio of 0.80 g g�1

achieved at 31 h with a butyrate concentration of 7.24 g L�1

(Fig. 5a). In this case, the butyrate/butanol ratio was found to be
much higher than that of batch #2 (0.35 g g�1) without
phenolics addition. Furthermore, acids yield (0.22 g g�1) and
solvents yield (0.24 g g�1) on glucose of batch #5 were at the
highest level (Fig. 5b). A previous study on butanol fermentation
by C. beijerinckii NCIMB 8052 reported that the nal concen-
tration of butyrate and acetate reached the higher levels of 1.5 g
L�1 and 3.4 g L�1 (vs. 0.2 g L�1 and 0.7 g L�1 of control,
respectively) by the addition of 1.0 g L�1 vanillic acid.45
Fig. 5 Comparison of fermentation parameters with different strategies.
solvents yield on glucose, total acids refer to acetate and butyrate, and to
productivity; (a)–(c) the symbol “�” refers to no compounds added, “+” re
vanillic acid; (d) control #1, butanol fermentation without pH-control, b
vanillin, butanol fermentation with 0.2 g L�1 vanillin addition under pH-c
addition under pH-control, batch #4; vanillin & VAA, butanol fermentati
control, batch #5; (a)–(d) the presented data in figures were based on the
48 h; batch #3, 48 h; batch #4, 33 h; batch #5, 31 h).

This journal is © The Royal Society of Chemistry 2019
However, the butanol fermentation, in this case, did not enter to
solventogenesis from acidogenesis, and therefore, elevated titre
of solvents was not achieved.

As pointed out above, if the main target/objective of ABE
fermentation is to obtain high butanol or solvents titre, addi-
tion of phenolics with a pH-control strategy was not a suitable
choice. It might be attributed to the synthesis of organic acids
(butyrate and acetate) as the main by-products in butanol
fermentation. In this circumstance, the metabolic ux towards
butanol or solvents synthesis from glucose would be distributed
for acids formation and the product (butanol or solvents) yield
on glucose might be reduced, which could be reected by
Fig. 5b. However, butanol tolerance of solventogenic clostridia
is low, and the downstream processing cost is very high when
butanol concentration in the fermentation broth is lower than
20 g L�1.7 To prevent butanol inhibition and high downstream
costs, production of other value-added chemicals from solvents
(butanol, acetone or ethanol) and organic acids (butyrate or
acetate) is thus a valued research objective.

In conventional butanol fermentation, organic acids (buty-
rate and acetate) are re-assimilated for solvents synthesis
during solventogenesis and the nal concentration of acids is
0.5–1.5 g L�1.27,30 From the perspective of economics, the total
(a) But/BtOH ratio refers to butyrate/butanol ratio (g g�1); (b) acids and
tal solvents refer to acetone, butanol and ethanol; (c) acids and solvents
fers to corresponding lignin-derived phenolics added, and VAA refers to
atch #1; control #2, butanol fermentation with pH-control, batch #2;
ontrol, batch #3; VAA, butanol fermentation with 0.2 g L�1 vanillic acid
on with 0.1 g L�1 vanillin and 0.1 g L�1 vanillic acid addition under pH-
highest butanol concentration of each batch (batch #1, 48 h; batch #2,

RSC Adv., 2019, 9, 6919–6927 | 6925
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production cost of butanol will be increased due to the high cost
in the separation and purication module. However, highly-
efficient synthesis of butyrate and butanol is indispensable, if
the main target is to obtain butyl butyrate (a biofuel is
compatible with Jet A-1 aviation kerosene) in butanol fermen-
tation by C. acetobutylicum without the addition of exogenous
expensive butyrate.20,23 Thus, the higher ratio of butyrate/
butanol (�0.6–0.8 g g�1) in batches #2–#4 would be useful for
the production of butyl butyrate, and the results could also
increase the products diversity in traditional butanol (ABE)
fermentation. In addition, as shown in Fig. 5c and d, the
production, and productivity of acids and solvents were also
improved largely compared with those of batch #2. In the
future, the potential of butyl butyrate production with lipase-
catalysed esterication under the proposed strategy from real
lignocellulosic hydrolysates will be explored. Furthermore, the
strategy for boosting the overall fermentation performance by
reducing the titre of butanol in broth with esterication and
extraction processes will also be investigated.

