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Abstract

The use and depletion of fossil fuels raised the interest in biofuels like biobutanol.
Clostridium acetobutylicum DSM 792 is capable of producing biobutanol through ABE
fermentation. Butanol production can be influenced by low sugar concentrations, like
those obtained after hydrolysis of pre-treated lignocellulosic biomass. This study aimed
to evaluate the influence of the initial glucose concentrations (33, 66 and 100 g L) and
pH control strategies on biobutanol production and glucose consumption. Uncontrolled
pH fermentation exhibited low butanol production due to either glucose exhaustion (33
g L) or the phenomenon of acid crash (66 and 100 g L), which was alleviated by the
use of any of the minimum pH set-points (4.8; 5.0; 5.1 and 5.5). Fermentation at a
pHmin Of 5.1 gave the best performance in butanol production and glucose consumption
rate. Fermenting with a pHmin of 5.1 with 33 g L of initial glucose caused acidogenic
fermentation, while the use of 66 and 100 g L* of glucose led to a ~1.5 and ~1.7-fold
increase in butanol concentration over their counterparts without pH control
respectively. By controlling the pH after the acidogenic phase 15.8 g L* of butanol was
obtained with 100 g L of glucose, which was ~2-fold higher than without pH control.
Different initial glucose concentrations therefore require different pH strategies to

optimize butanol production.

Keywords: ABE fermentation; Acid Crash; Biobutanol; Clostridium acetobutylicum;

Glucose; pH control.
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1. Introduction

The extensive use of fossil fuels has led to a series of problems, such as climate
change, an energy crisis and health problems. The importance of these issues has
revived the interest of governments in the production of greener renewable energy.
Biofuels generated biologically will become viable alternatives to oil and other derivate
products when the price of biofuels becomes competitive [1]. Several types of biofuel
have recently gained interest, including biomethanol, bioethanol and biobutanol. Of
these, biobutanol appears especially likely to become widely used due to its
physicochemical properties [2]. In addition, biobutanol has a higher heating value and
lower vapour pressure than bioethanol and can be transported and distributed via
existing pipelines and service stations reducing the investment cost in infrastructures
[3.4].

Solventogenic Clostridium strains can produce biobutanol by Acetone-Butanol-Ethanol
(ABE) fermentation. These Clostridium strains (Clostridium acetobutylicum, Clostridium
saccharoperbutylacetonicum, Clostridium beijerinckii or Clostridium sporogenes)
metabolize monosaccharides (pentoses and hexoses) from different sources, such as
starch or lignocellulosic biomass to produce ABE [5,6]. Among the raw materials
currently available for ABE production, lignocellulosic biomass appears as an ideal
candidate in terms of the circular economy, as it can be obtained from a wide range of
residues such as rice straw, sweet sorghum stalk or sago hampas. Unlike the first
generation of biofuels obtained from feedstocks (sugarcane, starch, molasses, etc.),
lignocellulosic biomass does not interfere with the food chain supply [7].
Lignocellulosic biomass is composed mainly of cellulose, hemicellulose and lignin.
However, it requires a pre-treatment and enzymatic hydrolysis to release the
fermentable sugars prior to fermentation, which affects the final composition.
Researchers have recently applied different pre-treatments (acid, alkali, ammonium

sulphide, organic solvents or ionic liquids) to diverse lignocellulosic materials
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(softwood, apple pomace or rice and wheat straw) resulting in a range of 22to 52 g L*
of total sugars after hydrolysis depending on their conditions [5,8—11]. Unfortunately,
low sugar concentrations can result in low butanol production, such as ~2 g L* of
butanol with 20 g L of glucose [12]. Novel strategies have been developed to
concentrate the lignocellulosic hydrolysate, including evaporation or vacuum. However,
these approximations increase the pretreatment cost [13,14].

