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Abstract: This study applied concentrated xylose (60–250 g/L) medium to produce butanol (acetone
butanol ethanol, or ABE). A control batch fermentation of 61 g/L initial glucose using Clostridium
beijerinckii P260 resulted in a productivity and yield of 0.33 g/L·h and 0.43 g/g, respectively. Use
of 60 g/L xylose in a batch system resulted in productivity and yield of 0.26 g/L·h, and 0.40 g/g,
respectively. In these two experiments, the culture fermented 89.3% glucose and 83.6% of xylose,
respectively. When ABE recovery was coupled with fermentation for continuous solvent removal,
the culture fermented all the added xylose (60 g/L). This system resulted in a productivity and yield
of 0.66 g/L·h and 0.44 g/g, respectively. When the sugar concentration was further increased above
100 g/L, only a small fraction of the sugar was fermented in batch cultures without product removal.
However, with simultaneous product removal, all the xylose (150 g/L) was fermented provided the
culture was fed with nutrients intermittently. In this system, 66.32 g/L ABE was produced from
150 g/L xylose with a productivity of 0.44 g/L·h and yield of 0.44 g/g. Using the integrated culture
system allowed sugar consumption to be increased by 300% (150 g/L). The continuous system using
xylose as a feed did not sustain and after 36 days (864 h) of fermentation, it produced only 2–3 g/L
ABE. Rather, the culture became acidogenic and produced 4–5 g/L acids (acetic and butyric). This
study suggested that xylose be fermented in batch reactors coupled with simultaneous product
recovery rather than in continuous reactors.

Keywords: butanol; concentrated xylose; fermentation; productivity; Clostridium beijerinckii P260

1. Introduction

To transition to a sustainable global economy, there has been a keen interest among
the world’s scientific community to develop and produce biofuels and chemicals economi-
cally from renewable and low-cost resources such as whey permeate, sugarcane molasses,
cellulosic biomass, orchard and industrial wastes, municipal waste, food waste, and house-
hold organic waste [1–4]. In the world, 180–190 million metric tons of whey permeate
is produced each year [5] which contains 49 g/L lactose (milk sugar). Lactose can be
fermented to butanol via acetone butanol ethanol (ABE) fermentation employing most
of the butanol-producing microbial strains. These strains, primarily Clostridia, do not
require supplementation of β-galactosidase enzyme to hydrolyze lactose to glucose and
galactose. Sugarcane molasses is another feedstock that can be used to produce ABE. This
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feedstock contains 50% sucrose (dimer of glucose and fructose). In the world, 65–70 million
metric tons of molasses is produced each year. Sucrose can also be fermented to ABE
employing butanol/ABE-producing microbial strains and they require no supplementation
of invertase enzymes to hydrolyze the disaccharide. Currently, prices of whey permeate
and sugarcane molasses are relatively high, and hence, use of these substrates to produce
ABE is not considered cost-effective. Another novel fermentation substrate, food waste,
is lost as waste (in the US, 103 million tons per year). In addition to this waste, 2.0 billion
metric tons of household waste is generated globally each year. These wastes have the
potential to be used as feedstocks for energy production by fermentation [4].

Cellulosic biomass or agricultural residue is an abundant feedstock and its component
sugars (glucose, xylose, arabinose, galactose, and mannose) can be fermented to butanol
and other biofuels [6–13]. In the world, production of 100–146 billion metric tons of biomass
is projected each year [14]. It is well known that the production of biofuels from biomass
requires pretreatment at high temperature using dilute acid [15], alkali [16], ammonia [17],
or hot water [18], followed by enzymatic hydrolysis. For butanol production in batch
fermentations, approximately 80–90 g/L biomass is pretreated and hydrolyzed, which
results in the release of approximately 55 g/L total sugar (hexoses and pentoses) that
is 100% of cellulosic sugar present in the fiber or biomass. For economic reasons, use
of biomass greater than 90 g/L [15] is desirable to reduce the process cost, as it would
require smaller size pretreatment and hydrolysis reactors. In some of the pretreatment
studies, biomass concentration as high as 250 to 300 (25–30%) g/L has been used [18,19].
Use of such a high biomass concentration can result in the production of 75 g/L xylose
and over 100 g/L glucose. Such a concentrated mixed sugar solution can be fermented to
liquid biofuels.

In our long-term continuous bioreactors in which concentrated hydrolyzed mixed
sugar solutions were allowed to ferment, some residual xylose remained unfermented.
These residual xylose concentrations were in the range of 3.89 to 7.78 g/L [19,20]. This
fermentation stream containing xylose sugar cannot be disposed of or released into the
environment as it may cause severe pollution problems such as polluting rivers, streams,
and air. Hence, there are two scenarios to ferment this residual xylose: (1) reinoculation of
the fermentation broth followed by fermentation, which would result in limited cell growth
and butanol production. This xylose would be utilized both for cell growth and butanol
fermentation and would result in low butanol concentration, potentially around 2–3 g/L.
Recovery of such a low butanol concentration would be energy intensive. Scenario (2):
concentration of residual xylose using high flux pervaporation [21] or reverse osmosis [22]
membranes. The pervaporation membrane mentioned above is polypropylene membrane
and it rejects sugars and allows passage of water and butanol. Using these technologies,
60–250 g/L xylose can be concentrated (Boddu, personal communication, 2022). Fermenta-
tion of concentrated sugar to butanol is expected to be beneficial to the environment and
butanol’s process economics. The authors are aware that xylose is a plant sugar and its
concentration in the hydrolysate depends upon the amount of cellulosic biomass used in
the pretreatment and hydrolysis reactors. However, it can be concentrated from dilute
solutions by the methods indicated above. Concentrated xylose streams could also be
generated by first selectively converting glucose to a fermentation product.

