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Abstract: Acetone–butanol–ethanol (ABE) fermentation is influenced by external conditions. This
work aimed to study the influence of pH regulation on monosaccharide composition in batch
and continuous fermentation processes to determine butanol production and productivity. Batch
fermentations with ammonium acetate or calcium carbonate combined with minimum pH control
(pH ≥ 4.8 or 5.1) were assessed with pure xylose and glucose/xylose mixtures (ratios of 1:1 and
3:1). Continuous two-stage fermentation was developed using plastic rings to retain the biomass.
Although batch fermentations with pure xylose performed better without active minimum pH control
with both buffers, minimum pH control was necessary to metabolize xylose in the presence of glucose.
Xylose uptake was favored by the use of calcium carbonate and pH ≥ 5.1 at a ratio of 1:1, while
ammonium acetate and a pH ≥ 4.8 was the best option for a 3:1 ratio. The best butanol production and
productivity values with sugar mixtures in batch reactors were 8.8 g L−1 and 0.61 g L−1 h−1 with an
ammonium acetate pH ≥ 4.8 (ratio 3:1). The glucose/xylose ratio combined with pH regulation thus
modulated xylose metabolism and solvent production in batch modes. Immobilized cells combined
with operating at D = 0.333 h−1 and pH regulation increased butanol productivity almost fourfold up
to 2.4 ± 0.2 g L−1 h−1.

Keywords: ABE fermentation; pH control; calcium carbonate; ammonium acetate; monosaccharides;
continuous fermentation

1. Introduction

Interest in the development of biofuels has greatly increased due to the rapid depletion
of fossil fuels and the rising production of greenhouse gases [1]. Because of its better
physicochemical properties than other biofuels such as ethanol, biobutanol is being widely
investigated [2]. Biobutanol can be transported and delivered by the existing infrastructures,
which would reduce the overall cost of implementation [1,3]. It can be produced by
solventogenic Clostridium via acetone–butanol–ethanol (ABE) fermentation, which can use
monosaccharides from lignocellulosic biomasses, mainly glucose and xylose, to obtain
second generation biobutanol [4].

However, the microorganism is not efficiently capable of uptaking different sugars
simultaneously due to carbon catabolite repression (CCR) [5]. This phenomenon can be a
problem, as it may cause sequential sugar uptake and increase residence time and overall
costs. To overcome this drawback, several measures have been considered, such as fermen-
tation conditions or metabolic engineering [6]. The operational conditions may change the
outcome of the ABE fermentation; parameters such as carbon source (cellobiose, lactose or
glucose) [7–9], media formulation (buffer components, nitrogen source or metals) [10–12]
or pH [13] play an important role in developing and producing bacteria.

The combination of acid overproduction and low pH can lead to acid crash due to an
undissociated acid concentration boost. These undissociated acid species can permeate
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through the cell, preventing sugar uptake and solvent production [14]. To avoid this, pH
can be controlled by buffering compounds such as calcium carbonate [15] or ammonium
acetate [16]. Focused chemical control strategies can also be used to regulate the pH
value with C. acetobutylicum. Batch fermentations are the easiest and most conventional
configurations for ABE fermentation [1]. For example, batch modes with different levels of
initial glucose (33, 66 and 100 g L−1) [17] and with a two-stage pH control strategy [18] or
with lignin-derived inhibitors from lignocellulosic pretreatment [19] have been tested.

In contrast, although continuous fermentation requires close process control, it allows
increased productivity and sophisticated capabilities in the fermentation process [20]. The
recent implementation of cell immobilization, which is under investigation mainly using
glucose systems [21,22], has certain advantages, such as prevention of microorganism
washout, uncoupling the dilution rate and the maximum growth rate or minimizing the
propagation cost. However, there are other disadvantages such as clogging or mass-transfer
limitations [20].

In the present work, a study was made of the influence of pH regulation on monosac-
charide composition to evaluate butanol production and productivity in ABE fermentation.
To assess the shared effect of buffer formulation and active pH control with pure xylose and
glucose/xylose ratios (1:1 and 3:1), a novel pH-controlled continuous cell retention ABE
fermentation was carried out in the optimal conditions of batch fermentations to further
increase butanol productivity.

