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ARTICLE INFO ABSTRACT

Keywords: This study investigated three different fermentation approaches to explore the potential for producing bio-
Acidogenic fermentation hydrogen, carboxylic acids, and methane from hydrolysates of thermally dilute acid pretreated brewer’s spent
Biogas

grains (BSG). Initially, the research focused on maximizing the volumetric hydrogen production rate (HPR) in the
continuous dark fermentation (DF) of BSG hydrolysates by varying the hydraulic retention time (HRT). The
highest HPR reported to date of 5.9 NL/L-d was achieved at 6 h HRT, with a Clostridium-dominated microbial
community. The effect of the operational pH (4, 5, 6, and 7) on the continuous acidogenic fermentation was then
investigated. A peak carboxylic acid concentration of 17.3 g CODequiv./L was recorded at pH 6, with an asso-
ciated volumetric productivity of 900.5 + 13.1 mg CODequiv./L-h and a degree of acidification of 68.3 %. Lactic
acid bacteria such as Limosilactobacillus and Lactobacillus were dominant at pH 4-5, while Weissella, Enterococcus,
and Lachnoclostridium appeared at pH 6 and 7. Finally, this study evaluated the biochemical methane potential of
the DF broth and the unfermented hydrolysates and found high methane yields of 659 and 517 NmL CH4/g-
VSadded, respectively, both within one week. Overall, the results showed that pretreated BSG can be a low-cost
feedstock for the production of bioenergy and valuable bio-based chemicals in a circular economy.

Dark fermentation
Organic acids
Lignocellulosic waste

(Wagner et al., 2022). In 2022, China, the world’s leading beer pro-

1. Introduction

Brewing is one of the largest sectors of the global beverage industry.
In 2021, global beer consumption reached approximately 185.6 million
kiloliters, with a projected annual growth rate of 4.0 % (Holdings,
2021). Throughout the beer production process, various by-products are
generated, including hot trub, brewer’s yeast, and brewer’s spent grains
(BSG) (Rachwat et al., 2020). BSG, the most abundant solid waste pro-
duced during the mashing stage, accounts for up to 85 % of total brewery
by-products (Hejna et al., 2021; Rachwatl et al., 2020). On average,
about 27 kg of BSG are generated per hectoliter of beer produced

ducer, generated more than 2.3 million tons of BSG, while European
countries together produced about 2.6 million tons of this waste (Statista
Search Department, 2022). Given its composition (protein 20-24 %,
cellulose 26-60 %, hemicellulose 19-60 %, lignin 13-56 %), the pre-
dominant current use for most BSG is as animal feed. However, this
scenario provides an opportunity to explore new alternative valorization
approaches with improved profitability (Pabbathi et al., 2022). There-
fore, a higher economic value could be achieved by establishing a cir-
cular green process for BSG management through biotechnological
processes.

Due to its abundant availability and favorable physicochemical

* Corresponding author at: Department of Chemical Engineering and Environmental Technology, University of Valladolid, Dr. Mergelina s/n., Valladolid 47011,

Spain
E-mail address: octavio.garcia@uva.es (O. Garcia-Depraect).

https://doi.org/10.1016/j.psep.2024.08.071

Received 19 May 2024; Received in revised form 12 August 2024; Accepted 19 August 2024

Available online 30 August 2024

0957-5820/© 2024 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:octavio.garcia@uva.es
www.sciencedirect.com/science/journal/09575820
https://www.journals.elsevier.com/process-safety-and-environmental-protection
https://doi.org/10.1016/j.psep.2024.08.071
https://doi.org/10.1016/j.psep.2024.08.071
http://crossmark.crossref.org/dialog/?doi=10.1016/j.psep.2024.08.071&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Pérez-Barragan et al.

Nomenclature

BMP Biochemical methane potential
BSG Brewer’s spent grain

COD Chemical oxygen demand

CODequiv Chemical oxygen demand equivalents

DF Dark fermentation

HMF 5-hydroxymethylfurfural

HPR Hydrogen production rate

HPSI Hydrogen production stability index
HRT Hydraulic retention time

YHqry-ss¢ Net hydrogen production per mass of dry BSG

HY Hydrogen yield

OLR Organic loading rate

SCOD  Soluble chemical oxygen demand
TCOD  Total chemical oxygen demand
TN Total nitrogen;

TOC Total organic carbon

TS Total solids

VFA Volatile fatty acids

VS Volatile solids

VSS Volatile suspended solids

properties, BSG stands out as a promising lignocellulosic feedstock for
the production of biofuels and marketable chemicals. Numerous studies
have investigated the potential of BSG for the production of various
biofuels, such as ethanol (Alonso-Riano et al., 2022; Wagner et al.,
2022), butanol (Fernandez-Delgado et al., 2019; Giacobbe et al., 2019),
methane (Buller et al., 2022; Lins et al., 2023), hydrogen (Sganzerla
etal., 2023; Sarkar et al., 2022), and other value-added compounds such
as volatile fatty acids (VFAs) (Liu et al., 2023). Hydrogen, recognized for
its renewable and clean attributes with high energy content (142 kJ/g)
and zero associated greenhouse gas emissions (Garcia-Depraect et al.,
2020; Sahrin et al., 2022), has been a focal point in BSG-based biofuel
studies. A variety of microorganisms with different physiological and
metabolic characteristics are involved in different biological methods
for hydrogen production, including green algae, cyanobacteria, photo-
synthetic bacteria, and dark fermentative bacteria. These photosynthetic
and non-photosynthetic microbes are capable of producing hydrogen
gas through various metabolic pathways (Woon et al., 2023). Among the
various biological processes for hydrogen production, dark fermentation
(DF) is the most extensively studied due to its high production rates,
compatibility with anaerobic digestion, and versatility in utilizing
various organic wastes. As a result, numerous investigations have
focused on the biogenic production of hydrogen from BSG (Li and Tao,
2016; Zhang and Zang, 2016; Soares et al., 2024). Despite significant
scientific advances in the field, there are currently no continuous DF
processes for BSG, highlighting the critical need for the design and
evaluation of such systems.