Butanol is a historic biofuel and chemical [23] that can be produced from feedstocks
listed in the above paragraphs in batch, fed-batch, or continuous bioreactors. In these
reactors, an ABE concentration greater than 30 g/L is rarely achieved due to butanol toxicity
to the microbial strain that produces it. Of the 30 g/L ABE, butanol is the main product that
usually ranges from 14–20 g/L. At this concentration, it initiates killing the microbial cells.
During the initial phase of fermentation, the strain produces acetic and butyric acids that
are reassimilated or converted to acetone and butanol during the solventogenic phase. The
details of microbial ABE metabolism and biochemistry are beyond the scope of this article
and have been published elsewhere [13]. Due to the product toxicity, dilute sugar solutions
are used, usually 60 g/L, which results in a large process stream. This toxicity problem can
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be addressed by simultaneous recovery of ABE/butanol using one of the product-removal
techniques [24–29] including gas stripping [4,24,25]. There are several advantages to using
gas stripping, including not affecting the microbial strain negatively, gases being produced
within the reactor, and it does not pose any health hazards. The systems where fermentation
and product recovery are combined are called “integrated processes”.

It Is anticipated that the production of butanol from cellulosic biomass on a commercial
scale would only be feasible if feedstocks such as agricultural biomass, food wastes, house-
hold organic wastes, novel process integration technologies, and superior microbial strains
such as Clostridium beijerinckii P260, C. beijerinckii BA101, and newly developed C. tyrobu-
tyricum are used [30–33]. In this study, C. beijerinckii P260 was used, which can accumulate
up to 29 g/L ABE. C. beijerinckii P260 was used in the actual commercial fermentation plant
in South Africa which was shut down in 1983 due to a shortage of molasses caused by
severe drought [13]. This study is novel because the use of concentrated xylose solutions
for ABE fermentation did not exist. Additionally, simultaneous product recovery from such
concentrated xylose solutions needs to be developed. Hence, for this study, concentrated
xylose solutions in the range 60–150 g/L were fermented, coupled with product recovery.
Such high-gravity xylose solutions can be obtained from pervaporation or reverse-osmosis
membranes [21,22], as mentioned in the third paragraph of this section.

2. Materials and Methods
2.1. Microbial Strain, Culture Maintenance & Propagation

Clostridium beijerinckii P260 was a generous gift from Professor David Jones from
the University of Otago, Dunedin, New Zealand. The culture was maintained as spore
suspension in sterile distilled water at 4 ◦C and was propagated by heat shocking at 75 ◦C
for 2 min in cooked meat medium (CMM; DifcoTM; Becton, Dickinson and Company,
Sparks, MD, USA). The propagation medium contained 3.5 g CMM and 0.35–0.60 g glucose
(Fisher Scientific, Fair Lawn, NJ, USA) in 35 mL of distilled water contained in a 50 mL
PyrexTM screw capped glass bottle. The pellets contained in the bottle were soaked for
15 min before autoclaving at 121 ◦C for 15 min. Upon autoclaving, the bottle and the CMM
medium were cooled to 35 ◦C. Then, 20–100 µL of spore suspension was heat-shocked at
75 ◦C for 2 min in a 1.5 mL micro-centrifuge polypropylene tube (Bio Plas, Inc., San Rafael,
CA, USA) on a heating block (Cole-Parmer, Vernon Hills, IL, USA) followed by transferring
the spores to the bottle. The bottle, with its cap loose, was transferred to an anaerobic jar
in which an anaerobic condition was created using gas pack anaerobic envelopes (BD Gas
Pak; EZ Anaerobic Container System with Indicator; Becton, Dickinson and Company).
The anaerobic jar, with its lid closed finger tight, was placed in an incubator (Innova 4230,
New Brunswick Scientific, Edison, NJ, USA) at 35 ◦C. It took 15–16 h before cell growth
was observed, and this was called stage I inoculum.

For next stage (stage II) inoculum, 100 mL medium was prepared with 30 g/L glucose
(Fisher Scientific) and 1 g/L yeast extract (Becton, Dickinson & Company) and transferred
to a 125 mL screw capped glass bottle. When using mixed substrates such as glucose and
xylose, the culture utilizes glucose rapidly as compared to other sugars. When using xylose
as a sole carbon source, the strain utilizes it (for cell growth and butanol fermentation) with-
out any lag phase. Hence, it was not considered to use xylose for inoculum development.
The bottle was autoclaved at 121 ◦C for 15 min followed by cooling to 35 ◦C. To the bottle,
10 mL/L three stock solutions [34] were added. The stock solutions contained mineral
(MgSO4·7H2O, 20 g/L; MnSO4·H2O, 1 g/L; FeSO4·7H2O, 1 g/L; and NaCl, 1 g/L), acetate
buffer (KH2PO4, 50 g/L; K2HPO4, 50 g/L; and ammonium acetate, 220 g/L), and vitamin
(Para-amino benzoic acid, 0.1 g/L; thiamin 0.1 g/L; and biotin 0.001 g/L) solutions. These
solutions were separately prepared, filter sterilized, and stored at 4 ◦C until used. To the
bottle, 7 mL of stage I inoculum was added and the bottle was transferred to an anaerobic
jar in which an anaerobic environment was created using gas pack envelopes (BD Gas Pak).
Then, the jar was placed in an incubator (Innova 4230) at 35 ◦C for 7–10 h. After cell growth,
this was termed stage II inoculum and was used to inoculate 100 mL medium in bottles
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and 2.5 L bioreactors (BIOFLO 2000 Fermenter, New Brunswick Scientific, New Brunswick,
NJ, USA). The precultures were grown on glucose and not on xylose.

