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Increasing greenhouse gas levels have led to the international community pledging
to curb the mean global temperature increase to less than 1.5 ◦C. While the commitment
to such stringent targets gained an increased support by the COP26 (November 2021)
community, actions to achieving this have not been effective. The end of COP26 coincided
with the launch of this Special Issue targeted towards “Net Neutrality” via “Anaerobic
Fermentation” to understand the current status of research in this compelling area. With
increased interest amongst the research community to contribute to this Special Issue, the
final submission deadline was extended to November 2022, which coincided with COP27.
The lack of stakeholder commitment seen in COP26 initiated the traction towards climate
financing, leading to the ‘Adaptation Fund’ and the ‘Least Developed Countries Fund’
to help support needy countries to meet short-, medium-, and long-term climate action
plan targets. This also led to the conversations of achieving net zero emissions rapidly as
opposed to revisiting transition targets. As the guest editor, I feel extremely proud that
a key takeaway from COP27—‘nature-based solutions’—was addressed in this Special
Issue to an extent and, therefore, I would like to thank all the authors for their valuable
contributions.

Achieving net neutrality has to follow a sustainable circular economy pathway, and
anaerobic-fermentation-based biological routes have a significant role to play in this remit.
The Special Issue was vastly successful in capturing this research, with studies focused
on the fate of enzymes, microbiomes and metabolic pathways, new product streams, and
intensifying fermentation using engineering optimisation, as well as identifying routes for
sustainable biorefineries via anaerobic fermentation.

Anaerobic fermentation is well established at a commercial scale in wastewater treat-
ment plants around the globe. However, the removal of key nutrients such as orthophos-
phates is not often possible with conventional anaerobic digestion (AD) systems. Khumalo
et al. investigated an aerobic–anaerobic sequencing batch reactor to tackle this problem
and improve orthophosphate removal rates [1]. Conventional AD often focuses on biogas
production for energy recovery from waste. While this aspect is commonly exploited
for recovering value out of a variety of waste, its intensification for enhanced value ad-
dition is still lacking. On this front, Miftah et al. reported the use of choline chloride
monoethanolamine as the most effective deep eutectic solvent to recover a cellulose-rich
residue from sugarcane leaves upon pre-treatment [2]. Intensified biomethane production
was observed alongside biohydrogen, leading to maximum energy recovery from the waste
feedstock. In contrast to pre-treatment, Shin et al. investigated the use of additives, espe-
cially food-waste-derived biochar, for enhancing the biomethane yield [3]. Adding enzyme
cocktails to AD reactors is a promising new strategy to enhance hydrolysis and methane
production rates. However, this may not always result in positive biomethane yield en-
hancements due to a number of reasons, with enzyme stability being the predominant factor.
Küchler et al. investigated this phenomenon and reported that lignocellulose-degrading
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enzymes had a half-life of ~1.5 h when added to an AD reactor [4]. They established a
workflow to monitor the stability of such enzymes, which is crucial in determining the
efficiency of the process. Buriánková et al. investigated the microbial communities found
in underground gas reservoirs, examining their unique metabolic pathways [5]. Rigorous
qPCR- and sequencing-based methods were utilised to decipher the novel communities
(from water samples taken over a two-year period). They concluded that such reservoirs
could behave as natural fermenters for the bioconversion of CO2 and H2 to CH4. However,
engineered fermenters are still the state of the art. One of the limitations of commercial
fermenters is achieving an appropriate mass transfer enabled via overcompensated mixing.
Such cases would lead to excessive energy use for the fermenter’s operation. Singh et al. in-
vestigated the significance of intermittent mixing by employing a helical ribbon impeller in
the digester for the production of biogas [6]. They determined that volatile fatty acids (VFA)
accumulation in addition to the specific power consumption by the digester considerably
reduced, leading to an enhanced biogas yield as a result of intermittent mixing.

Beyond biogas, Robazza et al. investigated the anaerobic co-fermentation of the
pyrolysis aqueous condensate and syngas to produce L-Malate, an important high-value
biochemical [7]. Their work showed the potential of simultaneous detoxification as well
as valorisation. Pinto et al., on the other hand, optimised an open microbiome towards
biobutanol production as opposed to pure culture-based fermentation [8]. The problem
with identifying multiple fermentation by-products was correlated to the highly diverse
microbial community due to the use of an undefined microbial inocula (via 16S rRNA
amplicon analysis).

VFAs are key intermediates in AD, which are of high value when obtained in high
concentrations. Therefore, these products present a potential opportunity. Highlighting
the importance of VFAs in a biorefinery, Nzeteu et al. presented a review on the potential
valorisation routes of waste biomass to VFAs, followed by key products such as bioplastics
and other high-value biochemicals [9]. The potential is truly unique, as many fossil-fuel-
derived chemicals can be replaced via the VFA-based biorefinery routes. While Nzeteu
emphasized this, Nagarajan et al.’s review on the production facets of VFA added another
dimension to the Special Issue. The production of VFAs have to be intensified to be
able to make the valorisation pathways economically viable. Nagarajan et al. discussed
these perspectives in light of biohydrogen and VFA production by critically analysing the
available pilot-scale state-of-the-art examples [10].

Overall, the Special Issue can be viewed as having three sections: (i) progressing
the understanding of anaerobic digestion across disciplines; (ii) highlighting the potential
for new products via anaerobic digestion; and (iii) identifying the suitable valorisation
pathways for enabling a circular bioeconomy via VFAs. These ‘nature-based solutions’
inline with COP27 takeaways reassure us that the scientific community is progressing in
the right direction towards achieving net neutrality. The leap to ‘achieving net zero’ from
the current ‘transition’ mindset however still requires significant efforts from political,
scientific, and commercial stakeholders to ensure financial viability.
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J.; et al. Microbial Communities in Underground Gas Reservoirs Offer Promising Biotechnological Potential. Fermentation 2022,
8, 251. [CrossRef]

6. Singh, B.; Kovács, K.L.; Bagi, Z.; Petrik, M.; Szepesi, G.L.; Siménfalvi, Z.; Szamosi, Z. Significance of Intermittent Mixing in
Mesophilic Anaerobic Digester. Fermentation 2022, 8, 518. [CrossRef]

7. Robazza, A.; Welter, C.; Kubisch, C.; Baleeiro, F.C.F.; Ochsenreither, K.; Neumann, A. Co-Fermenting Pyrolysis Aqueous Conden-
sate and Pyrolysis Syngas with Anaerobic Microbial Communities Enables L-Malate Production in a Secondary Fermentative
Stage. Fermentation 2022, 8, 512. [CrossRef]

8. Pinto, T.; Grimalt-Alemany, A.; Flores-Alsina, X.; Gavala, H.N.; Gernaey, K.V.; Junicke, H. Shaping an Open Microbiome for
Butanol Production through Process Control. Fermentation 2022, 8, 333. [CrossRef]

9. Nzeteu, C.; Coelho, F.; Davis, E.; Trego, A.; O’Flaherty, V. Current Trends in Biological Valorization of Waste-Derived Biomass:
The Critical Role of VFAs to Fuel A Biorefinery. Fermentation 2022, 8, 445. [CrossRef]

10. Nagarajan, S.; Jones, R.J.; Oram, L.; Massanet-Nicolau, J.; Guwy, A. Intensification of Acidogenic Fermentation for the Production
of Biohydrogen and Volatile Fatty Acids—A Perspective. Fermentation 2022, 8, 325. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

3



Citation: Buriánková, I.; Molíková,
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Nikola Hanišáková 1, Martin Černý 1, David Novák 4, Jan Lochman 4, Josef Zeman 5, Jakub Javůrek 6,
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Abstract: Securing new sources of renewable energy and achieving national self-sufficiency in nat-
ural gas have become increasingly important in recent times. The study described in this paper
focuses on three geologically diverse underground gas reservoirs (UGS) that are the natural habitat of
methane-producing archaea, as well as other microorganisms with which methanogens have various
ecological relationships. The objective of this research was to describe the microbial metabolism
of methane in these specific anoxic environments during the year. DNA sequencing analyses re-
vealed the presence of different methanogenic communities and their metabolic potential in all
sites studied. Hydrogenotrophic Methanobacterium sp. prevailed in Lobodice UGS, members of the
hydrogenotrophic order Methanomicrobiales predominated in Dolní Dunajovice UGS and thermophilic
hydrogenotrophic members of the Methanothermobacter sp. were prevalent in Tvrdonice UGS. Gas
composition and isotope analyses were performed simultaneously. The results suggest that the
biotechnological potential of UGS for biomethane production cannot be neglected.

Keywords: methanogenic archaea; methanogenesis; underground gas storage; power to methane;
green energy; CO2 utilization

1. Introduction

Microbiological studies of underground gas storage (UGS) have demonstrated the
presence of viable microorganisms [1,2] and their significant influence on biological and
geochemical processes in these environments [3]. It is likely that Šmigáň and co-workers in
1990 were the first to observe the changes in the composition of the town gas in UGS caused
by microorganisms. The recorded decrease in the amount of H2 and CO2 combined with
the increase in the amount of CH4 in the Lobodice UGS, Czechia, indicated the possibility
that microbial communities inhabit the UGS. The presence of methanogenic archaea, which

Fermentation 2022, 8, 251. https://doi.org/10.3390/fermentation8060251 https://www.mdpi.com/journal/fermentation4
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appeared to be responsible for the changes in gas quality [3,4], was also confirmed. Thirty
years later, our stable isotope measurements confirmed biological methane production
at the same site and at other sites. Power-to-gas technology with biological methane
production in underground reservoirs seems to be one of the most promising options for
carbon-neutral fuel production and storage [5]. The UGS can serve as a reactor where the
biological conversion of CO2 and H2 to biomethane takes place [6]. Sources of CO2 can be
the thermal sector, various industries, or direct capture of CO2 from the air [7]. Hydrogen
can be produced by electrolysis of water or using surplus renewable energy [8], while
hydrogen from waste treatment could also be used in the future [9]. It is also clear that
methane will be treated as an energy carrier until safe hydrogen storage and distribution
technologies are available [10]. The objective of this study was to determine whether a
UGS natural sedimentary rock environment could be a potential target for biomethane
production through power-to-methane technology. Although many scientific teams have
mapped the microbiome of the subsurface environment (Table 1), the idea of using UGS
as a natural bioreactor is new and topical. The enormous capacity of UG enables the
production and storage of biological methane in quantities of millions of cubic meters.
Three geologically different sites in the Czech Republic—Lobodice, Dolní Dunajovice,
and Tvrdonice—serving as UGS were studied in terms of microbial communities using
sequencing technology and quantitative PCR to assess their methanogenesis processes.

Table 1. Selected investigations performed in similar rock environment.

Author, Reference Year Country Focus of Study

Šmigán et al. [4] 1989 Czech Republic methanogenic archaea
Buzek et al. [4] 1994 Czech Republic microbial methane production
Pedersen et al. [11] 1996 Sweden microbial diversity
Kotelnikova et al. [12] 1997 Sweden methanogenic archaea, homoacetogenic bacteria
Fry et al. [13] 1997 USA microbial diversity
Shimizu et al. [14] 2006 Japan microbial diversity
Ivanova et al. [2] 2007 Russia microbiological
Basso et al. [1] 2009 France microbial diversity
Kimura et al. [15] 2010 Japan microbial methane study
Flynn et al. [16] 2013 USA functional microbial diversity
Wu et al. [17] 2016 Sweden microbial diversity, metabolism
Frank et al. [18] 2016 Russia variability in microbial composition
Kadnikov et al. [19] 2017 Russia microbial diversity
Vigneron et al. [20] 2017 USA microbial methane study

Methanogenesis

Methanogenesis, the final step in the decomposition of organic matter, is carried out
by methanogenic archaea, which play an important role in the global carbon cycle and are
responsible for more than half of all methane produced on Earth per year [21]. In the last
four decades, methanogenesis has also been described as the dominant metabolic pathway
in very deep aquifers [22]. Methanogenic archaea are strictly anaerobic microorganisms
and require an environment with low redox potentials of about −300 mV for their growth.
Under these conditions, where all other favorable electron acceptors, such as oxygen, nitrate,
sulphate, and iron compounds, are depleted or absent, methanogenesis can occur [23].

Methanogenesis is not a uniform process. Methane can be formed via three major
pathways: hydrogenotrophic, methylotrophic, or acetoclastic. However, one major charac-
teristic enzyme is present in all types of methanogenesis: methyl-coenzyme M reductase
(MCR), which catalyzes the final step of methyl group reduction to methane [24].

The most widespread and probably the oldest form of methane production is hy-
drogenotrophic methanogenesis. This pathway is characterized by the conversion of CO2
and H2 to methane; molecular hydrogen serves as the electron donor and CO2 as the
electron acceptor. The reduction of formate also occurs via the hydrogenotrophic pathway.
The only difference is in the first step, where formate is oxidized to CO2 and then the CO2
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continues the pathway. The hydrogenotrophic pathway is widely used; for example, by the
microorganisms of the orders Methanobacteriales, Methanomicrobiales, and Methanococcales.

The second known pathway is the methylotrophic pathway, in which methylated C1
compounds (methanol, methylamines, or methyl sulfides) are first activated by specific
methyltransferases [25]. Usually, four C1 compounds are involved in this reaction. One of
the methyl groups is oxidized to CO2 and the remaining three methyl groups are reduced
to methane. Methylotrophic methanogens include members of the orders Methanobacteriales
and Methanosarcinales as well as the recently proposed Bathyarchaeota, Verstraetearchaeota,
and Methanomassiliicoccales. In addition, some methanogens (members of Verstraetearchaeota)
were found to be exclusively methylotrophic. Based on this, it was hypothesized that
methylotrophic methanogenesis evolved as an independent ancient pathway [26].

Furthermore, two processes have been described for methanogenesis from acetate.
The first is acetoclastic methanogenesis, where acetate is cleaved into carboxyl and methyl
groups. The substrate for methanogenesis is acetate, which undergoes a disproportionate
reaction. The carbon in the methyl group is reduced to methane, while the carbon in the
carboxyl group is oxidized to CO2. Two main genera of methanogens (Methanosarcina,
Methanothrix) are able to use this pathway [27]. The second process is based on syntrophic
mutualistic reactions. Less is known about this syntrophic metabolism, which catalyzes the
oxidation of acetate to hydrogen and carbon dioxide (SAO) by SAO bacteria. It is possible
that syntrophic acetate-oxidizing (SAO) bacteria facilitate acetate consumption and could
be coupled with hydrogenotrophic methanogenesis (SAO-HM) [28].

2. Materials and Methods

2.1. Locality and Geological Preconditions

The Lobodice UGS is an aquifer type of UGS located in the central part of the
Carpathian Foredeep and formed by an anticlinal structure at an average depth of 450 m.
The basement is formed by Proterozoic and Paleozoic crystalline rocks, such as amphibolitic
shales. The overlying reservoir sediments consist of lower Badenian clastic sediments,
mainly conglomerates, and the caprock sealing the entire structure consists of lower Bade-
nian clays.

The Dolní Dunajovice UGS is a depleted gas reservoir located in the southern part of
the Carpathian Foredeep filled with Miocene sediments. Its structure consists of Carpathian
sediments, mudstones, sandstones, and siltstones overlying the Eggenburgian sediments.
The Eggenburgian mudstones form the caprock of the UGS and the Eggenburgian basal
clastics glauconitic sandstones serve as the UGS horizon at an average depth of 1100 m.
Jurassic carbonates (Kurdejov limestones) form the UGS basement.

The Tvrdonice UGS is a depleted set of gas and oil reservoirs located in the Czech part
of Vienna basin. The sedimentary complex overlies the crystalline rocks of Brunovistulikum,
and the thickness of the sediments reaches over 5 km in some parts of the Vienna basin.
The hydrocarbon reservoirs, later converted to UGS, are located at a depth of 900 to 1600 m
from the Sarmatian–Badenian boundary interval.

Gas and oil fields are generally structural traps tied to a fault system and subdivided
into specific smaller segments and horizons. The reservoir horizons are formed by sandy
strata interbedded with mudstones.

2.2. Sampling

Two types of water samples were collected from 16 wells over a two-year period. Water
samples from overflow and groundwater were collected using a special rope technique
and a sterile subsurface sampler—a stainless steel capsule with a volume of 0.75 L (Leutert
GmbH, Adendorf, Germany).

Samples were collected from the overflow by passing water from the well through a
200 L barrel into which a sterile 1 L glass bottle was submerged. This sample was used
for molecular biological analyses. For sample cultivation, a 5 L canister with a drain valve
was filled in a similar manner. The water sample (30 mL) from this canister was then
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transferred to a sterile 150 mL culture vial fitted with a rubber stopper. A sterile tube was
connected to the drain valve of the canister, at the end of which a sterile needle was inserted
into a Luer-Lock thread to pierce the rubber stopper of the vial. The sterile culture vials
were flushed with nitrogen several times before use. The nitrogen was then aspirated,
and the vial gas phase was under vacuum so that the sample could be aspirated from the
canister. For the subsurface sampler, we connected a sterile hose to the sampler valve after
releasing the pressure in the sampler, which led to a 0.5 L sampling tube. As the water
flowed through the tube, we punctured the wall of the tube with a sterile syringe and
needle and collected water for culture. This water (30 mL) was transferred with a syringe
to a sterile culture vessel that was under negative pressure. The water that flowed through
the tube into the sterile 0.5 L sample tube was then used for molecular biology analyses. In
both cases, culture was performed according to the procedures described in [29,30]. Water
samples were transported to the laboratory under anaerobic conditions in a special cooling
box. A total of 20 samples were collected, comprising 11 overflow water samples and
9 groundwater samples (Table S1).

2.3. Physical-Chemical Parameters and Groundwater Chemical Composition

Measurements of pH, redox potential (ORP), electrical conductivity, and temperature
were conducted on site using the WTW Multi 350i (accuracy ±0.01 for pH, ±0.2 for ORP,
±0.5% for electrical conductivity and ±0.1 ◦C for temperature). The SenTix 41 electrode
was used to measure pH and temperature. The SenTix ORP electrode was used to measure
redox potential. The ORP value measured against Ag/AgCl electrode was recalculated
against standard hydrogen electrode (SHE) according to the operating manual. The WTW
TetraCon 325 electrode was used to measure electrical conductivity. Prior to analysis,
all groundwater samples were filtered through a 0.45 μm membrane filter (Millipore,
HAWG047S6). Chemical analyses of the main groundwater components were performed
in the chemical laboratory of the Department of Geological Sciences, Faculty of Science,
Masaryk University, according to standard laboratory procedures. Basic data processing
was performed in Microsoft® Excel spreadsheet, advanced data processing, geochemical
calculations and geochemical modelling were performed in Geochemist’s Workbench®,
release 12.0.4. (Aqueous Solutions LLC, Champaign, IL, USA).

2.4. Degas Analysis
2.4.1. Isotopic Determination

Isotopic determination of δ13C in CH4 and δD in CH4 of the gas samples dissolved in
water was performed using a Picarro Cavity Ringdown Spectrometer (CRDS), a G2201-i
Analyzer for Isotopic CO2/CH4, and a G2182-i Analyzer for δD & δ13C in CH4. Isotopic
determination of δ18O, δD, and δ17O in water was performed using the CRDS L2140-i
Analyzer for Isotopic H2O (all by Picarro, Inc., Santa Clara, CA, USA). Instrument setup
and sample preparation in terms of appropriate concentration range, standards, etc. are
described in the manufacturer’s guidelines and in the standard operating procedures of
Testlab Geo-Services (RWE Gas Storage CZ, Ltd., Brno, Czech Republic).

2.4.2. Gas Chromatography

Analysis of the gas samples was performed using the Agilent 7890B Gas Chromato-
graph (Agilent Technologies, Inc., Santa Clara, CA, USA), a three-channel system using
TCD-TCD-FID detectors. The gas chromatograph was equipped with two precolumns
HiSep Q, and three separation columns (HP-Plot Q, Molsieve 5a, and HP Molsieve), all of
which were 0.53 mm in diameter. The mobile phase was Ar 5.0 and He 5.0 (SIAD Czech,
Ltd., Rajhradice, Czech Republic). The thermal program and other parameters were set
according to the standard operating procedure of Testlab Geo-Services (RWE Gas Storage
CZ, Ltd., Brno, Czech Republic). (Results shown in Table S2).
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2.5. Microscopy

Samples selected for analysis by Scanning Electron Microscopy (SEM) were prepared
to withstand the high vacuum conditions in the SEM chamber. An appropriate volume
(20 mL) of the water sample was filtered onto a polycarbonate membrane filter (0.2 μm,
Merck Millipore, Guyancourt, France) using a vacuum filtration device (Merck Millipore,
Guyancourt, France). The cells on filters were fixed with 2% glutardialdehyde in 0.1 M
sodium cacodylate buffer (pH 7.4). After one hour at room temperature, followed by
overnight fixation and drain off fixative, the samples were immediately transferred to 50%
ethanol solution (EtOH). After fixation, small pieces of the filters were dehydrated by a
graded EtOH series (70%, 85%, 95% and twice 100% EtOH), each step taking approximately
20 min at room temperature. The filter pieces saturated with 100% EtOH were dried
with CO2 (K850 Critical Point Dryer, Quorum Technologies, Lewes, UK) at the critical
point and placed on a stub with conductive carbon tape. To increase the conductivity
of the samples, the filters were sputter-coated with 5 nm of iridium (Q150T ES, Quorum
Technologies, Lewes, UK). Samples were analyzed using a high-resolution field emission
scanning electron microscope TESCAN CLARA (TESCAN ORSAY HOLDING, Brno, Czech
Republic). All images were acquired at a low accelerating voltage of 1 keV using the
in-column Axial detector.

2.6. Molecular Biological Methods
2.6.1. DNA Isolation

Well water samples (0.5 L from the subsampler, 1.5–2 L from the overflow) were filtered
on 0.22 μm membrane filters (GTTP, Millipore, France) and subjected to DNA isolation using
a kit according to the manufacturer’s instructions (DNeasy Power Water Kit, Quiagen, Hilden,
Germany). DNA quality was measured using NanoDrop 2000 UV-Vis spectrophotometer and
Qubit TM fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.6.2. Quantitave PCR

The qPCR (quantitative polymerase chain reaction) method was used for absolute
quantification of methanogens. A pure culture of Methanobrevibacter smithii was used as a
template for the standard. DNA concentration was measured using a fluorometer Qubit
(Thermo Fisher Scientific, Waltham, MA, USA) and the sample was diluted to the required
concentrations (104–108 copies per μL). The reaction was performed on Light Cycler 480
(Roche, Basel, Switzerland) in triplicate for each sample. The reaction volume was 14 μL,
including 4 μL of template DNA and 9 μL of Luna Master Mix (BioLabs, Ipswich, MA,
USA) with two forward (0.25 μL per one) and one reverse primer (0.5 μL), each at a final
concentration of 250 nM. The primer was targeted to the mcrA gene, which is supposed to
be a single copy gene (one gene per methanogen cell). A combination of three primers was
designed for this study. The reverse mcrA primer 5′-CGTTCATBGCGTAGTTVGGRTAGT-
3′ was used in combination with equal volumes of the two forward primers mcrAF1 5′-
ACTTCGGTGGATCDCARAGRGC-3′ and mcrAF2 5′-ACTTCGGCGGTTCDCARAGRGC-
3′ [31,32]. The reaction conditions included an initial denaturation step at 95 ◦C for 3 min,
followed by 35 cycles of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 45 s, and
extension at 72 ◦C for 30 s, with a ramp rate of 0.1 ◦C/s from the annealing to the extension
temperature, followed by a final extension step at 72 ◦C for 10 min. Due to fluctuations in
the signal during the first five cycles, fluorescence was read from the sixth cycle onward.
The expected length of the amplicons was approximately 300 bp.

2.6.3. Illumina—Next Generation Sequencing Method

DNA extracted from groundwater was used as the template for PCRs with specific
primers flanking the V4 region of the 16S rRNA gene sequence [33]. Amplification was
performed using Platinum™ II Taq Hot-Start DNA Polymerase (ThermoFisher) at 0.8×
according to the Earth Microbiome protocol [34]. After PCR, the amplification products
were purified using Agencourt® AMPure XP Beads (Beckman Coulter, Brea, CA, USA).
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Subsequently, the purified PCR samples were quantified and normalized using the Qubit
fluorometer. The normalized PCR products were pooled, and their length and quality were
checked using the DNF-474 HS NGS Fragment Kit for Fragment Analyzer (Agilent, Santa
Clara, CA, USA). The final library was sequenced using an Illumina MiniSeq sequencer
together with the Mid Output Kit (2 × 150 paired end sequencing) according to the
manufacturer’s instructions (Table S3).

Raw fastq reads were processed using the DADA2 package (version 1.16.0), [35] in R
(version 4.0.0). Analysis was performed according to the standard operating procedure.
Reads were first filtered, then trimmed, de-replicated, and de-noised. Then, forward and
reverse reads were merged, chimaeras were removed, and the taxonomy was assigned
by the RDP naive Bayesian classification [36] against the Silva database [37]. Multiple
alignments were performed using the DECIPHER package and a phylogenetic tree was
constructed using the phangorn package [38]. Phylogenetic and statistical analyses were
then performed in R using the phyloseq package [39]. The datasets generated and analyzed
during the current study are available in SRA under the project number BioProject ID:
PRJNA759841.

To assess the metabolic potential of the communities based on the 16S rRNA gene am-
plicon data alone, functional annotation was performed using the FAPROTAX database [40].
The normalized and curated OTU abundances were assigned to a phylogenetically con-
served functional group from information based on functional annotations of cultivated
representatives. The program assumes that all cultivated and non-cultivated members can
perform the functions verified in the database. The total DNA extracted from UGS water
samples does not exclusively represent the metabolically active part of the community, as
DNA from dormant and dead organisms is also extracted simultaneously [41]. For a deeper
understanding of the metabolism of the microbial community metabolism, transcriptomic
or proteomic data would be required and should be considered.

3. Results

3.1. Physicochemical Parameters and Water Chemistry
Characteristics of Groundwater

The chemical composition and physicochemical parameters of the studied UGS
groundwaters are shown in the diagrams of Piper and Durov in Figure S1. Lobodice
UGS groundwaters are slightly alkaline, pH is in the range of 7.36–8.70, and redox potential
varies in the range of −238 to −399 mV, which means strongly reducing conditions. The
groundwater has a relatively low mineralization of 2.4–3.1 g/L. Among the cations, sodium
ions are predominant; among the anions, chlorides and bicarbonate are comparable, with
bicarbonate slightly predominant. Water from caprock shows about twice as much min-
eralization. The ratio of major anion and cation concentrations is almost the same as for
typical groundwaters from the Lobodice UGS. The groundwaters from the Tvrdonice UGS
are also slightly alkaline (pH 8.10 and 8.45) with reducing conditions (−130 and −115 mV).
Compared to the Lobodice UGS, they have about three times the mineral content (10.21
and 10.61 g/L). Their chemical composition is quite simple: of the main constituents, only
sodium and chloride ions are present, while the concentrations of the other constituents
are only in the two-digit milligram range. The groundwater of the Dunajovice UGS is
almost identical in chemical composition to the groundwater of the Tvrdonice UGS, except
that it has a three-times higher mineral content of about 30 g/L. The pH values are also in
the characteristic range (7.65 and 8.07), and the redox potential indicates a typical anoxic
environment (−138 and −142 mV).

All three types of UGS groundwaters are typical synsedimentary waters, and their
properties reflect the sedimentary conditions and characteristics of the rock environment
in which they are contained. The carbon, nitrogen, and sulfur components are major
constituents that determine the oxidation–reduction processes. For the carbon component,
the pH values are just around the groundwater saturation limit for calcite (Figure S2a),
indicating that the groundwater is saturated relative to calcite. The solubility product of
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calcite determines the concentrations of calcium and bicarbonate ions, and conversely, pH
values are buffered by the equilibrium between dissolved carbonate species and calcite.

The redox potential of the samples where groundwater was discharged from the wells
for several hours is, with two exceptions, in the range where nitrogen species are stable
as NH4

+ (Figure S2b), and approach the limit of redox transformation of SO4
2–/ HS−

manifested by pyrite precipitation under the given conditions (Figure S2c). Pyrite is present
in the UGS sedimentary rocks and provides reducing conditions. As for carbon species, the
pH and Eh conditions are close to the transition boundary between dissolved carbonate
species (CO2 and HCO3

−) and methane (CH4). The speciation diagram for carbon species
(Figure S2d) shows that the conversion of carbon dioxide to methane begins at a redox
potential of −225 mV. The physicochemical conditions and chemical composition of the
studied UGS groundwaters are suitable for biologically assisted methanation, i.e., the
conversion of carbon dioxide to methane by the action of molecular hydrogen. These
conditions are supported by other redox-active components (NH4

+ and HS−).

3.2. Isotopic Determination

The results of the isotopic analysis of the gas and water samples indicate the origin of
these samples. These results and an example of the typical isotopic composition of the injected
gas are given in Table S4. The raw δD values measured in CH4 must be corrected using the
δD values measured in water, because there is an equilibrium between these values, and the
values in methane are affected by the values in water. The data listed in Table S4 are also
shown in Figure 1. The structure in the background [42] helps to immediately assign the
samples to a specific type of origin. As can be seen in Figure 1, the samples from Lobodice and
Dolní Dunajovice are clearly of microbial origin. The results for the samples from Tvrdonice
indicate that these degassing samples are a mixture of microbial and thermogenic gas. For
comparison, the values for injected gas have also been added to this figure to illustrate the
difference between the thermogenic gas typically stored in the UGS and the gases that were
influenced (at least to some degree) by microbial processes.

 

Figure 1. C–D plot [42] with measured data.
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3.3. Microscopy

The SEM-micrograph shows a wide variety of morphological types of microorganisms,
predominantly the accumulation of rod-shaped cells with a length of 1–4 μm and cocci
with a diameter of about 0.3 μm (Figure 2).

 

Figure 2. Examples of microbial morphotypes: rods and cocci found in well TVR-B captured by SEM.
Inorganic nanoparticles which form conglomerates can be seen.

3.4. Quantitative Analyses of Methanogens (qPCR)

Of all sites, 14 wells were sampled, ten of which were sampled once and four of
which were sampled repeatedly in different seasons, focusing on specific UGS regimes
(injection–extraction gas periods) (Table S2). Of the total twenty samples from the dataset,
DUN-B (December 2018), LO-H (November 2019), LO-H (October 2018), and LO-I (March
2019) were discarded due to low DNA concentration. The number of mcrA gene copies
(Table S5) found in the Lobodice samples ranged from 7.20 × 101 to 2.40 × 107 in 1 μL of
DNA isolated from 1 L of well water. The highest number of mcrA gene copies (2.40 ×
107) was detected in the well LO-C (October 2018), while the lowest number (2.00 × 102)
was found in LO-F (May 2018). In Dolní Dunajovice, the mcrA gene copies ranged from
1.7 × 105 to 1.03 × 106, and in Tvrdonice from 1.86 × 104 to 1.42 × 106. Certain wells in
Lobodice were repeatedly sampled at different times of the year over a two-year period.
When comparing the number of mcrA gene copies, the hypothesis about the influence of
the UGS regime (injection/withdrawal periods for gas) on methanogen abundance cannot
be confirmed.