In addition to its role in hydrogen production, acidogenic fermen-
tation provides a pathway for the production of organic acids, including
butyrate, acetate, propionate, and others. These short-chain carboxylic
acids serve multiple purposes, including applications in wastewater
treatment and as precursors for the synthesis of other valuable chemical
compounds (Sarkar et al., 2021). The type and amount of organic acids
produced are significantly influenced by various factors, with the
operational pH standing out as one of the most critical process param-
eters (Liang and Wan, 2015). The optimal pH range for organic acid
production is typically between 5 and 11, although the exact optimal pH
is subject to variables such as the target product(s), the type of feedstock
used, and the intricacies of the microbiological processes involved
(Sarkar et al., 2021). Currently, there is limited research on the pro-
duction of carboxylic acids from BSG (Teixeira et al., 2020; Guarda et al.,
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2021; Liu et al., 2023). This knowledge gap is even more evident for
continuous acidification studies. Furthermore, it is worth noting that
understanding the microbiology of the acidogenic fermentation of BSG
is crucial for optimizing the production of carboxylic acids. However,
the microbiome involved in the continuous production of carboxylic
acids from BSG is a research topic that has not been extensively studied.

Despite the numerous advantages of DF for hydrogen production, a
notable limitation is the incomplete substrate utilization, with DF
achieving a maximum theoretical hydrogen yield of 4 mol Hy/mol
hexose. This value represents only one-third of the energy content of
hexose carbohydrates (Soares et al., 2024). An alternative strategy to
improve the overall energy production yield is to utilize the DF effluent
for additional biogas production through anaerobic digestion. For
instance, Lins et al. (2023) reported the biochemical methane potential
of BSG to be 580 NmL per gram of volatile solids (VS) added. However,
to the best of the authors’ knowledge, the fermentation broth derived
from BSG DF has not been evaluated for biogas production. In line with
advances in the lignocellulosic biorefinery industry, the present study
aimed to evaluate three different biotechnological approaches to the
valorization of the BSG resource. Specifically, the scientific objectives
were i) to evaluate the effect of hydraulic residence time (HRT) on the
continuous production of biohydrogen through the DF of BSG hydroly-
sates; ii) to evaluate the effect of pH on the continuous production of
organic acids through the acidogenic fermentation of BSG hydrolysates;
and iii) to evaluate the biochemical methane potential of fermented and
raw BSG hydrolysates. In addition, the associated microbiology in the
process of DF and acidogenic fermentation was also studied.

2. Materials and methods
2.1. Inocula

The two reactors dedicated to the production of hydrogen and car-
boxylic acids were inoculated with the same acidogenic inoculum
(Regueira-Marcos et al., 2023). The primary source of this acidogenic
inoculum was the digestate derived from a mesophilic pilot-scale
anaerobic digester operating on food waste (Marin et al., 2022). In
order to inhibit methanogenic communities, the digestate was subjected
to a heat shock pretreatment (90°C for 20 min). The resulting mixed
culture was then enriched by successive subcultures utilizing lactose
(10 g/L) as the sole carbon source. The composition of the growth me-
dium was (in g/L) NH4C1 2.4, KzHP04 2.4, MgC126 H20 2.5, KH2PO4
0.6, CaCly-2 H0 0.15, and FeCly-4 H20 0.035 (Garcia-Depraect et al.,
2022). All reagents were of analytical grade. For the methane produc-
tion potential tests, anaerobic sludge (19.6 g total solids (TS)/L, 11.4 g
VS/L, pH 7.6) from a mesophilic digester used for municipal wastewater
treatment in Valladolid, Spain, was used.

2.2. Preparation, characterization, and hydrolysis of BSG

BSG obtained from a local brewery was used without any prepara-
tory steps, in order to evaluate the material under conditions that closely
resemble its state immediately after the beer production process. For its
preservation, BSG was packed in bags of about 2 kg and stored at —20 °C
until its use. The physicochemical characterization of BSG, performed
according to the National Renewable Energy Laboratory (NREL) pro-
cedures (Sluiter et al., 2008), is presented and discussed in Section 3.1.

The thawed BSG was subjected to acid-assisted thermal pretreatment
according to the procedure described by Castilla-Archilla et al. (2021). A
TS concentration of 7 % w/w of BSG was used for hydrolysis. Sulfuric
acid with a purity of 96 % and a density of 1.84 g/mL, obtained from
AppliChem (Germany), was used at a concentration of 1.5 % v/v to
perform the acid hydrolysis. The hydrolysis process was performed in a
10 L borosilicate bottle, with a working volume of 5 L. The homogenized
mixture was autoclaved (Raypa, Spain) at 121 °C for 20 min. At the end
of the hydrolysis, the borosilicate bottle was cooled and then the
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hydrolysate was filtered through a #20 sieve (850 um) to separate the
liquid fraction. The hydrolysate was then subjected to physicochemical
characterization (see Section 3.1) and stored in a sterile glass bottle at 4
°C until further use.

2.3. Experimental setup and operating conditions for hydrogen production

The continuous hydrogen production rector consisted of a of poly-
vinyl chloride fermenter with a total volume of 1.2 L (0.4 L headspace).
As shown in Fig. 1, the setup included a pH controller (BSV Electronic
SL, Spain) along with a pH probe (HO35-BSV01, Spain) and included
sampling ports for both gas and liquid phases. A continuous gas flow
meter was also incorporated into the system. Prior to inoculation of the
reactor, 0.1 L of the acidogenic inoculum was activated in a 2.1 L gas-
tight fermenter for 24 h at 37 + 1°C and approximately 150 rpm,
without pH control (initial pH 6.4). This activation was performed using
0.9 L of a mineral growth medium supplemented with 10 g/L lactose, as
described in Section 2.1. Initially, the reactor was inoculated with 10 %
v/v of the fresh and active inoculum at a volatile suspended solids (VSS)
concentration of 0.46 g/L and operated in batch mode for 8 h before
transitioning to continuous operation. The continuous operation lasted
for 12.5 days and was divided into three operation stages (I-III). These
stages had decreasing HRTs of 12, 9, and 6 h, respectively, resulting in
organic loading rate (OLR) values of 44.2, 59.0, and 88.5 g chemical
oxygen demand (COD)/L-d, respectively (Table 1). Throughout the
operation, the reactor was maintained at 37 + 1 °C in a temperature-
controlled chamber. The system was magnetically agitated at approxi-
mately 300 rpm and the pH was maintained at 6.0 = 0.1 using 6 M
NaOH. Samples were taken periodically from both the influent and
effluent to assess the organic acid profile and the efficiency of total
carbohydrate and COD removal. In addition, the volumetric flow rate
and composition of the off-gas produced during DF were measured. The
volume of hydrogen was normalized to standard volume units (NmL or
NL) under standard pressure and temperature conditions (0 °C and
1 atm). The evaluation of the DF process included parameters such as
volumetric hydrogen production rate (HPR), hydrogen yield (HY),
hydrogen purity, organic acid profiles, and microbial community
composition. To distinguish between stable and unstable operation, a
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Table 1
Duration and conditions of operation of the reactor for the continuous produc-
tion of hydrogen.