ABE fermentation is characterised by two phases: an acidogenic phase followed by a
solventogenic phase. In the acidogenic phase, biomass, acids (butyric and acetic) and
gases (CO and Hy) are produced, accompanied by a drop in pH. During the
solventogenic phase, the acids are re-assimilated producing butanol, acetone and
ethanol with pH recovery [15]. The bacteria selected and the external conditions, such
as medium composition, temperature and pH, regulate the end products obtained
[16,17]. Clostridium acetobutylicum is a widely-known bacterium used for ABE
fermentation [18—20], although there are still some issues that should be evaluated for
efficient production of solvents [21]. In this regard, proper pH control is a key factor in
ABE fermentation. High pH in the medium is related to more biomass and acids
concentration in the reactors [22,23], while the reduced pH due to acid production is
needed to produce solvents [24]. In fact, a minimum undissociated butyric acid
concentration is necessary to initiate solvent production [25]. Moreover, the relation of
the dissociated and undissociated species of acids, which are directly linked to the pH,
plays an important role in the fermentation process [23]. Excessive acid production and
low pH can create the conditions to cause acid crash as the undissociated acid
concentration rises. As a consequence, acid crash causes the cease of glucose
consumption and butanol production resulting in an ABE production failure [26].
Chemical control is now being applied in ABE fermentation, especially in continuous
reactors, as a way of regulating the medium pH [27]. The pH regulation allows the

study of the effect of the substrate on the butanol production. For example, butanol
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production was ~2.3-fold higher when xylose was used instead of lactose by keeping
the pH controlled at 4.7 under continuous ABE fermentation with C. acetobutylicum
DSM 792 [28,29]. In batch mode, Guo et al. [30] demonstrated that the best pH set-
point range was between 4.5 and 4.9 when fermenting 60 g L™ of glucose and C.
acetobutylicum XY16. Alternatively, by implementing pH control exclusively during the
acidogenic phase Luo et al. [31] obtained ~8.1-fold higher butanol production by
avoiding acid crash with 60 g L of glucose and C. acetobutylicum ATCC 824. With this
pH control strategy these authors reported an increase in butanol production from 9.42
to 11.52 g L by adding trace concentrations of inhibitors such as the phenolic
compounds. Implementing of a pH control strategy would thus be beneficial for
improving ABE productivity from lignocellulosic hydrolysates. Despite this, more
systematic studies are required on ABE fermentation to evaluate the combined effect of
the initial substrate concentration and the pH control strategy.

The aim of this study was thus to systematically evaluate the combined effect of the
initial sugar concentration and the pH control strategy in ABE fermentation by C.
acetobutylicum DSM 792 using batch reactors and glucose as the model substrate. For
this, we compared the performance of the process with three different levels of initial
glucose concentration (33, 66 and 100 g L) either without pH control or with two pH
control strategies: firstly, by limiting the minimum pH over the fermentation time course,
and secondly by spontaneous acidogenesis without pH control followed by limiting the
minimum pH during solventogenesis.

2. Material and methods
2.1 Microorganism and chemical reagents

C. acetobutylicum DSM 792 was obtained from DSMZ, Germany (German Collection of
Microorganisms and Cell Cultures). The cultures were maintained in 20% glycerol at -
80 °C. Prior to the experiments, the stock was cultured statically at 37 °C in 19 g L* of

Reinforced Clostridial Medium (RCM) supplemented with 10 g L of glucose as a seed



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

inoculum. Chemicals were purchased from VWR, except for antifoam 204 (Sigma-
Aldrich), CaCOs3 (Merk) and yeast extract (Alfa Aesar).

2.2. Experimental set-up

The fermentations were carried out in a modified 1 L bottle (total volume: 1.1 L) with a
working volume of 0.8 L (stirred tank reactor, STR). The medium contained (g L™):
glucose, 60 (Solution 1); Yeast Extract, 5; NH4Cl, 2; KH,PO,, 0.5; K,HPO,, 0.5;
Antifoam 204, 0.01 %, resazurin sodium salt, 0.001 (Solution II); MgSO,.7H,0, 0.2;
MnSO,.7H,0, 0.01; FeS0O,.7H,0, 0.05 (Solution Ill) and CaCOs3 5. All the components
were sterilized prior to inoculation. Solutions | and Il were autoclaved at 121 °C for 10
and 20 min, respectively. Solution 11l was filter-sterilized by 0.22 um. CaCOs was
autoclaved (121 °C, 20 min) inside the reactor without any liquid. The media was
flushed with nitrogen for 30-35 min before inoculation to create anaerobiosis. The
fermentation was carried out at 37 °C and 120 rpm with an inoculum size of 5%. The
fermentations were monitored by a Tris-compatible flat pH sensor with LoggerPro
software (Vernier, USA). When needed, the pH was controlled with NaOH (3M). The
pH probes were sterilized with 50% ethanol solution for at least 12 h. Figure 1 shows
the experimental setup for the fermentation. Liquid samples from the fermentations
were taken at appropriate time-points for the analysis of cell growth, glucose and
products (butyric acid, acetic acid, butanol, acetone and ethanol).