3.5. Metagenomic Analyses of UGS Archaeal Community
3.5.1. Next-Generation Sequencing (NGS) Analysis

Next-generation sequencing (NGS) analysis targeting archaeal and bacterial 16S rRNA
genes was performed to elucidate microbial community structures in anoxic groundwater
from deep aquifers. The 24 samples were sequenced along with 16 independent samples on
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Illumina MiniSeq using the MidOutput Kit (2 × 150 bp). The total run yield was 2.73 Gbp,
with 88.39% of the reads passing the quality filter (>Q30), resulting in 8,689,550 reads
passing the filter. The average error rate of the sequencing run was 0.98%. The DADA2
algorithm extracted 2864 unique ASVs from the 24 samples (Table S6). The sequencing
depth obtained far exceeded the requirements, as shown by the rarefaction curve (Figure S3)
with a minimum of 94,616 reads and a mean of 150,555 reads per sample.

For Illumina MiniSeq sequencing, the V4 region of the 16S rRNA gene was ampli-
fied [34,43]. The 16S rRNA gene is ubiquitous, occurs in several bacterial and archaeal
species, and is highly conserved. Members of both domains were detected in varying
unexpected proportions in all samples (archaea comprised 0.2%–75.7% of the microbial
community in all sampled wells). Archaeal community composition differed slightly
among the three sites, as did environmental and physicochemical conditions (Figure S4).

All samples collected were positive for the presence of methanogenic archaea. The
16S rRNA marker was used for sequence analyses and indicated the presence of an ar-
chaeal community in each well (Figure 3). The archaea were represented by five identified
phyla, Euryarchaeota and Crenarchaeota, Hydrothermarchaeota, Nanoarchaeaeota and Hadesar-
chaeaeota, the last being a recently proposed phylum of thermophilic microorganisms found
in deep mines, hot springs, marine sediments, and other subsurface environments [44].
This includes eight discovered classes, seven orders, thirteen families and fifteen genera.
Sequencing of the 16S rRNA gene shows that the majority of the 140 archaeal OTUs belong
to methanogens and consist of 10 genera and two recently discovered Candidatus species,
whose abundance accounted for more than 5% of the total community.

Figure 3. Archaeal community—16S rRNA gene sequence focused on methanogens detected in water
samples from UGS’s (5% cut).

The composition of the methanogenic archaea community detected in the UGS wa-
ter samples shows that the major metabolic pathway in the UGS environment is hy-
drogenotrophic methanogenesis, with hydrogen and carbon dioxide as carbon and energy
sources (Figure 4). In general, the genus Methanobacterium predominated in almost all
samples, followed by the genus Methanothermobacter (present exclusively in Tvrdonice) and
Methanolinea. The metabolism of these genera is exclusively hydrogenotrophic methano-
genesis. The acetoclastic members of the genera Methanothrix and Methanosarcina were
represented by large numbers of cells in the LO-A and LO-D wells.
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Figure 4. Selected metabolic groups predicted using the database of functional annotations of
prokaryotic organisms, FAPROTAX.

Exceptionally high numbers of members of the genus Methanocalculus were found in
the DUN-C well, where they make up half of the archaeal community. Methanothermobacter
genera absolutely dominate in TVR-B and contribute to the archaeome in TVR-A, as do
Methanoculleus members. In addition, new methanogens of interest were detected in
interesting numbers in this well, namely the methylotrophs Candidatus Methanomethylicus
and Candidatus Methanofastidiosum.

3.5.2. Biodiversity of Microbial Communities

Shannon and Unifrac indexes were chosen to describe the biodiversity of microbial
communities. Alpha diversity refers to the diversity within a given ecosystem and is
usually expressed by the number of species (or species richness). The diversity and richness
of microbial communities inhabiting the different wells were determined using 16S rRNA
gene analyses. Comparing the microbial diversity of each sample, Lobodice recorded the
highest values with respect to all three sampling sites. Within all localities, the highest
alpha diversity was found in the sample LO-D 11/19, while the opposite was found in
LO-C 10/18. Relatively high values for the Shannon index were found in LO-C 11/19,
LO-F 5/18, LO-F 11/19, and DUN-A 10/18 (Figure S5, Alpha biodiversity measure).

Beta diversity describes the structural complexity of the environment. It is a measure
of the difference (or conversely, similarity) in species composition between communities
along a given gradient of the environment, or between the community and its environment.
Beta diversity is higher when a community contains uncommon species. Beta diversity
shows the difference between microbial communities from different sampling sites. The
obtained indices show no significant clustering among all samples. Only one distinct group
formed from samples from Dolní Dunajovice and Tvrdonice, which originated from similar
environments. In addition, some samples from Lobodice (LO-D 10/18, LO-E 11/19, LO-A
6/18) were clustered together with them. The most divergent samples, considering all sites,
were LO-C 10/18 and LO-G 10/18 (Figures S5 and S6).

3.5.3. Metabolism Prediction—FAPROTAX

The potential metabolic functions of microorganisms were estimated using the database
of functional annotations of prokaryotic organisms, FAPROTAX, which showed that the
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most frequent categories were related to carbon cycling under anaerobic conditions. Fur-
thermore, metabolism involved in nitrate respiration and respiration of sulfur compounds
was found to be marginal (Figure 4). During anaerobic decomposition of organic material,
the hydrolysis products are decomposed into simple organic and inorganic substances
(acids, alcohols, CO2, H2). Fermentation of these substances produces several reduced
end products. In the next step—acetogenesis—the syntrophic acetogenic microorganisms
produce hydrogen and decompose organic acids, alcohols, and some aromatic compounds.
In the dataset, aromatic compound degraders, such as members of the genera Pelotomacu-
lum or Acinetobacter, were detected in all samples, but significant levels were reached in
the wells LO-B, LO-G, LO-H, and DUN-B. The presence of syntrophic acetogenic bacteria
(Sporomusa, Anoxynatronum) was confirmed in the LO-D well. The dataset also reflects the
composition of the methanogenic community in the well, showing a high abundance of
acetoclastic methanogens. Acetogenic microorganisms are commonly found in syntrophy
with methanogenic archaea, which consume the hydrogen they produce. Methanogens
utilize substrates, such as carbonaceous substances (methanol, formic acid, methylamines,
CO2, CO) or acetic acid. The end products of their metabolism are methane and carbon
dioxide. All types of methanogenic metabolism were recorded in the collected samples, but
hydrogenotrophic methanogenesis, represented mainly by the genus Methanobacterium, was
predominant. A significant potential of methylotrophic methanogenesis was observed only
in DUN-C (Methanocalculus, Methanospirillum). Acetotrophic methanogens, represented
exclusively by the genus Methanosaeta, were detected only in the LO-D well, corresponding
to high acetogenic activity. The highest methanogenic activity was then found in DUN-C
and LO-F. The intensity of predicted methanogenic metabolism varied by site and sampling,
showing unexpected changes in metabolic activity. In general, it appears that this very
particular type of ecosystem is more dynamic than should be expected.

4. Discussion

Over the course of four years of studying biomethanation in underground water
reservoirs, we have built on the results summarized in the review paper [5].

The objective of the study was to determine part of the composition of the UGS micro-
biome, focusing on methanogenic archaea, biological methane production, and evaluation
of the biotechnological potential for biomethane production from underground hydrocar-
bon reservoirs and aquifers. Although methanogens have been detected in aquifers [4,18,19]
or in the sediments of UGS pipelines [45], to the best of our knowledge, this is the first
thorough study addressing different types of reservoirs. We hypothesize that seasonal
fluctuations of gas in UGS may have an impact on the abundance of methanogens in
UGS [2].

To demonstrate the dynamics of their abundance during the year, some of the wells
were sampled at different times of the year, focusing on specific UGS regimes (injec-
tion/withdrawal gas). The results show that the methanogenic community is dynamic
throughout the year, but no significant trend was found with respect to the UGS regime
(Figure 3). The results of the sequencing analyses confirmed that each well hosts a specific
methanogenic community that accounts for 70%–100% of the total archaeal community.
This means that methanogen abundance in UGS is generally greater than 10%.

Hydrogenotrophic Methanobacterium sp. prevailed in most samples from the Lobodice
locality, as proven by NGS and cultivation. Methanosarcina sp. were also abundant, con-
suming acetate or methylated compounds as a substrate for methanogenesis. The second
sampling site, Dolní Dunajovice, had a different reservoir environment and thus a different
microbiome composition compared to Lobodice. Members of the hydrogenotrophic order
Methanomicrobiales were most abundant. The third sampling site, Tvrdonice, was strongly
influenced by the higher temperature in the UGS and therefore contained thermophilic
members of the Methanothermobacter genus.

Methanogenic and fermentative microorganisms are often organized in mutualistic
consortia to facilitate rapid electron exchange by diffusion of hydrogen or formate [46]. In
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addition, electron exchange by direct electron transfer between species has been discovered.
Geobacter metallireducens transfers electrons directly to Methanothrix harundinacea during
methanogenic degradation of ethanol, presumably through nanowires [47]. Members of
the genera Geobacter and Methanothrix were found in samples from LO-A and DUN-A.

Anaerobic syntrophy is defined as a thermodynamically interdependent extreme
lifestyle in which the degradation of an organic compound occurs only when the end
products (usually hydrogen, formate, and acetate) are maintained at very low concen-
trations. Microbial syntrophy between Bacteria and methanogenic archaea enhances the
methanogenic activity and methane yield. This type of syntrophy is related to the global
carbon cycle in anaerobic environments, which is based on a complex community of
metabolically coupled microorganisms that are highly adapted to the environment. This
was clearly demonstrated in the publication [48].

The dynamics of the conversion of H2 and CO2 to methane varied in all samples
depending on the UGS environment. The key parameters were temperature and chemical
composition of the UGS groundwater. Biomethane production is also influenced by the
composition of the microbial community in each UGS well [49]. Our study confirms the
presence and natural activity of methanogenic archaea in underground gas storages. The
function of underground gas storages as natural bioreactors is confirmed by the result of
our field experiment under real reservoir conditions [50]. The strategic importance of this
solution is quite clear. These principles can make an important contribution to reducing
the impact of transport and energy on nature and decarbonizing the economy. The use
of underground reservoirs for industrial production of biological methane is one of the
ways by which the Czech Republic might achieve self-sufficiency, avoiding dependence on
natural gas imports.

4.1. Lobodice

The low salinity and higher pH (close to eight) of the environment provide ideal condi-
tions for the growth of members of the genus Methanobacterium. The high prevalence of this
genus was confirmed in all but one of the sampled wells. This genus is hydrogenotrophic
but can also metabolize formate. Several species have already been isolated from aquifers,
so these genera seem to be widespread in this environment [3,15,51,52]. Moreover, this
genus has even been isolated during previous experiments at the Lobodice UGS [4]. Mem-
bers of the genus Methanosarcina were found in large numbers in LO-A and LO-D. The main
substrates for growth are acetate, methanol, trimethylamines, or other methyl-containing
compounds. Some of the species can form methane from H2 and CO2, or they use H2 to re-
duce methanol to methane. Acetotrophic members of the genus Methanothrix were detected
and were present in samples depending on morphological observation, especially in LO-C,
LO-D, and LO-G samples. They are exclusively served by acetate as a substrate, and their
affinity for this substrate is much higher than that of the genus Methanosarcina. Members of
the genus Methanoculleus were found exclusively in the well LO-A. This genus usually lives
in marine environments and brackish water, but is also widespread in other environments,
such as bioreactors, landfills, or wastewater. Unlike other Archaea, Methanoculleus can use
ethanol and some secondary alcohols as electron donors for final methane production [53].
Conditions at this site appear to support acetogenic bacteria of the genus Acetobacterium,
which use H2 and CO2 to form acetate. The acetate formed does not remain in the liquid
for long, being rapidly consumed by a narrow range of bacteria, or serving as a substrate
for methanogenesis.

4.2. Dolní Dunajovice

The Dolní Dunajovice site is characterized by higher salinity and temperature com-
pared to Lobodice. Due to these conditions, the composition of methanogens differs
significantly from that in Lobodice. In the wells DUN-A and DUN-B, methanogens be-
longing to the order Methanobacteriales absolutely dominate. In the sample from the well
DUN-C, two predominant archaeal taxons, Methanobacterium sp. and Methanocalculus sp.,
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comprised around half of the organisms. Species of the genus Methanocalculus are very salt
tolerant and can live at sodium chloride concentrations as high as 125 g/L [54]. Moreover,
the higher temperature in the Dolní Dunajovice reservoir is ideal for them, as the optimal
temperature of the species is 45 ◦C [55].

4.3. Tvrdonice

Tvrdonice offers unique conditions, with salinity levels somewhere between those
of Lobodice and Dolní Dunajovice, at temperatures around 50 ◦C. The higher tempera-
ture fosters microbial communities distinct from those of mesophilic environments. The
dominant methanogen, Methanothermobacter sp., was found in well TVR-B and was also
detected in another deep aquifer [15]. Its predominance is likely to lead to faster reactions
in methane formation. High temperatures are a key factor affecting microbial composition.
The absolute prevalence of the thermophilic Methanothermobacter sp. (94%), which grows
best at temperatures between 55 ◦C and 65 ◦C, was confirmed by 16S rRNA sequencing.
Only two other genera were detected in well TVR-B by 16S rRNA sequencing: Methanobac-
terium (3.2%) and Methanoculleus (2.7%). These genera use carbon dioxide and hydrogen as
substrates to produce methane for energy production.

Samples from TVR-A well water consisted of the genera Methanobacterium (approxi-
mately 50%), Methanoculeus (24%), Methanothermobacter (18%), and members of the recently
proposed taxa Candidatus Methanomethylicus and Candidatus Methanofastidiosum [56].
Candidatus Methanofastidiosum is a unique methanogen that utilizes methylated thiol
reduction and bridged carbon and sulfur cycles and may compete with CO2-reducing
methanogens and even sulfate reducers [56,57].

5. Conclusions

Based on our results, we can conclude that the underground gas storages assessed by
us showed a microbiome composition suitable for biological methane production. It can
be concluded that if underground gas storages offer suitable habitat, they can be used as
fermenters for the biological conversion of CO2 and H2 into biomethane anywhere in the
world. From a strategic perspective, underground storages can play an important role in
the energy mix, as they can be used for long-term energy storage.
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Tvrdonice and UGS Dunajovice are not significantly different. (d) Speciation of carbon dissolved
species in dependence on redox potential, Figure S3: Rarefaction curve, Figure S4: Physical-chemistry
well water properties in different sites and composition of archaeal community, Figure S5: The Alpha
biodiversity index (Shannon) of sampled wells, Figure S6: The Beta biodiversity index (unweighted
UniFrac) of sampled wells.
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3. Buzek, F.; Onderka, V.; Vančura, P.; Wolf, I. Carbon isotope study of methane production in a town gas storage reservoir. Fuel
1994, 73, 747–752. [CrossRef]
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Abstract: The efficiency of methane production by anaerobic digestion (AD), during which energy is
generated from organic waste, can be increased in various ways. Recent research developments have
increased the volume of gas production during AD using biochar. Previous studies have used food
waste itself in AD, or, added wood-biochar or sewage sludge charcoal as an accelerant of the AD
process. The application of food-waste biochar in AD using activated sludge has not yet been studied
and is considered a potential method of utilizing food waste. Therefore, this study investigated the
use of biochar prepared by the thermal decomposition of food waste as an additive to AD tanks to
increase methane production. The addition of food-waste biochar at 1% of the digestion tank volume
increased the production of digestion gas by approximately 10% and methane by 4%. We found
that food-waste biochar served as a medium with trace elements that promoted the proliferation of
microorganisms and increased the efficiency of AD.

Keywords: anaerobic digestion; biochar; thermal decomposition; methane production; food waste

1. Introduction

Anaerobic digestion (AD) is one of the best methods to utilize various organic waste
materials for energy production [1]. Numerous methods have been applied to the process
to increase bioenergy production from biomass waste [2].

The surplus sludge generated by sewage treatment produces biogas through AD. Therefore,
energy can be recovered from the sludge, contributing to organic waste management—the
production of biogas increases or decreases depending on the management of the AD tank.
Accordingly, technologies are being developed to improve energy recovery and increase
biogas production [3]. Most previous studies on increasing biogas production have focused
on improving the microorganism activity or increasing the number of microorganisms [4].

Various AD studies have been conducted using food waste to produce biogas. When
food waste is single-digested by AD, the accumulation of volatile fatty acids (VFAs) and the
suppression of ammonia inhibit the digestion tank reactions [5,6]. The AD tank reactions
are also inhibited by the salt concentrations of the food waste used in AD [7,8]. In addition,
the high biodegradability of food waste inhibits reactions that produce methane [9].

Recent studies have focused on improving the yield of biogas by using various addi-
tives such as bio-based carbon materials including biochar, activated sludge, granulated
activated carbon, and carbon cloth [2,10]. These additives improve the stability of ac-
tive sludge in AD and increase biogas production [11,12]. Activated carbon increases
sludge reduction and methane production [13], and biochar improves the rate of methane
production [14,15].

Among these additives, biochar can negatively affect sludge production because of
the composition of biomass in the AD, but positively affects methane production and can
be used to recycle organic waste by biochar [16] Biochar, produced through pyrolysis of
biomass, is an eco-friendly material with a high carbon content, porous structure, large
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specific surface area, and good biocompatibility. Biochar was reported to improve the
efficiency of methane production by 32%, when added to the AD [17,18]. Wood-biochar or
sewage sludge charcoal have been added to improve the methane production efficiency in
AD [19,20].

However, in Korea, more than 50% of lignocellulosic waste is processed using paint,
oil, and preservatives, and there is a limit in manufacturing biochar. In addition, sewage
sludge contains heavy metals; therefore, continuous addition of sewage sludge to AD can
lead to the accumulation of heavy metals [21].

To overcome these limitations, there is a need to use biochar using food waste. Because
the generation of food waste is increasing, the production and use of biochar from food
waste has been examined. The production of food-waste-based biochar has been studied
to convert food waste into resources to be used as a soil conditioner or fuel [22,23]. The
components of food-waste biochar can increase microorganism activity during the digestion
process. Although the application of food-waste biochar in AD using activated sludge has
not been evaluated, this method shows potential for utilizing food waste.

Therefore, in this study, we analyzed the physical properties of food-waste-based
biochar to determine which trace elements are necessary for AD, and to evaluate whether
it is useful as media in Brunauer, Emmett, Teller analysis. In addition, the biochemical
methane potential (BMP) test confirmed that the amount of biogas generated was deter-
mined by the amount of biochar injected. The methane production potential confirmed the
methane gas generation characteristics. We examined the effect of biochar produced by the
thermal decomposition of food waste on the improvement of methane yield during AD.

2. Materials and Methods

2.1. Production of Biochar from Food Waste

The biochar used in the experiment was produced using primarily processed (screened,
crushed, and dried) food waste at the resource recycling center in City Gimpo, Korea.
The raw material contained 70.66% volatile matter, 9.35% ash, 10.74% fixed carbon, and
9.26% moisture.

Food waste usually has a high salt content. The food waste used in this study contained
1.2–1.8 g·L−1 salt (average 1.52 g·L−1). After thermal decomposition, the resulting biochar
contained 0.3–1.0 g·L−1 salt (average 0.78 g·L−1). According to Gao et al. [24], the change
in the digestion efficiency is insignificant when the salt content is below 5 g·L−1. Roberts
et al. [25] reported that the effect of salt on microorganisms is not significant when the
content is below 1 g·L−1. The salt tolerance of the microorganisms increased to 10 g·L−1

with adaption to salt. The current study did not consider the effect of salt on microorganisms
in AD.

The biochar was prepared by slow pyrolysis by carbonizing the raw material at 500 ◦C
for 10 min. The hopper of the pyrolizer was designed to minimize the inflow of external
air. Nitrogen was used as a carrier gas to meet anoxic conditions and a “three-screw”-type
internal system was created to facilitate heat transfer and mixing.

A proximate analysis was conducted to determine the composition of biochar, X-ray
fluorescence spectrometry (XRF) was used to identify trace elements affecting digestion
efficiency, and the Brunauer, Emmett, Teller (BET) analysis was used to examine porosity.

2.2. Operating Conditions for the BMP Test

The digestion efficiency was examined based on the volume of biogas produced and
the methane content. For this, the BMP test was performed as suggested by Owen [26] and
Shelton and Tiedje [27]. The microorganisms applied in the BMP test were seeded using
sludge from the digestion tank operated in the field. The surplus and digested sludge used
for the test were collected from the sewage treatment plant in City Ilsan, Korea. Table 1
shows the sludge properties.
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Table 1. Sludge properties.

COD
(mg/L)

TSS
(mg/L)

VSS
(mg/L)

NH4
+-N

(mg/L)
VFA

(mg/L)
Alkalinity (mg/L as CaCO3)

Excess sludge 15,184 13,380 9170 8.1 22.5 110
Digested sludge - 17,630 8870 - 198.5 4140

COD: chemical oxygen demand; TSS: total suspended solids; VSS: volatile suspended solids; VFA: volatile
fatty acids.

Experiments were performed under six different conditions to examine the volume of
gas produced based on the quantity of biochar used (0% control, 0.1%, 0.5%, 1.0%, 3.0%, and
5.0% of the volume ratio (v/v%), respectively). The ratio of conditions to microorganisms
was the same in all conditions: 150 mL of surplus sludge and 200 mL of digested sludge
(microorganisms). At this time, the organic material load for each case was 4.83 g COD/L,
and the VS load was 3.21 g VS/L. To prevent a pH decrease due to acid production during
AD, 1.2 g·L−1 sodium bicarbonate (NaHCO3) was added. A 500-mL serum bottle was
thoroughly purged with nitrogen gas to ensure that no oxygen remained in the headspace
of the bottle and the bottle was sealed with a butyl rubber and aluminum cap. A BMP test
was performed at 40 ◦C and 65 rpm until no gas was produced (60 days).

2.3. Analysis of Gas Production and Composition

The volume of digestion gas produced was measured simultaneously every day for
the first seven days (24-h intervals), after which the time interval was adjusted according to
the gas production rate. The volume of gas generated was measured using a gas syringe
with capillary tube (capacity: 100 mL). The methane content was measured by analyzing
the concentrations of N2, CH4, and CO2 in the digestion gas. The gas chromatograph used
in the gas analysis was a CTGC 1000 (Chemtekins Co. Ltd., Seoul, Korea). The maximum
temperature of the oven inside the GC was 280 ◦C. A thermal conductivity detector with a
minimum detection limit of 50 pg was used.

2.4. Analysis of Biochar before and after the Biochemical Methane Potential (BMP) Test

Surface and elemental analyses were performed to predict the change in biochar
during the BMP test. A field emission scanning electron microscope (JEOL-7610F-Plus,
JEOL Ltd., Tokyo, Japan) was used for surface analysis, and pre-treatment (lyophilization)
was conducted before the analysis to consider the microorganisms that could be present
in the biochar. Additionally, energy dispersive spectrometry (EDS) was used during the
surface analysis to investigate changes in the biochar.

2.5. Analysis of Methane Production Potential

This study analyzed the effect of the addition of biochar on the methane generation
potential using experimental data from the cumulative production curves of methane
gas. The cumulative production curves obtained from the BMP test were applied to the
modified Gompertz model [28], and the best-fit method by trial and error was used to
estimate various parameters included in the model equation. Equation (1) is the modified
Gompertz model [29].

M = P × exp
[
− exp

(
Rm × e

P
(λ − t) + 1

)]
(1)

where: M, cumulative methane production (mL); P, methane production potential (mL);
Rm, methane production rate (mL·day−1); e, exp(1); λ, lag growth phase time (days), and t,
time (days).
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2.6. Statistical Analyses

Experimental data were statistically analyzed using Microsoft Excel (2016). The means
and standard deviations of the biogas production and methane content were calculated.
The samples were analyzed thrice or more to ensure precision.

3. Results and Discussion

3.1. Biochar Composition

Proximate analysis revealed that the food-waste biochar contained 41.63% fixed car-
bon, 30.42% volatile matter, 26.82% ash, and 1.12% moisture. It consisted of 42.54% C,
7.28% H, and 3.46% N. Table 2 shows the component analysis results using XRF. Due to
the characteristics of food waste, Ca was the highest, at approximately 60%, followed by
Cl. Notably, it included trace elements such as Ti, Cu, Cr, and Zn, which are not found in
wood-biochar [17].

Table 2. Food-waste-biochar composition.

Element Ca Cl K Fe P S Sr
Fraction (%) 59.16 17.63 15.39 4.48 1.73 0.83 0.25

Element Mn Ti Br Cu Cr Rb Zn
Fraction (%) 0.15 0.13 0.08 0.07 0.06 0.02 0.02

The trace elements in the biochar, including Ca, Fe, Cu, and Zn, exhibited the following
characteristics with regard to AD microorganisms:

1. Ca is a key component for the growth of some methanogens and is critical for the
formation of microbial aggregates [30];

2. Trace elements act as a cofactor for enzymes involved in methane formation [31];
3. Trace elements facilitate methane production [32];
4. Trace elements play an important role in the growth and metabolism of anaerobes [33];
5. Fe, Zn, and Ni are required for hydrogenase [34–37], and Fe is a key component for

methane monooxygenase [38,39] and nitrogenase [40].

The BET analysis of the biochar indicated that the surface area was 1.2969 m2·g−1,
the total pore volume was 0.004982 cm3·g−1, the adsorption average pore width was
153.6522 nm, and the adsorption average pore diameter was 179.996 nm. The graph
of nitrogen isothermal adsorption (Figure 1) suggests Type II, according to the IUPAC
classification [41]. According to Rouquerol et al. [42], biochar with such characteristics has
mesopores, indicating that abundant pores were formed inside the biochar. As Yue [17] reported,
the insides of the pores provide a beneficial environment for microbial growth [43,44].

3.2. Results of Digestion Gas Production
3.2.1. Trend in Gas Generation

Figure 2 shows the digestion gas generated with different quantities of biochar. The
first two days were the stabilization phase, with little difference in the volume of gas
produced in the control and experimental conditions. The 5% biochar condition produced
15 mL less digestion gas than the control condition due to increased trace elements and a
high level of biochar, which suppressed microbial activity [45].

All conditions recorded the maximum volume of gas generation on day 4, which
gradually decreased thereafter. The maximum volume of gas was higher in the added-
biochar conditions than in the control condition. The less the biochar, the greater the
maximum volume of gas generated on day 4 (133 mL at 0.1% biochar compared with
114 mL at 5.0%). In terms of the total amount of biogas generated during the period
(Figure 3), however, increasing the amount of biochar increased the gas production (control
condition: 1049 mL, 0.1%: 1084 mL, 0.5%: 1131 mL, 1.0%: 1155 mL, 3.0%: 1164 mL, and
5.0%: 1253 mL).
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Figure 1. Adsorption-desorption isotherm curves of nitrogen.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Methane content by condition (biochar content); (a) control 0%, (b) 0.1%, (c) 0.5%, (d) 1.0%,
(e) 3.0%, (f) 5.0%.
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Figure 3. Comparison of total gas generation and methane content with biochar content.

The volume of digestion gas produced was converted into unit volume per initial
volatile suspended solids (VSS): 116, 120, 125, 128, 129, and 139 mL CH4·g−1 VSSin, increas-
ing from the control with increasing quantities of biochar, respectively. The unit amount
increased with increasing biochar, with the largest increase at 0.5% biochar.

Similar to gas production, the methane content (Figure 2) was low at 16.5% for the first
two days due to the stabilization of the reactor and the generation of N2 by denitrification.
However, from day 3, the methane content was maintained at 50% or higher. The average
methane content of the control condition and the 0.1–5.0% biochar conditions (excluding
the first two days of the stabilization phase) increased to 55.6%, 56.5%, 57.5%, 57.7%, 59.4%,
and 61.1%, respectively (Figure 3).

The maximum daily gas production occurred on the third day with 0.1% biochar,
while the methane content was highest at 5.0% on day 10. Zhang et al. [46] reported
that the growth and activity of anaerobes could be increased by supplying trace elements.
Therefore, it can be inferred that trace substances were eluted from the biochar, leading
to the growth of methane-producing microorganisms and the continuous increase in the
number of microorganisms.

3.2.2. Changes in Total Suspended Solids and Volatile Suspended Solids

Total suspended solids (TSS) and VSS before and after the BMP test were analyzed
to examine sludge reduction in the digestion reaction. TSS and VSS after the BMP test
were analyzed including biochar (Figure 4). Both TSS and VSS decreased in biochar in the
various conditions up to 0.5% and increased rapidly when 3% biochar was added. The VSS
was lower than the initial value of 9020 mg·L−1 when less than 3% biochar was added;
however, it increased with more than 3% biochar. These results are opposite to the typical
AD digestion reaction, in which the decomposition of organic matter increases with gas
production, and thus the VSS decreases. Biochar is reported to serve as a medium when
it is added to the digestion tank [47], and according to Montalvo [48], the population of
microorganisms increases when zeolite, which plays the role of medium, is put into the
digestion tank.

3.3. Changes in Biochar before and after the Biochemical Methane Potential Test

Figure 5 shows the results of the scanning electron microscopy (SEM) analysis per-
formed to examine the changes in biochar before and after digestion (biochar was added to
increase digestion efficiency.) As in the biochemical methane potential analysis, many pores
were found in the biochar (Figure 5a,b), which appeared similar to those of the ceramic
carrier suggested by Sun et al. [49]. Foreign substances were attached to the pores and
surfaces after the digestion reaction (Figure 5c,d). The substances were similar to the images
of methane-forming microorganisms reported by Yu et al. [50].
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Figure 4. Total suspended solids (TSS) and volatile suspended solids (VSS) before and after the
biochemical methane potential test.

  

(a) (b) 

  

(c) (d) 

Figure 5. Scanning electron microscopy analysis before and after the biochemical methane potential
test (a) before, ×500; (b) before, ×2000; (c) after, ×2000; and (d) after, ×5000.

The EDS analysis indicated that O and P content, constituting significant proportions
of the microorganisms, increased after the BMP test, leading to a relative reduction in C
content (Table 3). Other trace substances, including Na, Mg, Al, and K, were not found
after the BMP test.
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Table 3. Energy dispersive spectroscopy results before and after the biochemical methane potential test.

Element C O P Na Mg Al S Cl K Ca

Before 84.98 10.85 - 1.04 0.14 0.08 0.11 1.33 1.10 0.36
After 66.92 31.51 0.48 - - - 0.37 - - 0.71

3.4. Results of Methane Production Potential

Applying the cumulative production curves of methane gas obtained from the BMP
test to the modified Gompertz model for optimization showed that R2 was 0.95 or higher
(maximum 0.9673), indicating that the results of the BMP test on methane production with
organic waste were correctly simulated (Figure 6). Accordingly, the methane potential (the
volume of methane produced) increased as biochar was added (182.8, 191.2, 201.9, 209.1,
222.3, and 228.8 mL CH4·g−1 VS), and the highest methane production rates were 21.5, 21.8,
22.1, 22.8, 25.0, and 22.5 mL CH4·g−1 g VS per day. Based on the methane potential and the
highest methane production rates, 3% biochar achieved the highest efficiency. The rates
increased up to 3% biochar but decreased at 5%, which can be attributed to the decrease in
microbial activity due to the increased addition of biochar [44].

Figure 6. Comparison of the derived modified Gompertz equations using the results obtained in the
current study.

Figure 6 describes the fitted results obtained using the modified Gompertz equation.
The experimental value matches the model value at 32 days. The dots indicate the experi-
mentally obtained values. The model shows that the maximum gas production volume
was achieved near day 17. However, the dots show that gas was continuously generated
for more than 60 days, indirectly indicating that methane is produced from the organic
material of the biochar.

