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Abstract: Second-generation (2G) ethanol production has been increasingly evaluated, and the use
of sugarcane bagasse as feedstock has enabled the integration of this process with first-generation
(1G) ethanol production from sugarcane. The pretreatment of bagasse generates pentose liquor as
a by-product, which can be anaerobically processed to recover energy and value-added chemicals.
The potential to produce biohydrogen and organic acids from pentose liquor was assessed using a
mesophilic (25 ◦C) upflow anaerobic packed-bed bioreactor in this study. An average organic loading
rate of 11.1 g COD·L−1·d−1 was applied in the reactor, resulting in a low biohydrogen production
rate of 120 mL·L−1 d−1. Meanwhile, high lactate (38.6 g·d−1), acetate (31.4 g·d−1), propionate
(50.1 g·d−1), and butyrate (50.3 g·d−1) production rates were concomitantly obtained. Preliminary
analyses indicated that the full-scale application of this anaerobic acidogenic technology for hydrogen
production in a medium-sized 2G ethanol distillery would have the potential to completely fuel
56 hydrogen-powered vehicles per day. An increase of 24.3% was estimated over the economic
potential by means of chemical production, whereas an 8.1% increase was calculated if organic acids
were converted into methane for cogeneration (806.73 MWh). In addition, 62.7 and 74.7% of excess
organic matter from the 2G ethanol waste stream could be removed with the extraction of organic acid
as chemical commodities or their utilization as a substrate for biomethane generation, respectively.

Keywords: sugarcane bagasse; pentose liquor; dark fermentation; biohydrogen; organic acids; biorefinery

1. Introduction

Brazilian sugarcane mills are migrating from old concepts of sugar and ethanol pro-
duction to a new concept of biorefinery. This concept aims to produce not only biofuels
but also electricity, food, and other products that use renewable sources from sugarcane
biomass [1–3]. One of the main actions to consolidate the biorefinery concept is the imple-
mentation of second-generation (2G) ethanol production integrated with first-generation
(1G) plants. This industrial concept intends to use surplus bagasse that is currently used as
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fuel in cogeneration systems, to produce lignocellulosic ethanol (2G) instead [4]. The uti-
lization of this remaining biomass plays a fundamental role in the biorefinery yield because
1 ton of sugarcane generates 280 kg of bagasse [5], which is very significant considering the
production of 610 million tons of sugarcane [6] in the 2022/2023 harvest.

The implementation of 2G ethanol production can improve process sustainability
and also ethanol production [7,8]. In this process, the bagasse is pretreated to obtain
a solid fraction that is rich in cellulose, while hemicellulose is mainly hydrolyzed to
pentoses (pentose liquor). The cellulose fraction obtained from this pretreatment can be
enzymatically hydrolyzed to feed the 2G ethanol-producing process, and pentose liquor
remains a by-product of the process. Although ethanol production is the natural destination
of the hexoses (C6) fraction, the processing of pentose liquor is still not well defined, and
alternatives must be studied for the application of this stream. For instance, opportunities
for fermenting pentoses to obtain ethanol have been massively studied [9,10]; however,
selecting efficient pentose fermenters is still challenging.

The xylose-rich nature of pentose liquor characterizes it as a highly suitable substrate
for biohydrogen and organic acid production in acidogenic bioreactors because this process
depends primarily on carbohydrate-rich substrates [11,12]. Hydrogen is a renewable clean
energy carrier when biomass and its by-products are used as raw materials in fermenta-
tion. The biological production of hydrogen from residues and wastewater is less energy
intensive and is less expensive than methane steam reforming and electrolysis [11–14].
Moreover, various organic acids and other compounds with different applications (foods,
pharmaceuticals, and chemicals) can be generated during the biological production of hy-
drogen. Most studies have reported that biohydrogen production generates intermediates
such as acetic acid, propionic acid, butyric acid, succinic acid, formic acid, butanediol, and
acetone [15–20]. These compounds are of special interest because of their high market
value [21,22], especially butyric and lactic acid, which are used as precursors of industrial
thermoplastics [23] and biodegradable polymers [24,25]. Although only a few studies
have addressed hydrogen and organic acid production using sugarcane bagasse (SCB)
hydrolysate [26–30], several studies have used pure xylose as a substrate for the production
of biohydrogen [31–39], indicating a gap for exploitation within the context of dark fermen-
tation studies. Furthermore, most researchers have used batch reactors in contrast with the
few studies conducted in continuous bioreactors. Neither xylose nor SCB hydrolysate have
been used in upflow anaerobic packed-bed reactors, which have generally yielded high
biohydrogen productivity [40–44].

This study assessed the potential application of sugarcane bagasse-derived pentose
liquor as a source of biohydrogen and organic acids in a continuous packed-bed bioreactor,
characterizing an alternative to add value to a voluminous by-product which will be
inevitably available in integrated 1G-2G sugarcane biorefineries in coming years. A dual
approach based on an experimental assessment followed by a scenarization-based exercise
through a simple process application analysis in a medium-sized distillery (milling capacity
of 500 ton·h−1) was carried out, providing the bases to understand the potential of pentose
liquor as a substrate for biotechnological applications.