2.2. Batch Fermentations

Fermentation studies containing 100 to 250 g/L xylose were performed in 100 mL
medium contained in 125 mL screw-capped bottles. The bottles containing various concen-
trations of xylose (Sigma-Aldrich Chemicals, St. Louis, MO, USA) and 1 g/L yeast extract
(Becton Dickinson & Company) were sterilized at 121 ◦C for 15 min followed by cooling
to 35 ◦C and adding 1 mL (10 mL/L) each of stock solutions as described above. Then,
each bottle was inoculated with 7 mL of stage II inoculum. The inoculated bottles were
transferred to an anaerobic jar in which an anaerobic condition was created using a gas pack
envelope (BD Gas Pak). Experiments in bottles were performed under static conditions.
Vigorous production of fermentation gases (CO2 & H2) causes adequate agitation to mix
nutrients, substrate, and microbial cells.

Fermentations coupled with product recovery were performed in a 2.5 L New Brunswick
Bioreactor (BIOFLO 2000) containing 1 L medium. To prepare the bioreactor for fermenta-
tion and product recovery, 60 or 150 g/L xylose and 1 g/L yeast extract (Becton, Dickinson
& Company) were dissolved in distilled water and autoclaved at 121 ◦C for 15 min. Upon
autoclaving the bioreactor, the medium in it was cooled to 35 ◦C by sweeping oxygen-free
nitrogen gas across the medium surface. Then, 10 mL (10 mL/L) each of stock solutions
were added and the bioreactor was inoculated with 70 mL of stage II inoculum. Fermen-
tations with product removal were not conducted under mechanical agitation. Agitation
provided by fermentation and sparged gases caused adequate mixing to keep the fermenta-
tion mixture homogeneous. From the bioreactor, 1 mL samples were taken intermittently
followed by cooling them immediately to 4 ◦C and centrifuging (Eppendorf 5417C, Ham-
burg, Germany) at 13,000 rpm for 3 min. The supernatant was transferred to a 1.5 mL
micro-centrifuge polypropylene tube (Bio Plas, Inc.) and stored at −18 ◦C until analyzed
for xylose and ABE.

Products (ABE) were recovered by gas stripping from 60 and 150 g/L xylose fermen-
tation broths. Norprene tubing (size 18, Cole Parmer, Vernon Hills, IL, USA) was used
to recycle gases from the reactor to the cooling condenser. To recover ABE, fermentation
gases (CO2 & H2) were recycled through the fermentation broth at a flow rate of 4 L/min
using a twin-head MasterfluxTM peristaltic pump (Cole Parmer). The gases were cooled
in a condenser at 1 ◦C and the condensate was collected in a receiving flask. A simple
schematic diagram of production of ABE in a batch reactor is shown in Figure 1A.

2.3. Continuous Fermentations

Continuous fermentation was performed in a 500 mL PyrexTM glass bottle that had
ports for feed inlet, fermentation broth outlet, and gas outlet. The working volume in
the bottle was kept at 400 mL. The medium in the bottle contained 30 g/L xylose (Sigma-
Aldrich) and 1 g/L yeast extract (Becton, Dickinson & Company). Xylose (Sigma-Aldrich)
and yeast extract (Becton, Dickinson & Company) solution was autoclaved at 121 ◦C for
15 min followed by cooling to 35 ◦C under an oxygen-free nitrogen environment. To
the medium, 10 mL/L stock solutions were added after the feed was cooled. The feed
flow to the reactor and broth outlet was kept at 6 mL/min using a peristaltic pump (Cole
Parmer) and 14 size silicone tubing (Cole Parmer). The fermentation mixture in this reactor
was agitated at 50 rpm using a magnetic stir bar (10 mm diameter and 50 mm length).
A schematic diagram of this system is shown in Figure 1B. The experiment was run for
36 days (864 h) in continuous mode.
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Figure 1. Schematic diagrams of ABE (acetone, butanol, ethanol) production from xylose employing 
C. beijerinckii P260. (A) Batch reactor—the reactor is filled with sugar solution prior to inoculation; 
(B) Continuous reactor without product recovery—the reactor is fed continuously with sugar solu-
tion and fermentation broth is removed from the reactor at the same flow rate as the feed; and (C) 
Concentrated sugar medium batch reactor with simultaneous product removal by gas stripping. (C) 
was also used to measure solvent losses through the connecting tubing. Fermen gases—Fermenta-
tion gases. 

Figure 1. Schematic diagrams of ABE (acetone, butanol, ethanol) production from xylose employing
C. beijerinckii P260. (A) Batch reactor—the reactor is filled with sugar solution prior to inoculation;
(B) Continuous reactor without product recovery—the reactor is fed continuously with sugar solution
and fermentation broth is removed from the reactor at the same flow rate as the feed; and (C) Concen-
trated sugar medium batch reactor with simultaneous product removal by gas stripping. (C) was also
used to measure solvent losses through the connecting tubing. Fermen gases—Fermentation gases.
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2.4. Quantitation of ABE Losses