4. Conclusions

Comparing and examining changes in digestion efficiency by adding food-waste-based
biochar to the digestion tank indicated that the efficiency increased in the biochar-added
conditions compared with the control condition as follows:

1. Food-waste biochar added at a rate of 1% of the volume of the digestion tank increased
the production of digestion gas by approximately 10% and methane by 4%;

2. Increasing the biochar increased the number of microorganisms in the biochar. The
3% biochar condition had a higher VSS after the reaction compared to the initial stage
of the reaction;

3. The 3% biochar achieved the maximum methane production rate of 25.0 mL CH4·g−1

VS per day.

The results confirmed that food-waste-based biochar injected into digestion tanks
enhanced digestion efficiency by serving as a medium contributing trace elements and
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increased the number of microorganisms. Therefore, using food-waste-based biochar to
improve AD tank methane-production efficiency could be a practical and effective method
for recycling food waste.
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Abstract: The discharge of industrial effluent constituting high orthophosphates and organic pollu-
tants in water receiving bodies compromises freshwater quality and perpetuates eutrophication. In
this study, an anaerobic–aerobic sequencing batch reactor (SBR) under activated sludge was investi-
gated for orthophosphates and chemical oxygen demand (COD) removal from brewery wastewater.
Raw brewery wastewater samples were collected on a daily basis for a period of 4 weeks. The findings
of the study are reported based on overall removal efficiencies recording 69% for orthophosphates
and 54% for total COD for a sludge retention time (SRT) of 7 days and hydraulic retention time of
18 h at mesophilic temperature conditions of ±25 ◦C. Moreover, the SBR system showed stability on
orthophosphate removal at a SRT ranging from 3 to 7 days with a variation in organic volumetric
loading rate ranging from 1.14 to 4.83 kg COD/m3.day. The anaerobic reaction period was exper-
imentally found to be 4 h with the aerobic phase lasting for 14 h. The SBR system demonstrated
feasibility on orthophosphates and COD removal with variation in organic loading rate.

Keywords: orthophosphates; chemical oxygen demand; sequencing batch reactor; brewery wastewater;
solid retention time

1. Introduction

The issue of freshwater scarcity perpetuated by environmental pollution among many
other factors has become a global phenomenon, particularly in the sub-Saharan region [1–3].
The substantial increase in biological nutrients particularly phosphorus and nitrogenous
compounds in water bodies results in eutrophic waters [4–6]. The environmentally detri-
mental eutrophic waters are characterized by high concentrations of aquatic weeds and
algae, which eventually die, sink to the bottom, and decay, thus reducing the levels of
dissolved oxygen in the water killing fish [4,6–8]. Moreover, eutrophic waters can cause
adverse effects on human society, such as drinking water problems (i.e., taste and odor) and
promotion of toxic phytoplankton species [8]. Phosphorus is one of the essential nutrients
for plant growth, enriching water bodies with phosphorus results in the stimulation of toxic
cyanobacterial (algal blooms) [5,8]. The occurrence of excess phosphorus and other biologi-
cal nutrients in aquatic ecosystems perpetuated by environmental population necessitates
the need to reduce biological nutrient loads entering the environment. One of the human
activities perpetuating the formation of eutrophic waters is the discharge of voluminous
untreated industrial wastewater into water-receiving bodies [6,9,10]. The brewing industry
is not an exception, the beer-producing process is characterized by the use of large volumes
of fresh water and generate voluminous amounts of wastewater [1,11,12], which require
treatment prior to being discharged into water-receiving bodies.
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Wastewater emanating from the brewery is characterized by high concentration levels
of chemical oxygen demand (COD) (Table 1) which results from the high organic com-
pounds found in brewery wastewater such as sugars, yeast, and soluble starch [11–14].

Furthermore, industrial wastewater generated from the brewery also contains phos-
phorus and nitrogenous pollutants; however, their concentrations depend greatly on the
type of chemicals that are used during the cleaning process (i.e., caustic soda, phosphoric
acid, and nitric acid) and the amount of yeast in wastewater [1,12,15]. From the data pre-
sented in Table 1, it is clear that the brewery’s wastewater contains a significant percentage
of COD in terms of pollutant composition, which can be harmful to the environment. It
is worth mentioning that most nations, including South Africa (SA) and the European
Union (EU), have dewatering regulations that the brewing business is obligated to uphold.
Dewatering regulations are designed to manage and/or eradicate environmental issues
associated with the discharge of untreated industrial effluent [1]. Hence, breweries should
be able to manage their impacts on the environment, by developing wastewater treatment
processes that can effectively treat their effluent to meet dewatering limits set by national
and international environmental entities.

Table 1. Brewery wastewater composition and dewatering limits in SA and EU.

Present Study [1] [16] [17]

Parameter Mean ± SD Range Range Range
SA Discharge

Limits
EU Discharge

Limits

Temperature, ◦C 31 ± 3.7 25.3–37 18–40 - <44 -
pH 6.5 ± 2.4 4.4–6.17 3–12 3–12 5.0–9.5 -

Turbidity, NTU 570 ± 164 303–1039 - - - -
Total COD, mg/L 7687 ± 2030 3447–11,813 2000–6000 1800–5000 75 125

BOD5, mg/L - - 1200–3600 1005–3800 - 25
Phosphates, mg/L 343 ± 64 229–424 10–50 10–50 10 1–2

TS, mg/L 5951 ± 3387 2942–14,981 5100–8750 50–6000 - -
VSS, mg/L 1799 ± 571 1043–2572 - - - -

There are reported studies conducted on brewery wastewater treatment using a SBR
with the common goal of minimizing wastewater-related environmental issues, namely
anaerobic SBR [18], aerobic SBR [19], aerobic/anoxic SBR [20], and suspended and attached
growth SBR [21]. Shao et al. [18] evaluated the performance of an anaerobic SBR in
COD removal from raw brewery wastewater. Shao and co-workers reported 90% COD
removal for a HRT and STR of 24 h and 60 days, respectively, for an OVLR range of
1.5 to 5.0 kg COD/m3.day. Moreover, Wang et al. [19] reported 88% COD removal from
brewery wastewater using a SBR for HRT and STR of 15 h and 90 days, respectively. It is
worth noting that for the work reported by Wang and co-workers, the reactor effluent had
a total COD concentration of 346 mg/L which is above the dewatering limits as indicated
in Table 1.

The removal of phosphorus biologically from waste streams is achieved by introducing
waste streams into an anaerobic environment in which phosphorus is released followed by
an aerobic environment in which phosphorus is taken up by polyphosphate-accumulating
organisms (PAOs) [22–24]. Ge et al. [25] investigated the performance of a SBR for phos-
phorus removal in abattoir wastewater. The findings of the investigation reported 90%
phosphorus removal for a HRT and SRT of 0.5 to 1 day and 2 to 2.5 days, respectively, at an
OVLR of between 2 to 3 g COD/L.

It should be noted that there are emerging advanced oxidation processes (AOPs) for
wastewater treatment such as photocatalytic degradation known as photocatalysis [26].
The photocatalysis process involves the use of solids (photocatalysts) which can promote
reactions in the presence of light without being consumed in the overall reaction [27],
titanium oxide and zinc oxide are the most widely used photocatalysts [26]. Previous
studies [28–30] have indicated that photocatalysis demonstrated good performance in
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degrading organic pollutants in wastewater streams. However, there are some drawbacks
associated with the photocatalysis process such as high energy requirements for photocat-
alysts with a wide band gap energy [31], low light absorption abilities which hinder the
overall photocatalytic quantum efficiency [26], and high costs of recycling and recuperating
suspended photocatalysts [32]. On the other hand, biological methods have cemented their
application in wastewater treatment because they are economically attractive and mostly
used in industry [33].

Despite the advancement in wastewater treatment processes, biological methods
are still widely used in wastewater treatment works as reported by Chen et al. [33]. It
should be noted that the application of SBRs in brewery wastewater treatment has been
investigated extensively [20,21,23,24]; however, to our knowledge, none of the reported
studies have reported on the performance evaluation of a SBR for simultaneous COD and
orthophosphates removal from brewery wastewater relative to the microbial population
growth rate. The current study aims to evaluate the performance of a SBR for simultaneous
COD and orthophosphates removal from brewery wastewater. The SBR system is selected
on the basis that the settling and reaction phase takes place in the same vessel, which
makes it easy to operate and economically attractive. Furthermore, the findings of the
study will provide wastewater-producing industries with practical and technical reference
information to assist in developing the most effective in-house wastewater treatment
systems to reduce phosphorus and carbon pollutants, thus reducing the environmental
pollution in water-receiving bodies. Moreover, the current study will give an insight
into the substrate utilization rate relative to substrate concentration as well as microbial
population growth rate relative to substrate utilization rate.

2. Materials and Methods

2.1. Sample Collection and Preparation

Brewery wastewater samples were collected at the effluent stream of the brewery on
a daily basis for a period of 28 days using sterile glass sampling bottles. Samples were
transported to the laboratory in a cooler box full of ice to maintain a temperature of 4 ◦C.
Samples were collected mainly for the operation of a laboratory-scale SBR to investigate
the performance of the SBR system on orthophosphates and COD removal from brewery
wastewater. Upon arrival at the laboratory, samples were allowed to warm up to room
temperature and sample composition analyses were conducted within 48 h from the time
of sampling by standard methods [34]. Thereafter, charged into the reactor to commence
treatment immediately.

2.2. Activated Sludge

Activated sludge was harvested from an anaerobic digester at a local brewery wastew-
ater treatment plant. The microbial population was harvested using a 10 L bucket and
then transported to the laboratory. In preparing the harvested microbial population for
treatment, no chemicals were added to the sludge nor into the raw brewery wastewater to
balance the N:C:P ratio. Only the condensed almost granular sludge was used for treatment
since granular sludge is associated with good settleability, which is imperative for optimum
treatment efficiencies.

2.3. Sequencing Batch Reactor Design

The laboratory-scale SBR, as shown in Figure 1, was made of transparent polyvinyl
chloride, having a total volume of 22 L with a conical base having a slope of 60◦ for easy
drainage of bio-solids. For experimental runs, the working volume was set at 13 L with
the microbial population occupying 4 L and raw brewery wastewater occupying 9 L. This
working volume was based on the selected HRT and SRT since they are both affected by
the reactor working volume.
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Figure 1. SBR isometric view: (1) table, (2) SBR holding tank, (3) centrifugal pump, (4) influent feed
stream, (5) SBR vessel, (6) effluent sample point 1, (7) effluent sample point 2, (8) sludge discharge
stream, (9) aerator pump, (10) manifold, and (11) oxygen aerator pipe [35].

Moreover, the reactor was not utilized into its maximum working volume to accommo-
date sludge bulking since the microbial growth rate is directly proportional to the substrate
utilization rate [23]. The conical bottom of the reactor allowed a quiescent and easy gravi-
tational settling mechanism. The reactor had a portable shaft mixer which was operated
continuously to keep bio-solids suspended inside the reactor, thus allowing perfect mixing.
Both the mixer shaft and impeller blades were made of stainless steel, with a drive motor
mounted at the top of the reactor tank in a rubber gasket operating at 10 W.

2.4. Experimental Approach

The experimental approach which was adopted in this study is similar to the work
reported by Shabangu and Bakare [36] which includes a sequence of operational steps
which are defined as follows:

• The filling phase—This was considered the first operational phase of the SBR system.
The reactor was first seeded with 4 L of activated sludge under anaerobic conditions.
Raw brewery wastewater was fed into the holding tank where suspended solids were
allowed to settle by gravitational force for a period of 2 h. After the settling phase, 9 L
of raw brewery wastewater supernatant was pumped into the reactor. The filling phase
took place under anaerobic conditions; however, the stirrer was switched on and set
to operate at 350 rpm to allow mixing. According to Tchobanoglous [23], only mixing
during the filling stage promotes filamentous growth control thus improving sludge
settling and thickening. The agitation speed of the stirrer was set to be at 350 rpm
because it was observed that higher agitation speed resulted in sludge bulking, thus
compromising the solids’ settleability. The filling phase on average for all experimental
runs lasted for 5 min.

• Reaction phase—After the filling phase, the system was allowed to undergo an anaer-
obic phase which favored the polyphosphate-accumulating organisms, which lasted
for a period of 4 h and thereafter the reaction phase was instigated. Oxygen was
supplied using an aerator pump as depicted in Figure 1 at a flow rate of 7.5 L/min,
maintaining a dissolved oxygen concentration of 3 mg/L. It is worth noting that for the
current work, the effect of dissolved oxygen was not investigated. During the reaction
phase, microorganisms consume substrate, i.e., orthophosphates under a controlled
pH which was kept within the range of 4 to 9.5. According to Tchobanoglous [23],
microbial activities are hindered at pH levels less than 4 and pH levels more than 9.5.
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The aeration duration and anaerobic phase duration were predetermined experimen-
tally which lasted for 14 h and 4 h, respectively. Moreover, the SBR was operated at
mesophilic temperature of ±25 ◦C.

• Settling phase—During this phase, bio-solids were allowed to separate gravitationally
from the treated liquid under quiescent conditions resulting in a clear clarified super-
natant. During this phase, the stirrer was switched off as well as the aeration system,
and no influent was charged into the reactor nor effluent drawn. The settling period
lasted for 2 h to enhance optimum settling of bio-solids containing biodegradable
organic and biological pollutants, thus resulting in a clear clarified supernatant with
minimum suspended solids.

• Drawing phase—This phase was considered the final treatment operational stage for
the SBR system. During this phase, the clarified supernatant was sampled as the
treated reactor effluent by tapping the reactor effluent into a 250 mL sterile glass bottle
for laboratory analysis.

2.5. Laboratory Analysis

Orthophosphates (PO3−
4 ), total COD (TCOD), total solids (TS), volatile suspended

solids (VSS), temperature, and pH were measured in accordance with the Standard Meth-
ods for the Examination of Water and Wastewater [34] standard method. Orthophosphate
concentration was measured colorimetrically using a DR3900 spectrophotometer manufac-
tured by Hach South Africa Pty Ltd, Johannesburg, supplied by Universal Water Supplies,
from South Africa. The molybdovanadate method was implemented, in which orthophos-
phate reacts with molybdate in an acid medium to produce a mixed phosphate/molybdate
complex. In the presence of vanadium, a yellow molybdovanadophosphiric acid is formed.
The intensity of the yellow color is proportional to the phosphate concentration. Samples
were measured at a wavelength of 430 nm. TCOD was measured as a quick indicator of
organic pollutants in industrial wastewater emanated from the brewery. The TCOD was
expressed in milligrams of oxygen per liter, which is the amount of oxygen consumed
per liter of brewery wastewater. This parameter was measured spectrophotometrically
(Hach DR3900) using the colorimetric method. According to the Standard methods for
the Examination of Water and Wastewater [34], total solids are total dissolved solids plus
suspended and settleable solids in water. In the case of brewery wastewater, dissolved
solids consist of nitrate, phosphorus, and other particles. On the other hand, suspended
solids include fine organic debris and other particulate matter.

Total solids were measured gravimetrically in mg TS/L, a well-mixed sample was
dried at 105 ◦C for 24 h, the TS fraction was given by the weight of the residue after
drying. Both temperature and pH were measured online, i.e., during the treatment process.
Temperature and pH monitoring inside the reactor was carried out using a calibrated
Thermo Scientific Orion Star A215 pH/conductivity meter manufactured by Thermo Fisher
Scientific, Johannesburg, supplied by Universal Water Supplies, from South Africa.

2.6. Data Analysis

For data credibility, samples were measured in triplicates and statistically validated
at a 95% confidence level. The removal efficiency for the SBR was calculated using
Equation (1) below:

Removal efficiency (%) = [(C0 − Cf)/C0] × 100% (1)

where C0 and Cf are the substrate concentrations (mg/L) in the SBR influent and effluent
streams, respectively.

Substrate utilization/uptake rate and the microbial growth rate were monitored by using the
Michaelis–Menten and the Monod empirical models as presented by Equations (2) and (3) [18]:

rsu = kXS/(Ks + S) (2)
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rg = μmXS/(Ks + S) (3)

where rsu and rg are the substrate utilization rate and bacteria growth rate from substrate
utilization per unit of reactor volume, g/m3.day, respectively, k is the maximum specific
substrate utilization rate, g-substrate/g-microorganisms.day, X is the biomass concentra-
tion, g/m3, S is the growth-limiting substrate concentration in a solution, g/m3, Ks is
the half-velocity constant, which is the substrate concentration at one-half the maximum
specific substrate utilization rate, g/m3, and μm is the maximum specific bacteria growth
rate, g-biomass/g-biomass.day.

Moreover, a descriptive statistical analysis was conducted to calculate the mean and
standard deviation (SD) using Equations (4) and (5), respectively, as well as the range.

x =
∑ X

n
(4)

SD =

√
∑(X − x)2

n − 1
(5)

where x is the mean, X is the numerical value of each sample, and n is the total number
of samples analyzed. The SD was used to measure how far each of the measured phys-
iochemical properties lies from the mean. It should be noted that high SD values mean
that the value of the measured physiochemical property lies generally far from the mean,
while low SD values mean the measured physiochemical property values are clustered
close to the mean. Moreover, the SD was calculated by reducing the sample size from n
to n − 1, this was implemented to avoid a biased estimate when using a sample size of n,
thus underestimating the variability [37].

3. Results and Discussion

3.1. Effect of Hydraulic Retention Time (HRT) on Orthophosphate Removal

For the current study, the HRT was determined experimentally and the results ob-
tained are presented in Figure 2. It can be seen that there was a significant increase in
orthophosphate concentration during the first 4 h of the anaerobic phase. The increase
in orthophosphate production was an indication that the PAOs were favored which are
essential for orthophosphate removal in the aerobic phase. The PAOs are favored in the
anaerobic environment because they do not require oxygen as an electron donor. However,
they consume readily biodegradable substrates in wastewater using energy made available
from stored phosphorus as polyphosphates, thus enabling PAOs to become dominant.

Figure 2. Orthophosphate concentration as a function of HRT profile.

Furthermore, it is evident from Figure 2 that at a HRT of 5 to 12 h there was a significant
removal of orthophosphates and it reduced significantly at a HRT of between 13 and
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18 h. Orthophosphate removal was achieved in the aerobic phase because in an aerobic
environment, microorganisms grow new biomass and take up orthophosphates, typically
more than the amount they released in the anaerobic environment [23]. Moreover, the
orthophosphate removal mechanism is characterized by a faster orthophosphate release
rate than the subsequent orthophosphate uptake rate in the aerobic phase. Thus, the
aerobic phase last longer than the anaerobic phase for maximum orthophosphate removal,
as presented by the orthophosphate concentration profile in Figure 2. Therefore, for the
current study, a HRT of 18 h was considered with the anaerobic phase lasting 4 h and the
aerobic phase duration being 14 h.

3.2. Effect of Solid Retention Time (STR) on Orthophosphate and COD Removal

Figures 3 and 4 present the findings of the study on orthophosphate and COD removal
profile with variation in the SRT. It was observed that at a SRT of 3 days and above there was
a significant removal in orthophosphates, recording a percentage removal of 70% and above.
The significant removal at a SRT of 3 days and above was an indication that the sludge in
the reactor was well acclimated to PAOs which are essential for orthophosphate removal.
Furthermore, the findings of the study explicitly indicated that the system gained stability at
a SRT of between 5 and 7 days, recording a maximum orthophosphate percentage removal
of 80%. It was observed that operating at a SRT of 7 days and above promoted the growth
of “glycogen-accumulating organisms”, which cause a decrease in the growth rate of PAOs.
Chan et al. [22] reported that longer SRTs of more than 10 days have the advantage of
promoting the growth of “glycogen-accumulating organisms”, causing a decrease in PAOs.

Figure 3. Orthophosphate removal with SRT variation.

Figure 4. COD removal with SRT variation.
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From Figure 4, it is apparent that biodegradation in terms of COD removal from
brewery wastewater was taking place in the SBR, which is confirmed by the low COD con-
centration in the SBR effluent stream as compared to the SBR influent stream. However, the
system under investigation did not yield conclusive findings on the relationship between
SRT and COD removal. From the results presented in Figure 4, the lowest and highest COD
removal efficiencies were recorded at a SRT of 2 and 3 days, respectively. The variation
in COD removal is attributed to the variation in COD concentrations in the SBR influent
stream. The lowest COD removal at a SRT of 2 days suggests that the SBR influent had
a high fraction of slowly biodegradable COD, which constitutes particulate COD which
is not explicitly accounted for in the current study. On the other hand, the highest COD
removal at a SRT of 3 days suggests that the SBR influent stream has a high fraction of read-
ily biodegradable COD, which constitutes soluble COD which is not explicitly accounted
for in this study.

Moreover, the results presented in Figures 3 and 4 suggest that the SBR system under
investigation needs to be combined with another wastewater treatment technology such
as coagulation or advanced oxidation processes to comply with the dewatering limits
presented in Table 1.

3.3. Orthophosphate and COD Removal with Variation in Organic Volumetric Loading
Rate (OVLR)

According to Carucci et al. [38], fluctuations in organic loads in influent streams
compromise the treatment efficacy of biological nutrient removal systems. In this research
study, the orthophosphate and COD percentage removals were investigated with a variation
in OVLR, and the findings of the study are presented in Figures 5 and 6. However, when
analyzing Figure 5, it can be seen that the variation in OVLR had an insignificant effect
on the orthophosphate percentage removal. This may be attributed to the basis that
the microbial population used in this study was harvested from an anaerobic digester
treating wastewater with high-strength organic loads; therefore, the microbial population
adapted to variations in OVLR. Microbial populations in nature, when subjected to certain
environmental conditions over a period of time, turn out to adapt to particular conditions,
this period is referred to as the acclimation period. Orthophosphate removal of up to
80% was achieved in this study which was an indication that the microbial population
in the reactor was well acclimated to a microbial population which was not affected by
the variation in organic loads. Furthermore, the findings presented in Figure 5 suggests
that the organic load in wastewater samples investigated in this study was within a range
which did not have a negative effect on the system’s microbial activities in orthophosphate
removal.

Figure 5. Orthophosphate removal with variation in OVLR.
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Figure 6. COD removal with variation in OVLR.

Figure 5 shows the findings of the current study, indicating that there is a variation in
COD removal with OVLR variation as a function of SRT. As it was indicated in Section 3.2,
the variation in COD removal is attributed to the variation in SBR influent stream compo-
sition. The results presented in Figure 6 suggest that the microbial community was able
to biodegrade readily biodegradable COD which is not explicitly accounted for in this
work. Moreover, the results presented in Figure 6 suggest that the brewery effluent under
investigation constitutes a high composition of slowly biodegradable and particulate COD
which can be removed by other advanced wastewater treatment processes.

3.4. Orthophosphate and Total Chemical Oxygen Demand (TCOD) Removal

The TCOD is a combination of the particulate COD and soluble COD. The findings of
the study on orthophosphate and TCOD removal are presented in Figure 7. The current
study on average achieved a TCOD removal efficiency of 54% which was lower than
the orthophosphate percentage removal of 69%. Shabangu [35] and Bakare et al. [39]
reported that higher COD efficiencies of up to 90% in SBR systems operated at mesophilic
temperature conditions ranging between 20 and 25 ◦C can be achieved at longer HRTs
ranging from 5 to 7 days. However, long HRT of up to 7 days may not be feasible for
regions experiencing freshwater scarcity such as the southern part of Africa. Moreover,
high HRTs of up to 7 days can result in high operation costs in terms of aeration.

Furthermore, the lower TCOD concentrations in the effluent stream when compared
to the influent stream was an indication that indeed microbial activities were taking place
inside the reactor during treatment. According to Tchobanoglous [23], during the anaerobic
phase, POAs consume readily biodegradable organic substrates (e.g., biodegradable COD)
with the aid of energy made available from stored phosphorus. Thus, enriching the sludge
with PAOs. Based on organic substrate consumption mechanisms on orthophosphate
removal systems reported by Tchobanoglous [23], it can be said that the 54% TCOD removal
represents the fraction of readily biodegradable TCOD.

Moreover, for the current work, the pH range of the SBR influent stream was between
4.9–8.4 for different batches. The range in pH is attributed to varying brewery wastewater
composition, depending on the brewery activities taking place inside the brewing house.
The pH was left adjusted, as it was alluded in Section 2.4 that metabolic activities for
microorganisms are inhibited at pH values of 9.5 and above or pH values below 4 [23].
The effect of pH on microbial activities is not explicitly accounted for in the current study;
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however, it can be seen from Figures 2–7 that microbial activities were not inhibited despite
the pH variation for different batches.

Figure 7. Orthophosphate and TCOD removal profile.

Table 2 presents a summary of similar work conducted on brewery wastewater treat-
ment using a SBR system. The majority of reported studies do not focus on simultaneous
COD and phosphorus removal. The high COD removal [18,19,39] compared to the current
study, is attributed to high SRT and soluble COD [18,19]. Bakare et al. [39] reported high
COD removal efficiency at a HRT of 120 days, which suggests that the brewery wastewater
investigated had a high fraction of slowly biodegradable COD. Based on the results pre-
sented in Table 2, it is evident that a lot of work must be carried out aimed at investigating
simultaneous COD and phosphorus removal from brewery wastewater.

Table 2. Summary of studies on brewery wastewater treatment using a SBR system.

Treatment Method COD, % TP, % HRT, Hours SRT, Days
OVLR,

kg COD/m3.day
Reference

Anaerobic SBR >90 - 24 60 1.5–5 [13]
Aerobic SBR 88.7 - 15 90 3.5 [14]
Aerobic SBR 90 - 120 - - [26]

Aerobic–anaerobic SBR 54 69 18 7 1.4–4.1 Present study

3.5. Substrate Utilisation Rate and Microbial Population Growth Late

From Table 1, it is apparent that the brewery wastewater used in this study had a high
COD composition compared to orthophosphates. Hence, COD was considered the micro-
bial substrate. According to the Michaelis–Menten empirical model presented in Equation
(2), the substrate utilization rate is directly proportional to the substrate concentration.
The findings of the study presented in Figure 8 are congruent to the Michaelis–Menten’s
principle on substrate utilization rate. Note that the correlation between the utilization rate
and the substrate (COD) concentration gave a coefficient of determination of less than 0.9.
This is attributed to the fact that the first three system points which are beneath the trend
line gave low substrate utilization rates relative to high COD concentrations. It is worth
mentioning that the substrate utilization rate is a function of volatile suspended solids
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which are considered to be organic bio-solids. Therefore, low substrate utilization rates
relative to high COD concentration could be attributed to the reactor influent stream having
a high composition of inorganic bio-solids compared to organic bio-solids. Such bio-solid
ratios result in low VSS fractions, consequently resulting in low substrate utilization rates
despite high COD concentrations. This is accounted for in the findings presented in Table 1
showing a higher TS range compared to VSS.

Figure 8. Substrate utilization rate as a function of COD concentration (g COD/m3).

The relationship between the substrate utilization rate and microbial population
growth rate was investigated using the Monod empirical model presented as Equation (3).
Figure 9 presents the findings of the current study on the microbial growth rate, which
indicates a strong correlation between microbial growth rate and substrate utilization rate.
This is explicitly accounted for by the coefficient of determination R2 = 0.9582. Moreover,
the findings are congruent to the Monod’s principle on microbial growth rate which clearly
states that the substrate utilization rate is directly proportional to the microbial growth.
The findings of the study recorded an average microbial growth rate of 16.86 kg/m3.day.

Figure 9. Microbial population growth rate as a function of substrate utilization rate.

4. Conclusions and Future Perspectives

In this study, the performance of an anaerobic–aerobic SBR for orthophosphate and
COD removal from brewery wastewater was investigated. The findings of the study
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demonstrated good removal efficiencies on orthophosphates ranging from 33 to 81%,
recording an overall treatment efficiency of 69%. Additionally, an average COD removal
efficiency of 54% was recorded. Moreover, high removal efficiencies of orthophosphates
and COD were obtained at a SRT of 3 to 7 days and a HRT of 18 h under mesophilic
temperature of ±25 ◦C. Furthermore, the system did not show any negative effect on
orthophosphate removal with the variation in organic volumetric loading rate which
ranged from 1.14 to 4.83 kg COD/m3.day. The low removal efficiency of COD maybe
attributed to brewery effluent having particulate as well as slowly bio-degradable COD
which can be removed by chemical methods. Based on the findings of the study, it can
be concluded that the SBR demonstrated good treatment efficiency on orthophosphate
removal from brewery wastewater with high-strength organic pollutants. However, the
findings on COD suggests that the SBR performance can be improved by incorporating the
SBR system with a chemical process aimed at eradicating pollutant fractions which cannot
be removed by biological processes.

Despite the good performance of the SBR for the current study and from previous
studies as reported in Table 2 on brewery wastewater treatment, none of the reported studies
recorded a SBR effluent meeting the dewatering limits as presented in Table 1. This suggests
that a lot of work still needs to be carried out on biological COD and orthophosphate
removal from brewery wastewater. There are limited studies reporting on optimizing
the OVLR to microbial population ratio for optimal biodegradation of organic pollutants.
Moreover, more work needs to be carried out on techno-economic analysis for biological
wastewater treatment processes integrated with AOPs since it is a promising emerging
technology in wastewater treatment.
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Abstract: Utilising ‘wastes’ as ‘resources’ is key to a circular economy. While there are multiple routes
to waste valorisation, anaerobic digestion (AD)—a biochemical means to breakdown organic wastes
in the absence of oxygen—is favoured due to its capacity to handle a variety of feedstocks. Traditional
AD focuses on the production of biogas and fertiliser as products; however, such low-value products
combined with longer residence times and slow kinetics have paved the way to explore alternative
product platforms. The intermediate steps in conventional AD—acidogenesis and acetogenesis—have
the capability to produce biohydrogen and volatile fatty acids (VFA) which are gaining increased
attention due to the higher energy density (than biogas) and higher market value, respectively. This
review hence focusses specifically on the production of biohydrogen and VFAs from organic wastes.
With the revived interest in these products, a critical analysis of recent literature is needed to establish
the current status. Therefore, intensification strategies in this area involving three main streams:
substrate pre-treatment, digestion parameters and product recovery are discussed in detail based on
literature reported in the last decade. The techno-economic aspects and future pointers are clearly
highlighted to drive research forward in relevant areas.

Keywords: biohydrogen production; volatile fatty acids; intensification; pre-treatment; digester;
product recovery; techno-economic aspects

1. Introduction

There is a need to address the ever-increasing energy and materials demand sustain-
ably. Simultaneously, growing anthropogenic activities have led to an increase in global
CO2 levels, and there is, therefore, a pressing need to reduce emissions to control the
global warming potential. Cumulative global CO2 emissions have risen by ~64% over the
past three decades [1]. The major contributors (>60%) to global emissions have been the
electricity, heat and transportation sectors. While this has been the global trend, national
emissions vary significantly between countries due to the difference in implementation of
environmental policies, population density, per capita income and per capita emissions.
For instance, in the UK, the cumulative CO2 emissions have fallen by ~38% in the past three
decades [1]. In particular, the electricity and heat sectors have recently managed to curb
their CO2 emissions significantly. With the implementation of the UK Net Zero strategy
to achieve zero CO2 emission targets by 2050, the cumulative emissions are expected to
decrease more rapidly in the coming years. However, to achieve such stringent targets,
it is important that emissions in all sectors are mitigated appropriately. For instance, the
major contributor to emissions in the UK currently is the transportation sector (~35% of
national emissions) (Figure 1). To address this issue directly, the use of sustainable and
cleaner fuels is required in the transportation sector. This includes the use of both gaseous
and liquid biofuels, such as biogas, biohydrogen and bioethanol. In addition to biofuels,

Fermentation 2022, 8, 325. https://doi.org/10.3390/fermentation8070325 https://www.mdpi.com/journal/fermentation44



Fermentation 2022, 8, 325

electric vehicles also have a significant role to play in reducing emissions. The source of
electricity will however be influential in determining the emission potential.