2. Materials and Methods
2.1. Microorganism and Medium Fermentation

C. acetobutylicum DSM 792 was acquired from DSMZ (German Collection of Microor-
ganisms and Cell Cultures, Braunschweig, Germany) and maintained in 20% glycerol
at −80 ◦C. For seed inoculum, the bacteria were statically cultured at 37◦ in 19 g L−1

of Reinforced Clostridial Medium (RCM) supplemented with 10 g L−1 of glucose. The
sterilized fermentation medium contained (g L−1): sugars, 60 (glucose, xylose or sugar
mixture); yeast extract, 5; KH2PO4, 0.5; K2HPO4, 0.5; resazurin sodium salt, 0.001; antifoam
204, 0.01%; MgSO4·7H2O, 0.2; MnSO4·7H2O, 0.01; and FeSO4·7H2O, 0.05. Two buffers
were studied in batch fermentations: ammonium acetate and calcium carbonate bases. The
buffers tested were ammonium acetate, 2.2 g L−1 or calcium carbonate, 5 g L−1 combined
with NH4Cl, 2 g L−1. The chemicals were purchased from VWR, except for CaCO3 (Merk,
Darmstadt, Germany), antifoam 204 (Sigma-Aldrich, St. Louis, MO, USA) and yeast extract
(Alfa Aesar, Haverhill, MA, USA).

2.2. Experimental Setup
2.2.1. Batch Fermentations

Batch fermentations were carried out using 0.8 L of effective volume in a 1.1 L total
volume reactor (Figure 1A). Anaerobic conditions were accomplished before inoculation
by insufflating N2 for 30 min. The assays were carried out with an inoculum size of 5% at
120 rpm and 37 ◦C. The fermentations were monitored by a Tris-compatible flat pH sensor
connected to LoggerPro software (Vernier, Beaverton, OR, USA). A feedback control strategy
on/off was used to avoid the pH decreasing below a set point value (4.8 or 5.1 depending
on the experiment). NaOH (3 M) was automatically added when the pH reached the lower
limit (dead band 0.1) (Figure 1C). The upper limit was not controlled, allowing the recovery
of the pH when possible. Samples were collected at specific time-points to analyze cell
growth and metabolites.
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Figure 1. Fermentations setup with C. acetobutylicum DSM 792. (A) Batch fermentations, (B) continu-
ous fermentation and (C) block diagram for the pH.

The experimental plan is summarized in Table 1. The use of xylose was tested as
it is the second main monosaccharide in lignocellulosic hydrolysates. The reduction of
xylose concentration concomitant with incrementing the glucose was used to evaluate the
effect of monosaccharide composition which would mimic a spectrum of lignocellulosic
hydrolysates concentrations. In that sense, three different glucose/xylose mass ratios (0:1,
1:1, 3:1, final monosaccharide concentration: 60 g L−1) were tested in batch mode. For
every sugar composition, the effect of buffer coupled or not with a strategy of limiting the
minimum pH was evaluated. Both buffers were selected as they previously demonstrated
good performance in ABE fermentation [10,17]. The set points were chosen from a previous
work with glucose [17].

Table 1. Experimental plan with batch mode. The value of pH control indicates the minimum
pH reached.

Glucose/Xylose Ratio
Ammonium Acetate (2.2 g L−1) Calcium Carbonate (5 g L−1)

Blank pH Control Blank pH Control

0:1 Yes 4.8 Yes 5.1

1:1 Yes 4.8 Yes 5.1

3:1 Yes 4.8 Yes 4.8 and 5.1

2.2.2. Continuous Fermentation

A stirred continuous fermentation was carried out using 0.075 L of effective medium
in a 0.25 L reactor (Figure 1B). The medium was prepared as described previously with
ammonium acetate as buffer. The configuration used a multichannel peristaltic pump
(Reglo ICC, Ismatec, Wertheim, Germany) at the desired equal in-and-out flow rate. Plastic
rings were used as packing material at 7.5% w/v. Before inoculation, anaerobic conditions
were accomplished by insufflating N2 for 10 min. The fermentation was carried out with
an inoculum size of 5% at 150 rpm and 37 ◦C. The temperature was maintained by a water
heating coil while stirring with a magnetic stirrer. An identical pH monitoring protocol
was used as in the batch fermentations based on the automatic limitation of minimum pH.
A two-stage pH reactor was developed by chemically controlling the fermentation at two
different minimum set points (6.0 and 4.8) using NaOH (5 M). The summary conditions of
the experiment are shown in Table 2. Glucose was used as carbon source and pH ≥ 6.0 to
favor acidogenesis conditions in the biomass growth phase, performing the batch mode in
the first 30 h, after which the continuous mode started (dilution rate, D = 0.042 h−1). During
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the acidogenesis phase, the dilution rate was doubled every ~48 h up to at D = 0.166 h−1 to
improve productivity. After that, at 144 h, the pH was allowed to drop to pH ≥ 4.8 to favor
the solventogenesis phase.

