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Abstract

This study evaluated the anaerobic valorization of real, non-detoxified sugarcane bagasse-
derived pentose liquor. Direct fermentation without nutrients, co-substrate, or buffering
was limited, reaching low-to-moderate (37–54%) carbohydrate conversion efficiency at low
organic loading rate (OLR < 5.6 kg COD m−3 d−1) levels. Hydrogen yield (HY) was also
low (0.63–0.89 mol H2 mol−1 carbohydrateconverted) under these conditions. Increasing
pentose liquor concentration up to 0.8 L L−1 and OLR of 30.2 kg COD m−3 d−1 sup-
pressed hydrogen production, coinciding with lactate accumulation and the occurrence
of homoacetogenesis. Enhanced fermentation with sucrose, nutrients, buffering, shorter
hydraulic retention time (12 h) and 37 ◦C improved stability and carbohydrate conver-
sion (50–61%) under higher OLR, although HY considerably decreased (0.14–0.35 mol H2

mol−1). Methanogenesis was effective in both single- and two-stage systems, with carbohy-
drate conversion usually above 95%, COD removal up to 83.5%, methane fractions above
60%, and methane yields reaching 299.8–301 NmL CH4 g−1 CODremoved. Furfural and
5-HMF showed phase-dependent transformation, indicating partial in situ detoxification
during anaerobic conversion. Overall, pentose liquor is better valorized through integrated
hydrogen–methane recovery than by fermentation alone. Future studies should focus on
both applying more effective strategies to buffer the fermentative stage and adopting more
conservative approaches (lower OLR) to start up the methanogenic systems.

Keywords: sugarcane biorefinery; hemicellulose hydrolysate; two-stage anaerobic digestion;
AnSTBR; bioenergy recovery

1. Introduction
Second-generation (2G) ethanol biorefineries have been developed to expand the use

of lignocellulosic biomass and improve the overall efficiency of biofuel production [1]. In
sugarcane-based systems, the conversion of bagasse and/or trash can increase ethanol
production without requiring proportional expansion of agricultural land [2]. However,
the economic and environmental performance of these biorefineries depends not only on
ethanol production, but also on the effective use of liquid and solid streams generated
during pretreatment, hydrolysis, fermentation, and downstream processing [3–6]. In this
context, by-products traditionally regarded as residues become relevant resource-recovery
streams when integrated into appropriate biological conversion routes.
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Pentose liquor is one of the main liquid fractions generated during the pretreat-
ment of sugarcane bagasse. This stream contains high organic matter concentrations
and fermentable carbohydrates, especially pentoses such as xylose and arabinose, but
may also contain hexoses, organic acids, soluble lignin-derived compounds, furfural,
and 5-hydroxymethylfurfural (5-HMF) [6,7]. Therefore, pentose liquor has a dual character:
it is an energy-rich substrate with potential for biological conversion, but it is also a complex
and potentially inhibitory matrix. The predominance of pentoses, the presence of furan
derivatives and other pretreatment by-products, and the possible limitation of specific
nutrients can affect microbial activity, metabolic pathways associated with biohydrogen
and methane evolution, and process stability [8–11].

Recent studies have reinforced the relevance of pentose liquor fermentation within
integrated sugarcane biorefineries, particularly to produce biohydrogen and organic acids
from liquid streams associated with first and second generation (1G–2G) ethanol produc-
tion [12–15]. In addition, recent reviews have highlighted that fermentative biohydrogen
production in sugarcane biorefineries still requires advances in substrate characterization,
operational stability, microbial adaptation, and integration with downstream bioenergy
recovery routes [16]. These aspects are particularly important when real lignocellulosic
hydrolysates are used, since their behavior cannot be fully represented by individual sugars
or simplified synthetic media.

Anaerobic digestion (AD) is a promising strategy for recovering energy from
carbohydrate-rich liquid streams. Under acidogenic conditions, fermentative microor-
ganisms can convert carbohydrates into hydrogen, carbon dioxide, and soluble metabolites
such as volatile organic acids and alcohols [16,17]. Under methanogenic conditions, resid-
ual organic matter and fermentation intermediates are further converted into methane.
Thus, the sequential production of hydrogen and methane improves the overall energy
recovery from complex substrates. Two-stage anaerobic systems are particularly relevant
for this purpose because they allow partial separation of fermentation and methanogenesis,
enabling different operational conditions to be applied to microbial groups with distinct
metabolic requirements [18–21]. Sequential hydrogen and methane recovery has also
been recently reported for hemicellulosic hydrolysates from sugarcane-derived residues,
supporting the relevance of the two-stage anaerobic conversion for lignocellulosic liquid
streams [14,15].

Previous studies have investigated biological hydrogen or methane production from
synthetic sugar solutions, vinasse, lignocellulosic hydrolysates, and other agro-industrial
residues [10,14,19,20,22–27]. However, fewer studies have focused on real, non-detoxified
pentose liquor generated during sugarcane bagasse pretreatment. This gap is important
because substrate complexity, the simultaneous presence of pentoses and inhibitory com-
pounds, nutrient limitations, and microbial adaptation can strongly affect conversion
pathways and energy/resource recovery. In this sense, operational variables such as the
food-to-microorganism ratio, carbon-to-nitrogen ratio, temperature, pH, and hydraulic
retention time (HRT) must be evaluated together with substrate composition rather than as
isolated factors [23].

Fixed-film systems, particularly the anaerobic structured-bed reactor (AnSTBR), may
offer advantages for the conversion of complex liquid streams because they promote
biomass retention while reducing excessive clogging compared with conventional packed-
bed systems [19]. In fermentative reactors, this configuration can help maintain acidogenic
biomass under relatively low HRT (10–12 h) [24]. In methanogenic reactors, immobilized
biomass may enhance resistance to organic loading variations and improve the conversion
of soluble intermediates. Previous studies using AnSTBR systems for sugarcane-derived
wastewaters indicate that this configuration is promising for high-rate anaerobic conversion
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and bioenergy recovery, although further process development is still required [19,24–27]
when considering highly complex wastewaters.

Despite these advances, few studies have integrated fermentative hydrogen produc-
tion, methanogenic conversion, inhibitor transformation, and mass-balance interpretation
for real pentose liquor in continuous anaerobic systems. This integration is essential be-
cause pentose liquor valorization should not be evaluated only by maximum hydrogen
or methane yield. Instead, process performance depends on how organic matter is redis-
tributed among hydrogen, methane, soluble metabolites, biomass, inhibitory compounds,
and residual chemical oxygen demand (COD) under different operational conditions.

This study assessed the valorization of real, non-detoxified pentose liquor generated
during sugarcane bagasse hydrothermal pretreatment using two-stage AnSTBR systems.
Although the AD of complex wastewaters has greatly evolved within the last decade (such
as in the case of sugarcane vinasse [16,19,21,22,24–27]), numerous challenges remain unex-
ploited in the case of non-detoxified pentose liquor, since enhancing reactor performance is
strictly dependent on the fate of inhibitors, and not only on the usual definition of suitable
HRT and organic loading rate (OLR) levels. This work initially evaluated the fermentation
of pentose liquor under increasing OLR, followed by the comparison between a two-stage
(fermentation + methanogenesis) system and a single-stage (methanogenic) reactor. The
main objective was to determine how pentose liquor concentration, operational conditions,
inhibitor transformation, and phase separation affected hydrogen and methane recovery.
The central hypothesis was that pentose liquor conversion is governed not only by the
OLR or COD availability, but also by substrate complexity, inhibitory compounds, and the
integration between fermentation and methanogenic conditions.

2. Materials and Methods
2.1. Pentose Liquor Origin and Characterization

Pentose liquor was obtained from the hydrothermal pretreatment of sugarcane bagasse
and used as the main substrate for sequential biohydrogen and methane production. The
sugarcane bagasse used to generate the liquor was collected from São Martinho mill
(Pradópolis, SP, Brazil), and the hydrothermal pretreatment was performed at the Pi-
lot Plant for Process Development of the Brazilian Bioethanol Science and Technology
Laboratory (CTBE)—now Brazilian Biorenewables National Laboratory (LNBR)—of the
Brazilian Center for Research in Energy and Materials (CNPEM) (Campinas, SP, Brazil).
The hydrothermal pretreatment conditions were 190 ◦C, 10 min, and 9% total solids (w/w),
according to the procedure previously adopted for sugarcane bagasse pretreatment. The
liquid fraction obtained after pretreatment, hereafter referred to as pentose liquor, was
stored at −15 ◦C until use. Pentose liquor was preliminary characterized, including the
COD, total carbohydrates, specific carbohydrates, organic acids, furfural, 5-HMF, total
Kjeldahl nitrogen, and total phosphorus. Total carbohydrates were expressed as sucrose
equivalents, whereas specific carbohydrates, including xylose, arabinose, glucose, galactose,
mannose, and cellobiose, were determined by high-performance liquid chromatography
(HPLC). The average characterization of the pentose liquor used in the experiments is
presented in Tables 1 and 2.