2. Materials and Methods
2.1. Bioreactor and Support Material

The upflow anaerobic packed-bed reactor (UAPBR) was built in tubular acrylic with
a length-to-diameter (L/D) ratio of 9.4, considering a total height of 750 mm and a work-
ing volume of 2.370 L. The bioreactor’s bed region was randomly filled with recycled
low-density polyethylene (LDPE) pellets to support cell attachment, similar to previous
experiments with real wastewater [43–45]. Cylinder-shaped particles with a mean diameter
of 12.7 mm and ca. 30 mm in height were used with specific gravity and a surface area of
0.96 g·cm−3 and 7.94 m2·g−1, respectively. A total of 295 g LDPE·L−1 was used to build
the bed zone, resulting in a bed porosity of 55%. The packed bed occupied 66% of the total
volume. A schematic diagram of the reactor is shown in Figure 1.
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Figure 1. Sketch of the upflow anaerobic packed-bed reactor and details of the LDPE pellets. Legend:
1—inlet port, 2—packed bed, 3.1–3.5—sampling ports, 4—outlet port (liquid phase), 5—outlet port (biogas).

2.2. Substrates

The UAPBR was fed with two different substrates in distinct operating periods, namely,
a xylose-based lab-made wastewater (experimental condition I) and pentose liquor derived
from 2G ethanol production (experimental condition II), as indicated in Figure 2. The former
was prepared using 99.9% pure D-(+)-Xylose (Sigma-Aldrich®, San Luis, MO, USA), whilst
pentose liquor was obtained from the processing of residual SCB collected from a Brazilian
sugarcane mill. Bagasse was subjected to physicochemical pretreatment (121 ◦C and 1.1 atm)
utilizing a mass ratio of solid (g dry weight) to liquor (g) at 1:10 with 2% sulfuric acid (H2SO4)
(v/v) for 60 min [46]. This pretreatment resulted in a hydrolysate with an organic matter
concentration in terms of COD (chemical oxygen demand) of 14 g·L−1. Prior to feeding the
bioreactor, the hydrolysate was neutralized with sodium hydroxide (NaOH) and diluted with
tap water to obtain a COD of approximately 2 g·L−1. The compositional characteristics of the
wastewater utilized in both experimental conditions are shown in Table 1.
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Table 1. Compositional characterization of the wastewater used in reactor feeding.

Parameters Xylose-Based Wastewater Pentose Liquor

Total carbohydrates (mg·L−1) 1495 ± 733 1459 ± 440
Xylose (%) 99.9 82.4

Arabinose (%) – 7.12
Rhamnose (%) – 6.14

Glucose (%) – 1.58
pH 6.7 ± 0.1 5.9 ± 0.1
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2.3. Experimental Procedure

Bioreactor inoculation was carried out prior to experimental conditions I and II and
consisted of the natural fermentation of xylose and pentose liquor, respectively. The
natural fermentation was performed by exposing 30 L of each medium for 3 days to the
atmosphere at ca. 25 ◦C. In previous studies, such as those published elsewhere [16,40,41],
this procedure yielded mainly microorganisms similar to Clostridium sp. (91%), Klebsiella
sp. (97%), and Enterobacter sp. (93%), which are directly related to hydrogen and organic
acid production [41]. Naturally fermented substrates were recirculated into the UAPBR for
7 days [16] as a strategy to promote the attachment of microorganisms to the packed bed,
after which a continuous operation was started. The volumetric flow rate of the bioreactor
feed was maintained at ca. 1.19 L·h−1 using a positive displacement pump (Concept
Plus, ProMinent Brasil Ltd.a., São Bernardo do Campo, Brazil), resulting in a hydraulic
retention time (HRT) of 2 h. The operating temperature was controlled at 25 ± 1 ◦C in a
thermostatic chamber (410-DRE, Nova Ética, Vargem Grande Paulista, Brazil). In condition
I, xylose was used as the only substrate for 36 days, whilst pentose liquor was evaluated
as the substrate for 39 days in condition II. The pH of both substrates (lab-made and real
wastewater) was maintained at ca. 6.0 by dosing with NaOH (500 mg·L−1) or hydrochloric
acid (HCl) (10 mol·L−1) solutions. Additionally, both media were supplemented with a
macro and micronutrient solution containing (in mg·L−1): CH4N2O (7.7), NiSO4·6H2O
(0.15), FeSO4·7H2O (2.5), FeCl3·6H2O (0.25), CoCl2·2H2O (0.04), CaCl2·6H2O (2.06), SeO2
(0.036), KH2PO4 (1.3), KHPO4 (5.36), and Na2HPO4·2H2O (2.76).

2.4. Monitoring Procedure and Analytical Methods

Liquid phase monitoring was based on periodic measurements of the pH, COD,
and concentrations of the total carbohydrates, organic acids, and solvents. pH and COD
were determined according to the Standard Methods for the Examination of Water and
Wastewater [47]. Potentiometric measurements (pH) were carried out using a pH meter
with a standard glass electrode (Digimed Instrumentação Analítica, São Paulo, Brazil). Total
carbohydrates were measured as proposed by Dubois et al. [48], whilst organic acids and
solvents were analyzed with a high-performance liquid chromatography (HPLC) system
(Shimadzu Scientific Instruments, Kyoto, Japan) using the same configuration and protocols
described elsewhere [49].