Table 2. Summary conditions of the continuous fermentation.

Time (h) Minimum pH Set Point Substrate Concentration (g L−1) D (h−1)

0–30 6.0 Glucose 60 Batch

30–72 6.0 Glucose 60 0.042

72–121 6.0 Glucose 60 0.083

121–144 6.0 Glucose 60 0.167

144–192 4.8 Glucose 60 0.167

192–216 4.8 Glucose 60 0.333

216–288 4.8 Glucose/Xylose 40:20 0.333

2.3. Analytical Methods

Suspension cell density (gDW L−1) was quantified at 600 nm (OD600) using a UV–
Vis spectrophotometer (SpectroFlex 6600, WTW, Weilheim in Oberbayern, Germany) as
gDW L−1 = 0.2941·OD600 + 0.0331 (R2 = 0.9908). Samples were centrifuged (10,000 rpm,
5 min) and 0.22 µm filtered. Metabolites of interest were quantified using liquid chromatog-
raphy (Agilent 1100 Series HPLC system, Agilent Technologies, Santa Clara, CA, USA)
coupled with an Aminex® HPX-87H column (300 mm × 7.8 mm, Bio-Rad Laboratories Inc.,
Hercules, CA, USA) at 50 ◦C. A refractive index detector (RID) at 35 ◦C was utilized to de-
tect monosaccharides, ethanol and butanol, while a diode array detector (DAD) was used at
210 nm to detect butyric and acetic acids and at 280 nm to detect acetone. Five mM of sulfu-
ric acid was used as mobile phase at 0.6 mL min−1 for 40 min. The Henderson–Hasselbalch
formula was used to quantify the undissociated acids (pKaacetic: 4.76; pKabutyric: 4.82).
The maximum production rates in batch were estimated at the exponential phase of each
compound by Equation (1):

r =
St2 − St1
t2 − t1

(1)

where r is the production rate (g L−1 h−1). St1 and St2 are the species concentrations at the
initial and final point of the exponential phase (g L−1), and t2 and t1 are the starting and
ending times of the exponential phase (h). For continuous fermentations, productivity was
estimated as follows:

Ps = S·D (2)

where S is the average species production (g L−1), and D is the dilution rate (h−1).

3. Results and Discussion
3.1. Batch Fermentation

Two buffer media (calcium carbonate/ammonium acetate) and their combination with
an active pH control were compared for 60 g L−1 of xylose (Figure 2). The evolution of the
pH is shown in Figure S1A. The growth of the bacteria using xylose was characterized by
an initial lag phase of 12–24 h, after which the exponential growth started (Figure 2G). The
use of calcium carbonate increased biomass concentration 1.4-fold over the ammonium
acetate in spontaneous fermentation, indicating that calcium carbonate enhanced biomass
production. The combination of buffer and pH control clearly changed the biomass pattern;
the maximum biomasses increased from 4.2 to 7.2 g L−1 for the acetate reactors (blank
and pH ≥ 4.8) and from 5.8 to 7.9 g L−1 for the carbonate reactor (blank and pH ≥ 5.1).
This increase represented about ~1.7 and 1.4 times with ammonium acetate and calcium
carbonate, respectively. Similar xylose consumptions were obtained whatever the buffer
used and the pH set point employed, with no complete depletion of the monosaccharide
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(Figure 2A). This was because a butanol concentration of ~4.50 g L−1 would reduce the
initial xylose uptake rate by 50%. A titer of ~8.0–8.5 g L−1 has been determined to be growth
inhibitory for C. acetobutylicum on xylose as the carbon source [11,23]. The impact of the
buffer can be seen in the butyric acid concentration (Figure 2E). Calcium carbonate almost
doubled (6.6 over 3.4 g L−1) the maximum concentration of the acid against ammonium
acetate with no pH control. Under the conditions tested with xylose as the sole carbon
source, both buffers performed better with spontaneous fermentation without pH control.
Butanol (ABE) productions were 8.0 (13.1) and 5.3 (8.1) g L−1 for the acetate reactor (blank
and pH ≥ 4.8) while 7.8 (11.8) and 5.8 (8.1) g L−1 for the carbonate reactor (blank and
pH ≥ 5.1). These results show that the minimum pH control was detrimental with either
ammonium acetate or calcium carbonate buffers under these conditions. Previous results
showed that when 60 g L−1 glucose was used as a sole carbon source, the strategy of
limiting the minimum pH at 5.1 enhanced butanol (ABE) production from 7.47 (10.50) g L−1