 

Figure 1. Global and UK CO2 emissions by sector in 2019. Data obtained from International Energy
Agency, Data and Statistics website [1].

Beyond the use of sustainable renewable energy as a means to mitigate CO2 emissions,
the sustainable production of chemicals and materials of high value is also necessary.
Currently, the production of platform and commodity chemicals is highly reliant on fossil
fuels, and whilst being an economically favourable route, it does not achieve the triple
bottom line performance of being socio-economically and environmentally beneficial when
produced from these materials. The production of these chemicals from biomass however
offers extensive prospects where both renewable energy and high-value platform chemicals
may be produced either simultaneously or sequentially in ‘biorefineries’. The production of
multiple products from a feedstock would also lead to approaching a circular bioeconomy
which is critical to achieving the Net Zero targets.

1.1. ‘Waste’ to ‘Value’ for Approaching a Circular Economy

The backbone of a circular economy is “to generate, utilise and recycle”, ensuring that
wastes generated do not exit the loop. In this context, the utilisation of ‘wastes’ as ‘resources’
is critical to minimise reverting back to a linear economy framework. The utilisation of
waste biomass is of particular interest to this perspective. All ‘waste’ biomasses are second-
generation feedstocks, which neither interfere with the food chain nor compete for space
with agricultural land. Examples of such ‘waste’ biomasses include agri and forest residues,
food waste, paper and pulp industry wastes, distillery waste, wastewater and sludge. All
these organic-matter-rich streams are originally ‘waste streams’ that have the potential to
be valorised to biofuels and high-value chemicals. Utilising these ‘wastes’ as ‘resources’
would ensure that the feedstock-dependent end product pricing is reduced while ensuring
sustainability and process circularity. It is however crucial to ensure that the yield of desired
product per unit mass of the waste is sufficiently high to minimise net emissions.
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Multiple routes to biomass valorisation are currently available (Figure 2). Typically,
biomass streams can be valorised either via biochemical pathways or thermochemical
pathways [2]. Biochemical pathways include anaerobic digestion (AD) to produce biogas,
biohydrogen, volatile fatty acids (VFAs) and fertilisers, fermentation for the production
of solvents and biofuels (e.g., bioethanol, acetone, butanol), and value-added chemicals
(e.g., succinic acid, citric acid, lactic acid). Thermochemical valorisation routes mentioned
in Figure 2 are typically used to produce bio-oil, bio-coal, biochar and syngas. Physico-
chemical valorisation routes have also gained attention recently [3–7]. These routes often
utilise biomass and its derivates as sacrificial electron donors for the production of renew-
able hydrogen or oxidised products such as sugars and short chain acids [4,8].

 
Figure 2. Biomass valorisation routes.

AD is a well-established technology widely used in the secondary stage of wastewater
treatment. Its popularity in this process is due to its ability to remediate waste streams
whilst generating energy vectors in the form of biogas [9]. While the technology is mature,
limitations such as long residence times (>4 weeks), leading to large reactor volumes in the
order of thousands of m3, slower digestion kinetics, and sub-optimal carbon conversion
leads to process inefficiencies and high capital expenditure [2]. In terms of revenue gen-
eration, biomethane (upgraded from biogas) is a low-value product (~EUR 0.5/kg [10]),
and hence, allied products such as concentrated fertilisers from digestate are required to
generate additional revenue [11]. Intensification strategies such as optimising operating pa-
rameters, and biomass pre-treatment to address feedstock complexity, have been proposed
as effective routes to overcome these inefficiencies and maximise biomass conversion [2] and
hence remain as the future perspectives for progressing the field. Thermochemical biomass
conversion routes have similarly been extensively discussed in the literature [12–14] and
the future direction for this route remains clear in maximising the techno-economics and un-
derstanding the life cycle impacts of the process. While AD and thermochemical routes are
already commercially exploited, physico-chemical routes are on the lower end of the tech-
nology readiness level (TRL) spectrum (<TRL 3). This is primarily due to the heterogeneity
of the biomass, with both the catalyst and biomass being solids suspended in a liquid phase,
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leading to mass transfer limitations [15], non-specificity of biomass breakdown [4,8] and
lower biomass conversion rates [6]. While current literature has extensive information on
the conversion of biomass derivatives to value-added compounds [16–18], information
on direct conversion is limited. Biomass derivatives and ‘whole’ biomass are different in
nature due to their structure, physico-chemical bonding, solubility and reactivity; therefore,
physico-chemical valorisation routes investigating the valorisation of biomass derivatives
and whole biomass are not comparable. The research direction in this area is therefore clear
in identifying novel routes for direct valorisation leading to higher TRL applications.

Most of the aforementioned biomass valorisation routes have clear pathways and
future directions. There has been renewed focus on biohydrogen and VFA production
from AD, as opposed to biomethane and fertiliser, and so, a critical analysis of this re-
cent work is required. In addition, when biohydrogen or VFAs are produced via AD,
the fertiliser potential of the digestate is not compromised and can still yield additional
revenue. Increased recent interest in hydrogen is mainly due to its potential to decarbonise
a variety of sectors that are generally hard to ‘electrify’ and its capability in the accelerated
achievement of Net Zero goals. VFAs, on the other hand, are platform chemicals which
find their use in a variety of industries, including food and beverages, cosmetics, chemicals
and pharmaceutical industries [19]. The current fossil-based route for VFA synthesis is
unsustainable, and therefore, a waste valorisation technology for the production of VFAs is
ideal to decarbonise a number of these end-use sectors.

The UK recently devised a ten-point plan for a green industrial revolution to achieve
net neutrality by 2050 [20] and to meet the Carbon Budget Six (CB6) targets. One of the key
aspects of the plan is to enhance the production of low carbon hydrogen. It is expected that
the low carbon hydrogen capacity of the UK will reach 1 GW in 2025 and 5 GW by 2030,
leading to savings of ~41 MtCO2e (equivalent to ~9% of UK emissions in 2018). With the
projected enhanced capacity, it is expected that 20–35% of the total energy consumption in
the UK will be based on low-carbon hydrogen by 2050 [21].

To align with the Net Zero targets, the UK was the first country to develop an industrial
decarbonisation strategy and aimed to reduce industrial carbon emissions by over 90%
of 2018 levels [22]. Moreover, resource efficiency has also been a focus, as per the 25-year
environment plan to mitigate the amount of waste generated [23]. Therefore, it is vital that
a circular economy model incorporating intersectoral integration is established. Since most
wastes are organic in nature (with cellulose in biomass being the world’s most abundant
organic material), biochemical valorisation routes are promising options to minimise waste
and maximise value via such intersectoral integration approaches with a possibility of
developing a multi-product biorefinery platform. An example is the valorisation of waste
biomass to biohydrogen and VFAs which are discussed in this review.

1.2. Green Hydrogen and VFAs—Need for Process Intensification

The majority of global hydrogen is produced from steam methane reforming (SMR),
termed grey hydrogen, or from coal gasification, known as brown hydrogen, due to the
low cost of production and high efficiency. SMR, however, has a high carbon footprint
of 9–12 kg CO2/kg H2 [24–26] and requires a consistent supply of methane that is often
derived from fossil fuels. Alternatively, SMR using biomethane (derived from conventional
AD) is being pursued as a renewable and much cleaner option [27]. Biomethane-based
SMR can fulfil the hydrogen generation needs intermittently until a cost-competitive
complementary technology to electrolysis is established. The transition from grey and
brown hydrogen is of utmost importance to achieve net neutrality and therefore, blue
hydrogen (with carbon capture) and green hydrogen (renewables based) are gaining more
interest. Grey or brown hydrogen coupled with carbon capture and storage (CCS) results
in the production of blue hydrogen which has the potential to reduce carbon emissions
by 35–85% [28]. The issues surrounding blue hydrogen however are the intensive capital
requirement and potential CO2 leakage [29]. Carbon capture storage and utilisation (CCSU)
has therefore been proposed as an alternative strategy for blue hydrogen production [29].
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In this case, the captured CO2 may be used as a secondary feedstock for the production of
high-value compounds (e.g., gas fermentation, microbial electrosynthesis) [30].

Green hydrogen, analogous to low carbon hydrogen, can be produced from water
electrolysis or biomass electrolysis powered by renewable electricity. It has a near-zero
carbon footprint (<0.6 kg CO2/kg H2) [31] and can greatly boost the acceleration towards
achieving net neutrality. With water electrolysis largely favoured due to its higher TRL
levels, the problems at scale depend on the consistent supply of renewable electricity as
well as the use of critical raw materials as catalysts. Global green hydrogen trends (based
on electrolysis) are currently shifting focus towards the use of non-critical, earth-abundant
raw materials to de-stress the supply chain.

Other promising routes to produce green hydrogen include dark fermentation (via
AD) and photo fermentation of biomass. Photo fermentation is an attractive pathway;
however, it suffers from low hydrogen production rates and stringent reactor design to
maximise light distribution within the bioreactors [32]. Photo fermentation is especially
limited when wastewater or lignocellulosic biomass is used as a feedstock due to the light
scattering, shielding and loss of photons caused by the selective absorption of light by
coloured wastewater, thereby limiting the light harvesting efficiencies and metabolic rates.
Dark fermentation can overcome these challenges. The biochemical pathway leading to
the production of hydrogen in dark fermentation is an intermediate step (acidogenesis)
in the conventional AD pathway. While the product of interest in conventional AD is
biomethane, the methanogenic activity needs to be suppressed to ensure that biohydrogen
is derived as the end product in acidogenic fermentation. Assuming C6H12O6 (hexose)
as the model molecular formula of the biomass and accounting for fractional biomass
utilisation for its growth and energetic needs, ~0.1 kg H2/kg biomass could be produced
stoichiometrically. This corresponds to ~12 MJ energy recovered from 1 kg of biomass.
While the green hydrogen productivity, especially via the AD route, is attractive, it is
currently not cost competitive compared to grey hydrogen. One of the primary reasons
is that hydrogen production in AD is affected by simultaneous VFA production. While
both VFAs and hydrogen can be produced via methanogenesis suppressed AD, it is only
possible to produce either VFAs or biohydrogen with higher yields at a given point of time
in the digester. This is mainly because the yields of VFAs and hydrogen are interlinked,
and often, their concentrations are inversely proportional to each other. The acidogenic
and acetogenic stages of AD lead to the production of VFAs. In addition, homoacetogens
present in the microbial consortia can further utilise hydrogen for acetic acid production.
The VFA product mixture in AD typically includes acetic acid, propionic acid, butyric acid
and valeric acid in varying proportions. Therefore, understanding the digestion kinetics
and optimising the system for the production of desired products is important when
acidogenic fermentation is the focus.

There are similarities between VFA and biohydrogen production in terms of biochemi-
cal pathways utilising waste organic matter as feedstock, mode of operation and scale-up.
Furthermore, the prospect of retrofitting existing infrastructure to support hydrogen storage
and transport as well as high VFA productivities are major advantages of the acidogenic
fermentation route for biomass valorisation. These can directly address the challenges such
as ‘technological uncertainty’ and ‘enabling infrastructure’ [21]; however, challenges around
‘affordable costs’ still exist. This is predominantly due to the productivity that is linked
to two aspects, namely feedstock heterogeneity (complexity due to recalcitrant inter and
intramolecular bonding) and product selectivity (type of VFA or choice between biohydro-
gen, VFA and biomethane). These are the two main components that influence the carbon
footprint as well as the techno-economics of the process.

This review therefore aims to bring together the intensification strategies that can
predominantly enhance the productivities of desired products, namely biohydrogen and
VFAs. While a number of challenges exist in improving the product yields, the scope of
this review is restricted to three main areas that specifically influence the process scale
up, namely:
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1. Pre-digestion—strategies to address feedstock heterogeneity and improve the bioavail-
ability of the biomass;

2. Anaerobic digestion—strategies to improve the bioconversion of biomass to desired products;
3. Product recovery—strategies to maximise recovery and purity of desired products.

The influence of these strategies on the techno-economics and the life cycle of the
process are also pointed out. Finally, the future research focus in this particular area of AD
is also discussed from our point of view.

2. Pre-Digestion

Pre-digestion in this context refers to the steps involved in preparing the feedstock
for acidogenic fermentation. Predominantly, with the feedstock type and composition
being the detrimental factors influencing the productivity of the desired product, it is
important to ensure that the organic matter in the feedstock is highly bioavailable to the
microbial consortia for digestion. In conventional AD, the rate limiting steps could either
be the hydrolysis step or the methanogenic stage [33]. The former is linked to feedstock
complexity, whereas the latter is linked to the growth rate of the methanogenic archaea.
Therefore, once the substrate is readily bioavailable, the biochemical pathways will be
initiated toward the desired product formation. It is therefore critical to ensure that the
feedstock complexity is addressed to speed up the hydrolysis stage. Whether the desired
product is biohydrogen or VFAs, the hydrolysis stage is the common precursory step.
The branching out of biochemical pathways happens after the hydrolysis stage, so the
discussion around addressing feedstock complexity in this section is common to both these
fermentative pathways.

Overlapping with conventional AD, acidogenic fermentation can utilise any organic
feedstock (e.g., wastewater, sewage sludge, agri-forest residue, food waste). The availability
of the feedstock (quantity availability and frequency of feedstock production) and its com-
position are detrimental factors that can impact the digestion process. Irrespective of these
factors, it is first important to assess the biochemical hydrogen potential (BHP) and the VFA
potential (VFAP) of each feedstock separately. While BHP can be analogous to conventional
biochemical methanation potential (BMP) tests, VFAP has never been performed before.
Therefore, there is immense scope to develop standardised tests for BHP and VFAP via AD.
This needs to be performed stoichiometrically first to determine the theoretical potential of
the feedstock (similar to the Buswell–Muller methane yields for conventional AD). While
the theoretical limits are indicators of the digestion ability of the feedstock, these can never
be experimentally achieved due to the utilisation of a fraction of the feedstock for microbial
growth and metabolism as well as the recalcitrance posed by a fraction of the feedstock
(e.g., lignin). It is however paramount that the maximum achievable yield of the desired
product is targeted by intensifying the digestion process. If the feedstock has high soft
suspended solid content, such as sewage sludge or food waste, improving the degree of
disintegration leading to an increased soluble COD concentration is required to have a
positive impact on the digestion process. If the feedstock is lignocellulosic in nature such
as agricultural or forest residues, improving the bioavailability of holocellulose (and/or
delignification) to enhance microbial hydrolysis is important. As lignin provides structural
integrity to the biomass, delignification or at least the exposure of the holocellulose to
hydrolytic bacteria is critical. With either of the feedstock categories, inhibitor formation as
a result of pre-treatment should be suppressed to prevent negatively influencing anaerobic
digestion. In addition, the preferred pre-treatment should also be net positive (energetically
and economically) and scalable if high TRL hydrogen and VFA production are targeted.

A number of researchers have investigated a wide range of pre-treatment methods
for acidogenic fermentation, falling broadly under four categories: physical, chemical,
biological and physico-chemical [34–36]. The mode of action of each pre-treatment on
lignocellulosic biomass is shown in Figure 3. The most utilised methods in the past decade
are however exclusively discussed in this review to restrict the scope purposefully to recent
work (Tables 1 and 2).
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Physical pre-treatment methods often comprise of techniques such as shredding,
comminution or homogenisation, which target the reduction in particle size and increase
in specific surface area. It has also been shown to affect the crystallinity index of the
cellulose upon milling [37]. The reduced particle size of the feedstock favours faster
hydrolysis rates and, in turn, higher desired product yields. While physical pre-treatment
is known to generate no microbial inhibitors, it is often limited by its high specific energy
consumption (thereby high OPEX). The specific energy consumption is directly related to
the comminution ratio (i.e., the ratio of final particle size to the initial particle size) and
the moisture content of the feedstock. The milling energy is reduced considerably when
the moisture content in the biomass is reduced. To achieve this, an additional drying step
(consuming more energy) is required. For instance, Miao et al. [38] compared the milling of
a variety of lignocellulosic biomass by hammer mills and knife mills. To achieve the same
final particle size of 1 mm with Miscanthus, the hammer mill required ~200 kJ/kg TS which
is ~3.5 fold lower than a knife mill. Similarly, the dried biomass consumed nearly 50% less
energy (~950 kJ/kg TS) as compared to biomass with 15% moisture. When valorisation
via anaerobic digestion is desired, the moisture content in the feedstock is required, which
helps with the mass transfer and hydrodynamics of the digester. Even with dry digestion,
a significant amount of moisture is still retained in the feed slurry (~15–20% TS). Therefore,
drying the feedstock prior to milling and then rehydrating the feedstock is neither resource
nor energy efficient. Thus, when opting for physical treatment, it is of utmost importance
to consider the type of biomass, moisture content and the comminution ratio required.

Figure 3. An overview of lignocellulosic biomass pre-treatment methods. Reprinted with permission
from Konde et al. [39], Copyright Royal Society of Chemistry.

Chemical pre-treatment utilises acid, alkali or oxidising agents to depolymerise, hy-
drolyse or delignify the biomass [40]. Acid hydrolysis, when employed as a lignocellulosic
biomass pre-treatment method often generates fermentation inhibitors such as furans and
furfurals, while alkali hydrolysis results in partial delignification, leading to the increase
in the concentration of soluble phenolics. Oxidative pre-treatment using O3 or H2O2 are
non-specific pre-treatment methods and tend to depolymerise any fraction of the biomass
but have the tendency to delignify the biomass predominantly. These compounds may
be inhibitory to the metabolism of the microbial consortium and can reduce the desired
product yield [33,41]. It has been reported that furans are more inhibitory to acidogenic
bacteria than soluble phenolics [33]. The inhibition of the metabolic activity of these classes
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of bacteria may result in the increased abundance of non-hydrogen/VFA producers and
divert the digester towards the production of lactate or ethanol [33]. When the end prod-
uct of digestion is conventional biogas, these alternative end products may be beneficial;
however, when acidogenic fermentation is in focus, care has to be taken to ensure such
inhibition is avoided. Additionally, from an engineering perspective, equipment corrosion
can also occur and impede the process operation when acids are used in the system. This
can indirectly lead to an increased concentration of heavy metals in the solution, thereby
further reducing the desired product yields.

Biological pre-treatment often consists of the fungal or enzymatic pre-treatment of
feedstock. White rot fungi or brown rot fungi are the commonly deployed species due
to their ability to secrete extracellular ligninolytic and cellulolytic enzymes or perform
hemicellulose hydrolysis, respectively [41]. Another filamentous fungus, Trichoderma reesei,
has also been reported to pre-treat lignocellulosic biomass due to its ability to hydrolyse
cellulose [42]. While biological substrate pre-treatment is effective in enhancing product
yields, slow kinetics of pre-treatment (ranging from days to weeks) requiring large reactor
volumes (incapable of efficient scale up) and its lack of capacity to continuously pre-treat
the feedstock are seen as limitations. Alternatively, enzymatic hydrolysis of the feedstock
has been proposed as a targeted biological pre-treatment strategy, but the cost of enzyme
production/recovery still has to be considered prior to scale up.

The final category of pre-treatment consists of physico-chemical methods. In this kind
of pre-treatment, the biomass is pre-treated to achieve the combined effect of both the
physical as well as chemical methods, i.e., particle size reduction or increase in the surface
area along with partial hydrolysis of polymers. Physico-chemical methods overcome
the disadvantages posed by physical or chemical pre-treatment methods; they consume
considerably less energy as compared to physical methods and generate insignificant
quantities of inhibitors. For instance, steam explosion works on the basis of applying
compressed steam to the biomass slurry followed by rapid depressurisation and consumes
~70% less energy than physical pre-treatment methods [43]. To favour enhanced product
yield by avoiding inhibitors, liquid hot water pre-treatment has been suggested as an
alternative to steam explosion [44]. Another physico-chemical pre-treatment method that
is gaining attention in the area of anaerobic digestion is hydrodynamic cavitation [2,45,46].
Cavitation is the phenomenon of generation, growth and implosion of vaporous cavities.
Acoustic cavitation, commonly known as ultrasonication, has been reported extensively
in the literature for the pre-treatment of biomass; however, due to the handling volumes
being limited to mL scale and high specific energy inputs (at times, higher than physical
pre-treatment), they cannot be scaled up. Hydrodynamic cavitation, on the other hand,
is less energy intensive and has been reported to be scaled up [45,47] with low specific
energy inputs and high net energy gains. For instance, Nagarajan and Ranade [48] reported
that the specific energy required to pre-treat sugarcane bagasse (at a low solid loading of
1%) was 0.5 MJ/kg TS; however, the net energy gain as a result of enhanced biomethane
generation was reported to be ~1.4 MJ/kg TS. Overtreatment can however result in the
generation of inhibitors, higher energy consumption and reduced desired product yield.
Therefore, it is important to optimise the process to maximise the product yields and energy
efficiency. The use of physico-chemical pre-treatment seems to be a promising method;
however, with limited literature in the area of acidogenic fermentation, it needs more
research. While a general overview of pre-treatment was presented so far, the following
sections will discuss specific examples from literature in the past decade that has reported
an impact on intensifying acidogenic fermentation.

2.1. Substrate Pre-Treatment to Enhance Biohydrogen Production

Table 1 shows an overview of reported data on various pre-treatment methods used to
enhance biohydrogen yield. Physical pre-treatment is the most common conventional pre-
treatment to enhance digestion yields. In the last decade, however, the use of milling-based
methods to intensify biohydrogen production has dwindled. It is understandable that this
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decrease could have been due to the inability of these methods to achieve a net positive
energy gain. One of the few papers that reported the use of physical pre-treatment was by
Yukesh Kannah et al. [49], who used chopped rice straw as the feedstock and high-speed
dispersion as the pre-treatment methodology. A 2 L batch pre-treatment was performed
with a 2% straw concentration. The gap between the rotor and stator was 0.3 mm, which
enabled the effective disintegration of straw at an optimum speed of 12,000 rpm. At a
specific energy consumption of ~1.47 MJ/kg TS, a degree of disintegration of ~9.5% was
observed. Upon mesophilic batch digestion, this corresponded to a 7.3-fold increase in
hydrogen yield as compared to the untreated straw that generated 8 mL H2/g COD. While
an increase in hydrogen yield was observed, a net positive energy gain could not be
achieved with this kind of pre-treatment.

Deng et al. [50] reported the use of 2% sulphuric acid pre-treatment on grass silage
(2%) at an elevated optimum temperature of 135 ◦C for 15 min. At these conditions, a hy-
drolysis efficiency of ~50% was observed and resulted in a three-fold increase in hydrogen
yield. Amongst the reducing sugars formed due to acid hydrolysis, xylose dominated the
hydrolysate with ~70% concentration, suggesting that hemicellulose hydrolysis was pre-
dominantly achieved with acid pre-treatment leaving behind a cellulolignin solid residue.
Reilly et al. [51], on the other hand, utilised alkali pre-treatment of wheat straw as a strategy
to enhance hydrogen production. The substrate was soaked in 80 mM lime for 2 days, and
it was determined that ~36% of the hemicellulose and minimal lignin were solubilised,
whilst cellulose remained unaffected. The pre-treated solid residue upon neutralisation
was subjected to digestion with the bioreactors supplemented with an Accelerase enzyme
cocktail. The optimal conditions resulted in a biohydrogen yield, which was ~29-fold
higher (59 mL H2/g VS) than the untreated straw. The hydrolysate, when added to the
solid residue for digestion, resulted in the inhibition of hydrogen production due to the
presence of enhanced concentrations of CaCO3. Instead of lime, a stronger alkali, NaOH
was used to pre-treat milled corn cobs by Kucharska et al. [52]. They also supplemented
the pre-treated slurry with an enzymatic cocktail to intensify the hydrolysis process and
enhance the biohydrogen yields by >5 fold. Unlike acid and alkali pre-treatment, oxidative
degradation pre-treatment has also been reported to enhance biohydrogen production. For
example, Wu et al. [53] reported the use of ozone pre-treatment to intensify biohydrogen
production from milled wheat straw. Since oxidative pre-treatments are non-specific in
nature, they tend to degrade polymers in their vicinity. With lignin present in the cell
wall of the biomass structure, it tends to be degraded first via oxidative pre-treatments.
Accordingly, at optimal conditions, nearly 40% delignification was reported, corresponding
to a 2.5-fold increase in biohydrogen yield.

Biological pre-treatment in its current state, while being efficient, is not scalable.
With conventional enzymatic hydrolysis systems, this is related to the enzyme recovery
costs. With the cost of enzyme production becoming relatively cheaper, there is still
potential to explore this area. For instance, Leaño and Babel [54] reported the enzymatic
hydrolysis of cassava wastewater using various commercially available enzymes. They
used OPTIMASH BG©, which is commonly used in the bioethanol industry and α-amylase
in separate experiments to determine the effect on biohydrogen production. In addition
to an increased yield of biohydrogen (~50%), a reduced lag time in hydrogen production
was also observed, suggesting that the complexity of the wastewater was reduced during
enzymatic hydrolysis. To improve the effectiveness of the biological pre-treatment systems,
novel and innovative strategies have also been reported. For example, Chandrasekhar and
Venkata Mohan [55] reported the use of bioelectrochemical hydrolysis as an unconventional
means of biological pre-treatment to intensify biohydrogen production. With a 10 h HRT
and graphite electrodes (without an external voltage supply), they pre-treated blended
food waste. The overflow from the bioelectrochemical cell was used as the feedstock
for the fed-batch mesophilic digester that operated with an HRT of 72 h. At optimum
conditions, ~35% increase in biohydrogen yields was observed. The fed-batch operation of
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pre-treatment is a promising strategy and can pave the way for a step-wise, modular scale
up; however, intensive research is required to achieve this.

Physico-chemical pre-treatment is a promising strategy to enhance biohydrogen yields
due to its ability to process wet feedstock and scalability. For instance, hot compressed
water was used to pre-treat sake brewery waste (sake lees). Compressed hot water at a
high temperature of 130 ◦C and pressure of 3 bars was used to treat 10% biomass at a
holding time of 1 h [56]. A reduction in lag time for biohydrogen generation was reported
as a result of pre-treatment. Asadi and Zilouei [57] reported the use of an organosolv
pre-treatment of rice straw to enhance biohydrogen production. In their case, the biomass
was blended with an ethanol–water mix (45% v/v). One percent sulphuric acid was used
to catalyse the hydrolysis process at an optimal temperature of 180 ◦C at a 30 min holding
time. Upon treatment, a sequential enzymatic hydrolysis step was also carried out using
5% Cellic CTec2 to further increase the reducing sugar yield. At these conditions, the
glucose concentration was enhanced by >4-fold and positively influenced the biohydrogen
yield. Other researchers have also reported such complex and sequential pre-treatment
processes [58,59] to improve hydrogen yield. While such processes may be beneficial in
enhancing biohydrogen yields, the need to use a complex process requires justification
both economically and environmentally. Alternatively, other researchers have reported
simpler processes involving heat/irradiation and mild acid to achieve similar, if not higher,
biohydrogen yields [60,61]. Cavitation, mainly sonication, is another physico-chemical
method that has been reported to enhance biohydrogen yields. For instance, Hu et al. [62]
reported the use of sonication followed by alkali treatment of antibiotic fermentation
residue to enhance biohydrogen yields by 79%. Enhanced soluble carbohydrate release,
resulting in reduced lag time, was attributed to the increase in biohydrogen yields. A
similar increase in biohydrogen was also reported by Gadhe et al. [63], who sonicated food
waste at an optimum, but high specific energy input of 13.5 MJ/kg TS.

Table 1. Pre-treatment methods reported to enhance biohydrogen production.

Feedstock Pre-Treatment Conditions Digestion Conditions
Influence on
H2 Yield

Reference

Physical Pre-treatment

Chopped dried
rice straw

20 g/L straw, 2 L,
high-speed disperser at 12,000 rpm,
30 min, 0.3 mm gap between
rotor and stator

1 L batch, 25% inoculum,
70% straw slurry, 37 ◦C,
100 rpm, 10 days

7.3-fold increase in
specific H2 yield [49]

Chemical Pre-treatment

Air-dried and milled
corn cobs

5 g biomass, 0.1 L pH 11.5 NaOH,
25 ◦C, 6 h, followed by
enzymatic hydrolysis with
Viscozyme L and glucosidase
(0.001 L/g biomass), 42 ◦C, 24 h

1 L batch, 10% v/v
inoculum, pH 7, 37 ◦C,
320 rpm, 116 h

>5-fold increase
in H2 yield [52]

Grass silage 2% silage, 0.1 L, 2% H2SO4,
135 ◦C, 15 min

1% silage, 0.2 L batch,
0.02 L inoculum, pH 7,
4 days (1st stage of a
2-stage system)

3-fold increase
in H2 yield [50]

Milled wheat straw 5 g straw, 40% water, 0.75 bars,
0.63 LPM O3, 45 min

0.08 L, 2 g TS, pH 6, 1.9%
inoculum (v/v), 1 mL
hydrolytic enzyme mix,
35 ◦C, 60 rpm, 8 days

~2.5-fold increase in
cumulative H2 yield [53]

Milled wheat straw 5 g VS, 62.5 mL 80 mM Ca(OH)2,
20 ◦C, 2 days

0.5 L, 8% w/v inoculum,
1 mL Accelerase-1500,
pH 6.25, 35 ◦C, 16 days

~29-fold increase in
specific H2 yield [51]
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Table 1. Cont.