<Figure 1>

2.3 Experimental plan

Four sets (runs) of experiments were planned (Figure 1) to study the behavior of C.
acetobutylicum. Run 1 was buffered media with 5 g L"* of CaCO3 without active pH
control. The effect of three different initial glucose concentrations (33, 66 and 100 g L?)
was evaluated in terms of butanol production and yield. A pH control strategy was
applied in the following runs (run 2, 3 and 4). The pH control strategy for run 2 and run

3 consisted of natural acidification by acid production until a minimum pH set-point was
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reached, after which the pH was not allowed to fall by automatically adding NaOH
solution. The base dosing pump was activated as many times as needed by the pH
probe readings until the pH value increased 0.1 of the set-point. The spontaneous rise
of pH was not controlled, allowing spontaneous pH recovery as the solventogenesis
stage advanced. Run 2 was performed as the screening of several minimum pHs (4.8,
5.0, 5.1 and 5.5) to find the best pH for butanol production and glucose consumption
with the intermediate initial glucose concentration (66 g L?). From these results, a pH
of 5.1 was selected to evaluate the ABE fermentation profiles of the three initial glucose
concentrations (33, 66 and 100 g L?) in run 3. A hybrid pH strategy with the three
levels of initial glucose concentrations was then carried out in run 4, which consisted of
natural acidification up to the spontaneous minimum pH from the acidogenesis stage,
followed by a sudden increase of pH to the set-point (5.1). The pH set-point was kept
as the minimum value by pH control until the end of the fermentation.

2.4. Analytical methods

Biomass concentration (gDM L) was calculated from the optical density at 600 nm
(ODeoo) measured in a spectrophotometer (SpectroFlex 6600, WTW, Germany) as
gDM L1 = 0.2949:ODsoo + 0.0596 (n=8, R?=0.995). The liquid samples were
centrifuged at 10000 rpm for 5 min and filtered by 0.22 pm for glucose and products
analysis. Glucose was analysed using an ionic chromatograph (Basic IC Plus 833,
Metrohm, Switzerland) with an amperometric detector (945 Professional Detector Vario
IC Amperometric Detector, Metrohm, Switzerland). The eluent was 100 mM NaOH and
3 mM sodium acetate with a flow of 0.5 ml min'! and the temperature detector was set
at 35 °C. Fermentation products were analysed by a gas chromatograph (7890A GC-
System, Agilent Technologies, USA) equipped with a flame ionization detector (FID)
and an Rtx-VMS column (Restek, USA), using helium as the carrier gas with a flow rate
of 1.1 mL min™. The oven programme was: 100 °C for 7 min; 30 °C/min until 210 and

210 °C for 5 min. The temperatures of the injector and the detector were set at 190 °C
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and 240 °C, respectively. Cell growth was measured by an UV-Vis spectrophotometer
(SpectroFlex 6600, WTW) at 600 nm. Undissociated acid concentration was calculated
by the Henderson-Hasselbalch Equation and the pKa of acetic acid (4.76) and butyric
acid (4.82).

2.5. Determination of the glucose consumption rate and the specific growth rate
Glucose consumption and maximum growth rates were calculated during the exponential
growth phase by Egs. (1) and (2):

StZ - Stl

~qgiucose = W (1

In(X;,) — In(X4)
Hmax = = = (2)
tp—t

where —(gucose IS the glucose consumption rate (g L* h?'), Sy and Sy, are the glucose
concentrations at the beginning and end of the exponential growth phase (g L?), t, and
t; are the initial and end time of the exponential growth phase (h), umax is the specific
growth rate (h?), X and X are the biomass concentrations at the beginning and end of
the exponential growth (gDM L™1).