Parameter Process stage

I I III
HRT (h) 12 9 6
OLR (g COD/L-d) 44.2 59.0 88.5
Time (days) 0-4.5 4.5-9 9-12.5
HRT cycles 9 12 14

OLR: organic loading rate.
HRT: hydraulic retention time.
COD: chemical oxygen demand.

dynamic stability index was also introduced (Eq. 1) (Garcia-Depraect
et al., 2020). Process stability was defined as achieving a HPSI consis-
tently equal to or greater than 0.8 for at least three consecutive cycles.

__ 1 __ standard deviation HPR
HPSI =1 average HPR (Eq‘ 1)

The effluent collected at a HRT of 6 h (which was determined to be
the optimal HRT for hydrogen production) was used for subsequent
biogas evaluation in biochemical methane potential (BMP) tests.

2.4. Experimental design and operating parameters for carboxylic acids
production

Continuous operation for the production of organic acids followed
the same reactor setup procedure as previously described for hydrogen
production. A Vernier sensor connected to a LabQuest Mini multi-
channel data acquisition interface (Vernier Software & Technology,
USA) was used for pH control. The start-up strategy consisted of inoc-
ulating the reactor in batch mode with an initial pH adjustment of ~7 to
allow the microbial communities to adapt to the substrate prior to the
continuous strategy. In the continuous mode for organic acid produc-
tion, a HRT of 24 h was used and the pH was gradually adjusted from 4
to 5, 6, and 7 using 6 M NaOH as the alkali agent (Fig. 1). The reactor
was operated continuously for 50 days, divided into four operating
stages (I-IV; see Table 2). Throughout the operation, influent and
effluent samples were collected for subsequent analysis. Simultaneously,

Gas sampling port

3

|

Feeding

Effluent

Acidogenic
reactor

pH controller

Fig. 1. Schematic diagram of the reactor setup used to produce hydrogen and carboxylic acids.
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Table 2
Duration and conditions of operation of the reactor for the continuous produc-
tion of carboxylic acids.

Parameter Process stage

I I I v
pH 4 5 6 7
Time (days) 0-13 13-26 26-38 38-50
HRT (h) 24 24 24 24
OLR (g COD/L-d) 31.6 31.6 31.6 31.6

OLR: organic loading rate.
HRT: hydraulic retention time.
COD: chemical oxygen demand

the flow rate and composition of the gas stream were monitored.

The degree of acidification (in %) was quantified using Eq. (2), where
CODequiv. is the cumulative sum of COD equivalents (in g/L) of all
organic acids measured at pseudo-steady state over different pH con-
ditions, and CODjpitia Stands for the initial total COD concentration (in
g/L) of the feedstock.

CODequiv.effluent

Acidification degree(%) = cob
initial

%100 2

2.5. Biochemical methane production tests

The effluent collected from the hydrogen production reactor (oper-
ating at a HRT of 6 h) was used to conduct BMP tests. Raw BSG acid
hydrolysate was also tested for comparison. These tests were performed
in triplicate using anaerobic sludge alone as a blank to correct for
endogenous methane production. Gas-tight reactors with a total volume
of 2.1 L and a working volume of 500 mL were used for the BMP assays.
A food to microorganism (F/M) ratio of 0.5 (based on VS) was main-
tained. All assays were performed under uniform conditions, maintain-
ing a temperature of 37 °C with continuous agitation at 4 rpm using a
roller bottle incubator (Scientific Products, USA). Prior to the start of the
assays, the anaerobic sludge was preincubated at 37 °C for 7 days to
minimize endogenous biogas production and then supplemented with
sodium bicarbonate (5 g/L) as a buffering agent. To ensure anaerobic
conditions, the sealed reactors were purged with pure helium gas for
1 min prior to the start of the assays. The assays were run for 12 days
until biogas production ceased, as indicated by stabilization of the cu-
mulative methane production curves. Daily measurements of biogas
production were recorded using the standard manometric method
(Garcia-Depraect et al., 2022). Methane yield was determined as the
volume of methane per gram of VS added and the volume of methane per
gram of dry BSG. The temporal pattern of methane yield was charac-
terized using the modified Gompertz model described by Eq. (3)
(Diaz-Cruces et al., 2020). In this equation, H(t) represents the total
amount (in mL) of methane produced at culture time t (in days), while
Hmax  represents the maximum cumulative amount (in mL) of
methane produced. Rmax is the maximum methane production rate
(in mL/day), and 2 is the lag time (in days). Finally, at the end of the
experiment, samples of the digestate were collected for the analysis of

pH and VFAs.
max ® 2.7182
w.(;\,t)le}}

H(t) = Hpax ® exp{ - exp{ i 3

2.6. Analytical procedures

Sugars (i.e., glucose, xylose), inhibitors (i.e., furfural, 5-hydroxyme-
thylfurfural), and organic acid concentrations were analyzed by high-
performance liquid chromatography (HPLC) on a Shimadzu system
(LC-2050 C, Japan) equipped with a refractive index detector (RID-20A,
Japan) and with an ultraviolet detector (214 nm). For sugar analysis, a
Rezex chromatographic column (RHM-Monosaccharide H+, Phenom-
enex, Germany) was used with the column temperature maintained at
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60 °C and an eluent flow rate of 0.6 mL/min (5 mM H3SO4). Organic
acids and inhibitors were analyzed using an Aminex HPX-87 H chro-
matographic column (Bio-Rad, USA) at a column temperature of 75 °C,
with an eluent of 25 mM H3SO4 at 0.7 mL/min flow rate. Gas compo-
sition was determined by gas chromatography using an Agilent GC
system (8860-GC, USA) equipped with a thermal conductivity detector
and a Varian CP-Molsieve 5 A Capillary Column (15 m, 0.53 mm,
15 pm) interconnected with a Varian CP-PoreBOND Q Capillary Column
(25 m, 0.53 mm, 10 pm); ultra-high purity helium gas was used as the
carrier gas at a flow rate of 13 mL/min (Garcia-Depraect et al., 2022).
Total organic carbon (TOC) and total nitrogen (TN) were quantified
using a Shimadzu TOC analyzer (TOC-VCSH, Japan) according to the
manufacturer’s recommendations. Solids, total acidity, and COD were
determined according to standard methods (APHA, 2005). Total and
reducing sugars in the hydrolysate were measured by the phenol-sulfuric
acid method and the dinitrosalicylic acid (DNS) method, respectively.
The microbial community structure of the hydrogen and organic acid
production reactors during their pseudo-steady states was analyzed.
DNA extraction was performed using a FastDNA SPIN kit (MP Bio-
medicals, USA) according to the manufacturer’s protocol. The extracted
DNA was then subjected to16S ribosomal RNA (rRNA) gene amplicon
sequencing at Novogene company (Novogene, UK). Briefly, PCR
amplification of the 16S V4-V5 rRNA region was performed using the
primer pair 515 F/907 R. The PCR products of appropriate size were
selected by agarose gel electrophoresis. Equal amounts of PCR products
from each sample were pooled, end-repaired, A-tailed, and further
ligated with Illumina adapters. The library was checked with Qubit and
real-time PCR for quantification, while a bioanalyzer was used for size
distribution detection. Quantified libraries were pooled and sequenced
on an [llumina paired-end platform. Amplicon Sequence Variants (ASVs)
were generated using the DADA2 method. The annotation database was
Silva 138.1.