Feedstock Pre-Treatment Conditions Digestion Conditions
Influence on
H2 Yield

Reference

Biological Pre-treatment

Blended food waste

0.5 L, bioelectrochemical hydrolysis,
open to air graphite cathode,
graphite anode, 0.075 L
inoculum, 20 g COD/L, pH 7,
10 h HRT, 29 ◦C

0.25 L fed-batch, 0.075 L
inoculum, 10 g/L, pH 6,
72 h HRT, 29 ◦C

~35% increase in
cumulative H2 yield [55]

Cassava wastewater

0.2% OPTIMASH BG® enzyme,
0.22 L wastewater, pH 4,
60 ◦C, 45 rpm

0.06 L, substrate to
inoculum ratio 5
(v/v basis), pH 7, 37 ◦C,
90 rpm, 10 days

Reduced lag time, 51%
increase in specific
H2 yield

[54]
0.2% α-amylase enzyme, 0.22 L
wastewater, 37 ◦C, 45 rpm

Reduced lag time, 49%
increase in specific
H2 yield

Physico-chemical Pre-treatment

Commercial Sake Lees 10% biomass, 0.1 L,
130 ◦C, 3 bars, 1 h

0.11 L batch, 9% biomass,
substrate to inoculum ratio
of 1:1 v/v, pH 6, 75 rpm,
37 ◦C, 5 days

Reduction in lag
time observed
after pre-treatment

[56]

Marine macroalgae
Ulva reticulate

Acidic H2O2 induced microwave,
0.5 L, 2% biomass, 0.024 g
H2O2/g TS, 0.1 N H2SO4, pH 5,
40% microwave power, 10 min,
10.8 MJ/kg TS

0.15 L batch, 70% substrate,
25% inoculum, pH 5.5,
130 rpm, 37 ◦C,

7.7-fold increase in
specific H2 yield [59]

Waste-activated sludge

0.15 L sludge, 0.3 g
sodium citrate/g sludge, 1 h,
150 rpm, followed by 121 ◦C,
30 min

0.2 L batch, substrate to
inoculum ratio 3
(v/v basis), pH 7,
100 rpm, 37 ◦C

4.4-fold increase in
specific H2 yield [58]

Antibiotic fermentation
residue

0.2 L, 6 mm sonication probe,
30 min, 4 s ON 6 s OFF, followed
by 5 M NaOH addition to reach
pH 10, mixed for 24 h

0.2 L batch, substrate to
inoculum ratio 3
(v/v basis), pH 7, 37 ◦C

79% increase in specific
H2 yield [62]

2.2. Substrate Pre-Treatment to Enhance VFA Production

VFAs are platform chemicals and value-added products that are of growing interest
due to their applicability in a variety of chemical and process industries. Intensification of
VFA production via effective pre-treatment is therefore also gaining significant attention,
especially if the feedstock of interest is a ‘waste’. Similar to biohydrogen production, studies
focusing on physical pre-treatment have moved away from energy-intensive milling meth-
ods. More recently, freezing and thawing as a pre-treatment was reported by She et al. [64]
to intensify VFA production from waste-activated sludge. A higher degree of disintegra-
tion can be possible with such a pre-treatment strategy. Furthermore, it has been claimed
that the formation of intracellular crystals during the freezing stage can lead to the break-
age of cell membranes, leading to an enhanced soluble COD content upon pre-treatment.
She et al. [64] performed five cycles of freezing and thawing (one cycle = −24 ◦C freezing
for 8 h, 35 ◦C thawing for 2 h) with a 0.45 L batch of sludge and followed it up with
fed-batch mesophilic digestion to achieve a 35% increase in VFA concentration compared
to the controls. Zeng et al. [65], on the other hand, utilised waste-activated sludge in a
bioelectrochemical cell with graphite electrodes at an applied potential of 12 V for 30 min,
which suppressed biomethane production and improved the VFA yield by ~100-fold. The
gradual shift of microbial communities upon pre-treatment showed that the digestion
favoured VFA accumulation rather than methanogenesis.
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Conventional alkali pre-treatment has been reported to enhance VFA yields. For
instance, Pham et al. [66] pre-treated seaweed (40% TS) with 0.5 N NaOH to enhance the
VFA yield by two-fold. Unconventional treatment possibilities have however also been
explored, such as using alkaline ferrate [67], carbide slag [68] or tetrakis hydroxymethyl
phosphonium sulphate [69]. At pH 10 (2 M NaOH) and 0.5 g/g VSS K2FeO4, increased
solubilisation of waste-activated sludge coupled with extracellular polymeric substance
release resulted in a 2.4-fold increase in VFA concentration [67]. Acetic acid was found to
be the predominant product in the VFA mixture. In a first-of-its-kind work, Tao et al. [68]
reported the use of carbide slag to pre-treat grass and intensify VFA yields. Carbide slag is
an alkaline waste that is generated as a by-product of calcium carbide hydrolysis [70]. It
may be used to produce cement; however, it has a high potential to pollute the atmosphere
(dust) and water bodies (leaching). Due to its chemical composition and alkalinity, it may
be used to pre-treat biomass [68]. In this study, 5% grass was pre-treated with 1.75% slag at
120 ◦C for 40 min. Upon treatment, the solid residue was separated, washed until a neutral
pH was reached and subjected to enzymatic hydrolysis prior to mesophilic acidogenic
digestion. Similar to most alkali treatment methods, the hemicellulose and lignin were
solubilised to an extent, leaving behind a cellulose-rich solid residue. Enzymatic hydrolysis
of the pre-treated residue resulted in a >6-fold increase in reducing sugars, thereby leading
to an enhanced VFA production of up to 2.4-fold. Acetate dominated the VFA mixture,
followed by butyrate and propionate. Another unconventional chemical pre-treatment that
was reported was the use of a biocide tetrakis hydroxymethyl phosphonium sulphate on
sludge [69]. In total, 20 mg/g of biocide was found to be optimum at room temperature;
however, a 2-day treatment time was required. A 49% increase in soluble COD content was
observed, leading to a four-fold increase in VFA concentration. Higher molecular weight
fatty acids dominated the VFA mixture obtained from the pre-treated feedstock.

Fang et al. [71] reported the use of white rot fungi to pre-treat autoclaved solid digestate
(obtained from a biogas plant digesting agricultural, fruit and vegetable residues). A 6-week
pre-treatment period was required to increase the VFA concentration by 1.2-folds. This is a
typical example of the long pre-treatment times taken by biological methods in breaking
down lignocellulosic materials. Furthermore, they use dried, chopped and autoclaved
substrates, all of which might have an impact on the biomass structure and composition.
Therefore, this could be classified under combined pre-treatment methods rather than
just ‘biological’ pre-treatment. They performed a similar exercise with mushroom residue
and achieved a >70% increase in VFA yield [72]. Unlike traditional biological methods,
Pham et al. [66] reported the use of Vibrio spp. to pre-treat seaweed samples. Seaweed
lacks (or contain in negligible quantities) lignin in its cell wall; however, the complexity in
digestion arises due to the presence of other polymers, such as alginate. The alginate lyase
activity of the bacteria was effective in pre-treating the seaweed prior to VFA production,
as reported by the authors. Bacterial treatment was found to be more effective than alkali
pre-treatment in this case, and a 2.5-fold increase in VFA concentration was observed with
the pre-treated seaweed. Acetate (53%) followed by propionate (27%) and butyrate (15%)
dominated the mixture. Despite being effective, the bacterial- or fungal-based methods
require a long time to hydrolyse the substrate. Enzymatic treatment can be an alternative
if costs are not inhibitory. Bahreini et al. [73] reported the use of Novozym 50199 to pre-
treat (10 min) primary sludge and enhance the maximum VFA concentration by 56% in
a fed-batch digester. Similar results with a VFA increase of up to 39% were reported by
Owusu-Agyeman et al. [74], who used an enzyme cocktail of α-amylase, lipase, cellulase,
dextranase and protease to pre-treat primary sludge.

The use of physico-chemical pre-treatment methods for intensifying VFA production
has been growing in the recent decade. Conventional hydrothermal treatment of thickened
activated sludge at 190 ◦C, 12.5 bars and 10 min was reported to increase the maximum VFA
concentration by three-fold [75]. Hydrothermal pre-treatment was effective in increasing
the soluble COD content by almost 10-fold compared to the untreated sludge with a soluble
COD of ~2 g/L. This corresponded to a decreased total suspended solid concentration of
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the sludge with a reduced particle size distribution. The specific energy consumption for
this pre-treatment was reported to be 481 kJ/kg sludge. Another conventional method is a
thermo-chemical pre-treatment method, namely autoclaving in the presence of alkali to
enhance digestion efficiency. Suresh et al. [76] autoclaved lipid extracted 5% microalgal
slurry in the presence of 1% NaOH and subjected the samples to mesophilic digestion
and observed a 20% increase in VFA concentration with the pre-treated sample. They
also pre-treated the lipid-extracted microalgae using a microwave-based method in the
presence of 1% NaOH [76]. They achieved >50% solubilisation of the substrate; however,
the increase in the maximum VFA concentration was only 10% and significantly less than
the NaOH-autoclave pre-treatment. Microwave-assisted ionic-liquid-based pre-treatment
of straw was found to produce VFA with a five-fold increase as compared to the untreated
straw [77]. While the combined effect helped in enhancing the VFA yield, the microwave
assistance helped to lower the required ionic liquid loading needed for pre-treatment.
Suresh et al. [76] also investigated the use of sonication as a pre-treatment in the presence
of alkali and reported that although the degree of solubilisation was similar to microwave-
alkali pre-treatment but less than autoclave-alkali pre-treatment (~80%), the enhancement
in the maximum VFA concentration was 30% when compared to the untreated substrate
as well as higher than the other two reported methods. Sonication has also been used to
pre-treat crushed food waste by Guo et al. [78], who, at an optimal specific energy input
of 1.2 kJ/mL (37.7 kJ/g TS), achieved >55% degree of disintegration corresponding to
a 4.3-fold increase in maximum VFA concentration. Liu et al. [79] however observed a
63% increase in VFA concentration from sonicated food waste at an optimal energy input
of 1.8 kJ/mL (18 kJ/g TS). Beyond food waste, sonication has also been investigated for
lignocellulosic biomass such as grass. Wang et al. [80] sonicated 2% dried and milled grass
slurry in 0.75% lime solution with a specific energy input of 1.5 kJ/mL (7.8 kJ/g TS) in
pulsed mode (5 s ON 5 s OFF). The solids and liquids were separated, neutralised and
subjected to mesophilic digestion. Compared to the digestion of the slurry, the cumulative
VFAs produced from the solid and liquid fractions were significantly higher and were
found to be >2 fold higher than the untreated feedstock.

While sonication has been reported extensively to pre-treat biomass to enhance diges-
tion efficiency by improving COD solubilisation and increasing the degree of disintegration,
it is limited by its volume of operation and high specific energy requirements. To over-
come these limitations, hydrodynamic cavitation is a suitable alternative. For the first
time, Lanfranchi et al. [46] reported the use of hydrodynamic cavitation for pre-treating
mixed organic waste (waste-activated sludge, vegetable and fruit waste) to improve VFA
yields. They used a rotor-stator device at an inlet pressure of 2 bar, an inflow rate in the
range of 80–100 LPM and a rotor speed in the range of 1450–1550 rpm. An optimum
pre-treatment time of 50 min was found to be beneficial in increasing the soluble COD by
83%, corresponding to a nine-fold increase in maximum VFA concentration. The specific
energy consumption was reported to be 3.7 MJ/kg TS, which is significantly lower than
the acoustic cavitation-based pre-treatment methods. Nevertheless, due to the presence of
moving parts, there are issues pertaining to clogging and maintenance at an industrial scale.
Furthermore, compared to other hydrodynamic cavitation devices, rotor-stator devices
are known to be relatively energy intensive [2]. Nonetheless, it is promising to see that a
scalable biomass pre-treatment is being exploited for intensifying digestion yields.

A promising aspect of the recently reported pre-treatment methods is that despite the
kind of pre-treatment used, desired product type or enhancement achieved, researchers are
moving in the right direction of not only understanding the fundamentals of pre-treatment
but also the interaction of the pre-treated substrate and the microbial consortia. Most of
the discussed papers in this section have also reported omics studies, looking into the
abundance and diversity of specific genus and their shifts as a result of pre-treatment. Such
investigation will help to better understand the pre-treatment and digestion processes and
lead to devising effective monitoring tools and scale-up strategies.
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Table 2. Pre-treatment methods reported to enhance VFA production.

Feedstock Pre-Treatment Conditions Digestion Conditions
Influence on
VFA Yield

Reference

Physical Pre-treatment

Waste-activated sludge

0.45 L, 5 cycles of
freezing and thawing, −24 ◦C
freezing for 8 h, 35 ◦C thawing
for 2 h

1 L fed-batch,
sludge-to-inoculum ratio of
2 (w/w), 80 rpm, 25 days
retention time, 35 ◦C

35% increase in
maximum VFA
concentration

[64]

Waste-activated sludge 0.5 L, graphite electrodes, 15 V,
pH 6.7, 30 min, 25 ◦C

0.06 L sludge, 0.02 L
inoculum, 35 ◦C, 60 rpm,
35 days

Suppressed CH4
production, ~100-fold
increase in specific
VFA yield

[65]

Chemical Pre-treatment

Waste-activated sludge

0.8 L feedstock,
pH 10 (2 M NaOH),
0.5 g/g VSS K2FeO4,
120 rpm, 60 min

0.4 L batch, 10% v/v
inoculum, 160 rpm, 35 ◦C,
12 days

~2.4-fold increase in
maximum VFA
concentration

[67]

Air-dried and
chopped macroalgae 40% TS, 0.5 N NaOH, 18 h

0.1 L batch, 4% TS
feedstock, 10% inoculum,
35 ◦C, 150 rpm, 4 days

2-fold increase in
maximum VFA
concentration

[66]

Grass waste 0.2 L, 5% grass, 1.75%
carbide slag, 120 ◦C, 40 min

0.25 L batch,
substrate-to-inoculum ratio
2 (VS basis), pH 7, 100 rpm,
35 ◦C, 14 days

0.6–2.4-fold increase in
maximum VFA
concentration

[68]

Sludge

0.5 L sludge, 20 mg/g
tetrakis hydroxymethyl
phosphonium sulphate, 2 days,
150 rpm, 30 ◦C

0.35 L sludge batch, 0.03 L
inoculum, pH 6, 2 days,
150 rpm, 30 ◦C

4-fold increase in
maximum VFA
concentration

[69]

Biological Pre-treatment

Autoclaved solid
digestate

100 g TS, 10 g white rot fungi
Pleurotus Sajor-Caju, 25 ◦C, 70%
relative humidity, 6 weeks

0.4 L batch, 15% TS,
inoculum-to-substrate ratio
2 (TS basis), 30 ◦C, 18 days

1.2-fold increase in
maximum VFA
concentration

[71]

Air-dried and
chopped macroalgae

4% TS, 0.09 L, Vibrio spp.,
26–30 ◦C, 2 days

0.1 L batch, 4% TS
feedstock, 10% inoculum,
35 ◦C, 150 rpm, 4 days

2.5-fold increase in
maximum VFA
concentration

[66]

Primary sludge 1% Novozym 50199 to biomass,
300 rpm, 10 min

0.5 L fed-batch, 2-day
retention time, 25 ◦C

56% increase in
maximum VFA
concentration

[73]

Physico-chemical Pre-treatment

Crushed food waste
0.3 L feedstock, 8 mm 20 kHz
sonication probe, 1 W/mL,
20 min

0.18 L batch, substrate to
inoculum ratio 6 (VS basis),
180 rpm, 35 ◦C, 5 days

~4.3-fold increase in
maximum VFA
concentration

[78]

Lipid-extracted
microalgae Ettlia sp.

10 mL of 5% microalgal
slurry, 1% NaOH,
25% amplitude sonication

0.1 L batch, 3% TS, 20% v/v
inoculum, pH 7.2, 150 rpm,
35 ◦C, 7 days

30% increase in
maximum VFA
concentration

[76]10 mL of 5% microalgal slurry,
1% NaOH, microwave

10% increase in
maximum VFA
concentration

10 mL of 5% microalgal slurry,
1% NaOH, autoclave 121 ◦C,
1 h, 1 bar

20% increase in
maximum VFA
concentration

Thickened
waste-activated sludge

1 L sludge, 190 ◦C, 10 min,
12.5 bars

0.3 L batch,
1 gTCOD/gVSS substrate
to inoculum ratio, pH 5.5,
120 rpm, 37 ◦C, 3 days

3-fold increase in
maximum VFA
concentration

[75]
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Table 2. Cont.

Feedstock Pre-Treatment Conditions Digestion Conditions
Influence on
VFA Yield

Reference

Waste-activated sludge

0.2 L sludge,
0.01 g sodium dodecylbenzene
sulfonate/g TS, 70 ◦C,
1 h, 400 rpm

0.2 L batch, 150 rpm, 37 ◦C,
7 days

4-fold increase in
maximum VFA
concentration

[81]

Grass clippings
0.1 L, 2% grass, 0.75% Ca(OH)2,
sonication at 2.5 W/mL for 10 min
(5 s ON 5 s OFF pulse)

Solids and liquids were
separated and fermented,
0.2 L batch, pH 7, 120 rpm,
35 ◦C, 12 days

~2.1-fold increase in
maximum VFA
concentration

[80]

Waste-activated sludge
and vegetable/fruit
waste

Rotor-stator hydrodynamic
cavitation, 2 bars inlet pressure,
80–100 L/min inflow rate,
1450–1550 rpm rotor speed,
50 min

4 L batch,
substrate-to-inoculum ratio
6–7 (VS basis), 37 ◦C,
14 rpm

~9-fold increase in
maximum VFA
concentration

[46]

3. Anaerobic Digestion for the Production of Biohydrogen or VFAs

AD shows promise as an industrially viable method for the production of biohydrogen
and VFAs, due to its feasibility of utilising various organic wastes as potential feedstocks.
Carbohydrates are the preferred carbon source for fermentation; however, the use of
carbohydrate-rich substrates such as glucose, sucrose and starch are associated with high
commercial costs and competition with human-food requirements [82]. There are however
numerous waste streams that contain a wide spectrum of carbohydrates that can be obtained
from industrial, agricultural and municipal sources that are available at little to no cost [83].

Conventional AD broadly proceeds through four main stages: hydrolysis, acidoge-
nesis, acetogenesis and methanogenesis (Figure 4). During hydrolysis, complex organic
macromolecules, such as carbohydrates, proteins and lipids, are broken down into their re-
spective monomers (monosaccharides, amino acids and fatty acids) by hydrolytic bacteria.

Figure 4. The four main stages of AD.
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The products of hydrolysis are then fermented by acidogenic bacteria, which facilitate
the formation of VFAs and hydrogen (Figure 5). Acidogenesis largely proceeds through
the acetic (1) and butyric acid (3) pathways [84], resulting in hydrogen as a by-product.
However, propionic acid is another common VFA produced in the AD of organic wastes,
and this process is hydrogen-consuming (2).

C6H12O6 + 2H2O → 2CH3COOH + 4H2 + 2CO2 (1)

C6H12O6 + 2H2 → 2CH3CH2COOH + 2H2O (2)

C6H12O6 + 2H2O → C3H7COOH + 2H2 + 2CO2 (3)

Figure 5. The metabolic pathways during acidogenesis that lead to hydrogen and VFAs from
hexose. (NAD: Nicotinamide adenine dinucleotide; Fd: Ferredoxin; ATP: Adenosine triphosphate;
ADP: Adenosine diphosphate).

The preferred pathway for acidogenic bacteria is the production of acetic acid since
it provides the biggest energy yield for growth. However, as the partial pressure of
hydrogen increases, the process that allows for the conversion of pyruvate to acetate
becomes energetically unfavourable. The metabolic pathways therefore shift to produce
VFAs that are more reduced than acetic acid, such as propionic and butyric acid [85].
Pyruvate is often the pivotal intermediate which can be converted into a spectrum of
products, such as acetate, propionate, butyrate, lactate, propanol, butanol, hydrogen and
carbon dioxide. The proportions of pyruvate directed to each pathway depend on several
factors, including substrates, environmental conditions and microbial populations [86].

Hydrogen and acetate are produced during the acetogenic phase through the oxida-
tion of the longer chain fatty acids. However, these catabolic reactions are endergonic and
depend on low concentrations of acetate and hydrogen to drive the oxidation pathway
forward. Acetogenesis also includes a hydrogen consumption process, known as homoace-
togenesis, which is utilised to fix carbon dioxide into more acetic acid. Both hydrogen
and VFAs are consumed in the final methanogenic stage, whereby acetoclastic and hy-
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drogenotrophic methanogens either convert acetic acid into carbon dioxide and methane
or oxidise hydrogen to reduce carbon dioxide to methane, respectively [87].

The yields of VFAs and hydrogen produced through AD are largely dependent on
bioreactor conditions. Bioprocesses that favour the formation of either hydrogen or a VFA
mixture will often produce the other as a by-product. In fact, single-stage fermentation for
the co-production of hydrogen and VFAs have achieved bioconversion efficiencies of up to
64% [88]. Increased VFA concentrations however can negatively interfere with hydrogen
production, either as a result of hydrogen consumption by homoacetogens or inhibition by
undissociated acid molecules [89]. Higher partial pressures of hydrogen within bioreactors
can also alter the proportions of VFAs obtained [90].

While the metabolic pathways leading to either H2 or VFAs are similar, enhanced
production of either of the products requires process optimisation. This is largely achieved
by optimising operational conditions and bioreactor design to ensure the inhibition of
methanogenic activity and that conditions are favourable for either hydrogen- or VFA-
producing microorganisms. Process parameters that influence the acidogenic fermentation
yield are discussed in detail in this section. Each of the subsections will discuss the influence
of the parameter on both biohydrogen and VFA production.

3.1. Hydraulic Retention Time (HRT)

HRT is an important engineering parameter and is influenced by the reactor volume,
V and the mass inflow rate, Q of the feedstock (4).

HRT =
V
Q

(4)

HRT has been reported to play an important role in maximising hydrogen yield when
fermenting organic wastes. Shorter HRTs can suppress homoacetogenesis and methanogen-
esis, which are both hydrogen-consuming pathways [91]. If HRTs are too short, however,
biomass washout can occur [92]. HRTs as low as 6 h have proven successful in enhancing
hydrogen yields of a galactose reactor [93]. However, this study only investigated three
short HRTs (2 h, 3 h and 6 h), so it is unclear whether longer HRTs would have elicited
higher yields. For instance, another study using a waste sugar feedstock discovered that an
HRT between 14–15 h was optimal for biohydrogen production [84]. In a study investigat-
ing hydrogen production from three feedstocks at three different HRTs, Salem et al. [60]
discovered that the optimum HRT for hydrogen yield using bean wastewater was 24 h
(80 mL H2/g VS), and for potato wastewater, it was 18 h (150 mL H2/g VS). These results
are consistent with a study by Massanet-Nicolau et al. [94] that utilised sewage biosolids
as the feedstock and found that a 24 h HRT resulted in the most stable hydrogen pro-
ducing period during which a hydrogen yield of 21.9 mL H2/g VS was achieved. A
24 h HRT was also found to be optimum for a food waste reactor, producing a yield of
255.4 ± 33.6 mL H2/g VS/d [95].

Several studies have also analysed the effect that HRT has on VFA production, with
results varying depending on the feedstock. For instance, studies using synthetic and
low-strength wastewater have found that HRTs as low as 6–8 h produce the maximum
total VFA concentration [96,97]. Although with more recalcitrant feedstocks, particularly
those utilised at an industrial scale, longer HRTs are generally more beneficial for VFA
production. A 6-day HRT increased total VFA concentration from 2.4 g COD/L to over
50 g COD/L in a reactor fed with urban biowastes [98]. Using other organic waste streams,
Jankowska et al. [99] found that for cheese whey, the optimum HRT was 20 days, producing
a total VFA concentration of 16.3 g/L, and for mixed sludge fermentation, it was 12 days,
producing a total VFA concentration of 12.5 g/L. Overall, the literature suggests that HRTs
in the order of hours are beneficial for H2 production, whereas in the order of days is
required to obtain VFAs.
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3.2. Organic Loading Rate (OLR)

The OLR within a bioreactor can aid in maximising production performance in a
continuous system and is often altered by adjusting the HRT. Kumar et al. [93] reported a
peak hydrogen production rate at a 3 h HRT and an OLR of 120 g galactose/L/d. However,
when the HRT was adjusted to 6 h, the OLR was halved to 60 g galactose/L/d, and
this resulted in the maximum hydrogen yield of 2.21 mol H2/mol galactose. This study
determined that at higher OLRs under lower HRTs, more H2-producing bacteria, such as
Clostridia, become dominant. Operating at a higher HRT, however, resulted in a stronger
ability to retain active biomass in the system, leading to greater overall hydrogen yields.
A similar hydrogen yield (2.1 mol H2/mol glucose) was achieved at an OLR of 6.5 g
COD/L/d in a glucose reactor at an HRT of 8 h [100]. In a different study, using industrial
wastewater feedstock, Ferraz Júnior et al. [100] reported a maximum hydrogen yield
(1.4 mol H2/mol total carbohydrates) at an OLR of 72.4 g COD/L/d and HRT of 12 h. This
study also reported that applying OLRs in excess of 100 g COD/L/d can result in significant
reductions in biohydrogen yield and production rate, and such organic overloads can cause
biomass washout in suspended-growth systems, e.g., continuously stirred tank reactors
(CSTRs). Therefore, higher OLRs may only be suitable in immobilised-cell reactors, such as
packed bed reactors, where the washout of active biomass is hindered [101].

Varying the OLR to enhance VFA production has also recently been investigated.
Tang et al. [102] studied the impact of three separate OLRs on the VFA concentration in a
food waste reactor (at a 5-day fixed HRT) and found higher VFA yields when the OLR was
increased from 14 to 22 g TS/L/d. Iglesias-Iglesias et al. [103] also reported increases in
VFA production at higher OLRs using sewage sludge as the substrate. Similarly, a stepwise
increase in OLR from 3 to 12 g COD/L/d at an 8-day HRT enhanced VFA production in
a microalgae biomass fermentation experiment [104]. These results are consistent with
another study that found an optimum OLR value of 12.9 g COD/L/d at a 12-day HRT
using olive mill solid residue as the feedstock [105,106]. Some recent studies have also
reported the effect that OLR has on VFA composition, with results indicating that higher
OLRs produce greater yields of longer chain VFAs, such as butyric, valeric and caproic
acids [96,103,107,108].

3.3. pH

The pH level within a reactor is a key parameter that can influence the metabolic
pathways of AD. Methanogens are most active between the pH range of 6.5–8.2 [109],
and although the optimum pH for hydrolytic and acidogenic bacteria has been suggested
as 5.4–6.5, pH levels as low as 4.0 and as high as 11.0 have been employed with various
substrates [110].

For hydrogen production, it has been reported that a pH of 5.5 can be most beneficial
due to the inhibition of both methanogenesis and homoacetogenesis [111]. Indeed, many
studies have reported an optimum pH for hydrogen production from food waste within
the range of 5.0–6.0 [112–114], whereas a pH value within the range of 6.0–7.0 has proven
most successful with crop residues and agricultural wastes [115–117]. It is clear from
the literature that the optimum pH for hydrogen production is largely dependent on the
substrate used. For instance, a recent study by Tsigkou et al. [118] found that the optimum
pH for hydrogen production when using a fruit/vegetable mixture was 6.5, but when
using a mixed waste substrate, it was 7.5. Generally, the optimum pH for biohydrogen
production from organic wastes is within the range of 5.0–7.0 since this favours the activity
of hydrogenases and is also suitable for microbial growth and metabolism [119].

For VFA production, recent studies suggest a higher pH level is more beneficial. A
more alkaline pH has been shown to not only improve hydrolysis efficiency but also
enhance VFA yield when using complex feedstocks [120–122]. Cabrera et al. [120] re-
ported an increased acetic acid concentration from 1.08 g/L to 3.14 g/L when the pH
was increased from 5.0 to 9.0. A maintained pH level of 10.0 was also optimum for VFA
production in a waste-activated sludge reactor [123], which is consistent with [124], which
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also reported a peak VFA production efficiency at pH 10.0. The pH level also plays a
critical role in determining the VFA composition. Acidic conditions often result in a higher
acetic acid concentration, and alkaline conditions result in a butyrate-dominant product
mixture [124,125].

3.4. Temperature

Fermentation temperature is an important factor that can impact microbial metabolisms
and the efficiency of substrate conversion to desired products [126]. Mesophilic fermen-
tation often takes place within the range of 30–40 ◦C, whilst the thermophilic range is
typically 50–60 ◦C. Recent research also suggests the use of psychrophilic temperatures
(<20 ◦C) within anaerobic digesters, which could be particularly useful in countries with
colder climates. Studies have shown that process parameters, including COD removal
and biogas production, are comparable in a psychrophilic and mesophilic reactor [127].
The biotechnological potential of psychrophilic reactors is still under-utilised since certain
disadvantages limit their use on a larger scale. These include the alteration of physical and
chemical properties within biomass, thereby reducing substrate availability, inhibition of
important cellular processes and the requirement to modify existing digester designs and,
in some cases, use acclimated microbial biomass [128]. As a result, studies using mesophilic
and thermophilic bioreactors still dominate the literature. A temperature of 55 ◦C has been
reported as optimum for biohydrogen production from the fermentation of rice straw [129],
food waste and manure [130] and sewage sludge [131]. Conversely, other studies have
observed higher hydrogen yields at mesophilic temperatures. Ziara et al. [132] tested four
different temperatures (35, 45, 50 and 55 ◦C) on a digester fed with lactate wastewater
and found that biohydrogen production only occurred at 35 and 45 ◦C. These results are
consistent with [126], who reported a maximum hydrogen yield (492.3 ± 5.1 mL/g TS) at a
temperature of 36.6 ◦C.

Similar findings have been reported for VFA yields at various temperatures.
Huang et al. [133] investigated the effect of eight temperatures between the range 25–65 ◦C
on the AD of waste-activated sludge. They reported that the average acetate concentration
increased with temperature until a peak at 40 ◦C, producing a yield of 0.29 g/L, beyond
which the accumulation decreased. A study by Moretto et al. [98] also reported an optimum
temperature of 37 ◦C, which resulted in a maximum total VFA concentration of 65 g/L.
Mesophilic temperatures have also proven preferential for VFA production from sewage
sludge [134] and the organic fraction of municipal solid waste (OFMSW) [135].

Although thermophilic conditions present advantages, including an increased rate of
hydrolysis, enhanced pathogen destruction and a higher rate of organic matter destruction,
mesophilic conditions are most promising for larger-scale digesters due to the lower energy
requirements and more stable operation [129,136].

3.5. Operational Mode and Reactor Configuration

Batch bioreactors have been extensively used for both biohydrogen and VFA produc-
tion to evaluate the viability of feedstocks and the effect of various process conditions.
Batch experiments are widely used to optimise process parameters at the lab scale, and the
results often indicate an initial increase in desired products, followed by a rapid decline as
the feedstock is used up [137]. While the initial insight provided by batch systems is useful
for understanding the digestion process, it is important to understand digester behaviour
in (semi)continuous systems to aid scale up.

With respect to acidogenic digestion, various bioreactor configurations have been
investigated at a laboratory scale, both under batch and (semi)continuous modes. The most
extensively studied is the continuously stirred tank reactor (CSTR); however, other methods
include anaerobic fluidised bed reactors (AFBRs), anaerobic sequencing batch reactors
(ASBRs), anaerobic packed bed reactors (APBRs) and up flow anaerobic sludge blanket
reactors (UASBRs). There is also a strong correlation between production efficiencies and
the size of the microbial population present within the reactor. Therefore, cell retention
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strategies such as granulation and immobilisation systems have also been investigated to
enhance overall product yields [138]. An overview of the typical reactor configurations
used for biohydrogen and VFA production is shown in Table 3 and discussed in detail in
this section.

Table 3. Advantages and disadvantages of typical reactor configurations used for biohydrogen and
VFA production.

Reactor
Configuration

Advantages Disadvantages

CSTR

• Constant suspension and homogeneous
mixing lead to efficient contact between
substrates and microbes

• Simple design and easy maintenance
• Can be operated continuously
• Low operating cost

• Susceptible to shear strain at high
mixing speeds

• Low HRTs can cause biomass washout
• May require combination with an

immobilisation system

AFBR

• Enhanced mass transfer
• Likelihood of biomass washout is low
• Operate at shorter HRTs

(favours biohydrogen production)
• Can be operated continuously

• High energy requirement to supply
constant fluidisation

• Support material required for adhesion
of biomass

• Less applicable for high solid biomass and
longer HRTs

• Difficulties in scale-up

ASBR

• Not reliant on HRT for active
biomass retention

• Ability to adjust SRT allows for an additional
mechanism for microbial manipulation

• Unable to handle high solid biomass since
they are susceptible to organic overload
which can reduce performance

• Less applicable to high-strength wastewaters

APBR
• Able to tolerate high OLRs
• Low construction costs
• Good feedstock retention

• Susceptible to excess biomass accumulation
• Often require a recirculation loop to improve

mass transfer and a support material
for immobilisation

UASBR

• Good microbial retention without the use of
biofilms or support materials

• Simple method which has proven successful
at large scale

• Low energy requirement

• Extended start-up time
• High pathogen, nutrient, COD and BOD

levels remain in the effluent
• Difficult to maintain proper HRT

3.5.1. CSTR

In a CSTR, the microbes and substrates are constantly suspended and mixed, which
facilitates effective contact and higher mass transfer [139]. Their benefits include simple
design, easy maintenance, homogenous mixing, and a well-maintained HRT. CSTRs are
also the preferred reactor configuration when no differentiation between solids and liquid
retention times are required. CSTRs are widely considered an effective and economical
approach for the production of both biohydrogen [140–143] and VFAs [98,144,145] from
organic waste streams. Although this kind of reactor is sensitive to operational parameters,
including pH, temperature and HRT, limitations in mass transfer have proven a critical
parameter for optimum performance. Research indicates that the concentration of desired
products increases when the mixing speed increases until an optimum; exceeding this can
result in shear strain that can damage floc particles and relevant microbial populations [146].
Their main drawback however is biomass washout at lower HRTs [92]. As a result of
this, some studies have combined CSTRs with immobilised systems to retain more active
biomass in the reactor. Keskin et al. [147] reported higher hydrogen yields and greater
resistance to biomass washout in an immobilised bioreactor configuration compared to a
conventional CSTR, particularly at higher OLRs.