To quantify losses of ABE, known concentrations of model solvents (13.29 g/L max-
imum ABE concentration in 60 g/L xylose fermentation and 12.3 g/L maximum ABE
concentration in 150 g/L xylose fermentation) were transferred to the bioreactor in which
the liquid level was 1.00 L. Carbon dioxide and hydrogen gases (mixture of gases) from
the fermenter were replaced in this experimental set up. A twin-head peristaltic pump
(Cole Parmer) and size 18 norprene tubing (Cole Parmer) were used to recover the ABE.
The recovery was continued until ABE concentration in the reactor decreased to 9.09 g/L
(residual ABE concentration in 60 g/L integrated xylose fermentation recovery experiment)
and 2.84 g/L (lowest ABE concentration in 150 g/L xylose fermentation product recovery
experiment) in the integrated reactor system. A schematic diagram of this experiment
is shown in Figure 1C. After recovery, a material balance was performed; the difference
between initial solvents present in the system, and captured and residual ABE, was used to
calculate the amount of lost ABE. For accuracy, the length and size of connecting tubing was
consistent with the system used to produce ABE. The norprene tubings used to circulate
ABE vapors were of low gas diffusion quality; however, they still allowed some diffusion
of the solvents and that was necessary to quantify.

2.5. Measuring Rates of Sugar Utilization

The rates of sugar utilization were calculated from our previously published study [35].
To achieve this, tangents were plotted at various points of the graphs and the ds/dt (rate
of sugar utilization per h) was calculated for each tangent point. This gave us the rate of
sugar utilization in a short span of time. These rates were plotted as bar graphs against
fermentation times.

2.6. Analyses

ABE and acids (acetic and butyric) were measured by gas chromatography (GC; 6890N,
Agilent Technologies, Wilmington, DE, USA) employing a glass packed column [15,18,20].
These acids are reaction intermediates and are produced by the strain in ABE fermentation.
The column initial temperature was maintained at 100 ◦C and was increased at a rate of
40 ◦C/min until it reached 180 ◦C where it was held for 4 min. The GC inlet and FID detector
temperatures were kept at 225 and 250 ◦C, respectively. Prior to injecting the samples to
GC, fermentation broth and condensate samples were diluted 4- and 40-fold, respectively.
Xylose was measured by high performance liquid chromatography (HPLC) equipped with
an autosampler, injector, and refractive index detector (RID). A sugar separation column
(Aminex HPX-87P, 300 × 7.8 mm; Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used
to measure sugar. The column temperature was maintained at 75 ◦C and Milli-Q filtered
water was used as a solvent at a flow rate of 0.6 mL/min.

ABE productivity was calculated as total ABE produced (g/L) divided by total fer-
mentation time (h) and is expressed as g/L·h. Fermentation time is the difference between
the time when fermentation stopped minus the time when the reactor was inoculated. ABE
yield was calculated as the total ABE produced divided by the total sugar used (g ABE
produced divided by g sugar utilized). Total sugar used is the difference between initial
(immediately after inoculation) sugars minus residual sugar and is expressed as g/L. Cell
mass was measured by using a correlation between absorbance (λ-540; Beckman Coulter
DU800 Spectrophotometer; Brea, CA, USA) vs dried cell mass. Cell mass was dried at
100 ◦C until a constant weight was obtained. To measure optical density, the sample was
diluted 10× with 9 g/L NaCl solution.

The results presented here are an average of two replicates with error margins within
the ±5.5% range. Analysis of variance (ANOVA) was used to compare the various treat-
ments (fermentations) (p ≤ 0.05). The two replications of ABE xylose fermentation parame-
ters (total ABE produced, and ABE productivity) were compared to the glucose control for
significance (p ≤ 0.05) using a t-test.
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3. Results and Discussion
3.1. Control Glucose Batch Fermentation

A control ABE batch fermentation was operated with 61.0 g/L glucose in the bioreactor.
This substrate (glucose) is an ideal feedstock for ABE fermentation [28,29]. The fermentation
was run for 72 h and during the course of fermentation 23.40 g/L ABE was produced using
54.5 g/L glucose (Figure 2A). This resulted in an ABE yield of 0.43 g/g. At the end of
fermentation 6.5 g/L glucose remained unused. In this fermentation, an ABE productivity
of 0.33 g/L·h was obtained. The microbial strain produced 3.85 g/L total acids during the
early stage of fermentation, which were partly utilized during fermentation (Figure 2B). At
the end of fermentation, 1.57 g/L acids remained unused. The individual amounts of acetic
and butyric acids were 0.62 and 0.96 g/L, respectively. During fermentation, approximately
2.55 g/L dry cell mass was produced (Figure 2C). The initial pH of the medium was 6.8,
which decreased to 5.09 to 5.15. In the solventogenic stage, the microbial strain regulated
its own pH.

3.2. Xylose Fermentation in Batch Reactor

Following the control, a fermentation with 60.0 g/L initial xylose using C. beijerinckii
P260 was performed. The fermentation was run for 72 h and an ABE concentration of
18.44 g/L was observed (Figure 3A), resulting in a productivity of 0.26 g/L·h. This produc-
tivity is 21% lower than glucose fed reactor’s productivity. At the end of the fermentation,
9.80 g/L xylose remained unused (Figure 3A). In this fermentation an ABE yield of 0.40 g/g
was achieved. This suggested that in a batch fermentation, this strain can effectively
ferment xylose. Production and assimilation of acids are shown in Figure 3B. At 6 h of
fermentation, the culture accumulated 3.98 g/L acetic and butyric acids, which were partly
utilized by the culture. At 45 h, the total concentration of acids in the fermentation broth
was 0.66 g/L. At the end of fermentation, a cell concentration of 2.1 g/L was measured.
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HAB—total acetic and butyric acids.