3. Results and discussion
3.1. Physicochemical properties of raw BSG and BSG acid hydrolysates

The weight percentages of total lignin, cellulose, and hemicellulose
were determined to be 22.4 + 0.1, 18.7 + 0.1, and 6.8 £+ 0.1,

Table 3
Physicochemical characterization of raw BSG and acid hydrolysates obtained
from BSG.

Parameter (% w/w on a Raw Parameter BSG acid
dry basis) BSG hydrolysate
Moisture 2.7 TCOD (g/L) 22.1+19
Ash 3.7 SCOD (g/L) 19.2 +£ 0.8
Total solids 97.4 TOC (g/L) 12.5+ 0.5
Acid-insoluble lignin 18.2 + TN (g/L) 0.7 + 0.0
0.1
Acid-soluble lignin 4.2 + Total solids (g/L) 429+ 4.4
0.1
Total lignin 22.4 + Volatile solids (g/  41.3 + 4.4
0.1 L)
Cellulose 18.7 + Reducing sugars 18.5 + 0.6
0.1 (g/L)
Hemicellulose 6.8 + *COD yield (%) 31.6 +£ 1.0
0.1
Furfural (g/L) BDL
5-HMF (g/L) 0.01 + 0.001

TCOD: Total chemical oxygen demand

SCOD: Soluble chemical oxygen demand

TOC: Total organic carbon

TN: Total nitrogen

HMF: 5-hydroxymethylfurfural

BDL: Below analytical detection limit (< 0.01 g/L).

*Ratio of the TCOD concentration in the hydrolysates to the initial total solids
concentration.
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respectively (Table 3). Although other content fractions were not
explicitly quantified in this investigation, reported mean values from
other studies include protein at 20.9 + 2.4 and lipids at 8.5 + 2.2
(Zeko-Pivac et al., 2022). The cellulose and lignin values reported in this
study are consistent with previous studies and fall within the typical
ranges of 15-25 % for cellulose and 12-28 % for lignin (Patel et al.,
2018; Rojas-Chamorro et al., 2020; Zeko-Pivac et al., 2022). However,
the hemicellulose value in this work differs from the literature values,
which generally range from 15% to 30 % (Patel et al., 2018;
Rojas-Chamorro et al., 2020; Zeko-Pivac et al., 2022). This discrepancy
may be due to a possible underestimation of the hemicellulose fraction,
as it was determined based on xylose quantification only, omitting other
major pentoses such as arabinose. In this context, arabinose could
represent about 6.0 + 1.6 % of the total composition of BSG on a dry
basis (Zeko-Pivac et al., 2022).

Table 3 shows the characterization of the acid hydrolysates, which
showed an organic matter content, expressed as total and soluble COD
(TCOD and SCOD, respectively), of 22.1 + 1.9 and 19.2 + 0.8, respec-
tively. The COD yield, calculated as the ratio of TCOD in the hydroly-
sates to the TS concentration used (7% w/w), was 31.6 %,
approximately 1.5 times lower than the value reported by Cas-
tilla-Archilla et al. (2021), which served as the basis for the conditions in
this study. This discrepancy might be attributed to variations in reaction
volumes and initial raw material moisture conditions, which affect ho-
mogenization and mass transfer phenomena and result in decreased
hydrolysis performance. Nevertheless, a solids recovery of 61.3 % is
consistent with the 57.1 % reported by Rojas-Chamorro et al. (2020)
under similar pretreatment conditions (110 °C, 2 % HSO4, 10 min). In
addition, a favorable carbon to nitrogen ratio of 18 was achieved, which
is close to the optimal range of 20-30 for anaerobic bacterial growth
(Salangsang et al., 2022), suggesting that BSG can be directly used as the
sole substrate in anaerobic fermentation.

3.2. Performance evaluation of the hydrogen production reactor

The continuous operation of hydrogen production involved the
continuous feeding of BSG hydrolysates at three different HRTs of 12, 9,
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and 6 h. Variations in HRT significantly affected the efficiency of
hydrogen production, as shown in Fig. 2 and detailed in Table 4. After
two days of continuous operation, the microorganisms adapted to the
BSG hydrolysate, resulting in increased and stabilized hydrogen pro-
duction (data not shown). Biogas production rates were 8.8 + 0.6, 10.6
+ 0.4, and 11.2 + 0.4 NL/L-d for HRTs of 12, 9, and 6 h, respectively,
with an average hydrogen content of approximately 52.0% v/v
(Table 4).

A shorter HRT resulted in an increase in HPR. Under pseudo-steady
states, the HPR values were 4.5 £+ 0.3, 5.4 £ 0.2, and 5.9 4 0.1 NL Hy/L-
d for HRTs of 12, 9, and 6 h, respectively, representing a 20 % increase
between stage I and stage II, a 9 % increase between stage II and stage
III, and a substantial 31 % increase between stage I and stage III. In
contrast to the increased HPR, the HY in terms of COD added decreased
with longer HRT. The maximum HY was 103.7 + 7.1 NL Hy/g CODgadded
at12h HRT but decreased to 92.0 & 2.8 NL Hy/g COD,qdeq and 66.0 +
1.8 NL Hy/g CODpqdeq for 9 and 6 h HRT, respectively. This decrease
may be attributed to the influence of the OLR/HRT ratio. Research by
Kumar et al. (2016) demonstrated that the peak HPR occurred at 3 h
HRT with an OLR of 120 g galactose/L-d, whereas at 6 h HRT, the OLR

Table 4
Summary of the process performance indicators collected during the continuous
fermentative process for hydrogen production from BSG hydrolysate.