63



Fermentation 2022, 8, 325

3.5.2. AFBR

In AFBRs, a fluidisation medium (liquid or gas) is passed through the digester
containing the feedstock, usually of high solid content, to ensure suspension. This en-
hances microbial activity via enhanced mass transfer and can cause greater degradation
of wastewaters [148]. In comparison with CSTRs, the likelihood of biomass washout is
lower, but more energy is required for constant fluidisation. Often, a support material
is also required for biomass adhesion; examples from the literature include shredded
tires [149], activated carbon [150], polystyrene and expanded clay [151]. The literature
indicates the broader use of AFBRs for hydrogen production in comparison to studies
focused on VFA production. This could be due to the fact that they can operate at shorter
HRTs and higher OLRs which favours biohydrogen production (Section 3.2). For instance,
Amorim et al. [152] reported an increase in hydrogen yield from 0.13 to 1.91 mol H2/mol
glucose when the HRT decreased from 8 to 2 h in an AFBR utilising cassava wastewater.

3.5.3. ASBR

This reactor process involves cycling through the stages of feeding, reaction, settling
and decanting. Within this semi-batch process, the use of a settling stage allows for greater
solid retention within the reactor, meaning that the solid retention time (SRT) becomes
independent of HRT. Recent studies have obtained high hydrogen yields using ASBR
systems. Maaroff et al. [153] tested a two-stage ASBR system for biohydrogen production
from palm oil mill effluent and achieved yields as high as 2.52 mol H2/mol sugar at an
optimum HRT of 12 h. A similar HRT was utilised in a study by Santiago et al. [154], who
reported a 16 h HRT and 55 h SRT as optimum for biohydrogen yields from organic waste.
This study also examined the effect of SRT and HRT on VFA production and found that
a similar SRT (60 h) but a longer HRT (48 h) was optimum for VFA yields. The ability to
adjust the SRT in an ASBR provides an additional mechanism to manipulate microbial
communities, which in turn can be used to enhance desired metabolic pathways. Through
analysis of population dynamics within ASBRs, it is reported that hydrolytic bacteria
are dominant at shorter SRTs, whilst acidogenic and acetogenic bacteria become more
dominant at longer SRTs [155].

3.5.4. APBR

These reactors are often used with feedstocks of high organic content, and the beds
can contain granules or biofilms to improve function at lower HRTs and increase tolerance
to high OLRs [156]. APBRs are easy to operate and require lower construction costs
when compared with other reactors [139]. Additionally, due to their ability to retain high
feedstock concentrations within the reactor, high conversion rates can be achieved. Despite
this, some studies have reported unstable operation, mainly attributed to excess biomass
accumulation in the bed, which can lead to the proliferation of H2- and VFA-consuming
microbes [157]. Since there is no continuous mixing, such as in a CSTR, a recirculation loop
is often implemented to improve mass transfer and enhance product yields [158]. Various
support materials have been tested for their ability to immobilise relevant microbes within
APBRs and therefore impact production performance. Muri et al. [159] analysed the impact
of three different support materials (Mutag BioChip™, expanded clay and activated carbon)
on hydrogen yields within an APBR fed with synthetic wastewater and reported the highest
yield (1.80 mol H2/mol glucose) when the reactor was packed with Mutag BioChip™.

3.5.5. UASBR

UASBRs are another reactor configuration that aims to retain microbes within the
reactor. They do not use biofilms or support materials and instead rely on the formation
of biological granules. UASBRs are best utilised with medium–high strength wastewa-
ters since the feedstocks need to have good settling characteristics. They are a simple
and reliable method for wastewater treatment, and many large-scale plants have been
successfully operated [160]. They have proven successful for biohydrogen and VFA produc-
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tion from various organic waste streams [161–165]; however, some disadvantages include
an extended start-up time and excess pathogen, nutrient and overall biomass content in
the effluent.

3.6. Additives

The impact that additional chemicals and nutrients have on the production yields of
hydrogen and VFAs has been extensively investigated. Adjusting the carbon to nitrogen
(C/N) ratio of feedstocks is a common parameter used to enhance digester performance.
Ratios that are too high (>30) can lead to insufficient nitrogen available to maintain microbial
biomass, whilst ratios that are too low can increase ammonia production, which can inhibit
microbial activity (Section 3.6) [166]. Studies suggest that increasing C/N ratios can enhance
biohydrogen yield with ratios as high as 137 [157] and 173 [167], resulting in maximum
hydrogen yields from reactors fed with sucrose and wheat powder solution, respectively.
Argun et al. also reported a maximum VFA yield at the same C/N ratio, producing 11 g/L
of total VFAs. A C/N ratio of 47 was reported as optimum for biohydrogen production in
a sewage sludge reactor, whilst the same study determined a C/N ratio of 130 resulted in
the maximum VFA yield [168].

Metals have been among the most widely employed additives in AD systems. The ad-
dition of iron and nickel (in ion or nanoparticle form) have shown significant enhancements
in biohydrogen yields due to their ability to facilitate the acceleration of the electron transfer
between ferredoxin and hydrogenase, which, in turn, drives hydrogen generation [169].
The addition of nickel ion and Ni0 nanoparticles has been shown to effectively enhance bio-
hydrogen yields [170], and the use of biologically synthesised iron nanoparticles improved
biohydrogen yields by up to 44% when compared with no addition [171]. In contrast, the
use of metal additives in studies focused on VFA production have produced varying results.
Zhang et al. [172] reported higher VFA yields when adding iron to a cadmium-containing
system compared to adding nickel. The addition of Co2+ and Zn2+ [173] lowered total
VFA yields in comparison to the control, but yields of propionic acid were significantly
increased (from 28.71 to 317 mg of propionic acid/g of COD).

Biochar addition has also recently been investigated in various anaerobic digesters. A
15 g/L biochar addition produced a maximum hydrogen yield of 3990 mL/L in Zhao et al. [174].
Sugiarto et al. [175] found that biochar addition not only increased hydrogen yields by
107% but also the primary elements present in biochar (Fe, K and Ca) were responsible
for increasing both acetic acid and butyric acid concentrations. Similarly, acetic acid
concentration increased from 0.18 to 0.36 g/L in response to a 0.6 g/L biochar addition in a
study by Lu et al. [176].

The influence of salinity on biohydrogen and VFA yields has produced contrasting
results in the recent literature. Taheri et al. [177] found that increasing NaCl concentration
from 0.5 g/L to 30 g/L had a negative effect on hydrogen yield, decreasing it from 1.1 mol
H2/mol glucose to 0.3 mol H2/mol glucose. However, Sarkar et al. [178] reported that a
NaCl concentration as high as 40 g/L resulted in maximum hydrogen yields from a food
waste reactor. This study also found that a 40 g/L NaCl addition improved total VFA yields
by 1.35 times, producing 6.58 g/L compared with 4.84 g/L from the control experiment.
He et al. [179] examined the impact of 4 NaCl concentrations (10, 30, 50 and 70 g/L) on
VFA production, and although the highest yield was achieved at 10 g/L (0.542 g/g dry
weight of food waste), yields remained high at 70 g/L (0.441 g/g dry weight).

The addition of antibiotics is associated with the suppressions of methanogenesis and
therefore has been studied as a method to increase biohydrogen and VFA yields. Recent
research indicates that certain antibiotics can have an inhibitory effect on each stage of AD;
however, the more severe inhibition impacts acetogenesis and methanogenesis [180,181].
The addition of roxithromycin to a waste-activated sludge fermenter had the most severe
inhibitory effect on methanogenesis, so the VFA yield more than doubled when the antibi-
otic concentration increased from 0 to 100 mg/kg TSS [182]. Huang et al. [181] reported
maximum VFA yields when concentrations of clarithromycin reached 1000 mg/kg TSS.
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Contrastingly, Tao et al. [183] found a negative correlation between the concentration of
thiosulfate and yields of both VFAs and hydrogen. This study inferred that thiosulfate in-
hibited several metabolic pathways of acidogenesis and in particular restricted the activity
of key enzymes, including butyryl CoA and NADH.

Although the addition of some chemicals and nutrients may have a positive impact
on hydrogen and VFA yields, most of the studies reported yields from small-scale digesters
(<1 L). It is therefore unclear how beneficial the addition of chemicals and antibiotics would
be on a larger scale, particularly from an economic point of view.

3.7. Undesired By-Products and Inhibitors

The accumulation of hydrogen and VFAs within reactor systems can make it ther-
modynamically unfavourable for their continued production and result in inhibited di-
gestion with reduced yields. Studies have shown that the continuous recovery of hydro-
gen and VFAs from fermentation broths can enhance the overall yields of both products.
Jones et al. [184] utilised proton exchange membranes to remove hydrogen and electro-
dialysis to remove VFAs from a sucrose reactor to effectively enhance hydrogen yields
by a factor of 3.75. In Hassan et al.’s work [185], the in situ recovery of VFAs from a
food waste reactor almost doubled hydrogen yields and increased VFA concentration
from 1.9 to 4.7 g/L. Further studies operating electrodialysis on reactors fed with grass
waste [87] and food waste [145] were also effective in enhancing VFAs yield. Methods for
hydrogen and VFA extraction are discussed further in Section 4.

While end-product inhibition is commonly observed with acidogenic digestion, inhi-
bition due to the formation of undesired by-products should not be ignored. The formation
of undesired by-products is influenced by the type of substrate, operating conditions (tem-
perature and pH) and the diversity and abundance of the microbial community present
in the digester. The most common inhibitor encountered in digesters is ammonia. The
presence of excess ammonia, both in free (NH3) and ionic (NH4

+) form, can induce inhibi-
tion. Ammonia is able to pass through cell walls and react with protons to produce NH4

+,
which can alter intracellular pH and inhibit microbial activity [186]. Whilst methanogenesis
is considered the most severely inhibited AD stage, excess ammonia can also have an
inhibitory effect on fermentative bacteria [187]. The severity of ammonia inhibition is de-
pendent on operational conditions, and studies reveal that thermophilic temperatures and
a higher pH (>7) can increase the percentage of total ammonia present in digesters [188].
Methods to limit ammonia inhibition in reactors include adsorption using zeolites [189] or
biochars [190], pH reduction [191] and adjustments in C/N ratios [192]. Hydrogen yields
were increased by 10–26% in a study by [193] utilising zeolites for ammonia stripping.
The use of nitrogen sparging and sulfuric acid absorption was used by Ye et al. [123] to
remove ammonia from a waste-activated sludge digester, which enhanced total VFA yields
by 21.7%.

Many other inhibitory substances and contaminants, such as sulphides, phenols and
furans, may already be present in organic waste streams and methods to limit their inhi-
bition include dilution, adsorption, acclimatisation and precipitation. Sulphate derivates,
such as sulphides, can be toxic to fermentative microbes, and sulphate-reducing bacteria
have been reported to outcompete hydrogen-producing acetogens through the consump-
tion of substrates, such as butyrate and propionate [194,195]. It is therefore critical to control
the levels of sulphates (and sulphides) within bioreactors. Desulphurisation techniques,
including the use of bio scrubbers [196] and biofilms [197], have shown promise in large-
scale systems. Additionally, Dhar et al. [198] reported that the Fe2+ addition was successful
in limiting biohydrogen inhibition caused by sulphide in excess of 0.025 g/L. Metal ion
addition has also been used to limit the inhibition effect of humic acid in a sludge anaerobic
digester [199].

The presence of phenols and furans within bioreactors can negatively impact the
growth and cell membrane function of fermentative bacteria [200], and hence, methods to
extract them from bioreactors, as well as limit their production, have been investigated.
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An adsorption resin was used by Trujillo-Reyes et al. [201] to successfully extract pheno-
lic compounds from a raspberry waste stream, accumulating up to 2402 mg gallic acid
equivalents/kg of feedstock which significantly enhanced biogas yields. Adsorption using
activated carbon supported with a nano zero-valent iron material was also effective in
removing phenolic compounds from organic wastewater, which improved the efficiency
of hydrogen-producing bacteria and increased the conversion rate of organic matter [202].
As mentioned in Section 2, the choice of pre-treatment method is often one of the most
important parameters that impact the presence of both phenolic and furan compounds. For
instance, Kim and Karthikeyan [203] found that carbohydrate degradation to furan-derived
compounds, in particular furfural, was much greater when applying an acid pre-treatment
(873 ppm) compared with an alkali pre-treatment (375 ppm).

While the most common parameters influencing acidogenic fermentation were dis-
cussed in this section, it is worth noting that pre-digestion parameters such as inoculum
treatment (to limit methanogenesis) and substrate pre-treatment (to enhance its bioavail-
ability) as well as downstream processing (product recovery) are also key to enhance
product yields. It is therefore important to approach acidogenic fermentation with a holistic
approach with a specific focus on each of these aspects.

4. Product Recovery

Global hydrogen demand increased from 19.2 Mt in 1975 to 73.9 Mt in 2018 [204].
Increasing the production of hydrogen sustainably via low carbon technologies is therefore
critical to meet the growing demand. While much focus has been given to biohydrogen
production, equal attention has also been given to its recovery. It is important to advance
on both these fronts to maximise the desired product yields. A range of recovery options
for biohydrogen and VFAs are shown in Table 4.

Table 4. Examples of biohydrogen and VFA recovery strategies employed in the literature.

Recovery and Production Methods Fermentation Conditions Recovery and Production Data Author

Hydrogen Recovery
Electrochemical proton exchange
membrane and CO2 scrubbing of
bioreactor gas phase;
Homoacetogenesis and end-product
inhibition arrested

Sucrose inoculated with heat-treated
AD digestate. 3.34 L, continuously
fed CSTR; pH 5.5; 35 ◦C; 24 h HRT

1.79 mol H2/mol hexose
7 cmH2

3/min
>99% purity of recovered H2

[205]

As above with electrodialytic recovery
of VFAs from the liquid phase to arrest
end-product inhibition further

As above with 48 h HRT
0.90 mol H2/mol hexose
3.47 cmH2

3/min
>99% purity of recovered H2

[184]

VFA Recovery
Filtration and electrodialysis for in situ
VFA recovery;
Methanogenesis and end-product
inhibition arrested

1% TS food waste inoculated with
heat-treated AD digestate. 100 L
continuously fed CSTR; pH 5.5; 35 ◦C,
10 d HRT

17 g VFA/day recovered
from bioreactor [145]

Inline ultrasonic sieving, centrifugation,
microfiltration, and electrodialysis for
in situ VFA recovery;
Methanogenesis and end product
inhibition arrested

5% TS grass waste inoculated with
heat-treated AD digestate. 100 L
continuously fed CSTR; pH 5.5; 35 ◦C,
8.25 d HRT

VFAs continually recovered into
an external 30 L solution of up to
4500 mg VFA/L
VFA yields of 404 mg VFA/g
VS achieved

[87]

As above with an additional
pervaporation stage before
electrodialysis to aid VFA selectivity

As above with 7 d HRT

VFAs continually recovered into
an external 30 L solution of up to
4000 mg VFA/L
VFA yields of 875 mg VFA/g
VS achieved

[206]

Recent work has reported prolonging thermodynamically favourable fermentation
conditions for continued and enhanced hydrogen production without subsequent
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methanogenesis [205]. In this study, a proton exchange membrane was used to recover
hydrogen from the gas phase of a sucrose bioreactor in conjunction with carbon dioxide
scrubbing. The in situ recovery of these gasses had two effects. The first was that ho-
moacetogenesis was arrested by making the substrates (hydrogen and carbon dioxide)
unavailable for homoacetogens to consume. The second effect was to arrest end-product
inhibition by preventing hydrogen accumulation in the reactor headspace. This maintained
thermodynamically favourable conditions for continued hydrogen production whilst con-
tinually recovering purified hydrogen as it was being produced. Hydrogen yields in a 4 L
sucrose CSTR were increased from 0.07 to 1.79 mol H2/mol hexose using this methodology
over three 24 h HRTs. A similar methodology was employed by Jones et al. [184]; however,
in addition to electrochemical hydrogen recovery and carbon dioxide scrubbing, electro-
dialysis was also used to alleviate end-product inhibition, increasing hydrogen yields
almost four-fold from 0.24 to 0.90 mol H2/mol hexose. Whilst no techno-economical work
was carried out in this study, the hydraulic retention times were increased from a matter
of hours to 2 days, resulting in greater substrate utilisation rates. This is of particular
importance to waste remediation industries since, currently, the fermentation of organic
wastes to hydrogen is not viable due to low hydraulic retention times resulting in either
poor substrate utilisation rates or the requirement to add sparging gases such as nitrogen at
economic and environmental costs. Shortening hydraulic retention times may also become
problematic for waste treatment facilities, and the contaminated nature of waste streams
means that it would be difficult to maintain conditions in which a targeted microbial con-
sortium could thrive. The use of electrochemical means to recover hydrogen from the gas
phase of bioreactors would be relatively straightforward to retrofit to existing infrastructure
could be powered using excess renewables and increase hydraulic retention times.

In addition to the biological production of hydrogen and methane, the targeted biologi-
cal production and recovery of VFAs in preference to these biogases have been investigated.
Whilst the majority of research into the recovery of VFAs from fermentation broths is at
the millilitre scale and could not yet be considered to be industrially applicable, there has
been some research, as reported in more detail in Jones et al. [207] in which fermentations
at larger scales using real waste, and waste analogues, have been carried out with sub-
sequent VFA recovery. For example, acetic acid, propionic acid, butyric acid, and valeric
acid were recovered from a 4 L fermentation of olive mill waste via a combination of
filtration and electrodialysis into a solution with total VFA concentrations over 14 g/L [208].
Jones et al. [87,145,206] showed that the targeted recovery of VFAs from the liquid phase of
100 L bioreactors arrests methanogenesis and increases the yields of VFAs. In one of these
studies, a combination of filtration and electrodialysis was used to recover a VFA solution
of up to 4 g/L from a 100 L continuously fed food waste digester [145]. This VFA recovery
also had the effect of increasing substrate utilisation rates and increased the rate of produc-
tion of VFAs from 4 to 35 mg VFA/g VS d−1 by alleviating end-product inhibition. In the
other two studies, similar methodologies were used to recover VFAs from continuously-fed
100 L grass fermentations [87,206]. In one, a combination of mechanical sieving, filtration
and electrodialysis recovered a VFA solution of up to 4.8 g/L and increased yields from
287 to 404 mg VFA/g VS. In the other, the addition of a pervaporation stage to exclude
non-volatile compounds from recovery, a VFA solution of 4.5 g/L was produced, and yields
as high as 875 mg VFA/g VS were achieved. These sorts of results are promising when
considering VFAs as a valorisation route for wastes since the methodologies employed
would be easily retrofitted to existing infrastructure and are scalable. No techno-economic
considerations were made in these bodies of work, and so more research to clarify this
aspect of the process would be useful.

5. Techno-Economics and Process Life Cycle

Broadly, biohydrogen production can be split into photo and dark fermentation.
Producing hydrogen in these ways has CO2 emissions of 0.1–4.0 kg CO2/kg H2, compared
with up to 38 kg CO2/kg H2 for fossil fuel derived hydrogen [204]. For comparison, power
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to hydrogen via electrolysis is carbon neutral at the point of use; however, the whole life
carbon emissions of hydrogen as an energy vector are contingent upon its production
pathway [209] (Figure 6).

Figure 6. Carbon footprint of different pathways to hydrogen. * At point of use when powered by
excess renewable energy.

According to IEA [210], coal, natural gas, LPG, gasoline, and diesel have kg CO2
equivalents per kWh of 1.05, 0.55, 0.62, 0.69 and 0.73, respectively. These are still, globally,
the most commonly used energy vectors [211], and renewable energy sources contribute
to just 10% of global energy consumption, excluding transport, so it would be necessary
to increase the global installed capacity of renewables from 2500 GW in 2020 [212] by a
factor of six to meet Paris Agreement 2050 targets [213]. The intermittent nature of installed
renewable energy sources, 90% of which is solar and wind, requires reliable and sustainable
energy storage [211], and hydrogen is an obvious candidate for such storage. In Europe, it
is reported that the production costs of hydrogen could fall to less than EUR 2.00/kg by
2050 [214]; however, this relies upon the continued decline of the cost of renewable energy.

Techno-economic analyses for photo fermentative biohydrogen production have
briefly been investigated in recent articles. In one [215], a combination of biohydrogen pro-
duction from 140 ha open pond and 14 ha photobioreactor sources yielded 1.2 million GJ/year
of hydrogen, with an initial investment of USD 55 m. Whilst they posit that biohydrogen
production units greater than 30 m3 could be profitable, approximately 14% of that profit is
derived from the co-production of CO2. Fu et al. [216], however, note that photo fermenta-
tion is not without its own issues, including the costly nature of constant illumination and
the opacity of the fermentation broth.

When considering dark-fermentation, modelling of biohydrogen production from
the co-digestion of food and beverage wastewater found that a plant with a biohydrogen
production rate of 63,000 m3/year could have a production cost of USD 1/m3 [217]. In
the same article, it was reported that when agricultural residue was used as the substrate,
hydrogen could be produced at USD 2.57 and 2.83/kg with dark and photo fermentation,
respectively. Encouragingly, payback periods of between 5 and 10 years have been reported
for hydrogen production from the fermentation, depending on scale, comparing favourably
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with gasification and steam methane reforming, which can have payback periods as high
as 20 years [218].

Despite these promising production data, other researchers [219] conclude that the
lack of synergy between academic research and industrial implementation makes a current
jump to market unachievable for biohydrogen, especially where biohydrogen at the lab
scale has been produced under very strict and steady fermentation conditions. Further, an
economic feasibility threshold of USD 1.50/kg has been reported in other research [220],
suggesting that the technology is not yet mature enough for commercial success. Other
studies [221] also report costs as high as USD 6.98/kg for hydrogen production from dark
fermentation, so there is considerable disparity amongst the literature.

When considering hydrogen production from wastewaters only, dark fermentation
is shown to be the best economical path to hydrogen when compared with photo fer-
mentation, electrolysis, electrodialysis, photocatalysis, photoelectrochemical methods and
super water gasification [220]. There is however room for considerable improvements
in biohydrogen production. A number of bottlenecks to biological hydrogen production
have been established, and there is a growing body of lab-scale work to overcome these
problems. Fu et al. [216] review anaerobic biohydrogen production from waste-activated
sludge and note that whilst the literature widely reports high theoretical maxima for hydro-
gen yields from waste-activated sludge, real-world yields are always significantly lower.
This is mostly due to hydrogen-producing microorganisms mostly metabolising soluble
carbohydrates in favour of proteins, humic matter, VFAs and alcohols, all of which are
typically abundant in industrial wastewaters. Further, the hydrogen produced is typically
consumed rapidly by methanogens, acetogens and sulphate reducers to produce H2S.

As mentioned in Sections 2 and 3, strategies to improve hydrogen production have
long been employed. The techno-economic applicability of these strategies to industrial-
scale hydrogen production however has yet to be investigated, and more work is called for.
A recent study [222] notes that because these limitations of hydrogen production have yet to
be addressed and tested on large scales, the techno-economics of biohydrogen production
are still less attractive than producing hydrogen from even non-renewable sources such as
fossil fuels. This is exacerbated by higher costs per unit of hydrogen at smaller scales, which
may be reduced by up to eight times upon scale-up [204]. Similarly, Lepage et al. [223] state
that whilst biohydrogen is a promising future possibility, it is currently not mature enough
to compete with established thermochemical pathways despite the unsustainable nature of
the latter. This highlights the need for greater work to demonstrate larger-scale hydrogen
production utilising industrially applicable engineering solutions.

Another issue for the economic feasibility of biohydrogen is competition from the
other sustainable pathways to hydrogen, notably electrolysis driven by excess wind, solar
and hydropower. The decreasing costs of renewable energy as a means through which
to power electrolysis, especially considering solar PV costs less than USD 1/W, thanks
to falling silicon prices [224]. Competitive levelized costs of energy from hydrogen have
been demonstrated in several studies. Off-grid hybrid systems of solar PV, wind and
hydrogen fuel cells were simulated in various configurations for regularly and seasonally
occupied households and found energy costs as low as USD 0.309/kWh [225], taking into
account the capital expenditure of the technologies required to achieve such an energy
scenario. On larger scales, similar and self-sufficient energy scenarios have been reported
with energy costs of USD 0.394/kWh [226] and USD 0.334/kWh. It is also reported however
that energy management systems and methods to integrate and coordinate sustainable
hydrogen production systems need to be optimised before they can no longer be considered
economic drawbacks to larger-scale projects [211].

A common theme in the literature is that the cost of electrolysis is the main economic
limiting factor when considering hydrogen as a sustainably derived energy vector [214,227].
Storage has been posited as a means through which to make better use of existing electroly-
sis capacity without the installation of further electrolysis apparatus, especially when that
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hydrogen can be stored in major geological features such as salt caves [227]. In some Euro-
pean countries, the hydrogen capacity in such formations exceeds 10 EJ of hydrogen [214].

As alluded to above, storing hydrogen is becoming less of an unknown, especially
with the emergence of solid-state storage in stand-alone use cases. It is reported however
that more work is required to establish the availability, mass and degeneration of storage
facilities [224]. It is also reported that storing hydrogen in its compressed form is already
commercially viable [228], provided it is transported by road, and that liquefied hydrogen
with a gravimetric energy density of 2.0 kWh/kg can be achieved at a cost of USD 6.00/kWh,
lower than the USA Department of Energy’s goal of USD 8.00/kWh.

In shifting from a carbon-based energy economy to a hydrogen-based one, changes to
infrastructure need to be considered from a techno-economic point of view. The majority of
the reported literature excludes calculations surrounding vehicular hydrogen use, which is
of concern because transportation is currently the least diverse energy use sector, with 90%
of its energy demand met by fossil fuels [229]. By 2050 however, the transportation sector
is predicted to be the single greatest demand case for hydrogen as an energy vector [229].
To make this affordable for consumers however high transportation and refuelling station
costs will need to be addressed [230]. The purity required for vehicular hydrogen will pose
a problem for biological hydrogen, which will either need to be purified downstream or
extracted from biogas mixtures in such a way that makes it inherently high-purity as per
the electrochemical approach employed by Massanet-Nicolau et al. [205].

Another bottleneck for large-scale and industrial hydrogen production is likely to be
international cooperation. Nazir et al. [228] summarise that a critical and often overlooked
issue for any future zero-carbon economy is international cooperation and the requirement
for legislation and regulations to be harmonious and transnational. Modelling has been
undertaken [231] investigating the hypothetical outcomes of the implementation of a
renewable hydrogen quota imposed upon European gas and electricity markets. This
would increase electricity prices by 12%, with renewable energy producers being the
biggest beneficiaries. Gas prices however would fall by 3% for the consumer; however,
there would be a net benefit to energy producers. Policy recommendations for European
hydrogen implementation have been suggested [232], including coordinated incentivisation
of hydrogen vehicle purchases and refuelling infrastructure; harmonising the blending
concentrations for hydrogen and natural gas; implementing certificates and obligations
for products produced and obtained using low-carbon hydrogen; and promoting the
production of low-carbon hydrogen by penalising polluting activities further.

As mentioned in the previous section, biological hydrogen production is similar in
methodology to biological VFA production, and both can be produced from common
substrates. As such, there will be direct competition for these substrates, and the likelihood
is that the most economically viable product will be successful, especially considering there
are competing, alternative, renewable pathways to hydrogen. According to the IEA [210],
the demand for hydrogen is approximately 120 megatons per year, with a global market
value of USD 130 bn. The demand for VFAs is 16,820–18,500 kilotons per year, with an
approximate market size of USD 17.1 bn per year [87,233]; smaller in terms of both mass
and market size. There is also a growing case for the economically viable production of
VFAs from waste. The wholesale price for VFAs such as propionic acid is currently USD
6.00/kg, and assuming sympathetic government incentives and favourable conditions,
it can be derived from industrial wastewater at USD 3.80/kg [233]. Bahreini et al. [234]
also found that although VFA extraction inherently reduces biogas yields, the cost of
this reduction is offset and exceeded by the income generated by the recovered VFAs,
resulting in short payback periods ranging from 1.6 to 6.3 years. There is even now an
emerging case for the utilisation of cash crops from which to derive VFAs from anaerobic
digestion. Moscariello et al. [235] carried out millilitre scale batch digestions of pre-treated
hemp biomass residue and calculated that with alkaline pre-treatment, revenues of EUR
9364/ha/year could be achieved. It is not clear however how appropriate this sort of pre-
treatment would be at industrial scales, especially from an environmental standpoint. The
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versatility of VFAs as a platform chemical with which to valorise biowastes is highlighted
in Huq et al. [236], who make the techno-economic case for the use of food-waste-derived
VFAs in the synthesis of aviation fuel. In this case, production costs are as low as USD
0.30/kg, with a wholesale price of USD 2.50/gallon. This compares favourably with the
cost of producing hydrogen from biomass, being several orders of magnitude less costly
than the above-reported costs of biohydrogen production.

As it stands, the least costly means through which to produce hydrogen sustainably
remains to use excess renewable energy, potentially leaving room for VFA production
from bioremediation of wastes in preference to methane. This is especially true when
considering the diverse, growing markets for VFAs, including disinfection, herbicides,
bleaching, the food industry, the textile industry, pharmaceuticals, fungicides, polymer
production, cosmetics and lubricants [207]. Given the increasing demand for bioplastic
production and the finite nature of fossil fuels, PHA production is of particular interest here
with recent research [237], demonstrating through life cycle analyses that the cumulative
energy demand of PHAs produced using VFAs from an early stage, non-optimised grass-
fed bioreactors are in the same order of magnitude as deriving polymers from fossil fuels.

Further work is called for to optimise the VFA production and recovery processes to
fulfil the promise shown by this sustainable pathway to PHAs, framed in the context of
decreasing demand for grass as a grazing crop but with little scope for viable alternative
uses for that land.

6. Future Perspectives

There is an immense potential to utilise ‘wastes’ as ‘resources’ to generate value and
contribute to a circular economy framework. Biorefineries are seen as one of the promising
routes to contribute to sustainability. A multiple-product platform is attractive techno-
economically; however, the challenges in achieving desired product yields to break even are
not yet established at an industrial scale. With biogas from AD being a low-value product,
research attention has been diverted towards the production of biohydrogen and VFAs
as promising energy carriers and platform chemicals. While the biochemical pathways
to produce biohydrogen and VFAs via AD overlap, there is a possibility of establishing a
biorefinery where biohydrogen can be the primary product. The VFA mixture in the liquid
phase could be recovered (as a mixture as opposed to a specific VFA with high purity)
and valorised further to produce polyhydroxyalkanoates (PHAs) that can be used to make
bioplastics [238]. Moreover, coupling allied processes such as photo fermentation and dark
fermentation [239] or biochemical and bioelectrochemical systems [240] can pave the way
for maximising product recovery via biorefineries.