Gas phase monitoring was carried out by measuring both the biogas flow rate (BFR)
and composition. BFR was obtained by directly coupling a gas meter (MilliGascounter-1
V30, Dr.-Ing. Ritter Apparatebau GMBH & Co. KG, Bochum, Germany) to the headspace
of the reactor. The biogas composition in terms of hydrogen (H2), nitrogen (N2), methane
(CH4), and carbon dioxide (CO2) was carried out using a gas chromatography set (GC-2010)
equipped with a thermal conductivity detector (GC/TCD; Shimadzu Scientific Instruments,
Kyoto, Japan) and argon as the carrier gas, as described elsewhere [50]. Gas samples were
collected from UAPBR’s headspace with 1000 µL-insulin syringes equipped with Teflon
body two-way valves (Supelco® Analytical—Sigma-Aldrich, Bellefonte, PA, USA).

2.5. Scenario Assessment

Four different scenarios, namely, 1 to 4, were considered for a medium-sized 2G
ethanol plant (milling capacity of 500 ton·h−1), providing a preliminary analysis of pentose
liquor as raw material for producing bioenergy and biochemicals. Scenarios 1 and 2 did
not include pentose as raw material, whilst scenarios 3 and 4 considered the utilization of
pentoses for the energy recovery and/or generation of value-added products. In Scenario
1, 50% of SCB was considered to be used for 2G ethanol production, with the remaining
fraction used in the cogeneration of electricity and steam. In Scenario 2, 100% of SCB
was directed to 2G ethanol production. In Scenario 3, 2G ethanol was produced with the
utilization of all available SCB. Additionally, hydrogen and volatile organic acids (VOA)
were derived from pentose liquor. In Scenario 4, 2G ethanol, hydrogen, and organic acids



Waste 2023, 1 676

were produced. In this last scenario, organic acid consumption in biomethane production
for cogeneration was considered despite the use of chemicals, as reported in Scenario 3.

3. Results and Discussion
3.1. Biohydrogen Production

Biogas generation profiles obtained with xylose-based wastewater and pentose liquor
are depicted in Figure 3, showing distinct patterns according to the type of substrate. In ex-
perimental condition I (xylose as the substrate), biogas production reached
193.8 mL·h−1 (4.65 L·d−1) on day 10. This production peak was followed by continu-
ous decay until the end of the operation (Figure 3A). This drop in biogas generation has
also been observed in previous studies regarding hydrogen production from carbohy-
drates [40–42] and complex wastewaters [44,51]. A coherent explanation can be found in
the major growth of homoacetogenic organisms, which are capable of using the Wood–
Ljungdahl pathway because the applied specific organic load decreased with the increase
in the biomass in the packed-bed reactor [52,53]. The homoacetogenic pathway explains the
biogas production decrease because both H2 and CO2 produced by hydrogen-producing
bacteria (HPB) were converted into acetate, as demonstrated in Reaction (1) [54]. Numer-
ous studies dealing with the dark fermentation of sugarcane-derived substrates, namely,
vinasse, molasses, and juice, have reported the occurrence of homoacetogenesis when
applying mesophilic temperature conditions [19,55–58], which supports this hypothesis.
Homoacetogenic bacteria belonging to genera Moorella, Oxobacter, and Sporomusa, as well
as to the family Lachnospiraceae, were identified in vinasse-fed reactors [19,59,60]. Some
clostridial groups [61], as well as some sulfate-reducing bacteria belonging to the genus
Desulfotomaculum [62], are also capable of utilizing H2 and CO2.

2CO2 + 4H2→Acetate + 2H2O (∆G◦ = −104 kJ·mol−1) (1)
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Figure 3. Biogas flowrate and composition and substrate utilization in experimental conditions
(A) I (xylose-based wastewater) and (B) II (pentose liquor).

The mean biogas production rates obtained in conditions I and II were 0.026 L·L−1·h−1

(624 mL·L−1·d−1) and 0.017 L·L−1·h−1 (408 mL·L−1·d−1), respectively. The volumet-
ric hydrogen production rate (VHPR) followed the same trend, with values of 0.016
(384 mL·L−1·d−1) and 0.005 L·h−1·L−1 (120 mL·L−1·d−1) observed in experimental con-
ditions I and II, respectively. The main reason for a higher hydrogen production rate in
the bioreactor processing xylose was the production peak reported at the beginning of the
operation (days 8–11). This behavior could be explained considering that the substrate in
condition I consisted only of readily available xylose, which could potentially contribute to
a faster and more efficient biomass adaptation [63].