to 11.22 (16.12) g L−1 [17]. As xylose uptake behaved differently to glucose, which is the
major monosaccharide of lignocellulosic residues, the effect pH regulation (active pH
control and/or buffer media) with its mixtures should be investigated.
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Figure 2. Fermentation profiles of (A) xylose, (B) butanol, (C) acetone, (D) ethanol, (E) butyric acid,
(F) acetic acid and (G) biomass in g L−1 with C. acetobutylicum with pure xylose in batch mode.

Based on the xylose results, fermentation with mixtures of glucose/xylose (final
monosaccharide concentration: 60 g L−1) were developed for two sugar compositions.
A 1:1 sugar ratio was first used (Figure 3). The pH evolution can be found in Figure S1B.
Biomass concentrations were about 60% lower than those obtained with pure xylose,
resulting in values of 2.5–3.2 g L−1, attributed to the lower biomass yield linked to glucose
consumption. Capilla et al. [17] estimated a maximum biomass concentration of about
3 g L−1 with 33 g L−1 of pure glucose. The case of using calcium carbonate and a pH
control strategy had a notably different behavior. This exhibited diauxic growth linked with
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the xylose uptake from hour 48 onwards after 24 h of pure glucose depletion (Figure 3A,B).
Butyric acid production linked to the consumption of both substrates also occurred using
calcium carbonate and the pH minimum of 5.1, first at a rate of 0.52 g L−1 h−1 and then
0.18 g L−1 h−1 (Figure 3F).
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Figure 3. Fermentation profiles of (A) glucose, (B) xylose (C) butanol, (D) acetone, (E) ethanol,
(F) butyric acid, (G) acetic acid and (H) biomass in g L−1 with C. acetobutylicum with 1:1 ratio of
glucose/xylose in batch mode.

This second butyric production resulted in a peak of 10.3 g L−1 of butyric acid, similar
to the maximum concentration achieved with pure xylose (Figure 2E). As can be seen,
this is the only operational condition in which xylose uptake was concomitant to butanol
production (7.2 g L−1) (Figure 3B). The beneficial effect of calcium carbonate as a buffer
regulator was also found by Kanouni et al. [24]. Otherwise, a pH of 4.8 does not produce
good xylose uptake when ammonium acetate is the buffer, so that the buffer regulation
itself has an impact on xylose uptake for a specific mixture of glucose and xylose. This
highlights the importance of a tailor-made strategy not only for pH conditions but also
the type of buffer. These results show the potential of C. acetobutylicum for biobutanol
production when sugar mixtures of glucose and xylose are employed, which could be the
case of lignocellulosic substrates, among others.

To mimic the conditions of lignocellulosic hydrolysates, a glucose/xylose ratio of 3:1
(final monosaccharide concentration: 60 g L−1) was also tested, and the same conditions
as with previous experiments were evaluated. Calcium carbonate was tested at two pH
levels of 4.8 and 5.1 to elucidate the impact of the control of different minimum pH levels.
The pH profiles are shown in Figure S1C. A similar biomass production was obtained by
comparing it with the 1:1 glucose/xylose mixture at a maximum concentration of about
2.7–2.9 g L−1 for the non-pH-controlled reactors and pH-controlled reactor with calcium
carbonate. A higher biomass concentration was achieved with ammonium acetate and
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pH control (Figure 4H). Reducing the xylose level and increasing the glucose, no diauxic
growth occurred in the pH-controlled reactor buffered with calcium carbonate at either pH
5.1 or 4.8. Glucose consumption stopped either by the end of the fermentation due to acid
crash (blank) or glucose exhaustion (pH ≥ 4.8–5.1) with both buffers (Figure 4A). Unlike
ratio 1:1, calcium carbonate fermentation with either active pH control (pH ≥ 4.8–5.1) did
not show any xylose uptake after glucose depletion with a sugar ratio of 3:1. As the failure
of xylose metabolisms with calcium carbonate as buffer reagent could be attributed to the
low xylose concentration on the media (15 g L−1), it seems that a minimum concentration
of xylose is required to modulate the pathway to xylose by C. acetobutylicum.
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Figure 4. Fermentation profiles of (A) glucose, (B) xylose (C) butanol, (D) acetone, (E) ethanol, (F) bu-
tyric acid, (G) acetic acid and (H) biomass in g L−1 with C. acetobutylicum with 3:1 glucose/xylose
ratio in batch mode.