Table 1. Reference composition of pentose liquor produced by hydrothermal pretreatment. Data
provided by LNBR/CNPEM.

Component Unit Raw Pentose Liquor After Acid Hydrolysis

Arabinose mg L−1 700 1040
Glucose mg L−1 60 3890
Xylose mg L−1 3010 15,590
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Table 1. Cont.

Component Unit Raw Pentose Liquor After Acid Hydrolysis

Cellobiose mg L−1 0 0
Formic acid mg L−1 220 770
Acetic acid mg L−1 1890 3210

5-Hydroxymethylfurfural (5-HMF) mg L−1 60 40
Furfural mg L−1 430 1050

Table 2. Composition characteristics of pentose liquor monitored during the experimental stages.

Parameter Unit R1-E1 R1-E2 R3-E2

Chemical oxygen demand (COD) mg L−1 32,557 ± 7225 31,539 ± 7008 28,987 ± 5398
Total carbohydrates mg sucrose L−1 24,351 ± 5970 26,737 ± 4523 22,778 ± 5971

Carbohydrates/COD ratio - 0.75 0.82 0.82
Total Kjeldahl nitrogen mg L−1 47.4 47.4 47.4

Total phosphorus mg L−1 5.0 5.0 5.0
COD:N:P ratio - 500:0.7:0.08 500:0.8:0.08 500:0.8:0.09

Notes: R1-E1 = fermentative reactor operated during phase 1; R1-E2 = fermentative reactor operated during phase
2; R3-E2 = single-stage methanogenic reactor operated during phase 2. Total carbohydrates were expressed as
sucrose equivalents.

2.2. Reactor Configuration

Bench-scale upflow AnSTBR systems were used for fermentative and methanogenic
conversion of pentose liquor. The reactors were made of acrylic tubes and operated under
continuous flow conditions using diaphragm pumps (models DDC6-10 A-PV/T/C-F-
31/001F and DDE 6-10 P-PVC/V/C-X-31U2U2FG, Grundfos, Denmark). The fermentative
reactors were filled with low-density polyethylene (LDPE) cylinders used as support
material for biomass attachment, following previous experiences on wastewater fermen-
tation [24,26,28,29]. The cylinders were approximately 3 cm long and 2 cm in diameter
and were orderly arranged along the bed zone. This configuration resulted in a useful
volume of 2.06 L and a void index of 82%. The methanogenic reactors were filled with
polyurethane (PU) foam strips fixed to the bed zone by means of stainless steel screens. The
useful volume of the methanogenic reactors was 1.53 L, with a void index of 66%. Biogas
produced in each reactor was collected from the headspace and quantified using gas meters
(model MGC-1 V30, Dr-Ing. Ritter Apparatebau GMBH & Co. KG, Bochum, Germany)
connected to hydraulic seals to prevent liquid entrainment. The reactors were operated in
temperature-controlled chambers (model 410-DRE, Nova Ética, Vargem Grande Paulista,
SP, Brazil) according to the operational phases described in Sections 2.3–2.5. Figure 1
depicts an overview of the bench-scale reactors monitored in this study.

Figure 1. Anaerobic structured-bed reactor (AnSTBR) systems operated in this study. Nomenclature:
R1 = fermentative reactors, R2 = second-stage methanogenic reactor, R3 = single-stage methanogenic
reactor, E1 = experimental phase 1, E2 = experimental phase 2.
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2.3. Experimental Design

The experimental work was divided into two phases. Direct fermentation of diluted
pentose liquor was assessed in phase 1 (E1), whereas modified fermentative conversion,
methanogenesis of organic acid-rich effluent, and single-stage methanogenesis were studied in
phase 2 (E2). The nomenclature adopted for the reactors was as follows: R1-E1 = fermentative
reactor operated during phase 1, R1-E2 = fermentative reactor operated during phase 2, R2-E2
= second-stage methanogenic reactor operated during phase 2 (fed with the effluent from
R1-E2), and R3-E2 = single-stage methanogenic reactor operated during phase 2 (fed directly
with the same substrate used in R1-E2 feeding). A specific subset of R1-E1 was assessed
separately, namely, R1-E1*. This subset corresponds to the period in which the pentose liquor
concentration in the influent was equal to or lower than 0.4 L L−1, which was the maximum
pentose liquor concentration applied to R1-E2. This subset was used to allow a more consistent
comparison between the performance of fermentation during phases E1 and E2.

2.4. Phase 1: Direct Fermentation of Pentose Liquor

In phase 1, the fermentative reactor R1-E1 was operated for 285 days under mesophilic
conditions (30 ◦C). The reactor was fed with pentose liquor diluted in water, without nutrient
supplementation, co-substrate addition, or buffer dosing. The influent pH was adjusted to
6.5–7.5 using a 50% (m/V) sodium hydroxide (NaOH) solution. The HRT was maintained at
24 h, corresponding to an influent flow rate of approximately 86 mL h−1. The reactor was
subjected to successive increases in pentose liquor concentration in the influent to evaluate the
effect of the OLR on biohydrogen evolution and process stability. Pentose liquor dilution rates
ranged from 0.10 to 0.80 L L−1, corresponding to theoretical OLR varying from approximately
3.0 to 24.0 kg COD m−3 d−1 (Table 3). After the successive increase in the OLR, the pentose
liquor dilution was reduced again to 0.20 L L−1 as a strategy to recover reactor performance.
Actual OLR levels were calculated using the measured COD concentrations of the influent.

Table 3. Feeding and operating conditions assessed in reactor R1-E1 (fermentative step).

Operating Period (d) Pentose Liquor Fraction in Tap
Water (L L−1)

Total Carbohydrates a

(mg L−1)
Organic Loading Rate a

(kg COD m−3 d−1)

1–46 0.1 2600 3.0
47–55 0.2 5200 6.0
56–88 0.3 7800 9.0
89–102 0.4 10,400 12.0

103–123 0.5 13,000 15.0
124–146 0.6 15,600 18.0
147–188 0.7 18,200 21.0
189–204 0.8 20,800 24.0
205–285 0.2 5200 6.0

Notes: a Theoretical values considering total carbohydrate concentration = 26,000 mg L−1 and chemical oxygen
demand (COD) = 30,000 mg L−1 in pentose liquor. The HRT was maintained fixed at 24 h.

2.5. Phase 2: Modified Fermentation Coupled with Methanogenesis

In phase 2, three reactors were operated: a fermentative reactor (R1-E2) and two
methanogenic systems, namely, R2-E2 (second-stage) and R3-E2 (single-stage). R1-E2 was
fed with diluted pentose liquor (dilution rate ranging from 0.20 to 0.40 L L−1) blended
with sucrose as co-substrate (OLR = 15.6–25.3 kg COD m−3 d−1). The influent was supple-
mented with macro- and micronutrients and buffered with sodium bicarbonate (NaHCO3).
Nitrogen supplementation was performed using urea following a carbon-to-nitrogen (C/N)
ratio of 140, an optimal value defined to maximize mesophilic biohydrogen production
from sucrose-based wastewater [30]. Micronutrient supplementation followed an adapted
medium often used in biohydrogen-producing systems [31,32], including nickel, iron,
cobalt, calcium, selenium, and phosphate salts—compositional details of the nutrient solu-
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tions are presented in the Supplementary Data Section. NaHCO3 was added as a buffering
agent at 500 mg L−1. The use of sucrose, nutrient supplementation, buffering, and tempera-
ture adjustment aimed to improve biomass growth and carbohydrate conversion. R1-E2
was operated with an HRT of 12 h (mean flow rate of approximately 172 mL h−1), while
the temperature was initially 3 set at 0 ◦C and subsequently increased to 37 ◦C (Table 4).