By contrast, experimental condition II contained a mixture of pentoses (xylose, arabi-
nose, and rhamnose; Table 1). These different carbon sources and the presence of furfural
and acetic acid could be responsible for lower hydrogen production rate at the beginning
of the bioreactor operation. In the study by Aguilar et al. [46], the sugarcane bagasse
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subjected to the same diluted acid pretreatment released approximately 1.2 g·L−1 of fur-
fural and 4.5 g·L−1 of acetic acid, which are considered toxic to fermentation in these
ranges [46,64]. However, the hydrolysate generated in this study was diluted by a factor of
7 (COD decreased from 13,989 to 1989 mg·L−1) before its utilization in the bioreactor, which
consequently resulted in lower concentrations of both constituents. Thus, the best explana-
tion for the worst performance in biohydrogen production in condition II was the lower
rate of biomass adaptation. Nevertheless, after 11 days of operation, the highest peak of
substrate utilization (83.2%) was noticed in this experimental condition (pentose-containing
hydrolysate). According to the biogas profile in Figure 3B, xylose was not utilized for
hydrogen production. Rather, this substrate was diverted for the production of soluble
metabolites. Overall, in both conditions, the reported efficiency in xylose conversion
(Figure 3A,B) was considered high because UAPBR was operated at a short hydraulic
retention time (2 h).

Because the pentose liquor derives from sugarcane, it is pertinent to compare the
obtained results with those found in the dark fermentation of other sugarcane-derived
substrates, focusing on fixed-film reactors. Overall, the VHPR observed in condition II
(120 mL·L−1·d−1) exceeded only the value reported by Ferraz Jr. et al. [51], who achieved
a mean VHPR of 84 mL·L−1·d−1 while processing vinasse in an LDPE-filled UAPBR at
mesophilic conditions (25 ◦C). Using the same type of substrate and reactor but at ther-
mophilic conditions (55 ◦C), much better results were reported, namely, 526.8 mL·L−1·d−1 [65],
761.7 mL·L−1·d−1 [43] and 1604 mL·L−1·d−1 [44]. Changing the bed conformation, i.e.,
replacing the random packing by orderly placing the support media further produced
even better results, with VHPR reaching 2074 mL·L−1·d−1 [66] and 3477 mL·L−1·d−1 [67]
while still considering vinasse as the substrate and temperature conditions. Comparing
the results obtained herein with the utilization of vinasse is pertinent because both the
pentose liquor and vinasse are highly complex materials. The use of molasses, a much
simpler carbohydrate-rich sugarcane-derived by-product, led to much higher VHPR values,
reaching 4504 mL·L−1·d−1 [68] and 8479 mL·L−1·d−1 [69]. Apart from the temperature and
support material arrangement differences, in most of the comparative studies, much higher
organic loading rate (OLR) levels were used (>50 g COD·L−1·d−1) compared to the one
applied in the UAPBR (11.1 g COD·L−1·d−1), which could explain the high discrepancy
among the VHPR values. Future studies with pentose liquor should focus on optimizing
the OLR, as carried out for vinasse [65,66] and molasses [68].

3.2. Organic Acid Production
The distribution of soluble metabolites in experimental conditions I and II showed a

higher amount of organic acids and solvents in the latter (Figure 4D,E). It is likely that hy-
drolysate compounds, especially the macro and micronutrients released during the hydrolysis
of SCB, stimulated the metabolism of immobilized bacteria toward soluble metabolite pro-
duction. Lactate was produced in large quantities in both experimental conditions. One
plausible explanation for its high concentration is the short HRT (2 h) utilized in the bioreactor
operation. The reduced HRT could have led to the accumulation of lactic acid because the
reaction time was not sufficient to convert lactate and acetate to butyrate and hydrogen. This
hypothesis is supported by the hydrogen profiles (Figure 3A,B) and the metabolic pathway
suggested elsewhere [70], as demonstrated in Reactions (2)–(4). The results observed during
the dark fermentation of other sugarcane-derived substrates, such as vinasse [20,66,67,71] and
molasses [68,69,72], also corroborate this hypothesis because in all cases, lactate was identified
as the primary precursor of biohydrogen and butyrate.

Lactate + 0.4Acetate + 0.7H+→0.7Butyrate + 0.6H2 + CO2 + 0.4H2O (∆G◦ = −183.9 kJ·mol−1) (2)

Lactate + Acetate + H+→Butyrate + 0.8H2 + 1.4CO2 + 0.6H2O (∆G◦ = −59.4 kJ·mol−1) (3)

2Lactate + H+→Butyrate + 2H2 + 2CO2 (∆G◦ = −64.1 kJ·mol−1) (4)
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The higher concentration of malate detected in experimental condition II could pos-
sibly be linked to the release of malic acid, which is part of the natural composition of
plants, including sugarcane and citrus fruits. Malic acid has been previously detected
in sugarcane-derived substrates, such as vinasse [73,74]. According to Figure 4D, malate
presented a marked decay profile after day 10 because it could be readily metabolized by
the acclimatized bacterial consortium. Malate was most likely converted to pyruvic acid,
which was integrated into the ethanol fermentation reactions involving decarboxylation to
acetaldehyde with a subsequent reduction in alcohol [75]. The increasing profile of ethanol
production, as shown in Figure 4D, supports this hypothesis. Malate may also have been
converted to lactate following malolactic fermentation [76], which has been previously
suggested to occur during vinasse fermentation [77].