3.3. Simultaneous Use of Glucose and Xylose

When using lignocellulosic sugars such as glucose, xylose, arabinose, and galactose,
two parameters are of utmost importance: (i) simultaneous use of hexose and pentose;
and (ii) rate of utilization of the sugars. To investigate this, an experiment was performed
where 15 g/L each of these four sugars was included in the medium [35]. It was noticed
that glucose utilization was faster than other sugars. The results on the rates of sugar
utilization are compared in Figure 4. At this stage, it is not clear why the strain preferred to
use arabinose as compared to xylose as they both are pentose sugars.
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3.4. Xylose Fermentation and Simultaneous Product Recovery

In both glucose and xylose batch fermentations (Figures 2A and 3A), utilization of these
sugars was incomplete. The possible reasons for not using all the sugars were speculated
to be: (i) inhibition due to unknown fermentation products; (ii) inhibition due to reduced
water activity; (iii) inhibition due to butanol or ABE; and (iv) lack of nutrients. Initially,
inhibition due to unknown fermentation products, lack of nutrients, and reduced water
activity were disregarded. Since the most likely cause was considered to be butanol/ABE
toxicity, a fermentation was conducted with simultaneous product recovery. To achieve
this, the fermentation was run with 60.0 g/L initial xylose concentration, with simultaneous
product recovery by gas stripping. Product recovery was initiated at 16 h. As a result of
simultaneous product recovery, the culture fermented all the xylose to ABE (Figure 5A)
suggesting that product inhibition was the key reason for leaving unused glucose or xylose.
Production of acids in this fermentation is presented in Figure 5B. In this experiment,
the maximum ABE concentration was 13.29 g/L as opposed to 18.44 g/L in the xylose
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fermentation without product recovery (Figure 3A), suggesting that 18.44 g/L ABE was
toxic to the culture. The simultaneous fermentation and product recovery process was
completed in 40 h, as opposed to non-integrated xylose fermentation, which took 72 h
to complete. At the end of the integrated fermentation in which product was recovered,
the ABE concentration was 9.09 g/L. During product recovery, three condensates were
collected at 23, 40, and 47 h (Table 1). At these times, the volumes of the condensates were
24, 103, and 44 mL, with total ABE concentrations of 85.84, 97.54, and 53.65 g/L, respectively.
The total amount of recovered ABE from the condensates was 14.47 g, thus totaling 26.51 g
(9.09 g remained in 1 L of fermentation broth and 2.95 g lost by diffusion of solvent through
the connecting tubing) ABE for the entire process. In this xylose fermentation and product
recovery system, overall productivity and yield were 0.66 g/L·h and 0.44 g/g, respectively.
This productivity is 200% higher than the control fermentation, which is due to relieving
product inhibition because of simultaneous recovery of toxic products.

Energies 2023, 16, x FOR PEER REVIEW 10 of 22 
 

 

 
Figure 4. Rates of various sugar utilization at various fermentation times. Glu—glucose, arab—arab-
inose, xyl—xylose, and gal—galactose. 

3.4. Xylose Fermentation and Simultaneous Product Recovery 
In both glucose and xylose batch fermentations (Figures 2A and 3A), utilization of 

these sugars was incomplete. The possible reasons for not using all the sugars were spec-
ulated to be: (i) inhibition due to unknown fermentation products; (ii) inhibition due to 
reduced water activity; (iii) inhibition due to butanol or ABE; and (iv) lack of nutrients. 
Initially, inhibition due to unknown fermentation products, lack of nutrients, and reduced 
water activity were disregarded. Since the most likely cause was considered to be buta-
nol/ABE toxicity, a fermentation was conducted with simultaneous product recovery. To 
achieve this, the fermentation was run with 60.0 g/L initial xylose concentration, with sim-
ultaneous product recovery by gas stripping. Product recovery was initiated at 16 h. As a 
result of simultaneous product recovery, the culture fermented all the xylose to ABE (Fig-
ure 5A) suggesting that product inhibition was the key reason for leaving unused glucose 
or xylose. Production of acids in this fermentation is presented in Figure 5B. In this exper-
iment, the maximum ABE concentration was 13.29 g/L as opposed to 18.44 g/L in the xy-
lose fermentation without product recovery (Figure 3A), suggesting that 18.44 g/L ABE 
was toxic to the culture. The simultaneous fermentation and product recovery process was 
completed in 40 h, as opposed to non-integrated xylose fermentation, which took 72 h to 
complete. At the end of the integrated fermentation in which product was recovered, the 
ABE concentration was 9.09 g/L. During product recovery, three condensates were col-
lected at 23, 40, and 47 h (Table 1). At these times, the volumes of the condensates were 24, 
103, and 44 mL, with total ABE concentrations of 85.84, 97.54, and 53.65 g/L, respectively. 
The total amount of recovered ABE from the condensates was 14.47 g, thus totaling 26.51 
g (9.09 g remained in 1 L of fermentation broth and 2.95 g lost by diffusion of solvent 
through the connecting tubing) ABE for the entire process. In this xylose fermentation and 
product recovery system, overall productivity and yield were 0.66 g/L· h and 0.44 g/g, re-
spectively. This productivity is 200% higher than the control fermentation, which is due 
to relieving product inhibition because of simultaneous recovery of toxic products.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

10 20 30 40 50 60

Su
ga

r U
til

. R
at

e [
g/

L.
h]

Fermentation Time [h]

Glu Arab Xyl Gal

Figure 4. Rates of various sugar utilization at various fermentation times. Glu—glucose, arab—arabinose,
xyl—xylose, and gal—galactose.

Table 1. Condensate amounts and concentration of ABE in 60 g/L xylose fermentation coupled with
product recovery by gas stripping.