3. Results and discussion

3.1. CaCO;s; huffered ABE fermentation (uncontrolled pH)

Three different initial glucose concentrations (33, 66 and 100 g L) were used as the
substrate for the ABE fermentation under 5 g L"* CaCOs as a buffering agent. These
initial sugar concentrations were chosen within the typical range of sugar production
after pre-treatment and enzymatic hydrolysis of lignocellulosic biomass. Sugar
concentrations below ~45 g L are usually obtained, although concentrations
techniques may be applied to increase them [3]. The fermentation profiles are shown in
Figure 2. The CaCO3was able to buffer the fermentation media and keep the minimum
pH around 4.6 in all the experiments. The maximum production of acetic and butyric

acids was between 5 and 6 g L in all the tests. In fact, high acid concentration can be
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related to the presence of CaCOs. Ren et al. [32] obtained ~6-fold more acetic and
~1.4-fold more butyric when culturing C. acetobutylicum ATCC 824 in P2 media
supplemented with CaCOgsthan supplementing with P2 media only. CaCOs3 could
stimulate the acid production by the stabilization of the cell membrane proteins due to
the presence of divalent ions (Mg*? and Ca*?) [33]. The three experiments had almost
the same biomass production. The glucose consumption rate and maximum growth
rate were nearly the same as the average values of 2.09 + 0.15g L*h' and 0.197 +
0.008 h'! respectively. However, the test with the lowest initial glucose experiment (33
g L'Y) showed some differences in the ABE fermentation profile and product yields.
<Figure 2>

In the experiment with 33 g L* of initial glucose, nearly all the glucose was depleted in
the first 24 h, accompanied by increased butanol production (~2.64 g L at 28 h).
However, the rapid glucose depletion limited, to some extent, the assimilation of butyric
acid to butanol, giving a final butanol concentration of 3.35 g L** (ABE concentration:
3.99 g L1). Butyric acid remained at a high concentration (~6.0-6.6 g L'*) from 15 h, and
glucose depletion kept the butyric acid assimilation rate lower than its production rate.
At the glucose level of 33 g L1, maximum butanol and ABE yields of 0.099 and 0.118 g
gl respectively, were obtained (Table 1). Similar solvent yields have been reported in
previous studies. For example, Ibrahim et al. [12] obtained a butanol (ABE) yield of
0.11 (0.15) and 0.13 (0.22) with 20 and 40 g L™ of glucose with C. acetobutylicum
ATCC 824 without pH control. In Long et al. [34], who tested gradually increasing
glucose concentration, the C. acetobutylicum P262 strain produced ~1, ~4, ~12 and
~13 g L of ABE with 20, 30, 40 and 60 g L of glucose, respectively, indicating that
>40 g L of glucose is required to achieve ABE yields >0.20. However, other
Clostridium species may behave differently under the same glucose concentrations.
For example, C. beijerinckii P260 produced 8.0 (11.5) g L of butanol (ABE) with 29.3 g

L* of initial glucose concentration without pH control [8]. Our results are thus important
9
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for adequate planning the conversion of butanol from lignocellulosic waste using C.
acetobutylicum.

<Table 1>

However, the reactors with 66 and 100 g L achieved butanol (ABE) concentrations of
7.47 (10.50) and 8.01 (11.59) g L respectively (Table 1). These titers gave a ~2.3
(~2.8)-fold increase in butanol (ABE) production when compared with 33 g L™ of initial
glucose concentration. In addition, the butanol (ABE) yields were 0.155 (0.217) and
0.151 (0.220) g g for 66 and 100 g L* respectively (Table 1), an increase of ~54%
(~85%) versus the 33 g L of the initial glucose experiment. A minimum pH of ~4.65
was achieved at ~16-18 h, with an acid production (acetic plus butyric) of 9.63 (at 18 h)
for 66 g L of initial glucose and 8.54 g L (at 21h) for the 100 g L reactor. Also, ~2 g
L* of butyric acid was reassimilated in both reactors from the acid peak concentration
until the end of the fermentation. The better performance of these two reactors than the
lowest initial glucose experiment is associated with the residual glucose remaining
when the minimum pH was reached (near the end of the acidogenic stage). A glucose
concentration higher than 40 g L (at ~16-18 h) was sufficient to develop the
solventogenic stage in both reactors. However, the glucose was not completely
depleted in either reactor, with only 74% of the glucose consumed in the 66 g L
experiment and 54% in the 100 g L*. Glucose consumption sharply declined after 12 h
from the point at which the butyric acid peaked (Figure 2). This could be associated
with the high undissociated acid concentrations reached when the acids peaked (63
and 53 mM for 66 and 100 g L of initial glucose reactors, respectively). Accordingly to
Maddox et al. [26], acid crash phenomenon can occur when the upper limit of total
undissociated acid concentration (57 to 60 mM) is exceeded. Other authors have
obtained better butanol production for this strain in similar environmental conditions,
but with lower initial glucose concentrations. For example, Yang et al. [23] reported a

butanol production of 10.8 g L' (butanol yield: 0.216 g g*) with 50 g L™* of initial
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250  glucose with the same minimum pH (4.7) using C. acetobutylicum ATCC 824 and 5g L°
251 lof CaCOs as a buffer. The lower butanol production and yield obtained in our