Table 4. Feeding and operating conditions assessed in reactors R1-E2 (fermentative step) and R2-E2
(second-stage methanogenic step).

Reactor Operating
Period (d)

Temperature
(◦C)

Pentose Liquor
Fraction in Tap

Water
(L L−1)

Sucrose
(mg L−1)

Total
Carbohydrates

(mg L−1)

COD
(mg L−1)

Organic Loading
Rate

(kg COD m−3 d−1)

R1-E2
(HRT = 12 h)

1–34 30 0.2 1600 6800 a - 15.6 a

35–59 30 0.2 800 6000 a - 13.8 a

60–106 37 0.2 800 6000 a - 13.8 a

107–122 37 0.3 700 8500 a - 19.6 a

123–154 37 0.4 600 11,000 a - 25.3 a

155–170 37 0.3 700 8500 a - 19.6 a

R2-E2
(HRT = 36 h)

1–34 30 - - 3347 b 6856 b 6.9 b

35–59 30 - - 1704 b 6617 b 6.6 b

60–106 37 - - 2181 b 6551 b 6.5 b

107–122 37 - - 3574 b 7737 b 7.7 b

123–154 37 - - 4687 b 9863 b 9.9 b

155–170 37 - - 3594 b 7850 b 7.8 b

Notes: a Theoretical values considering total carbohydrate concentration = 26,000 mg L−1 and chemical oxygen
demand (COD) = 30,000 mg L−1 in pentose liquor. b Experimental values (total carbohydrate concentrations and
COD measured in the fermented effluent).

R2-E2 was operated as the methanogenic step of the two-stage AD system and was
fed with the effluent from R1-E2. Prior to feeding R2-E2, the pH of the fermented effluent
was adjusted to 6.5, and nutrient supplementation and buffer correction with NaHCO3

were carried out. The HRT was maintained at 36 h (mean flow rate of approximately 43
mL h−1). Meanwhile, the single-stage methanogenic reactor (R3-E2) was fed directly with
the same mixed substrate used for R1-E2. The HRT was maintained at 48 h (mean flow
rate of approximately 32 mL h−1) (Table 5). For the methanogenic reactors, nutrients were
supplemented to achieve a COD:N:P ratio of 500:5:1, characterizing an intermediate relation
considering slow- (1000:5:1) and fast-growing (350:5:1) anaerobic microbial biomass [33].

Table 5. Feeding and operating conditions assessed in reactor R3-E2 (single-stage methanogenic system).

Operating Period (d) Temperature (◦C)
Pentose Liquor
Fraction in Tap
Water (L L−1)

Sucrose
(mg L−1)

Total Carbohydrates a

(mg L−1)
Organic Loading rate a

(kg COD m−3 d−1)

1–34 30 0.2 1600 6800 7.8
35–59 30 0.2 800 6000 6.9

60–106 37 0.2 800 6000 6.9
107–122 37 0.3 700 8500 9.8
123–154 37 0.4 600 11,000 12.7
155–170 37 0.3 700 8500 9.8

Notes: a Theoretical values considering total carbohydrate concentration = 26,000 mg L−1 and chemical oxygen
demand (COD) = 30,000 mg L−1 in pentose liquor. The HRT was maintained at 48 h.

2.6. Inoculation Procedures

The fermentative reactors were inoculated by natural fermentation, based on the
findings presented elsewhere [31]. This procedure includes the initial fermentation of
the substrate (3 days) in a dark chamber at the process temperature, followed by the
recirculation (5–7 days in batch mode) of the fermented broth into the reactor. The process,

https://doi.org/10.3390/resources15080107

https://doi.org/10.3390/resources15080107


Resources 2026, 15, 107 7 of 26

which has been successfully used in the inoculation of sugarcane vinasse- [24,26,28] and
molasses-fed [34] reactors, aims to both stimulate the growth of autochthonous bacteria
and provide conditions for the initial formation of the biofilm by promoting the attachment
of biomass to the support material (LDPE rings).

For R1-E1, the inoculation was initially attempted using non-diluted pentose liquor.
However, the direct use of liquor did not promote satisfactory carbohydrate conversion,
probably due to the combined effects of low pH, high organic matter concentration, and in-
hibitory compounds. Therefore, the start-up strategy was modified by using pentose liquor
diluted tenfold in water, with pH adjusted to 6.5. After this modification, carbohydrate con-
version was observed, and the reactor was subsequently operated under increasing OLR.
Based on the drawbacks observed in liquor natural fermentation in R1-E1, the inoculation
strategy was modified in R1-E2. A sucrose-based solution was naturally fermented and
recirculated through the reactor to promote biomass development. After this initial stage,
the reactor was fed with sucrose solution and then with a mixed sucrose–pentose liquor
substrate to adapt the biomass to the experimental conditions.

The methanogenic reactors R2-E2 and R3-E2 were inoculated with anaerobic sludge
obtained from a full-scale upflow anaerobic sludge blanket (UASB) reactor treating poultry
slaughterhouse wastewater. The sludge was immobilized in polyurethane foam according
to the procedure described elsewhere [19,27]. Previous characterization of the anaero-
bic sludge revealed the predominance of both Methanosaeta (now Methanothrix) among
methanogens and genes related to acetotrophic methanogenesis compared to methy-
lotrophic and hydrogenotrophic ones [35]. Genes associated with the degradation of
aromatic compounds were also identified in the sludge, indicating that this inoculum was
appropriate for treating pentose liquor containing furfural and 5-HMF.

2.7. Analytical Methods and Performance Assessment

Reactor monitoring was based on the regular analysis of samples obtained from both
the liquid and gas phases. For the liquid phase, COD, volatile suspended solids, and pH
were determined according to Standard Methods for the Examination of Water and Wastew-
ater [36]. Filtered COD was measured using 0.45 µm membranes, whereas suspended solids
analyses were performed using 1.2 µm membranes. Total carbohydrates were determined
by the phenol–sulfuric acid colorimetric method using sucrose as standard [37]. Results
were expressed as mg sucrose L−1. Total volatile organic acids (TVOA) were determined
by titration (results obtained in terms of mg HAc L−1, HAc = acetic acid) according to
Ripley et al. [38]. Organic acids and solvents were determined by HPLC using a Shimadzu
system equipped with UV/DAD and refractive index detectors, as described elsewhere [31].
The analyzed compounds included acetic, lactic, propionic, isobutyric, butyric, isovaleric,
valeric, and caproic acids, as well as selected solvents. An Aminex HPX-87H column was
used, with sulfuric acid solution as the mobile phase. Samples containing pentose liquor
were pretreated by precipitation and solid-phase extraction to reduce matrix interference
before chromatographic analysis. Specific carbohydrates, furfural, and 5-HMF were also
determined by HPLC using an adapted methodology based on National Renewable En-
ergy Laboratory (NREL) procedures [39]. The analyzed carbohydrates included cellobiose,
glucose, mannose, galactose, xylose, and arabinose. Solid-phase extraction cartridges were
used to minimize interference from the complex pentose liquor matrix. Biogas flow was
measured using gas meters, as described in Section 2.2. Biogas composition was deter-
mined by gas chromatography using a Shimadzu GC-2010 system equipped with a thermal
conductivity detector and a Carboxen 1010 Plot column. Argon was used as carrier gas.
Hydrogen, methane, and carbon dioxide fractions were quantified [40].
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Performance assessment was based on the calculation of consolidated response vari-
ables [24–27,29,32], including the COD removal efficiency (ERCOD, %), carbohydrate conver-
sion efficiency (ECCH, %), biogas production rate (BPR, NmL d−1), hydrogen production rate
(HPR, NmL H2 d−1), hydrogen yield (HY, mol H2 mol−1 carbohydrateconverted), methane
production rate (MPR, NmL d−1), and methane yield (MY, NmL CH4 g−1 CODremoved). The
variation in furfural and 5-HMF concentrations (influent–effluent) was also obtained, with
positive values indicating removal and negative values indicating accumulation. For the
combined two-stage AD system (R1-E2 + R2-E2), overall removal or conversion efficiencies
were calculated considering the influent of R1-E2 and the effluent of R2-E2.