Parameter Process Stage

I I 11
HRT (h) 12 9 6
HPR (NL Hy/L-d) 45+0.3 54+0.2 59+0.1
HY (NmL H3/g-CODgdded) 103.7 £ 7.0 92.0 +£ 2.8 66.0 + 1.8
YHary-sg (NL Hy/kg dry BSG) 32.8 £ 2.2 29.0 £ 0.9 20.8 + 0.6
H, content (% v/v) 51.9+0.1 51.6 £ 0.5 52.0 +1.1
HPSI 0.93 0.93 0.97

HRT: hydraulic retention time.

HPR: hydrogen production rate.

HY: hydrogen yield.

YHgry-psg: net hydrogen production per mass of dry BSG.
HPSI: Hydrogen production stability index.

b) 54—

) — . .

6F - 115+ .
53.5¢ 1 I |
581 ] s 110
S 105+ .
~ 5.6f 1 ~ 53t 1= D
T - S 100} .
= 54} | 5 8
S X 525+ 1 95+ :
= = % L]
2 52+ 1 & 2 90¢ — :
N’ 5» | E 52' E] = b = 85- i
-
& - E g0
(o] - 4
I 4.8f { mSLSy 1 Z
> 15} 1
4.6 D 1 51+ I 70! |
44F T : 65 I ]
50.5 1
12 9 6 12 9 6 12 9 6
HRT (hours)

Fig. 2. Range of variation (quartiles and min-max range) for the volumetric hydrogen production rate (HPR) (a), hydrogen content (b), and hydrogen yield (HY) (c)

during pseudo-stable conditions.
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decreased to 60 g galactose/L-d, resulting in a maximum HY of 2.21 mol
Ho/mol galactose. Higher OLRs and lower HRTs favored certain
hydrogen-producing bacteria such as Clostridium spp. while longer HRTs
resulted in increased biomass retention and higher overall HY. While a
comparative analysis with other studies is limited due to differences in
operating modes and conditions, a comparison of the HPR in batch
systems has been made. For example, Soares et al. (2024) worked with
acid BSG hydrolysates with an initial pH of 7.5, 30 % inoculum, at 45 °C
and showed a maximum HPR of 18.2 NL H,/L-d, which is almost three
times higher than that obtained in the present work. Conversely, Sgan-
zerla et al. (2023) achieved a maximum HPR of 1.6 NL Hy/L-d when
evaluating the anaerobic co-fermentation of brewery by-products under
thermophilic (55 °C) and acidogenic conditions (pH around 5). These
values are almost 3.5 times lower than those obtained in the present
study.

Remarkably, all the three HRT conditions exhibited high stability
over the evaluation period (Table 4). Both stage I and II showed a similar
HPSI of approximately 0.93. In stage III, where the HRT was 6 h, the
recorded HPSI was of 0.97. To gain a comprehensive understanding of
the BSG utilization, the YHqy-psg (hydrogen yield in terms of mass of dry
BSG) was analyzed across different HRTs. The YHgry.psg values corre-
lated directly with the shortening in HRT. The maximum YHgry.Bsg
achieved at a HRT of 12 h was 32.8 £ 2.2 NL Hy/kg dry BSG, exceeding
the values at HRTs of 9 and 6 h by 11.5 % and 36.5 %, respectively. Each
ton of dry BSG could produce 20.8-32.8 m® of hydrogen depending on
the HRT evaluated. Based on the highest heating value (HHV) of
hydrogen (12.74 kJ/L), 264.9-417.8 MJ per ton of dry BSG could be
obtained.

To the best of the authors’ knowledge, there is no precedent for the
operation of continuous DF reactors using BSG as a substrate. It is
important to note that although the DF reactor was operated for only a
few days, significantly different but stable HPRs were achieved in all the
HRTs tested. This indicates that the HRT exerted a clear effect on the
efficiency of fermentative hydrogen production in a continuous regime,
where longer HRTs resulted in improved yields, while shorter HRTs
increased hydrogen productivity. Future investigations should focus on
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evaluating the long-term viability of the BSG DF process.

3.2.1. Profile of metabolites during hydrogen production

Soluble metabolites identified in the DF effluent for all operational
stages included lactate, formate, acetate, propionate, butyrate, and
isovalerate (Fig. 3). Initially, a significant concentration of lactate
(3.9 g/L) was observed due to the batch start-up operation with lactose.
During continuous operation, lactate, acetate, and butyrate dominated
the metabolic profile. At 12 h HRT, the values were 2.0 + 0.4, 2.3 + 0.3,
and 2.2 + 0.4 g/L; at 9 h HRT, the values were 1.9 + 0.1, 2.4 4+ 0.3, and
3.6 £ 0.4 g/L; and finally, at 6 h HRT, the values were 2.1 + 0.1, 2.2 +
0.1, and 3.4 + 0.2 g/L for lactate, acetate, and butyrate, respectively.
The build-up of lactate is commonly linked to a impairment in hydrogen
production, as suggested by previous studies (Garcia-Depraect et al.,
2021; Martinez-Mendoza et al., 2023). Throughout the study, lactate
levels remained relatively low and did not appear to adversely affect
hydrogen production. This may be explained by the type of inoculum
used, which has the ability to convert lactate to hydrogen
(Regueira-Marcos et al., 2023), thus ensuring continuous hydrogen
production from BSG. On the other hand, the increased levels of acetate
and butyrate during the prolonged HRT were consistent with the esca-
lated HPR observed in stages II and III. The production of hydrogen via
DF is commonly associated with the formation of butyrate and acetate,
which result from the breakdown of carbohydrates, as described in Rxns.
1 and 2, respectively.

CgH120¢6 + 2H20 — 2CH3COOH + 2CO;, + 4Hy (Rxn. 1)

CeH1206 — CH3CH2CH2COOH + 2CO; + 2Hp (Rxn. 2)

Theoretically, 4 moles of hydrogen are produced from 1 mol of
glucose when acetate is the end product, while 2 moles of hydrogen are
produced when butyrate is the end product. However, in mixed cultures,
more efficient hydrogen production is often associated with the forma-
tion of butyrate as opposed to acetate. This preference is due to the
potential acetogenesis/homoacetogenesis pathways leading to acetate,
as observed in previous studies (Garcia-Depraect et al., 2019). As for
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Fig. 3. Effect of HRT on the temporal dynamics of organic acid concentrations observed during the continuous fermentative production of hydrogen from pre-

treated BSG.
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propionate, its concentration in the acidogenic broth was 1.8 + 0.1, 2.4
=+ 0.3, and 1.5 &+ 0.2 g/L for stages I, II, and III, respectively. Notably,
stage II displayed a propionate concentration 60 % higher than that of
stage III. The presence of propionate is conventionally associated with
hydrogen consumption, suggesting a competitive reaction (Rxn. 3), as
shown in previous research (Garcia-Depraect et al., 2019). Finally, the
recorded concentrations of formate and iso-valerate, specifically 0.5 +
0.1and 0.1 £+ 0.0 g/LataHRT of12h, 0.7 + 0.1 and 0.1 +£ 0.0 g/L ata
HRT of 9 h, and 0.7 + 0.0 and 0.1 + 0.0 g/L at a HRT of 6 h, respec-
tively, appear to have no discernible effect on hydrogen production.