Caproate was another relevant soluble metabolite produced in the fermentation of
pentose liquor. According to the metabolite profiles shown in Figures 3B and 4D, caproic
acid production is likely related to a pathway described elsewhere [78], in which simulta-
neous hydrogen and caproic acid production was feasible but resulted in low amounts of
biohydrogen. These authors reported that caproic acid could also be formed through the
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secondary fermentation of ethanol and acetate or ethanol and butyrate. Because acetate
was one of the major products found in experimental condition II (Figure 4E), it is likely
that acidogenic bacteria used acetate as an alternative terminal acceptor for the reduc-
ing equivalents during caproic acid synthesis [79]. Moreover, during the fermentation of
pentoses, elevated production of ethanol (Figure 4D) potentially resulted from the above-
mentioned metabolic pathway. This observation is consistent with the assumption that
some caproate-producing bacteria formed a syntrophic relationship with ethanol-producing
bacteria [80]. Another factor supporting the existence of caproate-producing bacteria in the
mixed culture is the occurrence of spore-forming Clostridium kluyveri, which is known to
be resistant to the harsh environments and treatments (e.g., highly acidic conditions) used
for selecting HPB [78].

Regarding acetate production, the fermentative pathway of xylose leading to this
product can occur spontaneously [27], as shown in Reaction (5). In experimental condition
I, acetic acid was the major metabolite produced (Figure 4B), thus implying improved
hydrogen yields due to coupled reactions in the metabolic pathway, as demonstrated
by Reaction (5). However, stable or increasing hydrogen production was not observed
(Figure 3A). On the contrary, the biohydrogen generation profile demonstrated a peak
followed by continuous decay, which was possibly caused by the increasing dominance
of homoacetogenic bacteria (Reaction 1). A marked decrease in the volumetric biogas
production indicated that carbon dioxide and hydrogen were diverted to acetate production,
as stoichiometrically demonstrated in Reaction (1). In experimental condition II, a mean
concentration of acetate equal to 784.55 mg·L−1 (HAc Total; Figure 4E) was produced;
however, a major part of this production was derived from the hydrolysis of acetyl groups
bound to hemicellulosic monomers of SCB. Because the protocol described by Aguilar
et al. [46] was followed in this study, the calculations pointed to the physicochemical
release of 642 mg·L−1 of acetate and enabled biologically produced acetic acid to be
estimated (HAc Bio; Figure 4E), which was 142.55 mg·L−1 on average. Whereas in this
condition, the acetate production was unstable (HAc Bio; Figure 4E), the generation of this
metabolite in condition I showed an increasing profile (Figure 4B). This result indicates
the occurrence of homoacetogenic reactions in condition I and the limitations of this
biochemical route in experimental condition II. The high concentration of acetate derived
from pretreatment could have inhibited the homoacetogenic pathway in the reactor fed with
the SCB hydrolysate (condition II) because the accumulation of non-dissociated organic
acids is deleterious to acidogenic bacteria [81]. However, a systemic inhibition, i.e., affecting
all fermentative groups (including HPB), should be expected in this case. Hence, although
continuous, the biogas production in condition II was most likely not high enough to
stimulate the development of homoacetogens.

Xylose + 1.67H2O→Acetate + 1.67CO2 + 3.33H2 (∆G◦ = −195.5 kJ·mol−1) (5)

Butyrate production was detected at concentrations ranging from 60 to 100 mg·L−1 in
condition I and from 133 to 361 mg·L−1 in condition II. The reasons for these differences are
likely related to the increasing utilization of the substrate in condition II (Figure 3B) and the
occurrence of different terminal electron acceptors in condition I, as demonstrated by the
production of acetate (Figure 4B) and metabolic trends in the formation of propionate and
ethanol (Figure 4C). Similar to acetate production, the generation of butyric acid occurred
simultaneously with the production of hydrogen; however, the yield was lower [82], as
shown in Reaction (6). In experimental condition II, the lower biohydrogen generation
was possibly determined by the biochemical yield demonstrated in Reaction (6), which
implied half of the biohydrogen yield compared to that obtained when acetic acid was the
by-product (Reaction 5). In both experimental conditions, the predominance of acetate
and butyrate as major metabolites suggested the initial occurrence of a butyrate-acetate
metabolic pathway, in which Clostridium sp. is the specific dominant strain. The same obser-
vation was made in previous studies utilizing UAPBR systems and natural fermentation for
inoculation procedures [41,42,52]. In the study by Peixoto et al. [41], 16S rRNA sequencing
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analysis showed a 91% similarity to Clostridium sp, which comprised the butyrate producers
C. acetobutylicum, C. tyrobutyricum, and C. beijerinckii.