Time [h] Cond. vol
[mL]

Acetone
[g/L]

Butanol
[g/L]

Ethanol
[g/L]

ABE
[g/L]

23 24 23.00 59.00 3.84 85.84
40 103 27.59 68.31 1.69 97.59
47 44 16.00 35.55 2.10 53.65

Cond. vol—condensate volume.

3.5. Osmotic Stress Due to Concentrated Xylose

Next, in order to observe the effect of osmotic stress associated with high concentra-
tions of xylose on the microbial strain, fermentations were conducted with 100 to 250 g/L
initial xylose (Figure 6A). At 100 and 150 g/L xylose, 20.41, and 18.89 g/L ABE were
produced, respectively. Increasing sugar concentration further (200 and 225 g/L) severely
inhibited ABE production. At these sugar concentrations, 4.79 and 2.79 g/L ABE were
produced, respectively. At a sugar concentration of 250 g/L, poor cell growth occurred,
and no ABEs were produced. Acid production at various initial xylose concentrations is
presented in Figure 6B. At 100 g/L initial xylose concentration, total acid production was
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0.55 g/L. At sugar concentrations of 200 and 250 g/L, 5.36 and 5.30 g/L total acids were
produced, respectively.
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For these experiments, ABE productivities and yields are presented in Figure 6C.
At a sugar concentration of 100 g/L, a productivity of 0.28 g/L·h was observed. At a
xylose concentration of 150 g/L, ABE productivity and yield were 0.25 g/L·h and 0.37 g/g,
respectively. Increasing xylose concentrations further resulted in a dramatic decrease in
productivity and yield. Sugar utilization rates are presented in Figure 6D. At an initial
xylose concentration of 100 g/L, the rate of sugar utilization was 0.72 g/L·h, which is close
to the sugar utilization rate (0.67 g/L·h) observed for 150 g/L xylose fermentation. As
xylose concentration increased to 200 g/L, sugar utilization rate decreased to 0.40 g/L·h.
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Although at 250 g/L xylose, no butanol or ABE was produced, a small fraction of sugar
was fermented to acids (see above). At a high sugar concentration, xylose in this case,
cell growth and metabolism of the microbial strain is slowed down. However, as xylose
concentration is decreased due to its utilization, cellular metabolism is increased. Overall,
the average rate of sugar utilization and solvent production stays the same. It is viewed
that the use of concentrated sugar solution results in a smaller size reactor and reduced
process streams, thus resulting in favorable process economics.
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Figure 6. Production of ABE from concentrated xylose (100–250 g/L) in batch fermentations using C.
beijerinckii P260. (A) Xylose concentration vs Products; (B) Xylose vs Acids; (C) Xylose vs Productivity
and Yield; and (D) Xylose utilization rate during fermentations. Abbreviations as in Figure 2. Prod—
productivity; Util.—utilization.

3.6. Butanol Production in Integrated Batch Reactor from Concentrated Xylose

At 150 g/L initial xylose, only 18.89 g/L ABE was produced from 51.1 g/L xylose,
and most of the sugar went unused (99.0 g/L residual sugar). In order to utilize all the
provided sugar, ABE had to be removed simultaneously to relieve product inhibition, as
was performed earlier and presented in Figure 5A. Hence, an experiment was devised
where ABE were simultaneously removed from the system (Figure 7A). The fermentation
began with 150 g/L xylose, because of the strong substrate inhibition observed at 200 and
225 g/L. In this reactor system, gas stripping was started at 16 h. At 51 h, when xylose
concentration was 85.0 g/L, the strain stopped ABE production. At this time, the total ABE
in the reactor was 9.23 g/L.

Three reasons were speculated upon for the arrest of fermentation: (i) inhibition due to
ABE, (ii) lack of nutrients, and (iii) inactivation of strain’s xylose metabolism on prolonged
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fermentation of this sugar. The ABE inhibition was disregarded as a possibility, as this
strain can accumulate up to 18–29 g/L ABE [36]. To confirm that nutrient limitation was the
reason for the arrested fermentation, 20 mL of fermentation broth was withdrawn and was
either allowed to continue fermentation or fresh nutrients were added and re-inoculated,
as described in Table 2 (Runs A & B). When further nutrients (1 g/L yeast extract and
10 g/L stock solutions (vitamins, buffer, and minerals)) were added, the culture produced
25.65 g/L ABE (9.52 g/L acetone, 15.29 g/L butanol, 0.84 g/L ethanol), thereby supporting
the hypothesis that fermentation ceased because of nutrient deficiency.
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recovery system by gas stripping using C. beijerinckii P260. (A) Products and xylose concentrations
during fermentation (arrows indicate the times (16, 113, and 174 h) when product recovery was
initiated); nutrients were added at 0, 92, and 168 h; (B) Fermentation times vs acids. (C) Fermentation
time vs cell concentration. Conc.—concentration. 1 & arrow indicate when cell mass was removed by
centrifugation and 2 & arrow indicate when the reactor was inoculated and nutrients were added to
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Table 2. Processing of fermentation broth to produce ABE from xylose after fermentation stopped.

Exp. Volume
[mL] Centrifuged pH

Adjusted
YE Added

[g/L]

Stocks
Added
[mL/L]

Anaerobic
Condition

Created

Inoculated
with New
Inoculum

ABE
Produced

[g/L]

Processing after 51 h when fermentation ceased
A 10 No 5.2 No No Yes Yes 4.64
B 10 Yes 1 6.0 Yes, 1.0 Yes, 10 Yes Yes 25.65

Processing after 167 h when fermentation ceased
C 10 No 5.2 No No Yes Yes 5.16
D 10 Yes 1 6.0 Yes, 1.0 Yes, 10 Yes Yes 23.21
E 10 Yes 1 6.0 Yes, 0.5 Yes, 5 Yes Yes 19.56
F 10 Yes 1 6.0 No No Yes Yes 5.62

1—Clear liquid was fermented, and cell mass was discarded; Exp.—Experiments to identify the reason for
cessation of fermentation. Experiments A, B were when fermentation stopped after 51 h, and C, D, E, and F were
after fermentation stopped at 167 h.