252  experiment seems to indicate that the spontaneous ABE fermentation without pH

253  control could facilitate conditions for acid crash when the initial glucose concentrations
254  is higher than 60 g L%. The undissociated form of the acid is more toxic than the

255  dissociated, as the former species can diffuse through the plasma membrane to the
256  cytosol, where it dissociates and reduces the intracellular pH [35]. An active pH control
257  could thus help to limit the concentration of undissociated acid species as a strategy to
258 improve butanol production.

259  3.2. Fermentations under active pH control

260  3.2.1. Screening of the set-point for minimum pH

261 In order to avoid acid crash, a pre-screening experiment was carried out to evaluate
262  the fermentation profiles under different minimum controlled pHs and using 60 g L™ of
263 initial glucose. The minimum pH tested were 4.8; 5.0; 5.1 and 5.5. The chosen pHmin
264  control strategy was selected to optimize both butanol production and glucose

265  consumption. The results indicate that controlling the pHmin led to reduced total

266  undissociated acid concentration in the reactors. The maximum concentrations (total
267  acetic and butyric acids) were 50.61, 42.03, 37.64 and 39.46 mM for the reactors with
268 the minimum pH of 4.8, 5.0, 5.1 and 5.5 respectively. Controlling the pH thus kept the
269 undissociated acid values below the levels related to acid crash. In addition, complete
270  glucose depletion occurred in all the conditions tested, even though increasing the
271  pHmin from 4.8 to 5.5 led to a higher glucose consumption rate, from 1.90 to 3.47 g L
272  h(Table 2). The maximum growth rates were close within any of the pH studied, with
273  an average value of 0.202 + 0.006 h*1, similar to the reactors with no active pH control
274  (Table 1). When pHmin was 5.5, the main fermentation product was butyric acid (15.88
275 g L), indicating acidogenic fermentation. In contrast, solventogenesis failed to occur

276  and butanol production was almost residual (2.01 g L%, yield: 0.031 g g) (Table 2). In
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fact, the acidogenic fermentation could have been related to the residual glucose
concentration of 6 g L'* at 20 h, which may be below the limit for developing
solventogenesis. The reactors at 5.1, 5.0 and 4.8 pH reported similar butanol (ABE)
productions of 11.22 (16.12), 11.42 (16.67) and 11.57 (18.27) g L™ respectively. ABE
yield was slightly higher at pH of 4.8 (0.301 g g) as more ABE was produced. A ~1.5-
fold increase in butanol production was obtained over the same initial glucose
concentration without pH control. Little data is available in the literature on comparing
the effect of different values of pH on Clostridium species. Jiang et al. [36] evaluated a
set of pH values from 4.9 to 6.0 for C. beijerinckii IB4 with 60 g L™ of initial glucose.
This strain showed an optimum pH of 5.5 for butanol production and glucose
consumption rate. Other pH may be set for ABE fermentation of other Clostridium
species. For example, a value of 4.8 was successfully stablished for C. beijerinckii
DSM 6423 [37] and a value of 5.5 for C. saccharoperbutylacetonicum N1-4 [38]. Our
results showed that when pHmin was controlled, solvent production and glucose
consumption rate outperformed the uncontrolled pH experiment. A pHmin of 5.1 was
therefore selected for the next experiments as this value showed the highest glucose
consumption rate (~3.0 g L*ht) among similar butanol titers (~11 g L™?).