Soluble-phase and global mass balance recoveries were calculated based on COD
equivalents of quantified soluble compounds, gas products, and volatile suspended solids.
The soluble-phase mass balance considered the COD equivalents of carbohydrates, organic
acids, furfural, and 5-HMF quantified in the liquid phase. The global mass balance addi-
tionally included COD recovered as hydrogen or methane and the COD associated with
volatile suspended solids—please refer to the Supplementary Data Section.

Operational data were grouped according to reactor and experimental condition.
Mean values, standard deviations, and maximum values were used to summarize reactor
performance. Boxplots were prepared to compare acidogenic performance among R1-E1,
R1-E1*, and R1-E2, and to compare methanogenic and combined-system performance
among R2-E2, R3-E2, and R1-E2 + R2-E2.

3. Results and Discussion
For clarity and conciseness, overall reactor performance data were presented as inte-

grated operational values rather than subdivided by individual OLR-based phases. This
approach facilitates direct comparison among reactor configurations while avoiding ex-
cessive fragmentation of the dataset in the main text. Performance data according to each
experimental stage of reactors R1-E1, R1-E2, R2-E2, and R3-E2 are available as Supplemen-
tary Materials. The mass balances are also presented as Supplementary Materials.

3.1. Fermentation of Non-Supplemented Pentose Liquor Under Increasing OLR

The first experimental stage was designed to evaluate whether real, non-detoxified
pentose liquor could be directly converted into biohydrogen without co-substrate addition,
nutrient supplementation, or buffering. Reactor R1-E1 therefore represented the least
complex operational configuration tested in this study and was used as a baseline for
assessing both the feasibility and the limitations of direct pentose liquor valorization via
fermentation. Selecting this experimental approach was based on previous studies with
sugarcane vinasse, another complex substrate from which biohydrogen evolution was
successfully achieved [41,42].

During phase 1, R1-E1 was operated under successive increases in pentose liquor
concentration (from 0.1 to 0.8 L L−1; Table 3), resulting in increasing OLR levels (from 3.3 to
30.2 kg COD m−3 d−1, considering experimental values). COD removal was not the main
response variable, since the conversion of carbohydrates into soluble metabolites was the
dominant transformation pathway. Overall liquid-phase performance data of R1-E1 are
depicted in Figure 2, which also includes specific data for subset R1-E1* and comparative
data referring to R1-E2. Accordingly, the reactor showed limited COD reduction, while
carbohydrate conversion, organic acid formation, biogas production, and biohydrogen
evolution varied substantially throughout the operational period.
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Figure 2. Comparative liquid-phase performance analysis of R1-E1, R1-E1*, and R1-E2, showing
the (a) carbohydrate conversion efficiency (ECCH), (b) total volatile organic acids (TVOA) in the
effluent, (c) net furfural concentration, and (d) net 5-hydroymethylfurfural (5-HMF) concentration.
R1-E1 corresponds to the complete operational period of the fermentative reactor in phase 1, R1-
E1* corresponds to the subset of R1-E1 operated with a maximum pentose liquor concentration of
0.40 L L−1 (OLR < 12.0 kg COD m−3 d−1), and R1-E2 corresponds to the modified fermentative
reactor operated during phase 2. Net concentrations refer to the difference between influent and
effluent concentrations.

Carbohydrate conversion increased during the initial operational period and reached
its highest values at low OLR (37–54%, mean values, OLR < 5.6 kg COD m−3 d−1).
The maximum carbohydrate conversion observed in R1-E1 was 75% (OLR = 5.6 kg
COD m−3 d−1), indicating that the microbial consortium developed by natural fermenta-
tion was able to metabolize the carbohydrate fraction of pentose liquor even in the absence
of external nutrient supplementation. However, carbohydrate conversion decreased a
from 29% to 6% as the OLR was increased to 30.2 kg COD m−3 d−1 6%, suggesting that
fermentation became progressively constrained as the concentration of pentose liquor and
its associated inhibitory or recalcitrant compounds increased.

Gas-phase performance data are shown in Figure 3. Biohydrogen production was
markedly low in R1-E1, following a pattern similar to that observed for carbohydrate
conversion: the HPR increased from 117.6 to 314 NmL d−1 as the OLR increased from
3.3 to 10.0 kg COD m−3 d−1, while the HY remained relatively stable at 0.63–0.89 mol
H2 mol−1 carbohydrateconverted. The hydrogenogenic activity completely ceased for higher
OLR levels, indicating a shift in the prevailing fermentative pathways. Within the context of
sugarcane biorefineries, this result shows a clear limitation of pentose liquor fermentation in
fixed-film reactors compared to other by-products. Biohydrogen evolution was maximized
when applying an OLR of 70–80 kg COD m−3 d−1 in the case of vinasse [22,28,41,42], a
value equivalent to that observed for molasses [34,43].
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Figure 3. Comparative gas-phase performance analysis of R1-E1, R1-E1*, and R1-E2, showing the
(a) biogas production rate (BPR), (b) hydrogen fraction in biogas (f-H2), (c) hydrogen production
rate (HPR), and (d) hydrogen yield (HY). R1-E1 corresponds to the complete operational period
of the fermentative reactor in phase 1, R1-E1* corresponds to the subset of R1-E1 operated with a
maximum pentose liquor concentration of 0.40 L L−1 (OLR < 12.0 kg COD m−3 d−1), and R1-E2
corresponds to the modified fermentative reactor operated during phase 2. HY was calculated in
terms of carbohydrate consumption.

The breakdown of the primary organic acids (butyric, acetic, propionic and lactic acids)
supports this interpretation. During the initial period, when the applied OLR was lower,
butyric acid was one of the main soluble products (concentrations of 291.1–791.7 mg L−1

when OLR = 3.3–12.1 kg COD m−3 d−1), which is consistent with hydrogen-producing
pathways [13,16,17]. Butyric acid can be produced from direct sugar (hexose) fermentation
(Reaction (1) [17]) and acetic acid chain elongation using lactic acid as a supplemental
carbon source (Reaction (2) [44]), both pathways commonly observed during the fermenta-
tion of sugarcane-derived by-products [22,24,34,43]. Pentose (xylose) fermentation most
likely also contributed to butyric acid production, as evidenced in Reaction (3) [45]. As
the OLR increased, lactic acid accumulation became more relevant (concentrations usually
exceeding 1200 mg L−1 for OLR ≥ 12.1 kg COD m−3 d−1), indicating a shift toward non-
hydrogen-producing routes and/or the non-favoring of hydrogen-producing ones, such as
Reaction (2). Figure 4 shows the overall variation in primary metabolite concentrations in
fermented substrates.

C6H12O6 → CH3(CH2)2COOH + 2 H2 + 2 CO2 (1)

CH3COOH + 2 CH3CH(OH)COOH → H2 + 1.5 CH3(CH2)2COOH + 2 CO2 + H2O (2)

C5H10O5 → 0.83 CH3(CH2)2COOH + 1.67 H2 + 1.67 CO2 (3)
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Figure 4. Primary organic acids measured in fermented pentose liquor samples. R1-E1 corresponds
to the complete operational period of the fermentative reactor in phase 1, and R1-E2 corresponds to
the modified fermentative reactor operated during phase 2. The values refer to net concentrations,
considering the difference between the concentrations measured in the effluent (fermented liquor)
and in the influent stream (raw liquor).

The occurrence of lactic acid production is particularly relevant because lactate for-
mation diverts reducing equivalents and carbohydrate conversion away from hydrogen-
producing pathways—Reactions (4) [17] and (5) [46]. This behavior has been reported as an
important limitation in dark fermentation of lignocellulosic hydrolysates, where substrate
composition, pH, microbial selection, and inhibitory compounds strongly affect electron
distribution and metabolic routes [10,11]. In the present study, lactate accumulation co-
incided with lower hydrogen production and reduced process stability, supporting the
interpretation that increasing pentose liquor concentration shifted the acidogenic pathway
from hydrogen-favorable routes toward competing fermentation routes. The fermentation
pH (always below 4.5 in terms of mean values, regardless of the applied OLR) may have
favored this pattern, mainly when excess substrate or excess concentrations of inhibiting
compounds (OLR > 12.1 kg COD m−3 d−1) were applied to the reactor. Previous studies
with sugarcane vinasse [22,28] and molasses [43] indicated limited biohydrogen evolution
for pH values below 5.0, usually because of the establishment of non-favorable conditions
for hydrogen-producing bacteria that utilize lactic acid.