Xylose→0.83Butyrate + 1.67CO2 + 1.67H2 (∆G◦ = −239.9 kJ·mol−1) (6)

The propionate concentration in condition I increased from 50 to 105 mg·L−1, with
a mean production of 66.3 mg·L−1. In condition II, propionate was also detected at an
increment of 230 mg·L−1, which resulted in an increase from 112 to 342 mg·L−1. Although
this increase is interesting due to the market value of propionic acid [21], the generation of
this metabolite in biohydrogen-producing reactors results in a lower yield. This hydrogen-
consuming pathway [13,27,34] is demonstrated by Reaction (7), usually taking place when
high hydrogen partial pressures are established in the reactors. One of the factors influ-
encing the instability of biohydrogen production in condition II probably included the
peaks of propionate concentration on days 12, 23, and 33 (Figure 4E). This hypothesis
was valid because the hydrogen concentration had a simultaneous decrease when these
propionate peaks were detected. On the other hand, the decrease in biohydrogen pro-
duction in condition I could more likely be explained by its conversion into acetate in
the homoacetogenic pathway because the average production of propionate was quite
low (66 mg·L−1) compared to that observed in experimental condition II (228 mg·L−1). In
spite of the elevated production of propionic acid in condition II, the H2/Propionate ratio
(Figure 4F) showed an increase in its trend because hydrogen production did not cease.
On the contrary, in condition I, the H2/Propionate ratio was close to 0 by the end of the
reactor operation due to the interruption of hydrogen production despite the production
of acetate (Figure 4B).

Xylose + 1.67H2→1.67Propionate + 1.67H2O (∆G◦ = −315.1 kJ·mol−1) (7)

In addition to the production of hydrogen and volatile organic acids, a relatively
low amount of ethanol was generated from the xylose media and SCB-derived pentose
liquor. The results in Figure 4A,B show the mean ethanol productions of 43 and 110 mg·L−1

in conditions I and II, respectively. This decrease in the trend of the H2/Ethanol ratio
in condition I occurred due to the progressive termination of biohydrogen production
(Figure 3A); however, in experimental condition II, the profile of the H2/Ethanol ratio
(Figure 4F) was different due to the opposite dynamics in biohydrogen production.

According to the mass flow rate shown in Table 2, the average missing equivalents
in experimental condition I was lower than 2%, implying a 98% correspondence between
the calculations and experimental data. One explanation for this unbalance could be
the presence of the bacteria Klebsiella sp., which was previously identified in acidogenic
inocula obtained from carbohydrate natural fermentation [41,83]. This microbial group
was involved in the production of ethanol and 2,3-butanediol: a metabolite that was not
monitored by the analytical methods used in this study. This metabolite was produced
under limited oxygen and low pH conditions [84], similar to those utilized in the experiment
presented herein. In experimental condition II, the sum of organic metabolites exceeded
the mass balance in 207.24 mg·h−1, causing an approximate lack of correspondence at 11%.
In this case, it is not likely that the formation of undetected metabolites or the presence of
alternative electron sinks accounted for the unbalance. Rather, the other carbon sources
that were not monitored, such as glucose (1.58%), galactose (2.81%), rhamnose (6.14%),
and arabinose (7.12%), were probably fermented and led to the formation of their own
metabolites besides those produced with xylose (82.4%).
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Table 2. Mass flowrate in experimental conditions I and II. Values in parentheses correspond to the
day in which each maximum value was obtained.

Mass Flow Rate
(mg·h−1)

Condition I
(Xylose-Based Wastewater) Condition II (Pentose Liquor)

Maximum Mean Maximum Mean

Influent xylose 4171.12 (10) 2096.68 ± 811.4 2256.85 (33) 1886.92 ± 141.3
Effluent xylose 2591.34 (4) 1148.13 ± 491.2 1312.13 (2) 610.28 ± 173.7

Citric acid 72.28 (36) 70.71 ± 1.07 ND ND
Malic acid 87.19 (17) 45.89 ± 16.8 69.31 (2) 56.82 ± 6.6

Succinic acid 47.22 (25) 46.88 ± 0.3 ND ND
Lactic acid 119.36 (3) 107.37 ± 7.0 248.73 (4) 229.87 ± 9.1
Formic acid 28.11 (22) 24.86 ± 2.0 ND ND
Acetic acid 305.76 (36) 150.66 ± 61.2 379.20 1 (10) 186.72 1 ± 89.8

Propionic acid 125.92 (31) 79.63 ± 17.0 447.80 (33) 298.52 ± 78.6
Isobutyric acid 94.07 (3) 72.33 ± 8.7 156.48 (26) 119.34 ± 28.0
n-Butyric acid 120.80 (8) 85.53 ± 15.2 473.39 (18) 299.23 ± 71.1
Isovaleric acid 140.55 (10) 109.02 ± 22.4 88.20 (18) 53.24 ± 18.8
n-Valeric acid 72.65 (36) 69.61 ± 1.6 85.62 (31) 64.43 ± 13.3
Caproic acid ND ND 32.40 (18) 17.47 ± 4.0

Ethanol 72.05 (29) 51.46 ± 11.0 215.66 (26) 144.47 ± 22.5

Hydrogen 11.24 (8) 1.84 ± 0.003 2.70 (16) 0.55 ± 0.0008
Carbon dioxide 82.43 (8) 15.70 ± 0.02 68.04 (16) 13.22 ± 0.02

Sum (soluble + gas
metabolites) NC 2079.62 NC 2094.16

Correspondence (%) 2 NC 99.2 NC 111.0
1 Resulting from substrate fermentation. 2 Corresponds to the ratio between the sum of metabolites and the
influent xylose. Legend: ND—not detected, NC—not calculated (the sum of metabolites and their correspondence
were not calculated for maximum values because they were observed in different days).