Hence, to continue fermentation in the reactor, the cell mass was removed by centrifu-
gation and nutrients at the above level were added followed by re-inoculating the reactor
at 92 h. At 113 h, when the total ABE was 9.87 g/L, recovery by gas stripping was restarted.
Fermentation was continued with product recovery until 167 h when the culture ceased
fermentation. At this time, 40 mL fermentation broth was withdrawn and processed as
presented in Table 2 (Runs C, D, E, and F). After 48 h of fermentation, the culture produced
23.21 g/L ABE (Run D; 6.84 g/L acetone, 15.68 g/L butanol, and 0.68 g/L ethanol). Reduc-
ing nutrients by 50% of the level mentioned above resulted in the production of 19.56 g/L
ABE (Run E; 6.44 g/L acetone, 12.50 g/L butanol, and 0.63 g/L ethanol). This indicated
fermentation stopped due to a lack of nutrients and hence, their supplementation (1 g/L
yeast extract, and 10 mL/L stock solutions) was necessary for continuation of fermentation.
Since fermentation stopped due to nutrient limitation, reason (iii) (inactivation of xylose



Energies 2023, 16, 4945 16 of 21

metabolism) was disregarded, and this knowledge was used to continue the fermentation
as below.

At 168 h, when the unfermented xylose concentration was 34.97 g/L, the reactor was
fed with nutrients (yeast extract 1 g/L and stock solutions 10 mL/L) and the whole culture
was reinoculated with fresh inoculum. Prior to inoculation and supplementation with
nutrients, the cell mass was removed by centrifugation. Gas stripping was started again at
174 h. By 191 h, the culture had utilized all the sugar. The organic acids production profile
for the fermentation is shown in Figure 7B. In Figure 7A,B, the fluctuations in solvents and
acids concentrations are seen. These fluctuations in product concentration occur due to
varying active cell mass concentration. In butanol or ABE fermentation, four types of cell
mass exist and they are known as the active solventogenic cell mass that produces ABE, cell
mass that supports cell growth, cells that neither support ABE production nor cell growth
but require maintenance energy, and dead cell mass [37]. They are characteristic of ABE
fermentation and such fluctuations have been reported previously [38]. The amounts of
condensates at various times are presented in Table 3.

Table 3. Condensate amount and concentration of ABE in 150 g/L xylose fermentation coupled with
product recovery by gas stripping.

Time [h] Cond. vol.
[mL]

Acetone
[g/L]

Butanol
[g/L]

Ethanol
[g/L]

ABE
[g/L]

43 93 21.07 31.80 2.11 54.98
51 48 22.84 30.71 1.83 55.38
68 109 19.98 24.02 1.75 45.75
75 44 14.78 13.92 1.07 29.77
92 99 6.84 5.85 0.00 12.69

113 32 22.33 25.09 0.55 47.97
129 100 33.30 53.49 0.94 87.73
136 50 19.31 23.81 0.50 43.62
153 91 11.98 16.18 0.85 29.01

Cond. vol.—condensate volume. In the condensate HAc (acetic acid) & HBu (butyric acid), concentrations were
0.0 g/L.

From the concentrated xylose fermentation, 30.37 g ABE was recovered in the con-
densate, 28.65 g was lost through the connecting tubing, and 7.30 g was present in the
fermentation broth, thus totaling 66.32 g. This is 283% of the ABE produced in control
glucose fermentation. The actual fermentation time was 150 h (191 h minus 41 h when
there was no fermentation activity in the reactor). This resulted in a productivity and yield
of 0.44 g/L·h and 0.44 g/g, respectively. This productivity and yield are higher (produc-
tivity 176%, yield 119%) than obtained in the 150 g/L non-integrated xylose fermentation
(productivity 0.25 g/L·h, yield 0.37 g/g). The theoretical yield of ABE is 0.40 g/g. In this
experiment (integrated 150 g/L xylose fermentation), we obtained a higher yield. The
possible reason for a higher yield may be the use of a carbon source present in yeast extract
and stock solutions for product formation. Buffer (stock solution) contains a considerable
amount of acetate that can be converted to acetone or butanol or both. These studies
suggest that fermentation of concentrated xylose solution is possible when the culture is
provided with intermittent supplementation of nutrients such as yeast extract and stock
solutions. In our opinion, use of concentrated sugar solution does not reduce the rate of
product recovery.

In a system like this, loss of solvents occurs in two ways: (i) with the exiting CO2 and
H2 gases; and (ii) by diffusion through the connecting tube. During ABE fermentation,
a significant amount of gases are produced that carry ABE through the exit line. On a
mass balance, over 50% carbon is lost due to its conversion to CO2. Based on a previous
study [35], the losses that occurred in this system (150 g/L xylose) were quantified to be
28.65 g. A schematic diagram of quantification of ABE losses is shown in Figure 1C and a
method or description has been given in the Materials & Methods Section 2.4.
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There are several product recovery techniques that can be used to recover ABE from
fermentation broth. These techniques include adsorption, gas stripping, liquid–liquid
extraction, perstraction, pervaporation, vacuum fermentation, supercritical CO2 extraction,
and reverse osmosis [24–29]. Among these, adsorption, gas stripping, vacuum, and per-
vaporation are superior to others as they do not adversely affect microbial strains and are
economical to use in laboratory and pilot scale experiments [26]. Recovery of ABE from
fermentation broth by gas stripping has been studied using fermentation gases (CO2 & H2)
that are produced in the system. For these reasons, gas stripping was selected here. There
are several advantages of the use of gas stripping as a product removal technique and they
have been mentioned in the Section 1 of this paper.