CgH1206 + 2Hy —» 2CH3CH,COOH + 2H,0 (Rxn. 3)

3.2.2. Microbial communities in the hydrogen production reactor
Fig. 4a shows the bacterial assemblages identified during stable pe-
riods of hydrogen production at different HRTs. Clostridium emerged as
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the predominant bacterial genus with relative abundances of 68, 87, and
98 % for HRTs of 12, 9, and 6 h, respectively. Despite the prevalence of
Clostridiales species, 12 h HRT resulted in a more diverse microbiota,
including Enterobacterales, Lachnospirales, Lactobacillales, and Eubacter-
iales as subdominant taxa, representing 12, 5.6, 4.1, and 1.8 %,
respectively. Different pathways for hydrogen production could be
elucidated from the observed microbiota. For example, Enterobacteria
follow a facultative anaerobic fermentation pathway, converting pyru-
vate to acetyl-CoA and formate via pyruvate formate lyase, leading to
hydrogen production via the formate hydrogen lyase enzyme complex
(Dzulkanain et al., 2022). In addition, a lactate-driven DF pathway may
also occur, in which microorganisms, particularly those belonging to the
genera Clostridium and Lactobacillus, produce lactate and further
metabolize it to produce hydrogen (Aranda-Jaramillo et al., 2023;
Garcia-Depraect and Leon-Becerril, 2023). In addition, Clostridium spp.
adhere to a strict anaerobic fermentation pathway involving the
oxidation of pyruvate to acetyl-CoA and reduced ferredoxin by pyruvate
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ferredoxin oxidoreductase (Dzulkanain et al.,, 2022). The exact
hydrogen-producing pathways cannot be conclusively determined here.
However, it can be hypothesized that the diversity of these pathways
and their interactions contributed to a more efficient conversion of BSG
hydrolysate to hydrogen.

3.3. Continuous production of organic acids from BSG acid-hydrolysate

The continuous production of organic acids entailed the utilization of
acid hydrolysates derived from BSG at four different pH conditions, i.e.,
4,5, 6, and 7 (Fig. 5). At pH 4, the degree of acidification, calculated as
the conversion of initial COD to organic acids, was 17 %. Lactic acid and
acetic acid contributed 62.6 % (5.6 + 0.6 g/L) and 32.1 % (1.9 £ 0.3 g/
L), respectively, to this acidification process. At pH 4, formic, propionic,
and butyric acids exhibited minimal concentrations (Table 5). It is worth
noting that despite being storage at around 4°C, the feeding displayed a
consistently high concentration of lactic acid, averaging 3.2 + 0.2 g/L.
Increasing the pH to 5 resulted in a rapid increase in the degree of
acidification to 43.2 %, accompanied by variations in the organic acid
profile, with an increase in propionic and butyric acids with concen-
trations of 0.9 + 0.5 and 1.1 + 0.2 g/L, respectively. Further adjustment
of the pH to 6 led to an increase in the concentration of organic acids: 9.2
+0.7,5.6 £ 0.8, 1.6 £ 0.2, and 2.5 + 0.6 g/L for lactic, acetic, propi-
onic, and butyric acid, respectively. This resulted in a degree of acidi-
fication of 68.3 %, with a remarkable increase in the selectivity of
26.2 % for butyric acid. Finally, increasing the pH to 7 resulted in a
decrease of the acidification degree to 37.4 %. Formic acid was pro-
duced at pH 7 reaching concentrations of 1.4 £+ 0.1 g/L, while the
concentrations of acetic, propionic, and butyric acids remained at values
of 5.7 £ 0.4, 1.4 = 0.1, and 2.1 + 0.2 g/L, respectively. Moreover, a
significant decrease in lactic acid production was observed. This corre-
lated with the increase in biogas productivity (1.4 L/L-d with an average
hydrogen composition of approximately 53 %) at pH 7. This observation
is in line with the decrease in microbial communities responsible for
lactic acid production discussed in the following Section 3.3.1. Thus,
lactic acid might be implicated in hydrogen production pathways, as
discussed in Section 3.2.1. This highlights the intricate interplay
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between pH levels and the metabolic pathways governing various
organic acids.

The pH exerts a considerable influence on anaerobic acidogenic
performance and the preferential production of organic acids, primarily
due to its impact on the microbial community and its associated meta-
bolism (Bhatia et al., 2021). Over the range of pH conditions tested, the
highest total organic acid production was observed at pH 6, reaching a
maximum value of 17.3 + 0.6 g CODequiv./L. In contrast, the lowest
organic acid production occurred at pH 4, yielding 4.3 + 0.2 g CODe-
quiv./L. This finding is consistent with research by Da Fonseca et al.
(2024), who also found that lower pH levels, such as pH 5, resulted in
minimal organic acid production, specifically 2.2 &+ 0.7 g CODequiv./L,
in batch assays using BSG. In another study, Castilla-Archilla et al.
(2021) investigated the production of VFAs using BSG at different pH
conditions. The results revealed the highest VFAs concentration (17.0 +
1.3 g CODequiv./L) at pH 6.0, with significant selectivity (99.5-99.8 %)
for acetate and butyrate. Similarly, Horiuchi et al. (2002) investigated
the selective production of organic acids by anaerobic acidogenesis with
pH control in a chemostat culture. Their findings also showed the lowest
concentration of organic acid production at pH 5, with values reaching
6.4 g CODequiv./L. A prevalence of lactic acid was observed at pH 4,
while pH significantly influenced the composition of the active micro-
bial communities, thereby influencing the pathways of organic acid
production. Increasing the pH to 5 and 6 favored pathways related to
butyric and propionic acids or the microbial communities associated
with these acids.