According to Table 3, the production of the main volatile organic acids was comparable
to other studies reported in the literature, while H2 production was significantly lower. In
the studies by Wu et al. [36] and Lin et al. [34], 20 g·L−1 of xylose was used as the initial
substrate concentration, which was more than ten-fold higher than the sugar concentrations
used to feed the packed-bed reactor in this study. The effect of the temperature should also
be considered because other studies with an equivalent substrate concentration reported
hydrogen yields higher than those obtained in this study [26,32,34,36]. Lin et al. [34]
demonstrated that increasing temperatures (from 30 to 50 ◦C) promoted higher hydrogen
yields and production rates. In their study, temperatures of 30, 35, 40, 45, and 50 ◦C
corresponded to 0.4, 0.5, 0.3, 0.8, and 1.3 mol H2·mol−1xylose, respectively. Thus, it is
likely that the low biohydrogen production in the UAPBR was greatly influenced by the
initial substrate’s concentration (or applied OLR, as discussed in Section 3.1) and operation
temperature. However, the production of both butyric and propionic acids (Table 3) in the
UAPBR was greater than that reported by Wu et al. [36] and Pattra et al. [26].

3.3. Preliminary Analysis of Biohydrogen, VOA and Cogeneration Potential in a Pentose
Liquor-Based Biorefinery

The experimental results provided the main parameters with which to develop and
analyze a biorefinery performance in four independent scenarios, as detailed in Section 2.5
and depicted in Figure 5. According to Table 4, a comparison between Scenarios 1 and 2
suggested that exclusively producing 1G and 2G of ethanol (Scenario 2) was more profitable
than using 50% of SCB for cogeneration and 50% for 2G ethanol production (Scenario 1) due
to fuel [85] and electricity prices [86]. In the abovementioned cases, the economic potential
per day of a sugarcane mill operation was 19.6% (Scenario 2) and 26.4% (Scenario 1), which
is lower than that reported in Scenario 3. Null environmentally friendly potential was
found in Scenarios 1 and 2 because pentose liquor derived from the SCB pretreatment was
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not used as a raw material for biohydrogen, VOA, or methane production and could result
in the accumulation of 16,800 and 33,600 m3·d−1 of 2G ethanol byproducts, respectively. In
Scenario 3, the greatest economic potential was achieved because the extraction of value-
added VOA was considered. Among these acids, acetate is used as a precursor to industrial
polymers, including mainly the vinyl acetate monomer [87], butyrate is used in industrial
thermoplastics in the form of cellulose acetate butyrate [23], propionate is utilized as a food
preservative [88], and lactate is involved in the production of biodegradable polymers, also
known as polylactides [24]. In addition, the separation of these organic acids might have a
low cost if performed by an ion exchange resin, as demonstrated elsewhere [16]. In terms
of energy production, Scenario 4 provided relevant energetic potential; however, organic
acids could not be directly recovered. Rather, they were considered substrates for methane
production [89]. In this scenario, methane was considered the raw material for on-site
cogeneration because this application did not require purification and also allowed local
carbon offset projects with a cogeneration price (64.70 USD·MWh−1) that is more attractive
than a commodity price of 2.77 USD per 103 ft3 [90]. If the energetic potential depended
on burning hydrogen alone, the maximum energy production would be 0.73 MWh, which
is not significant for achieving profitability (Scenarios 3 and 4). However, hydrogen must
be considered as an available surplus of this process because its production is obligatorily
coupled to that of VOA (Reactions 5–6). An on-site application for biohydrogen could
be the complete fueling of 56 hydrogen fuel cell vehicles per day with driving ranges of
240 miles [91], which is sufficient for the plant’s complete fleet of cars. According to Table 4,
the major advantage of Scenarios 3 and 4 is that in the production of organic acids or
methane, the environmental impact (assessed as the COD reduction) of the 2G ethanol
byproducts could be reduced by 62.7% through the separation/extraction of organic acids
(acetate, butyrate, propionate, and lactate) or approximately 75% when employing a process
based on sequential hydrogen and methane production [92]. Specifically in Scenario 3,
organic matter removal could be further increased through the methanization of the VOA
that were not extracted as raw materials for the chemical industry, namely the citric, malic,
succinic, formic, valeric, and caproic acids.
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Table 3. Comparative analysis of systems used for biohydrogen and organic acids production
from pentoses.