Here, it is worth noting that real lignocellulosic hydrolysate
contains more than two lignin-derived phenolics of vanillin and
vanillic acid. To test the effectiveness of the proposed fermen-
tation strategy for the co-production of solvents and organic
acids, the ve typical phenolics were added in CGM with a total
dosage of 0.2 g L�1 (i.e., 0.04 g L�1 of each phenolic compound,
batch #6). As shown in Fig. 6, nal organic acids concentration
reached 7.47 g L�1 (3.79 g L�1 acetate and 3.68 g L�1 butyrate) at
48 h. Interestingly, butanol concentration reached a higher level
of 11.52 g L�1 (vs. 9.42 g L�1 control) with a nal butyrate/
butanol ratio of 0.32 g g�1. The overall productivity of butanol
was 0.24 g L�1 h�1 (Fig. 6), which was reduced by 19% in
comparison with that of batch #5 (Fig. 5), and glucose was
consumed out at fermentation end (vs. 31 h of batch #5).
Although organic acids concentration in batch #6 was lower
than the case of vanillin and vanillic acid additions (batch #5),
solvents (17.06 g L�1) and organic acids (7.47 g L�1) were still co-
produced via the proposed strategy even under the environment
of ve phenolics existence. It is important to mention that
Fig. 6 The time courses of butanol fermentation with five phenolics
addition (0.2 g L�1) under the pH-control strategy. : butanol; :
acetone; : ethanol; : acetate; : butyrate; : OD600; : glucose;
broken line: pH. The adding amount of phenolics was 0.04 g L�1

vanillin, 0.04 g L�1 vanillic acid, 0.04 g L�1 p-hydroxybenzaldehyde,
0.04 g L�1 p-hydroxybenzoic acid, and 0.04 g L�1 ferulic acid.

6926 | RSC Adv., 2019, 9, 6919–6927
combined phenolics addition might have synergistic effects on
the metabolism of C. acetobutylicum ATCC 824, and the specu-
lation will be veried and investigated in the upcoming works.

There would be a concern about the feasibility of the
proposed fermentation strategy for ne chemicals production.
One possible approach for butyl butyrate production could be
achieved by adding butyrate (that is produced by butyrate
fermentation with C. tyrobutyricum) aer butanol fermentation
instead of modifying ABE fermentation by addition lignin-
derived phenolics. However, the titre of butyrate produced by
microbial fermentation is generally in the range of 20–50 g
L�1,11 and butanol titre in ABE fermentation is generally <20 g
L�1. If adding butyrate aer butanol fermentation to produce
butyl butyrate, the overall productivity of bioreactor will be low,
and the purication cost of butyrate will also deteriorate the
process economics. When using the fermentation strategy
proposed in this study for ne chemicals production, the
butanol fermentation would not be ended because the
concentration of butanol is lower than the tolerance threshold
value. Consequently, we believed that the strategy of lignin-
derived phenolics addition would show a great potential for
efficient production of butyl butyrate or other ne chemicals
with an economic approach.

5. Conclusions

Organic acids in conventional butanol fermentation are regar-
ded as the main by-products, but they can be used for value-
added chemicals production. In this work, we investigated the
effects of lignin-derived phenolics addition on butanol
fermentation for the co-production of solvents and organic
acids. A novel fermentation strategy of phenolics addition with
pH-control was proposed in a 5 L anaerobic fermenter, and
results indicated that the concentration of solvents and organic
acids reached in the ranges of 11.77–13.85 g L�1 (vs. 13.69 g L�1

control) and 9.21–12.57 g L�1 (vs. 6.38 g L�1 control), respec-
tively. Furthermore, the butyrate/butanol ratio reached the
highest level of 0.80 g g�1 with vanillin/vanillic acid co-addition.
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