C6H12O6 → 2 CH3CH(OH)COOH (4)

3 C5H10O5 → 5 CH3CH(OH)COOH (5)

Interestingly, acetic acid concentrations also increased at higher OLR, i.e., concentra-
tions ranging between 873.3 and 1810.1 mg L−1 for OLR = 17.9–30.2 kg COD m−3 d−1,
representing values at least twofold higher than those observed under hydrogen-producing
conditions. This result provides evidence for the possible occurrence of homoacetogene-
sis (Reaction (6)) in R1-E1, since hydrogen and carbon dioxide consumption to produce
acetate also reduces net hydrogen recovery [17]. Studies on the fermentation of sugarcane-
derived by-products (juice, molasses and vinasse) frequently indicate the occurrence of
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homoacetogenesis in mesophilic reactors [24,26,47–49], which supports this hypothesis.
Acetic acid accumulation may have also resulted from lactic acid decomposition (Reaction
(7)) [50], characterizing a pathway that replaces biohydrogen evolution (Reaction (2)) under
relatively low substrate availability [51]—such as in the case of R1-E1 (OLR < 24.0 kg
COD m−3 d−1). However, other experimental evidence, namely, lactic acid accumulation
and the low concentrations of propionic acid (which is also produced according to Reac-
tion (7)), suggests the non-occurrence (or at least marginal) of this pathway. Meanwhile, the
heterolactic fermentation of pentose (xylose/arabinose) (Reaction (8) [52]) could explain
the increase in the concentrations of both acetic and lactic acids.

4 H2 + 2 CO2 → CH3COOH + 2 H2O (6)

3 CH3CH(OH)COOH → 2 CH3CH2COOH + CH3COOH + CO2 + H2O (7)

C5H10O5 → CH3CH(OH)COOH + CH3COOH (8)

The observed behavior agrees with the general understanding that hydrogen produc-
tion from lignocellulosic hydrolysates is not controlled only by carbohydrate availability,
but also by hydrolysate composition, electron distribution, pH, microbial selection, and
the presence of pretreatment-derived inhibitors [10,11]. Liu et al. [10] emphasized that
lignocellulosic hydrolysates differ substantially from synthetic sugar solutions because
their conversion depends on the balance between fermentable sugars, inhibitory com-
pounds, and competing metabolic routes. Therefore, the decrease in biohydrogen recovery
observed at higher pentose liquor concentrations is consistent with the hypothesis that
increasing liquor fraction intensified substrate complexity rather than merely increasing
biodegradable COD.

The behavior of furfural and 5-HMF further reinforces the complexity of direct pentose
liquor conversion. The hydrolysis of xylan and cellulose released during biomass pretreat-
ment initially produces xylose and glucose monomers, whose reversible isomerization
to xylulose and fructose, respectively, followed by dehydration, originates furfural and
5-HMF [53]. Furfural concentration decreased in the effluent during reactor operation
(Figure 2c, predominance of positive values), suggesting that the fermentative biomass
developed some capacity to transform this compound. In contrast, 5-HMF showed lower
conversion, indicating that this compound was more persistent under the conditions im-
posed in R1-E1 (Figure 2d, predominance of negative values). Products derived from the
degradation of furfural (e.g., furfural alcohol and 2-furoic acid [54,55]) and 5-HMF (e.g.,
5-hydroxymethyl-2-furoic acid and furan-2,5-dicarboxylic acid [55]) were not measured
in this study, which hinders discussing about possible metabolic pathways. Nevertheless,
studies reported on the production of acetic acid in furfural fermentation mediated by
Desulfovibrio species [56,57], which aligns with the accumulation of acetic acid in R1-E1, as
previously discussed.

The difference observed in terms of furfural and 5-HMF degradation is relevant
because it suggests that the inhibitory fraction of pentose liquor should not be treated as
a single group of compounds; instead, furfural and 5-HMF may follow distinct variation
patterns depending on the microbial and operational conditions. Anburajan et al. [58]
observed that 5-HMF distinctly affected galactose fermentation in continuous and batch
reactors, reaching a stronger extent in the latter. The authors also reported the favoring of
lactic acid-producing bacteria (Lactobacillus) by 5-HMF, which is consistent with the results
observed in R1-E1.

Overall, phase 1 demonstrated that achieving biohydrogen production from pentose
liquor fermentation is possible, but highly fragile and challenging. The system performed
better under low OLR (using the optimal values defined for vinasse as the reference) and
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lost stability when the concentration of pentose liquor was increased beyond the favorable
range. These results provided the basis for the operational modifications adopted in phase
2, as detailed in Section 3.2.

3.2. Effect of Operational Modifications on Fermentation Performance

The limitations observed in R1-E1 guided the operational modifications implemented
in phase 2. The comparison between R1-E1, R1-E1*, and R1-E2 was therefore used to distin-
guish the fermentation performance of non-supplemented and supplemented/buffered
pentose liquor. Compared with R1-E1, reactor R1-E2 was operated under a different set
of conditions, including sucrose addition (concentrations between 1600 and 600 mg L−1,
depending on the operating phase; Table 4) as co-substrate, macro- and micronutrient
supplementation, sodium bicarbonate buffering, reduced HRT (12 h), and temperature
increase from 30 to 37 ◦C. As a result, OLR levels of 16.6 and 15.8 kg COD m−3 d−1 were
initially tested under 30 ◦C, while higher OLRs (15.7–23.7 kg COD m−3 d−1) were applied
once the temperature was increased to 37 ◦C.

These modifications were not intended to isolate the effect of a single variable, but
rather to test whether a more favorable operational environment (in theory) could improve
the fermentation of pentose liquor and support subsequent methanogenic conversion. The
need for nutrient supplementation, buffering, and operational adjustment is consistent
with previous reports on dark fermentation of lignocellulosic hydrolysates, in which
inhibitory by-products, nutrient imbalance, and insufficient alkalinity were demonstrated
to reduce hydrogen-producing activity [10,11]. Basak et al. [11] reviewed that compounds
generated during lignocellulosic pretreatment may affect hydrogen-producing bacteria
and alter mixed-culture dynamics. In this context, the improved stability of R1-E2, despite
the equally low biohydrogen production, should be interpreted as the result of a more
favorable operational environment for fermentation, rather than as the isolated effect of a
single factor.

Overall carbohydrate conversion increased in R1-E2 compared to R1-E1. Mean values
within the range of 50–61% were observed for OLR of up to 19.3 kg COD m−3 d−1, showing
improvements relative to the fermentation of non-supplemented liquor. ECCH levels
obtained in R1-E2 were higher than those reported by Soares et al. [13], who observed mean
values of 28.0 and 29.3% in continuous compartmented reactors fed with sugarcane bagasse-
derived hydrolysate. Hence, the operating strategy applied in R1-E2 was demonstrated to
be effective in facilitating fermentation, although using pure sucrose as the co-substrate
would most likely be techno-economically prohibitive at larger scales. Utilizing sugar-rich
by-products to replace sucrose, either sugarcane [34,43,48] or soybean [59] molasses, could
be an option in this case.

Total volatile organic acids (TVOA) in the effluent averaged 2230.6 mg HAc L−1 in R1-
E1, 1238.0 mg HAc L−1 in R1-E1*, and 2249.3 mg HAc L−1 in R1-E2 (Figure 2b), indicating
that the modified fermentative process maintained similar metabolite production while
improving carbohydrate conversion. The higher and less dispersed TVOA concentrations
observed in the effluent of R1-E2 also indicate that the modified operational conditions
favored a more consistent fermentative activity.

The organic acid profile provides additional insight into the effect of the operational
modifications. In R1-E1, increasing OLR was associated with lactate accumulation and
loss of biogas production, indicating a shift toward non-hydrogen-producing pathways.
In R1-E2, lactate was also detected (with mean concentrations higher than 1000 mg L−1

observed only when OLR > 19.3 kg COD m−3 d−1), but biogas production was maintained,
suggesting that the modified conditions prevented the complete dominance of unfavorable
pathways or improved the resilience of the fermentative consortium. The persistence of
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acetic acid accumulation (mean concentrations exceeding 1000 mg L−1), reaching almost 10-
fold butyric acid concentrations, suggests that acetic-type fermentation (Reactions (9) [17]
and (10) [45]) may have been stimulated/favored under these conditions.