In these studies, we were successful at using 150 g/L xylose, which is 300% greater
than that consumed in the non-integrated batch reactor, and produced 66.32 g/L ABE.
This equated to reduced water usage and size of waste stream by a factor of 3. Reduced
process water consumption, wastewater generation, and lower capital and operating costs
are expected to economically benefit butanol production. As a comparison, in a 60 g/L
xylose-fed non-integrated batch reactor, 18.44 g/L ABE was produced with an ABE yield of
0.40 g/g.

3.7. Butanol Production in Continuous Stirred Tank Reactor (CSTR)

In our previous integrated fermentation product removal systems in which cellulosic
biomass was used, the culture failed to utilize all the xylose present in the reactor [19,20].
Other than xylose, all other sugars were used by the strain. To investigate why the strain did
not use all the xylose and how much ABE the reactor would produce, a CSTR was devised.
The results of this system are shown in Figure 8A. Over the course of 36 days (864 h),
butanol concentration declined until it reached approximately 2.00 g/L, while the acid
concentration increased. At the end of 36 days (864 h) the concentration of acids averaged
approximately 4 g/L (Figure 8B). In the beginning stages of fermentation, cell concentration
grew to 0.60–0.70 g/L then declined to 0.10 g/L. Both cell concentration and pH are
presented in Figure 8C. This and other systems that failed to use xylose [19,20] suggest that
the butanol-producing strain loses xylose fermenting capability in continuous long-term
fermentations operated under the present conditions of feed rate and pH. It is likely that
slightly changing these conditions may decrease acidogenesis and increase solventogenesis.
However, at this stage, the only economical or useful options are to use high xylose
concentration batch reactor systems where the product is recovered simultaneously.

3.8. Comparison with Other Xylose Fermentation Systems

Among the many scientists who studied the production of butanol from xylose [39–41],
the studies performed by Xin et al. [39] are relevant to our studies as they reported similar
levels of ABE production, productivity, and yield, of 21.40 g/L, 0.35 g/L·h, and 0.36 g/g,
respectively. These authors used dilute xylose solution (60 g/L) for ABE fermentation.
They also used the same concentration of glucose solution and reported 21.10 g/L ABE,
with a productivity of 0.34 g/L·h and yield of 0.35 g/g. Productivity and yield are two
important factors from kinetics and economics points of view in ABE fermentation. In our
60 g/L xylose fermentation (similar substrate level) with simultaneous product recovery, a
productivity of 0.66 g/L·h was obtained, which is 89% percent higher than Xin et al. [39].
The ABE yield of 0.44 g/g reported here is 22% higher than reported by Xin et al. [39]. The
objective of this study has been achieved for fermentation of a concentrated xylose stream
and the results obtained are summarized in Table 4.
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Table 4. A summary of ABE production from glucose/xylose with and without simultaneous product
recovery in batch reactors employing C. beijerinckii P260 a.

Experiment/
Substrate Initial xyl [g/L] Residual xyl

[g/L]
ABE Produced

[g/L]
Productivity

[g/L·h]
Yield
[g/g]

Simultaneous
Product

Recovery

Control glu/
Experiment 1 61.0 * 6.5 * 23.40 0.33 0.43 No

Experiment 2/
xylose 60.0 9.8 18.44 b 0.26 b 0.40 No

Experiment 3/
xylose 60.0 0.0 26.50 b 0.66 b 0.44 Yes

Experiment 4/
xylose 100.0–250.0 52.5–243.0 20.4–0.00 0.28–0.00 0.43–0.00 No

Experiment 5/
xylose 150.0 0.00 66.30 b 0.44 b 0.44 Yes

Significant F-tests from ANOVA were obtained indicating differences between the runs for total ABE (p < 0.0001)
and ABE productivity (p < 0.0001).

b Experiment comparisons within a column that are significantly different than the control at the 0.05 level based
on t-tests. Total ABE produced in experiment 5 is different than experiment 1 (control). Productivity in experiment
3 and 5 are different than experiment 1.

a Some of the results presented in this summary table were taken from tables and figures.

* glu—glucose was used in the control experiment.

xyl—xylose.

Experiment 1 was glucose control. Experiment 2 was xylose fermentation without recovery. Experiment 3 xylose
fermentation with simultaneous product recovery. Experiment 4 was 100–250 g/L xylose fermentation (no product
recovery) and Experiment 5 was 150 g/L xylose fermentation with simultaneous product recovery.

4. Conclusions

A batch reactor was operated with 60 g/L initial xylose in the feed without product
recovery. The performance of this reactor was compared with another system in which a
simultaneous product was recovered. The latter reactor system was found to be 2.5 times
(250%) more productive than the previous one. The microbial strain, C. beijerinckii P260,
was capable of growing and fermenting 225–250 g/L xylose. Under the present conditions
of feed rate and pH, the CSTR that was operated for 36 days (864 h) was not found to be
solventogenic. Our findings suggest that it would be beneficial to ferment concentrated
xylose solution in batch mode with simultaneous product recovery by gas stripping rather
than in continuous mode. Since this study on fermentation of concentrated xylose was
successful, in future, we intend to use actual biomass (sweet sorghum bagasse) for the
production of butanol or ABE employing C. beijerinckii P260.
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