A number of strategies relating to the intensification of AD for biohydrogen or VFA
production were discussed throughout this review; however, there are gaps in several areas
that still need more attention. For instance, with the feedstock composition and hetero-
geneity largely influencing the end product productivity and yields, focused research on
scalable pre-treatment methods is needed. The general consensus is that physico-chemical
methods are energetically and environmentally favourable when compared to their coun-
terparts, and while this is a generality, evidence to support this is limited. Hydrodynamic
cavitation has been utilised effectively as a pre-treatment method for enhancing biogas
yields [2], and the preliminary evidence on positively influencing acidogenic fermentation
yields is promising [46]. Similarly, thermal hydrolysis has shown immense potential for
enhancing biogas yields (e.g., the CAMBI thermal hydrolysis process) from sewage sludge
at a commercial level; however, its influence on acidogenic fermentation is unclear.

The choice of bioreactor and its configuration is also important in maximising product
yields. While CSTRs have always been the first-choice reactor, alternative configurations
with better offerings must be explored to improve the fluid dynamics and mass transfer
within the system (Table 3). Another aspect that requires deep focus is the selection of
appropriate product recovery methodologies. While there are established product recovery
strategies for recovering biohydrogen and VFAs from bioreactors, the combination of
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technology, scale and mode of operation and productivity must not lead to detrimental
techno-economics. Furthermore, to achieve a triple bottom line performance of social-
economic-environmental benefits, in addition to techno-economic feasibility studies, an
LCA investigation is also required. In particular, with the market demand for sustainable
VFAs being high, a limited investigation at scale and LCA is needed.

Besides these aspects that require extensive focus, some of the emerging areas in
AD include two-stage digestion for biohythane production (maximising energy recovery),
on-demand production of VFAs or biohydrogen (feeding the supply chain depending on
market needs) and intersectoral coupling to enable efficient waste management (uncon-
ventional wastes as resources). Collective efforts in multiple innovative areas as required
in addition to intensifying the existing promising options to meet the goals of net-zero
emissions by 2050.

7. Conclusions

Shifting focus from conventional biogas production towards biohydrogen or VFAs has
been receiving renewed attention recently. Advancements in technology and policy support
have paved the way for initiating this revived interest. This presented a need to analyse the
literature critically and establish the current status of acidogenic fermentation. This review
has specifically addressed this in three main areas; pre-digestion focusing on substrate
pre-treatment as a measure to address feedstock heterogeneity, parameter optimisation
for improving product yields and product recovery. The techno-economic aspects of
biohydrogen and VFA production were also discussed as appropriate. Finally, gaps in
these areas were highlighted and the future research direction required was identified.
Amongst the areas discussed, three main conclusions were drawn: a scalable pre-treatment
that is both effective and energetically favourable is needed, reactor designs specific to
handling the feedstock of interest must be exploited and energy-efficient and scalable
product recovery options need to be integrated downstream of the fermenter to maximise
product yields and economics.
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Abstract: The growing awareness of limited resource availability has driven production systems
towards greater efficiencies, and motivated the transition of wastewater treatment plants to water
resource recovery facilities. Open microbiome fermentation offers a robust platform for resource
recovery, due to its higher metabolic versatility, which is capable of dealing with even dilute residual
liquid streams. Organic matter, e.g., fatty acids, lost in these streams can potentially be recovered
into higher value chemicals such as alcohols. This study aims to shape an open microbiome towards
butanol production from butyrate and hydrogen through pH control and continuous hydrogen
supply. Two sets of experiments were conducted in Scott bottles (1 L) and a lab-fermenter (3 L). The
open microbiome produced up to 4.4 mM butanol in 1 L bottles. More promising conversions were
obtained when up-scaling to a lab-fermenter with pH control and an increased hydrogen partial
pressure of 2 bar; results included a butanol concentration of 10.9 mM and an average volumetric
productivity of 0.68 mmol L−1 d−1 after 16 days. This corresponds to 2.98- and 4.65-fold increases,
respectively, over previously reported values. Thermodynamic calculations revealed that product
formation from butyrate was unfeasible, but energetically favorable from bicarbonate present in
the inoculum. For the first time, this study provides insights regarding the community structure of
an open microbiome producing butanol from butyrate and hydrogen. DNA sequencing combined
with 16S rRNA gene amplicon analysis showed high correlation between Mesotoga spp. and butanol
formation. Microbial diversity can also explain the formation of by-products from non-butyrate
carbon sources.

Keywords: butyrate reduction; resource recovery; wastewater remediation; thermodynamic analysis;
DNA sequencing

1. Introduction

Conversion of organic and industrial waste into higher value commodities has gained
much attention as an alternative to the use of pure substrates (e.g., glucose) and food-
derived feedstocks (e.g., corn and wheat). In addition to lowering processing costs and
alleviating competition with the food sector, organic and industrial waste conversions
help achieve a more sustainable process and production framework [1]. This extends
to the energy sector, where our dependency on fossil fuels is the most critical. In 2017,
approximately 80% of global energy consumption was supplied by oil, coal, and natural
gas [2].

One of our key energy requirements is a sustainable drop-in alternative to current
liquid fossil fuels such as gasoline and diesel. For many decades, bioethanol was extolled
as a capable alternative to gasoline. However, other than Brazil’s massive sugar cane-based
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bioethanol program in the 1970s and the corn-based program in the United States, few other
countries have adapted it so widely, whether with first generation feedstocks or subsequent
generations. Moreover, due to limitations in current combustion engines, ethanol can only
be blended up to 15% with gasoline. Butanol, an energy-rich alcohol similar to ethanol,
is considered to be a superior alternative liquid fuel, despite having been historically
overshadowed by its synthetic counterpart [3] and facing some economic challenges [4].
Compared to ethanol, butanol has a higher energy density and is less hygroscopic, less
volatile, and less corrosive, making it more compatible with current infrastructures for
gasoline storage and transportation [5]. Furthermore, butanol can be produced from a wide
range of organic and industrial wastes; while much research is focused on solid residues,
wastewater is also a prime candidate for butanol production [6,7].

Wastewater generated in agriculture, food, and fermentation-based biotechnology
sectors is commonly treated with anaerobic digestion (AD) [8–10]. As a result of AD,
soluble metabolites such as volatile fatty acids (VFAs) are present in fermentation pro-
cessed wastewater. These metabolites (e.g., butyrate and acetate) are building blocks in
alcohol synthesis through acetone–butanol–ethanol (ABE) fermentation by Clostridium
species [11,12]. Butyrate is the most promising VFA for butanol production. However,
conversion of butyrate in an anaerobic digester results in acetate production (Equation (1))
rather than butanol production. Under mild acidic conditions, butyrate-oxidizing bacteria
convert one mole of butyrate to two moles of acetate and two moles of hydrogen (H2).

C4H7O−
2 + 2 H2O → 2 C2H3O−

2 + H+ + 2 H2 (1)

Conversely, if the hydrogen partial pressure, pH2 , increases substantially, anaerobic
conversion of butyrate is inhibited. This is even more interesting when considering that
the reduction of butyrate to butanol requires hydrogen (Equation (2)). A high proton
concentration (i.e., low pH) renders Equation (1) less favorable and Equation (2) more
thermodynamically feasible.

C4H7O−
2 + H+ + 2 H2 → C4H9OH + H2O (2)

Previous works have already demonstrated how pH2 can be used as a control param-
eter to direct butanol production from butyrate and hydrogen [13,14]. Steinbusch et al.
(2008) [13] reported the capability of undefined microbial cultures to mediate the formation
of butanol from butyrate and hydrogen, achieving a final butanol concentration of 3.66 mM
after 21 days of batch fermentation in serum bottles (37.5 mL working volume). To drive
butyrate reduction, the headspace was flushed with pure hydrogen to a final total pressure
of 1.5 bar. Methane was the main by-product of this fermentation due to an increase in pH
(pH 5 to pH 5.7); less than 10% of the initial butyrate concentration (50 mM) was consumed.
Junicke et al. (2016) [14] perturbed a microbial culture enriched with butyrate and ethanol
to find that an increase in pH2 was correlated with an increase in butanol production from
butyrate. However, the maximum pH2 (0.0012 bar) was much inferior to that reported by
Steinbusch et al. (2008). Although thermodynamic calculations show that direct conversion
of butyrate to butanol is more favorable at elevated hydrogen partial pressures, Junicke
et al.’s results (2016) hint at the possibility of a more flexible fermentation culture with
lower hydrogen overpressure requirements.

The present study aims to direct an open microbiome, often referred to as an undefined
microbial culture or mixed microbial culture, towards the anaerobic production of butanol
solely from butyrate and hydrogen through process control. The study goes beyond the
state-of-the-art by reporting on the use of a nonconventional carbon source (butyrate)
contained in waste streams, the effects of operational parameters (e.g., pH, pH2 ), and the
importance of process control over reaction feasibility. In addition, a detailed thermody-
namic assessment based on actual experimental results provides further insights regarding
the feasibility of catabolic reactions. The effects of ecological control on the structure of the
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microbiome are also analyzed via Illumina sequencing of 16S rRNA genes; the dynamics of
the main microbial populations are linked to butanol and by-product formation.

2. Methods

2.1. Schott Bottle Fermentation

To start, 1-L Schott (Duran) bottles were inoculated with non-enriched granular sludge
(Novozymes, Kalundborg, Denmark) from an anaerobic industrial effluent treatment
BIOPAQ®IC reactor (Paques BV, Tjalke de Boerstrjitte, The Netherlands), with either a 15%
or 50% volume of sludge (Table 1) in a total working volume of 400 mL. Each condition was
performed in duplicate. The biomass elemental composition was taken from Junicke et al.
(2016). A medium was designed to fulfill minimum element requirements for microbial
growth: butyrate (4405 mg L−1), KH2PO4 (3.7 mg L−1), H3PO4 (7.5 mg L−1), NH4Cl
(57.1 mg L−1), NaCl (2.6 mg L−1), CaCl2·2H2O (1.9 mg L−1), MgSO4·7H2O (1.5 mg L−1),
MgCl2·6H2O (3.1 mg L−1), FeCl3·6H2O (1.0 mg L−1), ZnSO·7H2O (0.2 mg L−1), MnCl2·4H2O
(0.1 mg L−1), H3BO3 (0.2 mg L−1), CoCl2·6H2O (0.2 mg L−1), CuCl2·2H2O (0.1 mg L−1),
NiCl2·6H2O (0.2 mg L−1), Na2MoO4·2H2O (0.1 mg L−1), Na2SeO3·5H2O (0.1 mg L−1),
thiamine (10 mg L−1), P-aminobenzoic acid (10 mg L−1), Ca-D-pantothenate (10 mg L−1),
and biotin (1 mg L−1). Each bottle was buffered (100 mM potassium phosphate, pH 5.5)
and the control was inoculated without the presence of butyrate. Prior to inoculation, the
bottles and media were sparged with nitrogen to ensure oxygen removal. After inoculation,
the headspace was flushed for 10 min at a high flow rate with hydrogen gas to ensure a
full hydrogen atmosphere; a final pH2 of 1.5 bar was built with precise gas injection using a
mass flow controller (MFC) (red-y Smart Series, Vögtlin Instruments GmbH, Switzerland)
and a hydrogen generator (Precision Hydrogen 100, PEAK® Scientific, UK). The Schott
bottles were incubated (Ecotron, Infors HT, Switzerland) at 35 ◦C and 150 rpm. The pH
was adjusted to 5.5 with 2 M HCl prior to sealing the bottles with GL 45 bromobutyl rubber
septa (Duran, USA). The experiments were carried out for 10 days, with daily sampling
and reflushing of the headspace with hydrogen gas for 10 min to a final pH2 of 1.5 bar.

Table 1. Experimental conditions for the 1 L Schott bottle experiments.

Control Experiment 50 Experiment 15

Inoculum size (v/v) 50% 50% 15%
Total suspended solids (g L−1) 23.8 23.8 7.1
Initial butyrate concentration (mM) 0 50 50
Medium Yes Yes Yes
Hydrogen partial pressure (bar) 1.5 1.5 1.5

2.2. Bioreactor Fermentation

A modified (3 L total volume stainless steel vessel) continuous stirred-tank reactor
(CSTR) system (ez-Control, Applikon, The Netherlands) was inoculated (50% v/v) with non-
enriched granular sludge (Novozymes, Kalundborg, Denmark) from an anaerobic industrial
effluent treatment BIOPAQ®IC reactor (Paques BV, The Netherlands) to a final volume
of 2 L. The same medium composition was used as for the Schott bottle fermentations
(see Section 2.1) except for the addition of the potassium phosphate buffer. Anaerobic
conditions in the reactor were maintained by continuously sparging with hydrogen gas
(0.050 LN min−1) derived from a hydrogen generator (Precision Hydrogen 100, PEAK®

Scientific, Inchinnan, UK). A total pressure of 2 bar was maintained using a low-pressure
proportional relief valve (SS-RL3S4, Swagelok, Solon, OH, USA) coupled to a manometer
(WIKA, Klingenberg am Main, Germany). The reactor was operated in batch mode with
respect to the liquid phase, at 35 ◦C, pH2 of 2 bar, 400 rpm, and the pH was controlled at
5.5 ± 0.1 using 2 M of NaOH and 2 M of HCl. The full experimental set-up is depicted
in Figure 1.
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Figure 1. Bioreactor set-up for biobutanol production.

2.3. Analytical Methods

Liquid samples were analyzed for VFAs and alcohols using high-performance liquid
chromatography (HPLC) with a Dionex Ultimate 3000 (Thermofisher Scientific, Waltham,
MA, USA), equipped with a refractive index detector and an Aminex HPX-87H column
(Bio-Rad, Hercules, CA, USA) after filtration through a 0.2 μm pore size cellulose acetate
filter (Sartorius, Göttingen, Germany). The RI detector temperature was 50 ◦C, the column
temperature was 20 ◦C, and the mobile phase (5 mM H2SO4) flow rate was maintained at
0.6 mL min−1. The measurement error for HPLC measurements is less than 5%.

The HPR-20 R&D mass spectrometer (MS) (Hiden Analytical, Warrington, UK) was
used for online analysis of the bioreactor off-gas stream for hydrogen, water, methane
(CH4), and carbon dioxide (CO2). Cumulative gas productions were calculated based on
the daily net production rate of each gas, corrected for the total gas outflow rate and the
mole fraction of the respective gas. The measurement error for MS measurements is less
than 2%.

2.4. Thermodynamic Calculations

The actual Gibbs energy change, ΔG1, for reactions discussed in this study was
calculated according to Equation (3):

ΔG1 = ΔG0 + RT ∑ yi·ln ci (3)

where ΔG0 denotes the standard Gibbs energy change, R is the gas constant (8.314 J K−1 mol−1),
T is the temperature in Kelvin, yi is the stoichiometric coefficient of compound i, and ci
is the concentration of compound i. The correction for the pH dependency of alcohol
formation on its corresponding VFA can be described by Equation (3) (the derivation can
be found in the Supplementary Material):

ΔG1 = ΔG0 + RT· ln
[Alcohol]
[VFAt]·p2

H2

+ RT· ln
Ka +

[
H+

]
Ka·

[
H+

] (4)

where Ka denotes the acid dissociation constant. The Gibbs–Helmholtz equation was used
for ΔG0 temperature correction [15]. The derivation of pH-dependent change in the CO2
partial pressure for the actual Gibbs energy change in participating catabolic reactions can
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also be found in the Supplementary Material. The standard Gibbs energy of formation for
each compound was found in Kleerebezem and van Loosdrecht (2010).

2.5. Carbon and Electron Balances

At each sampling point, carbon and electron balances were determined. The total
carbon amount (C-mol) was obtained by multiplying all measured compounds by their
number of carbon atoms. The total electron amount (e-mol) was obtained by multiplying
all measured compounds by their respective degree of reduction (e-mol/mol-compound).
Both C-mol and e-mol gaps in percent were obtained from the difference between the
total amount of carbon/electron at each sampling point and the initial total amount of
carbon/electron, divided by the initial total amount of carbon/electron.

2.6. DNA Isolation and Amplicon Sequencing

A total of 5 samples of 2 ml each were selected from the bioreactor fermentation for
microbial composition analysis. The samples selected for analysis were collected on days 0
(at inoculation), 2, 8, 10, and 20. Microbial genomic DNA was isolated from all samples
using the DNeasy Powersoil Kit (Qiagen, Vedbæk, Denmark) following the manufacturer’s
recommendations. DNA samples were shipped to Macrogen Inc. (Seoul, Korea) for 16S
rRNA amplicon library preparation and sequencing using the Illumina Miseq instrument
(300 bp paired-end sequencing). The libraries were constructed according to the 16S
Metagenomic Sequencing Library Preparation Protocol (Part #15044223, Rev. B) using
Herculase II Fusion DNA Polymerase Nextera XT Index Kit V2. Regions V3 and V4 of the
16S rRNA gene were amplified with primers Pro341F (5′-CCTACGGGNBGCASCAG-3′)
and Pro805R (5′-GACTACNVGGGTATCTAATCC-3′) [16]. Raw sequences were uploaded
to the NCBI SRA database with BioProject ID PRJNA741687 and BioSample accession
SAMN19895498.

2.7. Analysis of 16S rRNA Gene Amplicons

Raw reads were primer-trimmed with cutadapt, discarding all untrimmed reads [17].
Next, low quality tails were trimmed by a fixed length of 15 bases in forward reads and 50
bases in reverse reads. Paired reads were merged using usearch-fastq_mergepairs allowing
for 2 mismatches in the alignment, and were quality-filtered using usearch-fastq_filter
with a maximum expected error threshold of 1.0 [18]. Unique reads were obtained by
dereplicating quality filtered reads using vsearch-derep_fulllength [19]. Generation of
amplicon sequence variants (ASVs) (or zero-radius operational taxonomic units (zOTUs))
and mapping of merged reads to ASVs were performed using the UNOISE algorithm [20];
unique sequences with a minimum count of 8 and at least 99% identity were considered
in the ASV counts. Taxonomic assignment to ASVs was accomplished using Qiime2 and
the SILVAv132 database using classify-consensus-vsearch [19,21]. Downstream analyses,
including canonical correspondence analysis (CCA) and statistical correlations, were per-
formed using the Phyloseq, Vegan, ggpubr, and R packages (Phyloseq version 1.28.0, Vegan
version 2.5.6, ggpubr version 0.4.0, and R version 3.6.0) [22–24].

3. Results and Discussion

3.1. Butanol Production in 1 L Schott Bottles

The non-enriched microbiome was capable of butyrate reduction to butanol (Table 1)
at an elevated pH2 of 1.5 bar. Table 2 shows the measured metabolite concentrations
for each condition in the bottle trials. The highest butanol concentration of 4.40 mM
was achieved using 50% inoculum; the 15% inoculum was capable of reaching 1.33 mM.
The former was similar to the maximum butanol concentration of 3.66 mM reported by
Steinbusch et al. (2008) [13], but represented a 3-fold increase in daily average productivity
from 0.15 mM d−1 to 0.44 mM d−1. Despite this process improvement, and similar to the
findings (<10%) of Steinbusch et al. (2008) [13], substrate consumption was not complete;
it amounted to less than 20% for the 50% inoculum and 10% for the 15% inoculum. This
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can potentially be attributed to the lack of pH control during the bottle trial, as an increase
in pH renders butanol formation thermodynamically less feasible. By-product formation
recurred in all experiments, with acetate being the most predominant by-product, along
with the formation of iso-butyrate, propionate, and iso-valerate.

Table 2. Measured substrate concentration (butyrate) and maximum product concentrations after
10 days of fermentation in 1 L Schott bottles.

Control Experiment 50 Experiment 15

Butyrate (mM) 0.52 41.70 47.36
Products (mM)

Acetate 14.33 19.58 5.19
Butanol 0.00 4.40 1.33

i-Butyrate 0.67 1.02 0.26
Propionate 0.82 1.81 0.34
i-Valerate 1.02 2.27 0.57

3.2. Butanol Production under High Hydrogen Partial Pressure

Thermodynamic calculations for butanol formation confirm the experimental ob-
servations presented in Table 2. Figure 2 shows how a 10-fold increase in pH2 , from
0.01 bar to 0.1 bar, brings the reaction closer to the minimum biological energy quantum of
−20 kJ mol−1 necessary for ATP synthesis and, thus, cell growth [25]. A further 10-fold in-
crease in pH2 , to 1 bar, theoretically generates enough excess energy for a thriving microbial
community. In practice, microorganisms in natural ecosystems can be metabolically active
at lower Gibbs energy changes between −9 to −12 kJ mol−1 [26], ensuring some flexibility
to the butanol production system in this study.

Figure 2. Actual Gibbs energy changes for butanol formation from butyrate and hydrogen
(Equation (2)) as a function of pH at different H2 partial pressures of 0.01 bar (___), 0.1 bar ( . . . ..), 1
bar (—-), 2 bar (_ _ _), and 10 bar (_ . _ . _) at 50 mM of butyrate and 10 mM of butanol.

Additional calculations depicted in Figure 3 reveal that at the experimental conditions
of pH 5.5 and pH2 of 1.5 bar, anaerobic butyrate conversion to acetate is endergonic (ΔG1 > 0).
However, acetate production was significant in the control and in the 50% inoculum exper-
iment, as compared to the 15% inoculum experiment. Granular sludge originating from
anaerobic wastewater digesters is known to contain calcium carbonate precipitates [27,28],
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which can function as building blocks in homoacetogenesis and hydrogenotrophic methano-
genesis (Equations (5) and (6)).

2 CO2 + 4 H2 → C2H3O−
2 + H+ + 2 H2O (5)

CO2 + 4 H2 → CH4 + 2 H2O (6)

Figure 3. Actual Gibbs energy changes for acetate formation from butyrate (Equation (1)) and
homoacetogenesis (Equation (5)) at 50 mM butyrate and 10 mM acetate. For the homoacetogenic
reaction, the partial pressure of carbon dioxide was calculated according to Equations (S1)–(S20) in
the Supplementary Material. Black line represents 0 kJ mol−1 H2 limit.

With the present anaerobic granular sludge, a HCO3
- concentration of 50 mM is

typically common in the digester of origin (data not shown), and might contribute positively
to the formation of acetate. Moreover, homoacetogenesis is a thermodynamically favorable
reaction under the applied experimental conditions (Figure 3), hence supporting acetate
formation through homoacetogenesis. This is further supported by the lack of an exogenous
carbon source present in the control experiment, leaving carbon dioxide as the sole carbon
precursor for acetate formation.

3.3. Improved Butanol Formation Using a pH Controlled Bioreactor

A CSTR was used to ensure adequate control of the pH and the hydrogen partial
pressure. A pH of 5.5 was selected based on previous finding for the anaerobic sludge used
in this work [29]. Figure 4 shows the measured changes in metabolite concentrations in the
controlled bioreactor. Butanol formation significantly improved, with the highest butanol
concentration of 10.9 mM and an average volumetric productivity of 0.68 mmol L−1 d−1

after 16 days (Figure 4). Compared to previous work by Steinbusch et al. (2008) [13],
this corresponds to 2.98- and 4.65-fold increases, respectively, and 2.47- and 1.55-fold
improvements over the 1 L Schott bottle trials, respectively (see Experiment 50 in Table 2
for comparison).
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Figure 4. Measured concentrations of butyrate as substrate (primary y-axis) and products (secondary
y-axis) with time in the controlled bioreactor.

By-product formation was largely directed towards ethanol production at the end of
the fermentation. Whereas the lack of pH control in the Schott bottles resulted in acetate
accumulation, in the bioreactor experiment the acetate produced was further reduced to
ethanol (Equation (7)) to a final concentration of 11.9 mM.

C2H3O−
2 + H+ + 2 H2 → C2H5OH + 2 H2O (7)

Ethanol formation from acetate and hydrogen was limited by the availability of
reducible acetate in the fermentation broth (Figure 4), further evidencing the uncoupling of
by-product formation from butyrate consumption. Methane and carbon dioxide formation
reached 18.9 mM and 11.8 mM, respectively (Figure 5); lactate production (3.7 mM) was
also found.

Figure 5. Cumulative concentrations of carbon dioxide and methane with time for the bioreactor run.

Carbon and electron balances show a gap of less than 7% and 10%, respectively, in
the course of the experiment, mostly justified by the formation of by-products (Figure 6).
As previously discussed, calcium carbonate precipitates are expected in anaerobic gran-
ular sludge and can contribute to the formation of by-products; however, they were not
included in the balances due to an inherent difficulty in measuring the precipitates’ c-mol
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contribution. The same is true for dry weight determination of granular sludge, where
the associated sampling/measurement error is higher than the biomass contribution (one
carbon atom) to the c-mol balance. In turn, this leads to an underestimation of total c-mol
and a consequent overestimation of balance gaps. Nevertheless, a relative analysis shows
that lactate and CO2 contributed the least to balance gaps, with ethanol being the most
predominant by-product c-mol contributor.

Figure 6. Carbon balance during the course of the bioreactor experiment. By-products include acetate,
ethanol, lactate, and methane.

3.4. Product Formation Controlled by Thermodynamics

Figure 7 shows the ΔG1 of catabolic reactions outlined in Figure 8 for the bioreactor
experiment. Similar to the 1-L bottle trials, acetate formation from butyrate (Equation (1))
is endergonic (ΔG1 > +15 kJ mol H2

−1) and should be considered a result of homoace-
togenesis (Equation (5)) according to the discussion in Section 3.2. Butyrate reduction
to butanol (Equation (2)) remained exergonic (ΔG1 ≈ −16 kJ mol H2

−1) throughout the
entire experiment. Interestingly, butanol formation from butyrate and H2 seems to occur
below the minimum energy quantum of approximately −20 kJ mol−1 postulated by Schink
(1977) [25]. The relatively constant ΔG1 for butanol formation, together with production
up to day 14, strongly indicates conversion was restricted by other than thermodynamic
limitations. However, the final butanol concentration was considerably higher than in the
previous bottle experiments (10.9 mM compared to 4.4 mM, respectively), highlighting
again the relevance of pH control. Ethanol formation from acetate and H2 (Equation (7))
is thermodynamically feasible as long as acetate is present in the fermentation broth. The
ΔG1 of the ethanol-forming reaction (Equation (7)) increases from −6 to +0.1 kJ mol H2

−1,
which can be mainly attributed to acetate limitation and ethanol accumulation. Again,
ethanol formation from acetate and H2 seems to occur well below −20 kJ mol−1, and much
closer to 0 kJ mol−1. These observations give rise to the capability of microbes to survive at
life-threatening energy limits.
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Figure 7. Actual Gibbs energy changes in kJ per mol of electron donor for (Equation (1)) butyrate
oxidation to acetate, (Equation (2)) butyrate reduction to butanol, (Equation (5)) homoacetogene-
sis, (Equation (6)) hydrogenotrophic methanogenesis, (Equation (7)) acetate reduction to ethanol,
(Equation (8)) acetoclastic methanogenesis, and (Equation (9)) lactate formation from acetate and
CO2, with time according to experimental data in the bioreactor experiment.

Figure 8. Catabolic reactions used for the analysis of the thermodynamic system state.

Figure 8 shows the catabolic reactions used to analyze the thermodynamic system state.
Notably, acetate seems to play a key role in the formation of multiple by-products. CH4
formation from acetate via acetoclastic methanogenesis (Equation (8)) and CH4 formation
from hydrogen and carbon dioxide via hydrogenotrophic methanogenesis (Equation (6))
are thermodynamically feasible. However, when acetoclastic methanogenesis is normalized
to a hydrogen equivalent (i.e., two electrons), ΔG1 for the reaction raises to approximately
−17 kJ mol−1. This, combined with acetoclastic methanogens’ inhibition below pH 6 [30],
indicates hydrogenotrophic methanogenesis is the more likely reaction leading to CH4
formation.

C2H3O−
2 + H+ → CO2 + CH4 (8)
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Lactate formation from acetate and CO2 (Equation (9)) is not thermodynamically
feasible (Figure 7), despite being detected in the bioreactor. Further investigation is required
to determine which catabolic reaction could, in fact, lead to lactate formation, with one
possible explanation being the presence of non-measured carbohydrates or proteinaceous
material.

C2H3O−
2 + 2 H2 + CO2 → C3H6O3 + H2O (9)

Although reduction of by-product formation was the end goal of the controlled fermen-
tation, the current production platform might still be of interest if downstream processing
is able to provide feasible separation processes for all produced metabolites.

3.5. Open Microbiome Analysis

Analysis of the microbiome composition during the bioreactor fermentation showed a
high microbial diversity and even composition, with representation of a variety of phyla in-
cluding Thermotogae, Proteobacteria, and Bacteroidetes, among others. The most abundant
families identified corresponded to Kosmotogaceae (12.4–23.6% of reads mapping to their cor-
responding ASVs), Geobacteraceae (3.5–16.6% of reads mapped), Synergistaceae (8.5–13.4% of
reads mapped), Bacteroidaceae (7.9–11.7% of reads mapped) and Methanosaetaceae (6.1–8.9%
of reads mapped). However, the percentage of reads mapped to several of these fami-
lies did not present an increasing trend during the fermentation; this suggests that their
presence in the microbial community was due to their high abundance in the granular
sludge used as inoculum and the large inoculum size (50% v/v), rather than corresponding
to an actual active role during the conversion of butyrate. This is likely the case for the
putative Methanosaetaceae, Geobacteraceae, and Bacteroidaceae spp. identified, and several
other families with minor representation in the microbial community (Figure 9). A prelimi-
nary analysis of the dynamics of the reads mapped suggests that the family Kosmotogaceae,
represented exclusively by putative Mesotoga spp., was most probably involved in the
conversion of butyrate into butanol, as the percentage of reads mapping to this family
increases up to 23.6% during the fermentation (Figure 9).

The results of the microbiome analysis were generally consistent with the product
profile obtained experimentally. As mentioned above, the main products of the fermenta-
tion were butanol, ethanol, acetate, lactate, and methane. This indicated the presence of
several functional groups in the microbial community, namely (i) a variety of fermentative
bacteria likely performing the catabolic activities leading to acids and alcohols produc-
tion, (ii) methanogenic archaea producing methane, and (iii) probably autotrophic bacteria
contributing to the production of acetate from CO2 using H2 as an electron donor. The
composition of the microbiome was consistent with these observations, as a significant
fraction of reads were mapped to several fermentative bacteria corresponding to putative
Mesotoga spp. [31], Anaerolineaceae spp. [32], Clostridium spp. [33], and Lactobacillus spp. [34],
all of which increased during the fermentation (Figure 9). Reads mapping to methanogenic
archaea other than Methanosaetaceae spp. were also identified in small amounts (in line with
the limited methane production during the fermentation) and corresponded to Methanobac-
teriaceae spp. and Methanospirillaceae spp., both likely growing hydrogenotrophically [35,36].
Nevertheless, it was not possible to confirm the presence of autotrophic bacteria, despite
the transient accumulation of significant amounts of acetate during the fermentation. Other
putative species that might have contributed to the production of acetate and lactate include
the aforementioned Anaerolineaceae spp. and Synergistaceae spp., as both families present an
increasing percentage of reads mapped along the fermentation and count members that
were previously reported to convert amino acids into carboxylic acids anaerobically [32,37]
(Figure 9).
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Figure 9. Relative abundance of reads mapped to ASVs at family taxonomic level for bioreactor
fermentation samples. Samples were collected on days 0, 2, 8, 10, and 20 of the fermentation. The
“Unassigned” category corresponds to reads mapped to ASVs assigned to families with a percentage
of reads below 1% in any of the samples.