C6H12O6 + 2 H2O → 2 CH3COOH + 4 H2 + 2 CO2 (9)

C5H10O5 + 1.67 H2O → 1.67 CH3COOH + 3.33 H2 + 1.67 CO2 (10)

Hydrogen production in R1-E2 was continuous throughout phase 2, contrasting
with the pattern observed in R1-E1 (characterized by interruptions in gas evolution
once OLR > 10–12 kg COD m−3 d−1) under unfavorable OLR conditions. R1-E2 showed
higher mean HPR than R1-E1 and R1-E1* (Figure 3a,c). HPR varied from 129.6 NmL
d−1 to 160.8 NmL d−1 as the OLR increased from 16.6 kg COD m−3 d−1 (30 ◦C) to
23.7 kg COD m−3 d−1 (37 ◦C). However, HY followed an opposite pattern: mean HY
values (0.14–0.35 mol H2 mol−1 carbohydrateconverted) were much lower than those ob-
served in R1-E1 (0.63–0.89 mol H2 mol−1 carbohydrateconverted) (Figure 3d). Equally low
effluent pH values were observed in R1-E2 (<4.5, mean values), which may also explain
the impaired hydrogenogenic activity. This discrepant trend confirms that improved gas
production did not necessarily correspond to higher conversion efficiency toward hydro-
gen [16]. This apparent trade-off suggests that the modifications adopted in phase 2 favored
stable conversion and organic acid production rather than selective hydrogen generation.

The behavior of furfural and 5-HMF conversion also differed between the two fermen-
tative reactors. Net furfural variation was much higher in R1-E1 than in R1-E1* and R1-E2,
indicating that furfural uptake did not follow the same pattern observed for carbohydrate
conversion (Figure 2c). Nevertheless, the removal trend persisted in R1-E2. In contrast,
5-HMF showed a more favorable removal pattern in R1-E2, shifting from negative aver-
age net variation in R1-E1 and R1-E1* to positive values under the modified acidogenic
conditions (Figure 2d), i.e., with conversion prevailing over accumulation. This result
suggests that the operational modifications may have contributed to partial transforma-
tion of 5-HMF, although the extent of this effect remained limited. Overall, the behavior
of both compounds reinforces that inhibitor transformation depends on the operational
environment and should be evaluated together with carbohydrate conversion, organic acid
formation, and gas production. Nevertheless, the results obtained in this study do not
allow to completely eliminate potential inhibitory effects of furfural and 5-HMF.

Overall, the comparison between R1-E1, R1-E1*, and R1-E2 shows that the modified
operation of the fermentative step improved process stability and maintained biogas
production under conditions that were more demanding in terms of the OLR. Although
HY remained highly limited by the complexity of the substrate (including the occurrence
of competing metabolic routes, R1-E2 provided a more stable fermented effluent for the
methanogenic stage. Therefore, the main benefit resulting from the operation of R1-E2 is the
establishment of a more reliable first phase for integrated anaerobic valorization of pentose
liquor via methanogenesis. Yet, the relatively high residual carbohydrate concentrations
may trigger undesired enhanced fermentative activity in the methanogenic step, negatively
impacting methane evolution [60].

3.3. Methane Production: Comparing Two- and Single-Stage Systems

Despite the high-value products obtained from fermentative reactors, namely, biohy-
drogen and organic acids, currently available technological approaches heavily point to
methane generation as the primary option for valorizing organic-rich wastewaters within
the context of anaerobic processes. This aspect motivated the comparison between the
single- and two-phase methane-producing processes to valorize pentose liquor in this
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study, following previous experiences with sugarcane vinasse [19,25,27,61]. In addition,
the use of two-stage AD is supported by previous studies showing that separation of
fermentation and methanogenesis can improve process control when complex sugarcane-
derived streams are used as substrates [18–20]. Baêta et al. [18] evaluated hydrogen and
methane production from sugarcane bagasse hemicellulose hydrolysates using two-stage
AD and highlighted the role of the fermentative phase in both biohydrogen production
and substrate conditioning for methanogenesis. Similarly, recent assessments of 1G and
2G sugarcane processing wastes indicate that two-stage systems can be advantageous
when the objective is not only waste treatment, but also sequential energy recovery as
biohydrogen and mainly methane [20].

The two-stage system (R1-E2 + R2-E2) showed slightly higher overall COD re-
moval and carbohydrate conversion than the single-stage methanogenic reactor (R3-E2)
(Figure 5a,b), regardless of the operating phase. In R2-E2, marked increases in ERCOD

were observed only when the temperature was increased to 37 ◦C, varying between
72.5 and 83.5% (mean values) for OLR of 6.5–9.9 kg COD m−3 d−1. The single-stage
system (R3-E2) showed an ERCOD > 70% only at OLR of 9.8–12.7 kg COD m−3 d−1. Mean-
while, ECCH usually exceeded 95% in both reactors, regardless of the operating phase.
Despite both the intrinsic compositional complexity of pentose liquor and the different
levels of carbohydrates and inhibitory compounds (resulting from previous fermentation
in the case of R2-E2), the methanogenic systems performed equivalently.

Figure 5. Comparative liquid-phase performance analysis of the single- and second-stage
methanogenic reactors, showing the (a) COD removal efficiency (ERCOD), (b) carbohydrate con-
version efficiency (ECCH), (c) total volatile organic acids (TVOA) conversion, and (d) TVOA concen-
tration in the effluent. R2-E2 corresponds to the second-stage methanogenic reactor, R1-E2 + R2-E2
corresponds to the combined two-stage anaerobic system, and R3-E2 corresponds to the single-stage
methanogenic reactor.

The similar TVOA consumption efficiency and residual concentrations corroborate
the observed trend (Figure 5c,d). Once efficient COD removal was established in R2-E2
and R3-E2 (as previously described), effluent concentrations of acetic and propionic acids
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reached levels lower than 100 mg L−1. Marked propionic (~400–550 mg L−1) and mainly
acetic acid (~1500 mg L−1 in R2-E2 and up to 2500 mg L−1 in R3-E2) accumulation was
observed in both reactors only during the application of the lowest OLR (~6.0–7.0 kg
COD m−3 d−1) at the beginning of the operating phase at 30 ◦C. This trend most likely
occurred because of the relatively high OLR chosen to start up the reactors, indicating
that the anaerobic consortium, mainly methanogens, was not sufficiently adapted to the
compositional characteristics of the influent. The application of lower OLR during the
start-up of vinasse-fed high-rate anaerobic systems, namely, 0.5 kg COD m−3 d−1 [62]
and 1.0 kg COD m−3 d−1 [25,27] in AnSTBR systems, demonstrated to promptly stimulate
efficient methanogenesis. In this study, increasing the temperature to 37 ◦C offset the initial
metabolic limitations of the anaerobic consortia, explaining the enhanced consumption of
TVOA at the higher OLR.

The methanogenic reactors were able to convert residual carbohydrates from pentose
liquor, although not all sugar fractions behaved similarly. Different from the fermentative
phase, in which no clear preferential conversion of specific carbohydrates was observed,
the methanogenic stage showed preferential conversion of xylose relative to arabinose. This
result suggests that the composition of the residual carbohydrate pool may affect the final
performance of methanogenic conversion and that arabinose-rich residual fractions could
be more persistent under the tested conditions. The relative “recalcitrance” of arabinose
may have resulted from the co-occurrence of glucose, whose metabolism is limited by the
occurrence of carbon catabolite repression [63].

Methane production confirmed the feasibility of recovering energy from pentose
liquor, regardless of phase separation. An overall comparison in terms of biogas/methane
production rates (BPR and MPR), methane fraction in biogas (f-CH4) and methane yield
(MY) (Figure 6) shows a slightly better performance of R2-E2 relative to R3-E2. Focusing
on f-CH4 and MY, which better represent the efficiency of the methanogenic activity, R2-
E2 markedly outperformed R3-E2 once the temperature was increased to 37 ◦C. f-CH4

values exceeded 60% (mean values) in R2-E2, while values between 45.5 and 55.2% were
recorded for R3-E2. Regarding MY, mean values below 223.2 NmL CH4 g−1CODremoded

(64% of the theoretical value) were observed in R3-E2 (except during the last operating
phase—OLR = 7.9 kg COD m−3 d−1, in which MY = 301 NmL CH4 g−1 CODremoded).
Meanwhile, MY within the range of 220.9 and 299.8 NmL CH4 g−1 CODremoded was
calculated for R2-E2, indicating that over 85% of the theoretical MY was achieved.