In contrast, the use of ammonium acetate instead of calcium carbonate promoted
xylose depletion, although the xylose uptake started later (72 h and 48 h after glucose de-
pletion) than in the previous experiment, which also shows that low xylose concentrations
complicate the metabolic shift from glucose to xylose consumption. Indeed, there was no
biomass growth associated with xylose consumption, as when using 30 g L−1 of xylose.
The monosaccharide would therefore be used for cell maintenance rather than biomass
production. The lower effectiveness of pH-controlling strategies on xylose uptake at higher
ratios of glucose/xylose was also found by Jiang et al. [13]. For the experiments without
noticeable xylose uptake, butanol (ABE) production ranged from 3.6–4.9 (5.2–8.2) g L−1,
which is in agreement with the higher glucose from a prior experiment (2.6–4 g L−1 butanol
production with 30 g L−1 of glucose). The ammonium acetate with pH ≥ 4.8 experiment
successfully consumed nearly all the xylose, and maximum butanol (ABE) production
was 8.8 (13.2) g L−1. This concentration was very similar regardless of sugar composition
when 60 g L−1 of either xylose or xylose and glucose was used, although the type of buffer
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regulation and pH control parameters were different for each case. This was related to
the butanol concentration, as 8–8.5 g L−1 has been shown to be inhibitory when C. aceto-
butylicum is grown with xylose [11,23]. The best condition at ratio 3:1 was a pH control at
4.8 and ammonium acetate as the buffer reagent. In these conditions, maximum butanol
(ABE) productivity was 0.61 g L−1 h−1 (0.89 g L−1 h−1). Fermentation in continuous mode
was also tested to improve butanol productivity.

3.2. Continous Fermentation

The pH regulation strategy was evaluated in a continuous fermentation filled with
plastic rings to operate at high D values while preventing biomass washout. To promote
biofilm growth, the pH was first kept at 6.0, after which pH was shifted to the minimum
of 4.8 to promote solvent production. During the biofilm formation stage, it was fed
60 g L−1 of glucose with a pH ≥ 6.0 (acidogenic optimum pH) at a dilution factor of
0.042 h−1 (Figure 5). The biomass was seen to grow on biofilm interlacing with the plastic
rings. After 72 h (2 residence time (θ) from the start of continuous fermentation), the
biomass concentration leaked less than 3 g L−1, indicating successful biomass retention.
At this time, the dilution factor was doubled to 0.083 h−1, with a transitory biomass leak
(96 h). Thereafter, the suspended biomass remained stable for the rest of the experiment at
3.9 ± 0.9 g L−1, indicating no washout on the duplication of the dilution factor until the
end of the experiment (maximum dilution rate 0.333 h−1). This configuration allowed a
fast start-up and high biomass retention. At 120 h, the dilution factor was again doubled
to 0.167 h−1. As solventogenesis was inhibited in this pH, the conditions were very low
solvent production and high acid concentrations. At 144 h (D = 0.167 h−1), pH was allowed
to drop to the solventogenesis set point (pH ≥ 4.8). In less than 24 h, the acids were
consumed while butanol (ABE) was produced. In steady state conditions, a butanol (ABE)
concentration of 9.0 ± 2.0 (10.1 ± 1.1) g L−1 (productivity: 1.5 ± 0.3 (1.7 ± 0.2) g L−1 h−1)
was achieved, indicating proper transition to solventogenesis.
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The butanol (ABE) concentration achieved here was close to the maximum reported in
batch reactors with the same glucose concentration and similar pH modulation strategy [17].
At 192 h, the dilution factor was again doubled to 0.333 h−1. After 8 θ, steady state butanol
values (ABE) were 6.8 (11.1) g L−1 with a productivity of 2.3 (3.7) g L−1 h−1. At 216 h,
glucose input was thus changed to a glucose/xylose mixture (2:1 ratio) to test the effect
of varying the monosaccharide concentration, after which the butanol concentration was
kept stable for at least 24 θ, with an average butanol (ABE) concentration of 7.1 ± 0.6
(11.2 ± 1.0) g L−1. This concentration led to a butanol (ABE) productivity of 2.4 ± 0.2
(3.7 ± 0.3) g L−1 h−1 with a 2:1 glucose/xylose mixture. Additionally, the mass balance
analysis is presented in Table 3. As expected, the distribution of the products manifested
opposite trends depending on the pH set point. Butyric acid was the main product at
pH ≥ 6.0, while butanol was the major product at pH ≥ 4.8. Moreover, the unaccounted
yield would be associated to biofilm formation and CO2 production. In this sense, previous
authors reported that in ABE fermentation, the CO2 could be up to a third of the metabolites
produced [25].