The maximum concentration of organic acids obtained in the present
study was 17.3 £+ 0.6 g CODequiv./L, which was higher compared to the
9.0 + 1.6 g CODequiv./L reported by Guarda et al. (2021), with a
lab-scale expanded granular sludge bed reactor operated on pretreated
(sulfuric acid) BSG in continuous mode at 30 °C, 2.5 days HRT, and 10 g
COD/L-d OLR. In another study, Texeira et al. (2020) reported a
maximum organic acid concentration of 35.5 g CODequiv./L using a
fed-batch reactor fed with from raw BSG and operated at an extended
HRT of 16 days. However, the present study achieved a higher maximum
organic acid productivity of 900.5 + 13.1 mg CODequiv./L-h (six and
ten times higher than the volumetric productivities reported by Guarda
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Fig. 5. Continuous production of carboxylic acids and biogas in the acidogenic reactor at different pH conditions.
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Table 5

Process Safety and Environmental Protection 191 (2024) 206-217

Organic acid concentrations, selectivity, and acidification degree were determined by COD-equivalent calculations using data obtained from the continuous reactor at

different pH conditions.

pPH 4 pHS pH6 pH7
[g/L] [g/L] S (%) [g/L] [g/L] S (%) [g/L] [g/L] S (%) [g/L] [g/L] S (%)
(influent) (effluent) (influent) (effluent) (influent) (effluent) (influent) (effluent)
Lactate 29+0.1 5.6 + 0.6 62.6 2.8 +0.0 8.3+ 0.4 53.5 3.1+0.1 9.2+ 0.7 38.5 4.2+ 0.5 42+0.3 52+
+ 8.4 +4.2 + 3.2 0.5
Formate 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.0 £ 0.0 0.0 £ 0.0 0.0 £ 0.1+0.1 0.1 +0.1 0.1+ 0.0 £ 0.0 1.4+0.1 51+
0.0 0.0 0.0 0.2
Acetate 0.7 £0.1 1.9+0.3 321 0.7 £ 0.0 2.7 £ 0.0 20.2 0.8 +0.1 5.6 + 0.8 29.2 1.3+0.1 5.7 £ 0.4 49.6
+ 7.0 +1.6 + 3.3 + 4.5
Propionate 0.2+0.1 0.2 +0.1 0.7 £ 0.2+ 0.0 0.9 £ 0.5 8.7 £ 1.6 £0.3 1.6 £0.2 6.0 + 1.5+ 0.0 1.4 £0.1 0.0 +
0.0 0.6 0.9 0.0
Butyrate 0.0 £ 0.0 0.0 £ 0.0 4.6 + 0.0 £ 0.0 1.1 +£0.2 17.6 0.0 £ 0.0 25+ 0.6 26.2 0.0 £ 0.0 2.1+0.2 40.1
0.7 + 2.4 + 4.7 +3.3
Acidification 17.1 £ 0.8 432+ 1.6 68.3 + 2.4 37.4+0.8

degree (%)

S: selectivity

et al. 2021 and Texeira et al. (2020), respectively), highlighting the
effective performance of the evaluated acidogenic process. Finally, the
estimated organic acid yields, based on dry BSG, were 61.4 + 2.9, 155.7
+5.7,247.1 £ 8.6, and 135.7 + 4.3 kg organic acids per ton of dry BSG
for pH 4, 5, 6, and 7, respectively. The organic acids produced could
serve as the basis for the synthesis of other compounds, such as poly-
hydroxyalkanoates (Guarda et al., 2021).

3.3.1. Microbial communities in the acidogenic reactor

In general, there was a predominant presence of Lactobacillales at
both at pH 4 and pH 5, representing nearly 99 % of the relative abun-
dance (Fig. 4b). Particularly at pH 4, the genus Limosilactobacillus
showed a relative abundance of 98 %. Lactic acid bacteria, such as
Limosilactobacillus, are widely known for their ability to perform lactic
acid fermentation, yielding primarily lactic acid (Lee et al., 2023).
However, certain strains of Limosilactobacillus and other lactic acid
bacteria can also engage in additional metabolic pathways that result in
the synthesis of other organic acids, such as acetic acid (Hirozawa et al.,
2023). This finding is consistent with the increased levels of lactic and
acetic acid observed at pH 4. A shift in pH to 5 resulted in a change in
relative abundance, with Limosilactobacillus still predominant at 68 %,
but with a notable presence of Lactobacillus at 20 % of relative abun-
dance. Lactobacillus, in general, are known for their ability to perform
lactic acid fermentation. However, some strains of Lactobacillus can also
participate in mixed fermentations, contributing to the production of
other organic acids (Hadinia et al., 2022).

The production of acetic, propionic, and butyric acids is a charac-
teristic feature of heterofermentative lactic acid bacteria and other
bacteria capable of performing mixed fermentation. These bacteria can
used various metabolic pathways to ferment different substrates,
resulting in the synthesis of different organic acids in addition to lactic
acid, such as acetic acid. Shifting the pH to 6 resulted in an increased
diversity of microbial communities and a significant reduction of Lac-
tobacillales to 2 % (Fig. 4b). Subdominant genera such as Weissella,
Enterococcus, and Lachnoclostridium emerged, with relative abundances
of 11 %, 4 %, and 6 %, respectively. While Enterococcus demonstrates
metabolic versatility, it is commonly associated with lactic acid pro-
duction along with Weissella (Heyer et al., 2024). In contrast, Lachno-
clostridium, which belongs to the family Lachnospiraceae, is associated
with the production of short-chain fatty acids, including acetic, propi-
onic, and butyric acids (Palomo-Briones et al., 2021). Many species
within the genus Lachnoclostridium are strict anaerobes and engage in
carbohydrate fermentation, leading to the synthesis of these organic
acids. In particular, certain strains of Lachnoclostridium are known for
their ability to produce butyric acid.

Finally, at pH 7, the relative abundance of Weisella and Lachnoclos-
tridium increased to 21 % and 11 %, respectively. While neither of these

genera is typically associated with hydrogen production, Lachnoclostri-
dium has the ability to generate small amounts of hydrogen as a by-
product during certain fermentation processes. Lachnoclostridium is
closely associated with the hydrolysis of oligomers, which can promote
hydrogen production (Palomo-Briones et al., 2021). On the other hand,
Clostridium sensu stricto 1 showed a low relative abundance (< 1 %)
throughout the process. It is able to assimilate various types of feed-
stocks and convert them to hydrogen under different conditions (Yang
and Wang., 2019), which may explain the peaks of hydrogen-containing
biogas observed at pH 7.