It is noteworthy that the literature usually shows advantages of two-stage AD relative
to single-stage schemes within the context of complex wastewaters. Ferraz Júnior et al. [61]
observed improvements in the biodegradability and MY (and consequently, in the overall
energy recovery efficiency) of sugarcane vinasse AD when comparing two- and single-stage
systems. In this case, the methanogenic units consisted of UASB reactors. Volpini et al. [64]
and Ramos et al. [65] also verified higher bioenergy yields in the case of two-stage vinasse
AD relative to single-stage schemes using anaerobic sequencing batch biofilm and fluidized-
bed reactors, respectively. Oliveira et al. [66] also observed superior performance of two-
stage AD of sugarcane molasses on an energy basis, despite the equivalent COD removal
levels. Complementary comparative data on the performance of methanogenesis within
the context of complex sugarcane-derived substrates are presented in Table 6. Focus is
given to continuous reactors, with the predominance of vinasse. Despite the compositional
complexity of pentose liquor, the results show a highly competitive performance of both
R2-E2 and R3-E2 relative to the more consolidated AD of sugarcane vinasse.
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Figure 6. Comparative gas-phase performance analysis of R2-E2 and R3-E2, showing the (a) bio-
gas production rate (BPR), (b) methane fraction in biogas (f-CH4), (c) methane production rate
(MPR), and (d) methane yield (MY). R2-E2 corresponds to the second-stage methanogenic reactor,
R1-E2 + R2-E2 corresponds to the combined two-stage anaerobic system, and R3-E2 corresponds to
the single-stage methanogenic reactor.

Table 6. Comparative assessment of single- and two-stage continuous AD systems fed with complex
sugarcane-derived substrates. Data selection was based on the highest methane yield (MY) in each
study/operating condition. In the occurrence of equivalent MY for different conditions, performance
related to the highest OLR was considered.

Substrate Reactor/Process Temperature a OLR b ERCOD
c f-CH4

c MY d Reference

Vinasse UASB/two-stage 55 25.0 62.9 nr 283 [19]
Vinasse AnSTBR/two-stage 55 25.0 73.9 nr 301 [19]
Vinasse AnSTBR/two-stage 30 10.2 80.9 81.7 337 [25]
Vinasse AnSTBR/two-stage 55 10.4 77.4 79.6 330 [25]
Vinasse AnSTBR/two-stage e 30 18.1 77.3 81.8 307 [26]
Vinasse AnSTBR/two-stage f 30 17.2 77.2 84.1 339 [26]
Vinasse UASB/single-stage 55 25.0 60.7 58.4 234.2 [61]
Vinasse UASB/two-stage 55 25.0 63.0 75.9 306 [61]
Vinasse UASB/single-stage 22 15–20 87.5 65.0 266 g [62]
Vinasse AnSBBR/two-stage 30 3.8 83.0 88.0 694 h,i [64]
Vinasse AnFBR/single-stage 55 5.0 77.0 72.0 280 [65]
Vinasse AnFBR/two-stage 30 8.0 84.0 84.0 320 [65]
Vinasse AnFBR/two-stage 55 8.0 85.0 86.0 270 [65]
Vinasse AnPBR/single-stage 30 5.5 86.0 62.4 310 [67]
Vinasse AnSTBR/single-stage 30 10.2 75.0 64.3 310 [67]

Vinasse + pentose liquor j nSBR/single-stage 35 2.38 62.1 nr 228 [68]
Vinasse + pentose liquor j UASB/two-stage 35 2.25 87.6 nr 243 [68]

Pentose liquor UASB/single-stage 20–30 2.4 85.7 nr 270 [69]
Pentose liquor AnSTBR/single-stage 37 9.8 75.1 55.2 301 This study
Pentose liquor AnSTBR/two-stage 37 7.8 78.8 64.1 299.8 This study

Parameter units: a (◦C), b (kg COD m−3 d−1), c %, d NmL CH4 g−1 CODremoved. Notes: e Alkalinization
with NaHCO3 supplementation. f Alkalinization via effluent recirculation. g Value reported: 0.299 L CH4 g−1

CODremoved at 25 ◦C. h Value reported: 30.99 mol CH4 kg−1 CODremoved. i Value far above the theoretical MY
(350 NmL CH4 g−1 CODremoved). j Proportion (V/V): 25% (pentose liquor) + 75% vinasse. Nomenclature: UASB—
upflow anaerobic sludge blanket (reactor), AnSTBR—anaerobic structured-bed reactor, AnSBBR—anaerobic
sequencing batch biofilm reactor, AnFBR—anaerobic fluidized-bed reactor, AnPBR—anaerobic packed-bed
reactor, nSBR—novel structured-bed reactor, OLR—organic loading rate, ERCOD—total COD removal efficiency,
f-CH4—methane fraction in biogas, MY—methane yield, nr—not reported.

The comparison between single- and two-stage methanogenic conversion should
be interpreted in terms of process purpose and practical aspects of the processing plant.
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Single-stage AD directly favors operational simplicity (at the cost of less efficient methane
evolution), whereas two-stage AD allows functional separation between fermentative and
methanogenic pathways, enabling improved control of soluble intermediate conversion
and enhanced methanogenesis. Despite the potential to produce and recover biohydrogen
during fermentation, further process improvements are still required to justify its inclu-
sion in the energy-based analysis. This distinction is particularly relevant for pentose
liquor because its composition includes readily fermentable carbohydrates, inhibitory com-
pounds, and residual soluble COD that may require different microbial environments for
effective conversion.

Overall, results on methane production support the interpretation that anaerobic
conversion of pentose liquor should be framed as an integrated resource-recovery process
rather than as an isolated hydrogen-producing route. The ability to recover methane from
residual organic matter, especially after fermentation, increases the potential contribution
of pentose liquor to the energy balance of 2G ethanol biorefineries.

3.4. Variation in Furfural and 5-Hydroxymethylfurfural During Anaerobic Conversion

Furfural and 5-HMF were monitored because they are commonly reported as in-
hibitory compounds formed during lignocellulosic biomass pretreatment. The release of
such compounds during biomass pretreatment depends directly on the severity of the
processing, so that significant formation is expected to occur during the application of
temperatures exceeding 160–180 ◦C [70], such as in the case addressed in this work. Their
presence in pentose liquor is one of the main challenges for biological conversion, since
these compounds may affect microbial growth, enzyme activity, membrane integrity, and
overall anaerobic process stability. Recent findings by Hwang et al. [71] and Elgarahy
et al. [72] demonstrate that furfural and 5-HMF interfere with DNA and protein synthe-
sis, disrupt membrane integrity, and ultimately cause cell death. However, in this study,
furfural and 5-HMF were not treated only as inhibitors, but also as organic compounds
potentially transformed during anaerobic conversion.

The inhibitory effect of furfural, 5-HMF, and other degradation products from ligno-
cellulosic pretreatment has been widely reported for fermentative microorganisms [8,9,11].
These compounds can reduce microbial activity and affect hydrogen yields, but their impact
depends on concentration, exposure time, microbial adaptation, and the presence of other
compounds in the hydrolysate matrix. Therefore, the behavior observed in the present
study should be interpreted as the result of both inhibition and biological transformation,
rather than as a simple toxic effect.

As shown in Figure 2c,d, furfural and 5-HMF did not exhibit the same behavior
during fermentation. While furfural showed greater net variation during R1-E1 operation,
5-HMF presented a more favorable pattern in condition R1-E2. This contrast indicates
that both compounds should not be interpreted as a single inhibitory fraction, since their
transformation may respond differently to changes in operational conditions.