Reactor
Xylose Concentration

(gCOD·L−1)
Temp. pH HY VHPR

VOA Production (mg·h−1)
ReferenceHBu HPr HAc

CSTR 20.0 50 6.5 0.4 6600 264 1767 1601 [36]
AGSB 20.0 40 6.5 0.6 19,680 835 173 820 [36]
Batch 2 1.5 37 5.5 1.5 - 853 1 4.53 1 149 1 [26]
UAPBR 1.7 25 6.7 0.08 398.4 120.8 125.9 305.76 This study

UAPBR 2 1.7 25 5.9 0.04 120 473.4 447.8 379.20 This study
1 Terminal soluble metabolite concentrations (measured at the end of the experimental runs). 2 Using pentose
liquor. Nomenclature: Temp.—temperature (◦C), HY—hydrogen yield (mol H2·mol−1xylose), VHPR—volumetric
hydrogen production rate (mL H2·L−1·d−1), VOA—volatile organic acids, HBu—butyric acid, HPr—propionic
acid, HAc—acetic acid, CSTR—continuous stirred-tank reactor, AGSB—activated carbon-assisted agitated granu-
lar sludge bed, UAPBR—upflow anaerobic packed-bed reactor.

Table 4. Energetic, economic and environmental aspects for different second-generation sugarcane
biorefinery schemes.

Scenarios/Products

1 2 3 4

1G Ethanol
50%—2G Ethanol

50%—Cogeneration

1G Ethanol
2G Ethanol

1G Ethanol
2G Ethanol
Hydrogen

Organic Acids

1G Ethanol
2G Ethanol
Hydrogen
Methane

1G Ethanol
Production (m3·d−1) 1 987.60 987.60 987.60 987.60
Econ. Pot. (USD·d−1) 2 521,924.96 521,924.96 521,924.96 521,924.96

2G Ethanol
Production (m3·d−1) 3 149.69 299.37 299.37 299.37
Econ. Pot. (USD·d−1) 2 79,106.83 158,213.66 158,213.66 158,213.66

Hydrogen Production (m3·d−1) 4 NA NA 19.06 19.06
Econ. Pot. (USD·d−1) 5 NA NA 2897.44 2897.44

Organic Acids
(HLa, HAc, HPr, HBu)

Production (kg·d−1) 6 NA NA 201,144.05 NA
Econ. Pot. (USD·d−1) 7 NA NA 162,693.67 NA

Energy
(cogeneration 8 /methane 11,12)

Production (m3·d−1)
Energ. Pot. (MWh)

NA NA NA 118,931.60 11

334.32 8 NA NA 806.73 12

Econ. Pot. (USD·d−1) 23,422.82 9 NA NA 52,192.02 9

Total Energetic potential (MWh) 334.32 NA NA 806.73

Total Economic potential (USD·d−1) 622,660.68 680,138.61 845,729.72 735,228.08

Total Environmental potential
(COD removal percentage) NA NA 62.7 10 74.7 11

1 Medium-sized sugarcane distillery (milling capacity = 500 ton·h−1) considering 1G ethanol yield [93].
2 According to the anhydrous ethanol market price provided by the Center for Advanced Studies on Applied Eco-
nomics (CEPEA/ESALQ/USP) [85]. 3 Considering the 2G ethanol yield obtained exclusively from the cellulosic
fraction [94]. 4 According to the mean hydrogen yield obtained in experimental condition II. 5 According to the
hydrogen market price reported by the U.S. Department of Energy [95]. 6 According to the mean organic acid yield
obtained in experimental condition II. 7 According to HLa, HAc, HPr, and HBu reference prices [96]. 8 Calculated
as the surplus electricity of a distillery producing only 1G ethanol [93]. 9 According to the market price defined by
alternative energy auctions, as released by the Brazilian Energy Research Office (EPE/MME) [86]. 10 Calculated
as the COD of all organic matter minus the COD of the extracted acids (HLa, HAc, HPr, HBu). 11 Considering
350 mL CH4·g−1COD removed [89] and 74.7% methanization efficiency of vinasse [92]. 12 Considering CH4
properties [85] and combined cycle turbines [97]. Nomenclature: 1G— first generation, 2G—second generation,
HAc—acetic acid, HBu—butyric acid, HLa—lactic acid, HPr—propionic acid, NA—not applicable.

4. Conclusions

Biohydrogen and volatile organic acids were produced using both a xylose-based
media and sugarcane bagasse-derived pentose liquor. The fermentation of the pretreatment-
derived pentose liquor generated a 25% higher volatile organic acid concentration com-
pared to that obtained with the xylose-based media. The differences in the composition
of both substrates triggered different fermentative metabolic pathways, leading to the
stimulus of homoacetogenesis when using xylose and to the occurrence of biohydrogen
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production coupled to acetate and butyrate buildup when using pentose liquor. Overall,
higher biohydrogen production rates could be observed when modifying the operating
conditions applied in the packed-bed reactor, such as applying high organic loading rates
and increasing the temperature to achieve thermophilic conditions. Nevertheless, the
continuous operation of the reactor yielded both operational and performance parameters
that enabled the simulation of the application of dark fermentation in a medium-sized
distillery. The best estimate indicated that recovering hydrogen and organic acids from
pentose liquor had the potential to enhance profits in an ethanol production plant (1G and
2G) by 24.3% with a simultaneous environmental impact reduction of 62.7%. Therefore,
developing the present fermentation technology seems to be crucial for improving the
sustainability of conventional 1G and 2G sugarcane biorefineries.
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