Table 3. Mass balance analysis for the continuous experiment.

Time (h) Substrate
(g L−1)

pH D
(h−1)

g C g C of Monosaccharide Consumed−1

Acetic
Acid

Butyric
Acid Butanol Acetone Ethanol Suspended

Biomass Yield Unaccounted

0–30 Glucose (60) 6.0 Batch 0.00 0.66 0.00 0.00 0.00 0.05 0.70 0.30

30–72 Glucose (60) 6.0 0.042 0.14 0.39 0.01 0.00 0.00 0.05 0.59 0.41

72–121 Glucose (60) 6.0 0.083 0.09 0.21 0.06 0.02 0.00 0.09 0.47 0.53

121–144 Glucose (60) 6.0 0.167 0.13 0.30 0.10 0.04 0.00 0.13 0.70 0.30

144–192 Glucose (60) 4.8 0.167 0.07 0.05 0.28 0.13 0.01 0.11 0.65 0.35

192–216 Glucose (60) 4.8 0.333 0.07 0.05 0.27 0.11 0.05 0.16 0.72 0.28

216–288 Glucose/Xylose
(40:20) 4.8 0.333 0.08 0.07 0.28 0.13 0.02 0.14 0.72 0.28

The productivity obtained with a 2:1 glucose/xylose mixture (D = 0.333 h−1) is almost
four times more than that obtained in the batch reactor at a ratio of 3:1 with ammonium
acetate and pH ≥ 4.8 (butanol (ABE) productivity of 0.61 (0.89) g L−1 h−1). Using sugarcane
bagasse for biomass immobilization, solvent productivities in the range of 1.8–2.1 g L−1 h−1

at D ranging 0.3–0.6 h−1 have been obtained [26]. In continuous operation mode at dilution
factors ≥ 0.167 h−1, glucose uptake was about 85% when 60 g L−1 was fed, while full
consumption was at 40 g L−1 and xylose uptake was only 18 ± 8%. The lower xylose
uptake than the batch reactor (74%) can be related to the continuous availability of glu-
cose, which would mostly inhibit extending the shift of the metabolism to xylose. This
shows the feasibility of developing an efficient continuous reactor configuration avoiding
biomass washout and obtaining high stable productivities. However, further investigation
is required to enhance the use of xylose in continuous operations.

4. Conclusions

The glucose/xylose ratio has a direct impact on the selection of the proper pH
modulation strategy (pH control and/or buffer composition) in ABE fermentation us-
ing C. acetobutylicum DSM 792. Tailor-made pH modulation strategies should be developed
for specific glucose/xylose mixtures to use the substrate. For a mixture of pure xylose (0:1),
both buffers tested (calcium carbonate/ammonium acetate) led to similar results in terms
of butanol production. However, minimum pH control worsened the solvent production.
In the case of 1:1 glucose/xylose mixtures, calcium carbonate as a buffer reagent combined
with the strategy of limiting minimum pH to 5.1 gave the best results, achieving nearly
full consumption of xylose while producing close to 8 g L−1 of butanol. When the glu-
cose/xylose ratio was raised to 3:1, the buffer ammonium acetate with pH ≥ 4.8 performed
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better, achieving a butanol concentration of 8.8 g L−1 and almost complete xylose uptake.
The continuous reactor configuration filled with plastic rings for biomass retention suc-
cessfully increased butanol (ABE) productivity while preventing biomass washout. This
configuration led to a biobutanol productivity of 2.4 ± 0.2 g L−1 h−1 at D = 0.333 h−1 with
a sugar mixture of 2:1, which is almost four times greater than that obtained in batch
operations. However, in this configuration xylose consumption worsened to 18 ± 8%.
Further studies should thus be carried out to improve substrate use in continuous mode.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fermentation8050226/s1, Figure S1, The pH profiles of C. acetobutylicum
under different carbon sources (A) pure xylose, (B) ratio 1:1 (C) ratio 3:1 in batch mode.
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