The methanogenic phase also contributed to the variation in inhibitory compounds.
5-HMF appeared to be more favorably affected under methanogenic conditions and
longer HRT levels, particularly when comparing the two-stage system and the single-
stage methanogenic reactor (Figure 7). Although the available data do not allow identifying
specific degradation mechanisms, the results indicate that phase-specific microbial envi-
ronments influenced the fate of furfural and 5-HMF during anaerobic conversion. From a
resource-recovery perspective, the partial decrease in furfural and 5-HMF indicates that
detoxification may not always be mandatory before anaerobic conversion when targeting
methane production, provided that operating conditions support microbial adaptation and
phase-specific conversion. However, further studies are needed to determine degradation
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routes, microbial groups involved, and operational thresholds for stable conversion of these
compounds.

Figure 7. Net (a) furfural and (b) 5-hydroymethylfurfural (5-HMF) concentrations in the different
steps of two-stage AD compared to the single-phase scheme. Net concentrations refer to the differ-
ence between influent and effluent concentrations. R1-E2 corresponds to the fermentative reactor
operated during phase 2, R2-E2 corresponds to the second-stage methanogenic reactor, R1-E2 + R2-E2
corresponds to the combined two-stage anaerobic system, and R3-E2 corresponds to the single-stage
methanogenic reactor.

3.5. Outlook: AD of Organic-Rich By-Products in 2G Sugarcane Biorefineries

Figure 8 presents an overview of organic-rich liquid by-products potentially available
in 2G sugarcane processing plants, including deacetylation liquor, pentose liquor, and
vinasse. Focusing on pentose liquor, the results indicate that this stream should not be
considered only as a problematic by-product of sugarcane bagasse pretreatment. Although
its composition imposes biological challenges, particularly due to pentose predominance
and the presence of furfural and 5-HMF, it also contains a high organic content that
can be partially recovered as bioenergy through AD. This perspective is consistent with
recent reviews emphasizing that sugarcane processing residues can be converted into
renewable gas, while the performance of 2G streams remains less consolidated than that of
conventional 1G residues such as vinasse and molasses [20].

Figure 8. Organic-rich liquid by-products potentially available in second generation (2G) biorefineries.
Notes: * Trash is usually maintained in the sugarcane harvesting area as soil amendments [73]. ** The
alkaline pretreatment is not a mandatory step in lignocellulosic biomass processing; however, results
show improvements in downstream steps [74]. Dashed lines indicate non-mandatory steps.
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The integrated results show that hydrogen production alone is insufficient to represent
the resource-recovery potential of pentose liquor, indicating that significant effort is still
required to improve fermentation to achieve suitable conversion efficiency levels. Two
pathways may be followed, in parallel or separately: maximizing biohydrogen production
is the first, and establishing higher effluent pH values (ca. 5.0–5.5 [22]) via proper reactor
alkalinization may be the key to improving the hydrogenogenic activity. It is noteworthy
that maximum biohydrogen production and maximum substrate (carbohydrate) conversion
will not always follow the same trend [43]; hence, targeting enhanced substrate conversion
(regardless of biohydrogen production) to minimize the input of non-fermented compounds
in the methanogenic stage is the second pathway to be investigated. This approach opens
opportunities for recovering non-biogas products from the anaerobic process, such as
carboxylates [75,76]. Regardless of the pathway, the combination of fermentation and
methanogenic processes provides a broader framework for interpreting pentose liquor
conversion. This trend is equivalent to that observed in the application of two-stage
AD in 1G sugarcane by-products, considering energetic and, more concerning, economic
aspects [77–79].

The conversion of furfural and partial decrease of 5-HMF also suggest that detoxifica-
tion may not always be mandatory before anaerobic conversion, mainly when methane
production is aimed, provided that an adequate inoculum is selected and/or operational
conditions support microbial adaptation and phase-specific transformation. Nevertheless,
the persistence of 5-HMF and residual COD shows that the inhibitory fraction remains
relevant and that process optimization is required. Targeting lower OLR in methanogenic
systems is a suitable approach to maximize COD conversion while maintaining (and
eventually increasing) methane evolution.

Overall, the results support the integration of pentose liquor anaerobic conversion
into 2G sugarcane ethanol biorefineries as a resource-recovering strategy. Future studies
should evaluate the individual effects of co-substrate addition (focusing on cost-competitive
approaches to replace sucrose), nutrient supplementation, pH buffering, and process
optimization (HRT, OLR) to maximize bioenergy recovery. Ongoing research dedicated to
resolving similar drawbacks in the case of other wastewaters, mainly sugarcane vinasse,
may be used as guiding references. For instance, co-digestion with manure has been pointed
out as a strategy to both provide nutrients and buffer to the process [7,80–82], characterizing
a potential next step. The availability of deacetylation liquor, another by-product potentially
produced in 2G schemes (resulting from the alkaline pretreatment—deacetylation—of trash
or bagasse; Figure 8) [7,83–85] represents an opportunity for chemical-free pH control.

Parallel to optimizing bioenergy production from pentose liquor in AD systems, ad-
vancing research on the conversion of other 2G by-products, such as deacetylation liquor
and mainly vinasse [86] (Figure 8), is required. Although the cumulative experience ob-
tained with the processing of 1G by-products will certainly provide a shortcut in the road
to maximizing hydrogen and methane from 2G streams, additional challenges associated
with varying compositional aspects will always emerge, since each lignocellulosic biomass
pretreatment technology (i.e., physical, chemical, physicochemical, and biological [87,88])
will provide a different spectrum of promptly fermentable, interfering and inhibitory com-
pounds. Regardless of the 2G by-product and biotechnological pathway chosen for resource
valorization, focus should initially be given to process improvement at the experimental
scale prior to any industrial-scale implementation, once any failures can discourage exploit-
ing such organic-rich materials as potentially valuable feedstocks and/or even hinder the
utilization of AD as a bioenergy/bioresource-recovering strategy.
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4. Conclusions
The results obtained in this study demonstrate that pentose liquor from sugarcane

bagasse hydrothermal pretreatment can be valorized by anaerobic digestion without prior
detoxification, although process stability and conversion efficiency strongly depend on
the operational strategy adopted. Direct fermentation was feasible, but increasing pentose
liquor concentration progressively impaired reactor performance by favoring metabolic
shifts associated with lactate and acetate accumulation and reduced hydrogen recovery.
Substrate co-fermentation (with proper nutrient and alkalinity supplementation) may be
the key for optimizing the fermentative step, although choosing low-cost co-substrates is
imperative to further scale up the process. Meanwhile, the presence of furfural and 5-HMF
did not impair methane production from both non-fermented and fermented liquor sam-
ples, indicating that pentose liquor is a suitable substrate for bioenergy recovery. Equally
important, the anaerobic process itself plays the role of a detoxifying step, with prominent
furfural removal during fermentation, while 5-HMF transformation was demonstrated to
occur during methanogenesis at high HRT (>24 h). Further optimization efforts should
focus on increasing hydrogen yield while reducing lactate accumulation via proper pH
control, improving 5-HMF conversion during fermentation, and defining operational con-
ditions that maximize stable recovery of both hydrogen and methane.
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Abbreviations
The following abbreviations are used in this manuscript:

1G first generation
2G second generation
5-HMF 5-hydroxymethylfurfural
AD anaerobic digestion
AnFBR anaerobic fluidized-bed reactor
AnPBR anaerobic packed-bed reactor
AnSBBR anaerobic sequencing batch biofilm reactor
AnSTBR anaerobic structured-bed reactor
BPR biogas production rate
C/N carbon-to-nitrogen
CNPEM Center for Research in Energy and Materials
COD chemical oxygen demand
CTBE Brazilian Bioethanol Science and Technology Laboratory
ECCH carbohydrate conversion efficiency
ERCOD COD removal efficiency
f-H2 hydrogen fraction in biogas
f-CH4 methane fraction in biogas
HAc acetic acid
HPLC high-performance liquid chromatography
HPR hydrogen production rate
HRT hydraulic retention time
HY hydrogen yield
LDPE low-density polyethylene
LNBR Brazilian Biorenewables National Laboratory
MPR methane production rate
MY methane yield
NaHCO3 sodium bicarbonate
NaOH sodium hydroxide
NREL National Renewable Energy Laboratory
nSBR novel structured-bed reactor
OLR organic loading rate
PU polyurethane
R1-E1 fermentative reactor, phase 1
R1-E2 fermentative reactor, phase 2
R2-E2 second-stage methanogenic reactor, phase 2
R3-E2 first-stage methanogenic reactor, phase 2
TVOA total volatile organic acids
UASB upflow anaerobic sludge blanket (reactor)
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