3.4. Methane production from unfermented (CH4) and DF (Hz + CHy)
BSG hydrolysates

Both the unfermented BSG hydrolysates and the DF effluent collected
under a 6 h HRT, which allowed maximum hydrogen production, were
subjected to BMP tests. Following 12 days of methanization, the ultimate
methane yield from the unfermented and fermented acid-hydrolysates
were 516.8 & 39.0 NmL CH4/g VSaqdeq and 658.4 + 18.0 CH4/g VSad.
ded> Tespectively (Table 6). Commonly, DF has been reported to boost
biogas production by stimulating hydrolysis and acidogenesis, resulting
in increased concentrations of organic acids that are subsequently
metabolized downstream. The acidogenic broth contained several
organic acids, including lactate, acetate, formate, propionate, and
butyrate, each present at concentrations in the range of a few grams per
liter. However, no significant concentrations of these acids were detec-
ted in the GC-FID analysis performed on the acidogenic broth (data not
shown), suggesting their use in biogas production. The final amount of

Table 6

Biochemical methane potential (BMP), along with the kinetic parameters
derived from the modified Gompertz model, and the maximum volumetric
methane production rates (VMPR) achieved for both the unfermented and fer-
mented BSG hydrolysates.

Parameter Unfermented hydrolysate DF hydrolysate

BMP (NmL CH4/g VSadded) 516.8 + 39.0 658.4 + 18.0
A (days) 0.5 1.1

Hmax (NmL CHy4/g VSadded) 515.6 688.2
Rmax (NmL CH,/g VSaddea-d) 259.1 128.8
R? 0.9938 0.9977
VMPR (NmL CH,/L-d) 294.7 146.5

Hmax : Maximum methane production potential.
4: Lag phase.
Rmax : Maximum rate of methane production.

R?: Correlation coefficient.
Values presented are the average and standard deviation of triplicate
measurements.
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lactate was not measured due to methodological limitations, but it is
assumed that it underwent anaerobic oxidation to form methane pre-
cursors. As a result, the DF process acted as a pretreatment, leading to a
27.4 % increase in methane production compared to the unfermented
counterpart. In both scenarios studied, the lag phase was relatively short
(0.5-1.1 days), indicating the presence of readily assimilable organic
compounds in the substrates (Fig. 6). Interestingly, while the acidogenic
broth assay showed a higher production value, indicating an increase of
27 %, the volumetric methane production rates, Rmax , decreased by
almost 50 % compared to the fermented acid hydrolysate (Table 6). One
possible reason for this could be that the microbiota of the anaerobic
sludge used was adapted to metabolize low concentrations of organic
acids. In this sense, a higher concentration of these compounds could
imply some synthesis time for the cellular machinery needed to
metabolize them. Therefore, in a continuous methanization process with
adapted biomass, the difference in kinetics could be reduced.

With a focus on BSG utilization, the YCH4.4ry.Bsg (methane yield
relative to the mass of dry BSG) was analyzed for different hydrolysates.
The highest CH4Y.4ry.sg Was obtained when unfermented acid hydro-
lysates were used, with a yield of 226.9 NL CH,4/kg dry BSG. Conversely,
the use of fermented acid hydrolysate resulted in a yield of 198.7 NL
CHy/kg dry BSG, representing a reduction of approximately 12 % due to
the VS loss during DF. Considering the HHV of methane (35.2 kJ/L),
unfermented acid hydrolysates have the potential to achieve an energy
recovery yield of 7986.9 MJ/ton of dry BSG, while fermented acid hy-
drolysates could yield 6994.2 MJ/ton of dry BSG. To put the results of
this study in the context of the current state of the art, Lins et al. (2023)
achieved a methane yield of 580 NmL/g-VSadded €quivalent to approx-
imately 82 NL CH4/kg dry BSG in BMP batch tests for the mesophilic
digestion of BSG at a F/M ratio of 1:3 (based on VS). In another study,
Buller et al. (2022) reported lower methane yield of 107.3 NmL CHy/g
VSadded from BSG subjected to ultrasonic pretreatment in batch opera-
tion under mesophilic conditions and within a pH range of 7-8.

3.5. Significance of the study and the need for future research

The motivation for the present study was based on the following key
points: i) the lack of previous research on continuous DF for the pro-
duction of biohydrogen from BSG; ii) the scarcity of studies on contin-
uous organic acid production using BSG as a substrate, with the
microbiology of acidogenic processes for carboxylic acid production still
largely unexplored; and iii) the BMP of the fermentation broths

[~

(=4

]
I

2

>

=
I

(=)
[
]

Process Safety and Environmental Protection 191 (2024) 206-217

produced after the DF process has, to the best of the authors’ knowledge,
not been previously investigated. The most notable results of this study
include the fact that the volumetric hydrogen productivity obtained is
the highest reported to date for pretreated BSG. In addition, the degree
of acidification obtained was consistent with previous similar studies,
but the volumetric carboxylic acid productivity obtained here was up to
10 times higher than that reported in other studies. In this context, the
operating pH, which had not previously been studied in detail, was
found to be an important parameter in the process. In addition, the
microbiology associated with the continuous acidogenic process was
determined, making this, to our knowledge, the second study to report
and discuss such scientific findings in detail. It was also demonstrated
that the effluent derived from the DF of BSG hydrolysates can be used for
biogas production, where the methane production potential and kinetics
were found to be quite attractive.

Overall, this research provides valuable insights into the optimiza-
tion of fermentation processes for BSG and demonstrates its high po-
tential as a low-cost feedstock for biohydrogen, carboxylic acids and
methane. The results pave the way for future research aimed at
improving the sustainability and profitability of the brewing industry by
utilizing BSG for the production of renewable energy and valuable bio-
based chemicals. In particular, deeper continuous studies with longer
operating times are needed to further optimize these processes. In
addition, a comprehensive techno-economic and environmental impact
assessment is crucial to provide a more realistic view of the different
biotechnological approaches explored here.

4. Conclusions

The continuous production of hydrogen and carboxylic acids from
pretreated BSG and the batch methanization of unfermented and post-
DF BSG hydrolysates were investigated. The DF process achieved the
highest HPR of 5.9 NL-Hy/L-d at 6 h HRT. pH significantly influenced
the degree of acidification rather than the acid profile, with pH 6 pro-
ducing the highest degree of acidification, yielding 247 kg of organic
acids (mainly lactic and acetic acid) per ton of dry BSG. Both raw hy-
drolysates and DF hydrolysates showed a high methane production
potential, 517 and 659 NmL-CH4/g-VSadded, respectively. BSG has great
potential as a low-cost feedstock for the production of biofuels and high-
value chemicals.
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