<Table 2>

3.2.2. Combined effect of initial glucose concentration and the minimum pH control
Batch fermentations keeping pHmin at 5.1 were performed with glucose concentrations
of 33, 66 and 100 g L™ to evaluate the combined effect of controlled pH and the initial
glucose concentration on the fermentation process. The profiles of these fermentations
are shown in Figure 3 and the main representative parameters are given in Table 3.
The use of a pH control clearly modified the pH profiles as compared to their respective
uncontrolled pH fermentations (Figure 2). At 5.1, the maximum undissociated acid
concentration obtained in the 33, 66 and 100 g L* of the initial glucose reactors were

43.88; 37.64 and 36.15 mM, respectively, a reduction of about 30-40% in comparison
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with the non-controlled pH experiments. None of the controlled reactors therefore
reached the value of 57-60 mM of total undissociated acids in the media that could
cause an acid crash. The maximum biomass concentration in the two reactors with the
highest initial glucose concentration (66 and 100 g L) were ~1.5-fold higher than the
reactor with 33 g L of initial glucose. As expected from the pre-screening experiment,
active pHmin control resulted in higher glucose consumption rate values (average: 3.25
+0.21 g L't h?) than the uncontrolled reactors (average: 2.09 + 0.15 g L' h1). A similar
growth rate was observed in previous experiments with a maximum average growth
rate of 0.200 + 0.009 h (Table 3). No significant differences were obtained between
the three sets of experiments (uncontrolled, pre-screening and pHmin at 5.1) (ANOVA p-
value: 0.82), indicating that the maximum growth rate value may be used as a
checkpoint to determine whether the culture has developed correctly during a
sequential series of experiments. In any case, as maximum growth rates are culture
dependent they must be determined in situ. For example, Liao et al. [39] and Buendia-
Kandia et al. [40] found values of ~0.18 and ~0.26 h* respectively, when C.
acetobutylicum ATCC 824 was grown in different media formulations.

<Figure 3>

<Table 3>

The ABE fermentation profile of 33 g L initial glucose showed a failure in solvent
production (Figure 3). A redistribution of the carbon flux was observed as the main
fermentation product was butyric acid (9.43 g L) and the glucose was exhausted at
~17 h. In fact, maximum butyric acid concentration increased by ~1.5-fold over the
uncontrolled reactor. Butanol (ABE) production was 1.09 (1.59) g L' and butanol (ABE)
yield was 0.032 (0.047) g g* (Table 3). These solvent productions were on average
~0.4-fold less butanol, acetone and ABE concentration than the uncontrolled pH assay,
although ethanol production increased from 0.18 to 0.26 g L. The yields with 33 g L*

of initial glucose were almost identical to those obtained in the controlled fermentation
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at pH 5.5, in which the glucose was completely exhausted (Screening pH Section,
Table 2). The low residual glucose in the early stages of fermentation could explain the
failure to switch to solventogenesis and the acidogenic fermentation. C. acetobutylicum
DSM 792 may not be the most suitable when working at low sugars concentrations,
although, Dolej$ et al. [41] were able to produce 2.7 g L of butanol with 5.0 pH and 20
g L initial glucose concentration using C. acetobutylicum DSM 1731.

A minimum glucose concentration may be necessary to properly develop ABE
fermentation with pHmin at 5.1. Butanol production in the reactors with 66 and 100 g L*
initial glucose was 11.22 and 13.83 g L, respectively. These values were a ~1.5 and
~1.7-fold increase over their counterparts with no pH control. Indeed, acetone and
ethanol increased an average of ~1.6-fold and ~1.8-fold, respectively, when pH control
was applied. This indicates the feasibility of limiting the pHmin to 5.1 to improve solvent
titers when sufficient carbon source is available for C. acetobutylicum DSM 792. When
a similar strategy was recently applied by Luo et al. [31], they obtained 9.42 g L of
butanol with pH set at 5.0 during acidogenesis using 60 g L of initial glucose with C.
acetobutylicum ATCC 824. Our results confirm that a suitable pH control strategy can
increase the butanol titer in ABE fermentation. Butanol and ABE yields were almost
identical, with 66 and 100 g L™ of initial glucose concentration (Table 3), although more
butanol was produced when using 100 g L of glucose. In fact, maximum butyric acid
was 6.89 g L (at ~18 h) for the 66 g L reactor and 7.11 g L (at ~21 h) for the 100 g
L1, these concentrations represent an average ~1.3-fold increase over uncontrolled pH
control fermentations. Furthermore, pH was recovered in both reactors as butyric acid
was assimilated. A similar butyric acid concentration of ~2.60-2.80 g L™ remained in
both reactors at the fermentation end point, indicating a ~2.1-fold increase in butyric
acid reassimilation with pH control over the uncontrolled pH experiment. Complete
glucose depletion was achieved in the fermentation with 66 g L™ of initial glucose, while

the fermentation with 100 g L™ of initial glucose consumed 84.9 g L (87% of total
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glucose). Therefore, an increase of 42% and 59% in glucose consumption with 66 and
100 g L? of initial glucose, respectively, was achieved versus the no pH control assays.
High initial glucose concentrations may induce substrate inhibition in the Clostridium
species. For example, Qureshi and Blaschek [42] found substrate inhibition for C.
beijerinckii with 158 g L* of initial glucose. In our study, no substrate inhibition was
found at glucose concentrations as high as 100 g L™, as similar biomass was obtained
in reactors with 66 and 100 g L™* of initial glucose concentration. Due to the higher
butanol production in the study with 100 g L™ of initial glucose, a concentration step for
sugars in lignocellulosic hydrolysates could be a suitable option to enhance the
economic viability of ABE fermentation.

3.3. Hybrid pH strategy

A hybrid pH control strategy was proposed and tested for the three initial glucose
concentrations (33, 66 and 100 g L). This strategy consisted of spontaneous pH
evolution until reaching minimum pH, followed by a sudden pH step control up to 5.1 at
~21-24 h, and from then on keeping pHmin at 5.1. In our reactors with 33 and 66 g L™ of
initial glucose, butanol production with the hybrid pH strategy was lower than either
uncontrolled pH (2.56 g L™!) or pHmin at 5.1 (9.08 g L?). On the other hand, when higher
initial sugars concentrations were used, better fermentation results were found by
implementing this pH strategy. This type of pH modification strategy may rely on culture
conditions such as growth phase or carbon source availability at the modification time.
The results of the fermentation of 100 g L™ of initial glucose under the hybrid pH control
strategy are shown in Figure 4. The butanol and ABE production for the assay with 100
g L? of initial glucose was 15.80 and 23.68 g L respectively. An increase of ~1.1 and
~1.2-fold in butanol and ABE production over to the experiment carried out at 5.1 pHmin
with the same initial glucose. Although butanol inhibition could occur when more than
14 g L' were present in the media when using C. acetobutylicum ATCC 824 [43], our

data indicate that a delay in cell death may allow this limit to be exceeded.
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<Figure 4>

The maximum butyric acid of 6.25 g L' was obtained at ~18 h with a pH of 4.57. At this
time-point the total undissociated acids concentration was 71.73 mM, which could have
caused an acid crash. Even though the pH was increased to 5.1 at ~21 h, the
fermentation was able to avoid the acid crash. Indeed, butyric acid was reassimilated
during solventogenesis with a final concentration as low as 1.68 g L* (~1.2-fold
increase over the reactor with pHmin at 5.1). In this assay 85.9 g L of glucose (83% of
total) was consumed, thus showing no improvement in carbon source uptake over the
experiment with pHmin at 5.1. The glucose consumption rate was 2.55 g L h, an
intermediate value between the no pH control and the pHmin control at 5.1. The
maximum growth rate was 0.223 h'* which matched the values previously obtained.
The highest biomass concentration was achieved in these conditions, reaching a
concentration of 3.95 g L't at ~31 h. A delay of 6-8 h in the maximum concentration
was found, which was attributed to the activation of the pH control at 21 h (time point
when biomass nearly peaked in previous experiments, Figure 3). The time-point
recommended for the sudden pH step may thus be at the mid-final exponential growth
phase when the minimum pH is reached. These results show that fermentation pH has
a direct impact on butanol biosynthesis and glucose uptake, however, this pH strategy
might be difficult carry out as it is dependent on time and acid concentration. Indeed,
glucose availability could be a key factor in developing a proper pH control strategy.
For example, Yang et al. [23] carried out a time dependent (12, 24 and 36 h) pH control
procedure for 50 g L of glucose and butanol production was only improved (~2.1-fold
higher) when the pH was modified at 12 h. Our results indicate that for glucose levels
of ~50-70 g L, using pHmin is @ more robust strategy than implementing a time
dependent pH control set-points.

This work has shown that the best pH control strategy depends on the initial glucose

level (low, medium and high). At the low level (33 g L of initial glucose) uncontrolled
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pH was more efficient, while at the medium level (66 g L™ of initial glucose) using
controlled pHmin Was the best alternative. Lastly, at the high level (100 g L™ of initial
glucose) the hybrid pH strategy provided the highest butanol production. These
promising results might be validated under more realistic conditions by checking the
effect of other sugars or potential inhibitors on product yields. Future research will
therefore focus on testing these pH control strategies with lignocellulosic wastes
hydrolysates.

4. Conclusion

This study aimed to determine the most favourable pH control strategy for maximizing
butanol production and glucose consumption by C. acetobutylicum DSM 792 within a
broad range of initial glucose concentrations. For an initial glucose concentration of 33
g L, formulating the media with an alkalinity buffer was shown to be the best
alternative to enhance butanol production. For the experiments with 33 g L, lower
butanol concentration was achieved, indicating that this strain needs a higher sugar
concentration to compete with other strains such as C. beijerinckii. Otherwise, when
enough glucose is available (>66 g L), the results indicate the superiority of controlling
minimum pH as a way of increasing solvent production in ABE fermentation. When
high sugar concentrations are present (100 g L'*) a more sophisticated pH control
strategy coupled with the acid production pattern can substantially improve the butanol
titer. These results are of practical interest for establishing ad-hoc strategies in ABE
fermentation from lignocellulosic waste, as the best pH control strategy has been
shown to depend on initial sugar concentration. The experimental process proposed
here can also be extended to other Clostridium species.
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Figure Captions

Figure 1. Experimental setup and plan for ABE fermentations.

Figure 2. Effect of initial glucose concentration on butanol production under

uncontrolled pH by C. acetobutylicum (a, 33; b, 66; ¢, 100 g L™ of initial glucose).

Figure 3. Effect of initial glucose concentration on butanol production with pHmin at 5.1

by C. acetobutylicum (a, 33; b, 66; ¢, 100 g L™ of initial glucose).

Figure 4. Batch fermentation on butanol production under hybrid pH control with 100 g

L? of initial glucose concentration by C. acetobutylicum.

25



Cglucose Butanolmax  ABEmax Yeis Y ABE/S Mmax -Qglucose Glucose
Ly  (@LY @@Ly  (@g (@gh) () (gL*h?)  conversion (%)

D)
33 3.35 3.99 0.099 0.118 0.188 2.27 100
66 7.47 10.50 0.155 0.217 0.202 2.00 74
100 8.01 11.59 0.151 0.220 0.202 2.02 54

616  Table 1. Production and kinetics parameters under uncontrolled pH (hatural evolution
617  of pH). Yields were calculated with the maximum solvent concentration. Glucose

618 conversion refers to the end of fermentation.
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pH ButanOlmax ABEmax Yeis  Yaseis  Mmax -Qglucose

(gLh gLh (@ghH (@gh () (gL*h?)
55 2.01 292 0.031 0.046 0.204 3.47
51  11.22 16.12 0.163 0.235 0.205 3.02
50  11.42 16.67 0.179 0.256 0.194 2.61
48 1157 18.27 0.186 0.301 0.206 1.90

619 Table 2. Influence of the minimum controlled pH on production and kinetics

620 parameters. Initial concentration of glucose: 60 g L. Yields were calculated with the

621 maximum solvent concentration.
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Cglucose Butanolmax ABEmax  Ysis  Yase/s  Mmax -Qgiucose ~ Glucose conversion

(gL?h) (gL?h) LY @gYH (@ghH ((H (gLrhY) (%)
33 1.09 159 0.032 0.047 0.205 3.35 100
66 11.22 16.12 0.163 0.235 0.205 3.02 100
100 13.83 19.55 0.163 0.232 0.190 3.34 87

622  Table 3. Production and kinetics parameters under controlled pH (at pHmin = 5.1).
623  Yields were calculated with the maximum solvent concentration. Glucose conversion

624 refers to the end of fermentation.
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Gas Sampling

NaOH (3M) \C ]
Culture flux = m)
NaOH flux
----- Gas flux —
------- Electric signal :
Heating bath Automlatlc
T=37eC V=08l sampler
Run  glucose, gL' pHcontrol set-point
1 33, 66, 100 No
2 66 Yes pH>4.38,5.0,5.1,55
3 33, 66, 100 Yes pH =51
4 33, 66, 100 Yes pH =5.1 from ~24 h

Figure 1
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