Keeping in mind the limitations of the microbial community analysis strictly based
on the abundance of 16S rRNA gene amplicon reads, without considering the microbial
load [38], the population dynamics of the microbiome were further investigated through a
canonical correspondence analysis (CCA) (Figure 10) and Pearson correlation for selected
genera (Figure 11) to infer their potential roles in the fermentation. The CCA shows that the
fermentation samples (F0–F20) were ordinated according to the pattern of activity observed
along the fermentation, which was characterized by an initial consumption/production of
butyrate/butanol, followed by a transient production of acetate and its further reduction
into ethanol at the end of the fermentation (Figure 4). The initial fermentation samples
(F0 and F2) are located close to and move along the butyrate/butanol vector, followed
by the proximity of samples F8 and F10 to the acetate vector; finally, F20 is aligned with
the ethanol vector. In turn, the genera scores resulted in a mainly horizontal distribution
aligned with the butyrate vector, with few exceptions, such as Clostridium spp. (Figure 10).
This indicated that changes in the percentage of reads mapped to these genera are closely
related to the changes in butyrate, butanol, and lactate concentrations in the broth, as
well as CH4 evolution. However, among those aligned with the butyrate vector, the few
genera located in the negative side of the vector, e.g., Mesotoga spp. (family Kosmotogaceae)
and Syner-01 spp. (family Synergistaceae), are those that presented an increase in relative
abundance as butyrate was converted (Figure 10). This implies that these genera most
likely had an active role during the fermentation. As shown in Figure 11A,B, the changes
in relative abundance of the putative Mesotoga spp. have a significant correlation with the
changes in butyrate and butanol concentration in the broth, which suggests that this genus
was responsible for the reduction of butyrate into butanol. Mesotoga spp. were previously
reported to produce a variety of acids including butyrate [31], for which the re-assimilation
and further reduction of butyrate into butanol is possible. Other genera likely responsible
for the reduction of acetate into ethanol and the conversion of H2/CO2 into methane are
Clostridium and Methanobacterium, both of which presented a significant correlation with
the evolution of ethanol and methane, respectively (Figure 11C,D).
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Figure 10. Canonical correspondence analysis (CCA) ordination triplot of microbial species at genus
level, fermentation samples, and substrate/product concentrations using Bray–Curtis distances. The
constrained ordination explains 97.4% of the variation; the corresponding Eigen values for CCA1 and
CCA2 are 0.103 and 0.013, respectively. The overall solution has a p-value of 0.0083. ASVs mapped to
genera were color-coded according to phyla (given in the legend); fermentation samples are depicted
as labels in blue; and substrate/products are shown as arrows. Methane, lactate, and butanol (shown
in grey) were not used as ordination constraints due to high collinearity with butyrate. Sample scores
and product concentration scores were scaled by a factor of 0.5 and 0.8, respectively, to enhance
visualization of the data.

Figure 11. (A–D) Comparison of the relative abundance of selected genera to substrate/product con-
centration along the bioreactor fermentation. “R” corresponds to the Pearson correlation coefficient
and “p” is the p-value of the correlation.

Overall, the results of the microbiome analysis support the fact that butyrate was
exclusively converted to butanol, while the synthesis of other products found at the end of
the fermentation originated from other carbon sources present in the inoculated sludge,
such as carbon dioxide and proteinaceous material.

95



Fermentation 2022, 8, 333

4. Conclusions

• Schott bottle experiments showed butanol production from butyrate and hydrogen
to a highest titer of 4.4 mM and volumetric productivity of 0.44 mmol L−1 d−1 of
butanol. The use of a large inoculum size of anaerobic granular sludge (50% v/v) and
lack of pH control contributed largely to by-product formation, with acetate as the
most predominant measured by-product.

• A bioreactor operated at pH 5.5 and a pH2 of 2 bar showed an increase in butanol
titer (10.9 mM) and volumetric productivity (0.68 mmol L−1 d−1); 2.98- and 4.65-fold
increases from previously reported values, respectively. By-product formation from
granular sludge was still prevalent, but directed towards ethanol production.

• Butyrate conversion is solely directed at butanol formation according to thermody-
namics. Calculations of the actual Gibbs energy changes for the proposed catabolic
reactions support the thermodynamic feasibility of by-product formation from bicar-
bonate in granular sludge, with the exception of lactate formation.

• Open microbiome analysis further supports exclusive butyrate conversion to butanol,
probably by Mesotoga spp., and formation of by-products from residual carbon sources
present in the inoculum. Reduced by-products such as ethanol and methane are most
likely produced by Clostridium spp. and Methanobacterium spp., respectively.
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Abbreviations

AD anaerobic digestion
VFA volatile fatty acid
ABE acetone, butanol, ethanol
HPLC high-performance liquid chromatography
MS mass spectrometer
MFC mass flow controller
pH2 hydrogen partial pressure
ΔG1 actual Gibbs energy change
ΔG0 standard Gibbs energy change
R gas constant
T temperature
yi stoichiometric coefficient of compound i
ci concentration of compound i
Ka acid dissociation constant
H2 hydrogen
HCO3

- bicarbonate
CO2 carbon dioxide
CH4 methane
ASV amplicon sequence variant
CCA canonical correspondence analysis
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Abstract: This study determined the optimal conditions for the deep eutectic solvent (DES) pretreat-
ment of sugarcane leaves and the best fermentation mode for hydrogen and methane production
from DES-pretreated sugarcane leaves. Choline chloride (ChCl):monoethanolamine (MEA) is the
most effective solvent for removing lignin from sugarcane leaves. The optimum conditions were a
ChCl: MEA molar ratio of 1:6, 120 ◦C, 3 h, and substrate-to-DES solution ratio of 1:12. Under these
conditions, 86.37 ± 0.36% lignin removal and 73.98 ± 0.42% hemicellulose removal were achieved,
whereas 84.13 ± 0.77% cellulose was recovered. At a substrate loading of 4 g volatile solids (VS),
the simultaneous saccharification and fermentation (SSF) and separate hydrolysis and fermentation
(SHF) processes yielded maximum hydrogen productions of 3187 ± 202 and 2135 ± 315 mL H2/L,
respectively. In the second stage, methane was produced using the hydrogenic effluent. SSF pro-
duced 5923 ± 251 mL CH4/L, whereas SHF produced 3583 ± 128 mL CH4/L. In a one-stage methane
production process, a maximum methane production of 4067 ± 320 mL CH4/L with a substrate
loading of 4 g VS was achieved from the SSF process. SSF proved to be more efficient than SHF for
producing hydrogen from DES-pretreated sugarcane leaves in a two-stage hydrogen and methane
production process as well as a one-stage methane production process.

Keywords: ionic liquid; anaerobic digestion; lignocellulosic biomass; pretreatment; clean energy

1. Introduction

Biofuels are any liquid, gas, or solid fuel produced from renewable biomass. Examples
of biofuels include ethanol, methanol, synthetic gas (syngas), biodiesel, biogas (methane),
biochar, bio-oil, and biohydrogen [1]. Biogas, typically a mixture of methane (CH4) and
carbon dioxide (CO2), is produced worldwide from agricultural, municipal, and industrial
wastes via anaerobic digestion (AD) [2].

AD is a well-established process for converting different organic waste into renew-
able energy, such as methane, with limited environmental impact [3]. AD involves the
biological degradation of organic matter. Digestion is driven by anaerobic microorgan-
isms and involves a series of steps, including hydrolysis, acidogenesis, acetogenesis, and
methanogenesis [4]. At the beginning of the process, in the hydrolysis step, complex
organic polymers are decomposed into monomers such as amino acids, fatty acids, and
monosaccharides. Next, acidogenic bacteria convert these monomers into a mixture of
short-chain volatile fatty acids during acidogenesis. Acidogenic bacteria are either fac-
ultative or strictly anaerobic bacteria belonging to the family Enterobacteriaceae [5]. Next,
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acetogenic bacteria or acetogens convert volatile fatty acids to acetate, carbon dioxide, and
hydrogen in the acetogenesis step which are further used as substrates to produce methane
in the methanogenesis step [6]. Therefore, a feedstock used for methane production by AD
should be readily biodegradable and free of toxic components that would cause adverse
effects on bacteria [7]. AD feedstocks are divided into three main categories: edible food
crop resources (first-generation feedstocks), lignocellulosic materials and different organic
waste materials (second-generation feedstocks), and algal biomass (third-generation feed-
stocks) [8]. Despite their high biogas production rates, first-generation feedstocks compete
with food production, making them an undesirable biomass source. Therefore, lignocellu-
losic materials have received attention as alternative feedstocks for biogas production in
recent decades owing to their abundance and cost. In this study, sugarcane leaves were
used as lignocellulosic material for methane production.

Sugarcane leaves are usually either burnt to enable manual harvest, adding to envi-
ronmental pollution and greenhouse gases, or left in the field as part of fertilizer, providing
soil nutrients. [9]. It is usually left in abundance for up to 600–800 g/m2 of sugarcane
crops [10]. Dry leaves possess the energy equivalent of 1000 g/m2, which is a signifi-
cant advantage of this feedstock [11]. Sugarcane leaves are primarily composed of lignin
(15–20%), hemicellulose (20–35%), and cellulose (35–50%) [12]. Biochemical or thermal
methods can convert them into different bioenergy forms and other marketable co-products.
Thus, using sugarcane leaves as feedstock to produce methane is necessary to obtain bio-
fuel and mitigate environmental problems. However, the complexity of the structure of
lignocellulosic biomasses, such as sugarcane leaves, is a major challenge, making them
highly recalcitrant to AD and ultimately resulting in low methane yield [6]. Lignin is a
physical barrier to lignocellulosic biomass [13–15], preventing enzymes from accessing
cellulose [16–19]. Therefore, a pretreatment step is required to overcome this problem.

Pretreatment steps are essential to make cellulose more accessible for enzymatic hy-
drolysis by changing the physical and chemical structure of the lignocellulosic biomass and
facilitating the conversion of polysaccharides into fermentable sugars [20]. Consequently,
methane production from the lignocellulosic biomass is enhanced. One of the pretreatment
methods that has received attention in the last decade is ionic liquid (IL) pretreatment.
Lignocellulosic biomass pretreatment using ILs offers several attractive features compared
to conventional methods [21]. As a molten salt, ILs are composed only of ions, usually a
combination of larger organic cations and smaller anions. These features enable ILs ion
properties and chemistry to be designed and tailored for desired applications. The dissolu-
tion of cellulose in ILs can be increased by introducing higher hydrogen bond (H-bond)
basicity and polarity on the anion side and reducing the alkyl chain length on the cation
side. This shows that the anion and cation sides of ionic liquids can be changed and tuned
to enhance lignocellulosic biomass pretreatment [21]. ILs are considered green solvents due
to their characteristics, such as nonvolatility, which makes the application of ILs reduce the
air pollution caused by solvent evaporation, having a low toxicity to human health and
the environment, biodegradability, being easy to recycle and reuse, and non-corrosive [21].
However, ILs have some disadvantages, including that they are not always “green” and
are generally costly. In addition, they can absorb water from the air and evaporate at
moderate temperatures. IL synthesis, separation, and purification require many solvents
and energy [22–25]. Recently, a solvent with similar qualities and fewer limitations than IL
has been proposed. They are referred to as deep eutectic solvents (DESs). DESs have a high
dissolving capacity and a low melting point but are simpler to prepare and less expensive
in terms of raw materials [25]. DESs are produced by combining multiple H-bond donors
(HBD) and acceptors (HBA) [21]. The number of DES components can be increased to three
or more. A DES has a substantially lower melting point than its components (HBD and
HBA) due to the strong hydrogen-bonding interaction between HBD and HBA [21]. The
capacity of a DES to preferentially cleave the ether bonds between phenylpropane units
in lignin heteropolymers [26] is the mechanism by which it delignifies biomass. Although
a DES can remove lignin from lignocellulosic biomass, its use as a pretreatment method
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for feedstock for biogas production remains limited. In this work, DES conditions were
optimized to pretreat sugarcane leaves before their usage as an AD feedstock for biogas
production. Despite the fact that lignocellulosic biomass pretreatment can improve biogas
production, lignocellulosic biomass hydrolysis in AD is still a bottleneck because of the low
rate of hydrolysis products slows down the entire AD process. To solve these problems, an
enzymatic process was introduced to aid hydrolysis. This can be achieved using enzymes
or cellulolytic microorganisms. Cellulolytic microorganisms are effective in recalcitrant
cellulosic biomass hydrolysis. These microorganisms have been enriched and isolated from
various ecological niches. Consortia are more robust to environmental fluctuations because
they are naturally occurring. In this study, cellulolytic microorganisms enriched from rice
straw compost (RSC), termite intestines (TI), and the soil around goat and sheep stalls
(SGS) were used to construct a cellulolytic consortium. The consortium was further used
to hydrolyze the cellulose fraction of sugarcane leaves via separate hydrolysis fermenta-
tion (SHF) and simultaneous saccharification and fermentation (SSF). SHF is a method in
which enzymatic hydrolysis and fermentation are performed sequentially. This process
begins with the enzymatic hydrolysis of biomass or pretreated lignocellulosic biomass at
the appropriate temperature for the hydrolyzing enzyme. Subsequently, the fermentation
conditions were optimized. However, these two separate processes increase the capital
cost of the SHF process. Unlike SHF, SSF involves simultaneous enzymatic hydrolysis and
fermentation in the same reactor. SSF can eliminate substrate inhibition because the sugars
from the hydrolyzed biomass are directly transformed into biogas by AD [26]. Hence, this
study employed SHF and SSF as fermentation modes to hydrolyze sugarcane leaves and
produce methane.

There are two ADs for producing methane. The first was a one-stage methane pro-
duction process. This process is the simplest and most conventional system to perform
AD, one in which all AD steps occur in one reactor. One-stage AD has the advantages
of low installation and operating costs and a short processing time [27]. The second step
is two-stage AD, which separates the first step (acidogenesis and acetogenesis) and the
second step (methanogenesis) in two different reactors, allowing the recovery of both
hydrogen and methane from this process. By implementing two-stage AD, the system can
achieve a more stable operation, higher organic loading capacity, and higher resistance to
toxicants and inhibiting substances [28]. To produce methane from DES-treated sugarcane
leaves, this study used a one-stage methane production process and a two-stage hydrogen
and methane production process. This study aimed to find the best conditions for the
DES pretreatment of sugarcane leaves and the best fermentation mode for hydrogen and
methane production from DES-pretreated sugarcane leaves.

2. Materials and Methods

2.1. Sugarcane Leaves Preparation

Sugarcane leaves were collected from sugarcane plantations in the Khon Kaen Province,
Thailand. First, the sugarcane leaves were dried under the sunlight until less than 10% of
the moisture content remained. Next, the dried sugarcane leaves were cut, ground, and
sieved using sieve no. 18 (mesh size 1.0 mm) (Central World Intertrade Co., Ltd., Ladkra-
bang, Bangkok, Thailand) to obtain particles smaller than 1.0 mm. Finally, the sugarcane
leaves were stored in a dry plastic box at room temperature (32 ± 2 ◦C) for further use.
The compositions of the sugarcane leaves (all in % (w/w) dry weight) are 36.18 cellulose,
25.23 hemicellulose, 27.68 lignin, and 10.91 ash.

2.2. Deep Eutectic Solvents Preparations

DESs were prepared using different types and molar ratios of HBA and HBD. The
DESs used in this study were ChCl:glycerol (G), ChCl:G:aluminum chloride (AlCl3), and
ChCl:MEA. ChCl acts as an HBD, whereas G, a mixture of G, aluminum chloride (AlCl3),
and MEA, acts as HBA. DESs were prepared by varying the molar ratio of each mixture. The
ChCl:G mixtures were at 1:2, 1:4, and 1:6 molar ratios, the ChCl:G:AlCl3 mixtures were at
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1:2:0.33, 1:4:0.33, and 1:6:0.33 molar ratios, and the ChCl:MEA mixtures were at 1:6, 1:8, and
1:10, respectively. All analytical grade chemicals were purchased from Elago Enterprises
Pty., Ltd. (Elago Enterprises, 5 The Cloisters, Cherrybrook, Sydney, NSW, Australia)

2.3. Cellulolytic Consortium

RSC, TI, and SGS from the Department of Animal Science, Faculty of Agriculture,
Khon Kaen University, Thailand, were used as cellulolytic consortium sources. Peptone-
cellulose solution (PCS) medium (all in g/L; yeast extract 1, peptones 5, CaCO3 2, and
NaCl 5) was used to enrich the cellulolytic consortium from RSC, TI, and SGS. Initially, one
gram each of RSC, TI, and SGS was added to 30 mL of PCS medium containing 0.15 g of
filter paper (Whatman No.1) as the carbon source and an indicator for cellulase activity.
Enrichment was performed at 37 ◦C. Once the filter paper strip was completely degraded,
10% (v/v) of the culture was transferred into the fresh PCS media containing 0.15 g of filter
paper Whatman No.1 with 3.0 × 5.5 cm. This process was repeated at least 10 times or
until the filter paper weight loss was stable (relative standard deviation < 0.05). Finally,
the enriched culture was collected to analyze enzyme activity, including carboxymethyl
cellulose degradation (CMCase), filter paper degradation (FPUase), and xylanase, before
hydrolysis. The enriched cellulolytic consortium showed CMCase, FPUase, and xylanase
activities of 0.38, 8.05, and 1.21 IU/mL. For long-term storage, the cellulolytic consortium
was kept in a PCS medium containing 20% glycerol without cellulosic substrates at −80 ◦C.

2.4. Clostridium butyricum TISTR 1032 Prepartions

The hydrogen producer in this study was C. butyricum TISTR1032. It was pur-
chased from the Thailand Institute of Scientific and Technological Research (TISTR). Strain
TISTR1032 was regenerated in a serum bottle containing a cooked meat medium (CMM)
(Himedia, Analytical grade, Thane, India). The serum bottle was flushed with nitrogen
gas to create anaerobic conditions and incubated at 37 ◦C for 10 h. Then, 1 mL of the stock
culture was added to a serum bottle containing 10 mL of tryptone sucrose yeast extract
(TSY) (Himedia, Analytical grade, Thane, India) medium under anaerobic conditions at
150 rpm for 10 h at 37 ◦C. This process was repeated until an initial cell concentration of
107 cells/mL was obtained. The composition of TSY (all in g/L) was tryptone 5, sucrose 3,
yeast extract 5, and K2HPO4 1 [29].

2.5. Anaerobic Sludge Preparations

Anaerobic sludge from the anaerobic digester of SF Khon Kaen Co., Ltd., (SF Khon
Kaen, Nai Mueang, Thailand) was used as the inoculum source for the methane production
process. The anaerobic digester produced biogas through the Napier silage and chicken
manure co-digestion. To prepare methane producers, 5 L of anaerobic sludge was cultivated
in a 10 L closed container containing 10 g/L of sugarcane leaves as the carbon source. The
container was purged with nitrogen gas for 15 min to create anaerobic conditions and
incubated for 2 weeks at room temperature (30 ± 5 ◦C) for degassing. The acclimatized
inoculum was filtered through a filter cloth to remove non-degradable materials before
being used for methane production. The anaerobic sludge compositions were 5.62 ± 0.27%
of total solids (TS), 3.35 ± 0.08% of VS, 1.46 ± 0.12% of total suspended solids (TSS), and
2.11 ± 0.11% of volatile suspended solids (VSS.)

2.6. The Optimization Factors Affecting the Pretreatment of Sugarcane Leaves

The optimization of the different DESs, the molar ratio of HBA and HBD (ChCl: MEA
(1:6, 1:8, and 1:10 molar ratio), ChCl:G (1:2, 1:4, and 1:6 molar ratio), and ChCl:G:AlCl3
(1:2:0.33, 1:4:0.33, and 1:6:0.33 molar ratio), pretreatment temperature (80 ◦C, 100 ◦C, and
120 ◦C) and time (3 h, 6 h, and 9 h), and substrate-to-DES solution ratio for the pretreatment
of sugarcane leaves were examined in the batch test. Next, the substrate-to-DES solution
ratios were varied at 1:8, 1:12, 1:16, 1:20, and 1:24 (w/v). All treatments were performed in
triplicate. At the end of the heating process, the pretreated solids were washed with hot
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distilled water several times until a pH of 7.0 was obtained. The pretreated solids were then
dried at 60 ◦C in a hot-air oven until less than 10% of the moisture content remained. Finally,
the pretreated solids were stored in sealed plastic bags at 31 ± 2 ◦C before analysis. The
pretreated solids were used as substrates in the SHF and SSF processes for the two-stage
hydrogen and methane production and one-stage methane production.

2.7. SHF for Two-Stage Hydrogen and Methane Production and One-Stage Methane Production
from Pretreated Sugarcane Leaves

The SHF for the two-stage hydrogen and methane production and one-stage methane
production was carried out in batch experiments. The hydrolysis step was investigated
separately from that of the fermentation process. The two-stage hydrogen and methane
production and one-stage methane production processes were initiated once hydrolysis
was completed.

In the hydrolysis step, the experiment was conducted in 120 mL serum bottles with
variations of pretreated sugarcane leaf loading of 1, 2, 3, and 4 g VS, respectively. Non-
pretreated sugarcane leaves at loadings of 1, 2, 3, and 4 g VS were used as controls.
The pretreated and untreated sugarcane leaves at the various loadings were added to
the serum bottles containing 50 mL of fermentation media and 10% (v/v) of cellulolytic
consortium. The enzyme activities of the cellulolytic consortium, including CMCase,
FPUase, and xylanase, were analyzed. The fermentation media was comprised of (all in
mg/L) K2HPO4 125, MgCl2·6H2O 15, FeSO4·7H2O 25, CuSO4·5H2O 5, CoCl2·5H2O 0.125,
NH4HCO3 5240, and NaHCO3 6720 [30]. The initial fermentation broth pH was adjusted
to 6.5 using either 5 M NaOH or 5 M HCl. The serum bottles were closed tightly using a
rubber stopper and aluminum caps and incubated at 37 ◦C for 7 d [30]. Every 24 h, 1 mL of
the hydrolysate was collected from each serum bottle to measure the pH and reduce sugar
concentration. At the end of the hydrolysis step, the hydrolysate and solid residue in each
serum bottle were used as substrates for the two-stage hydrogen and methane production
and one-stage methane production processes.

For the two-stage hydrogen and methane production process, all serum bottles from
the hydrolysis step were uncapped, and the pH was adjusted to 6.5 using 5 M NaOH or
5 M HCl. Then, 10% of C. butyricum TISTR 1032 (107 cells/mL) was added to the serum
bottles as the inoculum for hydrogen production. The serum bottles were recapped using a
rubber stopper and aluminum caps and then purged with nitrogen gas for 15 min to ensure
anaerobic conditions. The serum bottles were then incubated at 37 ◦C. The hydrogen
production stage continued until biogas production ceased. After the first hydrogen
fermentation stage, the hydrogenic effluent and solid residues were used as substrates for
methane production in the second stage. The serum bottles were uncapped, and 20 g VS/L
of acclimatized anaerobic sludge was added to produce methane in the methane stage. The
initial fermentation broth pH was adjusted to 7.0 using 5 M NaOH or 5 M HCl.

The hydrolysate and solid residue from the hydrolysis step were used directly to
produce methane for the one-stage methane production. The experiment was conducted in
a serum bottle containing 20 g VS/L anaerobic sludge as the inoculum. The fermentation
broth pH was adjusted to 7.0 using 5M NaOH or 5M HCl. The biogas volume was
measured using a wetted glass syringe [31], and the biogas content was analyzed using gas
chromatography (GC). The measurement of hydrogen and methane production continued
until biogas production ceased. All treatments were performed in triplicate.

2.8. SSF for Two-Stage Hydrogen and Methane Production and One-Stage Methane Production
from Pretreated Sugarcane Leaves

SSF for the two-stage hydrogen and methane production and one-stage methane
production of pretreated sugarcane leaves was carried out in batch tests. Hydrolysis and
fermentation occur simultaneously in this process.

The SSF for the two-stage hydrogen and methane production process was conducted
using various loadings of pretreated sugarcane leaves (1, 2, 3, and 4 g VS). The control
comprised untreated sugarcane leaves at different loadings as the DES-pretreated sugarcane
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leaves. The pretreated and untreated sugarcane leaves at the different substrate loadings
were added to the serum bottles containing 50 mL of fermentation media, 10% (v/v) of
the cellulolytic consortium, and 10% (v/v) of C. butyricum TISTR1032. The pH of the
fermentation broth was adjusted to 6.5. The hydrogen production stage continued until
biogas production ceased. After the first hydrogen fermentation stage, the hydrogenic
effluent and solid residues were used as substrates for methane production in the second
stage. At the end of the hydrogen production stage, the serum bottles were uncapped and
20 g VS/L of anaerobic sludge was added to produce methane. The fermentation broth pH
was adjusted to 7.0.

Each serum bottle contained 50 mL of fermentation medium, 10% v/v of the cellulolytic
consortium, 20 g-VS/L of anaerobic sludge as the inoculum for the one-stage methane
production process, and different pretreated sugarcane leaves at various loadings of 1, 2, 3,
and 4 g-VS. An experimental setup using untreated sugarcane leaves was used as a control.
The solution pH was adjusted to 7.0 by 5 M NaOH or 5 M HCl.

Fermentation was performed in 120 mL serum bottles with a 50 mL working volume.
Each serum bottle was capped using a rubber stopper and aluminum caps and closed
tightly using a rubber stopper and aluminum caps. The serum bottles were incubated at
37 ◦C after being purged with nitrogen gas for 15 min to create anaerobic conditions. All
procedures were carried out in triplicate. The measurement of hydrogen and methane
production continued until biogas production ceased.

2.9. Enzyme acTIVITY Assay

The enriched culture from Section 2.3 was centrifuged at 10,000 rpm for 5 min to
remove the cells and residues of the filter paper. The supernatant was used to analyze the
enzyme activity. The activity of CMCase, FPUase, and xylanase was determined according
to the IUPAC Commission of Biotechnology [32]. Enzyme activity assays were performed
using different substrates for each enzyme. As substrates, the CMCase used 0.5 mL of 2%
of carboxymethyl cellulose in sodium citrate buffer (0.05 M, pH 4.8). The FPUase used
Whatman No.1 filter paper strip (1.0 × 6.0 cm) as the substrate, and xylanase used 0.9 mL
of 1% (w/v) birchwood xylan in citrate-phosphate buffer (pH 5.0) as the substrate. The
enzymatic assays were performed as described below.

CMCase and FPUase were determined by adding 0.5 mL supernatant to 1.0 mL
sodium citrate buffer (0.05 M, pH 4.8). The substrate for each enzyme was then added
to the reaction mixture. The mixture was then incubated at 50 ◦C for 60 min. To stop
the reaction, 3.0 mL 3.5-dinitrosalicylic acid (DNS) reagent solution was added to the
reaction mixture. The mixture was added to 20 mL of deionized water (DI water) and then
left at room temperature for 20 min before measuring the absorbance at 540 nm using a
spectrophotometer. Glucose was used as the standard.

The xylanase was determined by adding 1.0 mL of the supernatant to the 0.9 mL of 1%
(w/v) birchwood xylan in citrate-phosphate buffer (pH 5.0). The mixture was incubated at
50 ◦C for 10 min and then cooled to room temperature. Subsequently, 20 mL of DI water
was added to the cooled mixture before measuring the absorbance at 540 nm. Xylose was
used as the standard.

A blank containing only water and the reaction mixtures was included to compensate
for the effects of enzymes and substrates on the enzyme reaction. The control was the reaction
mixture without an enzyme or substrate. CMCase, FPUase, and xylanase were measured at
540 nm using an EMC-11D-V spectrophotometer (EMCLab, Duisburg, Germany).

One enzyme unit (IU) was defined as the amount of enzyme hydrolyzing cellulose to
release one microgram of glucose (FPUase and CMCase) or xylose (xylanase) per minute
under assay conditions.

2.10. Analytical Methods

According to standard methods, the TS, TSS, VS, and VSS were determined [33]. The
pH was measured using a pH meter (pH-500, Queen, New York, USA). The chemical
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compositions of untreated and pretreated sugarcane leaves, including cellulose, hemi-
cellulose, and lignin, were analyzed according to the laboratory analytical procedures
(LAP) of the National Renewable Energy Laboratory (NREL) to determine the structural
carbohydrates and lignin in biomass [34]. The reducing sugars were analyzed using the
3,5-dinitrosalicylic acid (DNS) method [35]. The biogas composition was analyzed using
a GC (GC-104, Shimadzu, Kyoto, Japan) with a thermal conductivity detector and a 2-m
stainless steel column packed with Shin carbon (50/80) mesh. The operating conditions
were as described previously [36]. The soluble metabolite products in the fermentation
broth were measured using HPLC according to the method described in [37].

Compositional analysis was conducted following the standard methods of the NREL
analytical procedure [34]. First, the sugarcane leaves were treated with 72% sulfuric acid at
30 ◦C for 1 h, followed by 4% sulfuric acid-treated samples at 121 ◦C for 1 h, and then the
liquid and solid were separated by vacuum filtration. Next, the cellulose and hemicellulose
contents were calculated from the corresponding sugar concentrations obtained from the
measurement of liquid fractions by HPLC with conversion factors of 0.90 for glucose and
0.88, respectively, for glucose and xylose. Next, the acid-insoluble lignin was gravimetrically
determined from the solid fractions using acid-insoluble lignin and ash. In contrast, the
acid-soluble lignin content was determined by measuring the absorbance of the liquid
fractions at 205 nm using a spectrophotometer.

2.11. Statistical Analysis

Statistical analysis was conducted with the IBM SPSS statistics program version 21.
The means were compared using one-way ANOVA analysis with the Duncan test as a post
hoc test. In addition, the means difference of the three samples were compared using an
independent-samples t-test. All statistical tests were performed with a 95% confidence level.

2.12. Calculations

The hydrogen and methane volumes were calculated using the mass balance equa-
tion [38] and the, hydrogen and methane yields were expressed in mL H2 or CH4/g-VSadded.
Next, the modified Gompertz equation (Equation (1)) was used to fit the cumulative hydro-
gen and methane yield curves [39]. Finally, a modified Gompertz equation was used to fit
the cumulative hydrogen production curves and obtain the hydrogen production P, the
hydrogen production rate R, and λ.

H = Pexp
{
−exp

[
Rm × e

P

]
(λ − t) + 1

}
(1)

where H is the cumulative hydrogen or methane production (mL), λ is the lag phase time
(h), P is the hydrogen or methane production potential (mL), and Rm is the hydrogen or
methane production rate (mL H2/L d or mL CH4/L d). The incubation time (t) is reported
in hours (h) or days. e is an exponential constant equal to 2.718. The equation was plotted
using a nonlinear curve fitting in SigmaPlot 11 (Systat Software Inc., Palo Alto, CA, USA).

3. Results

3.1. Effects of Molar Ratio and Type of Deep Eutectic Solvent (DES) on Sugarcane Leaves

The untreated sugarcane leaves had a lower cellulose, hemicellulose, and lignin per-
centage than the pretreated ones (Table 1). These results implied that the DES pretreatment
efficiently removed the lignin content in the lignocellulosic biomass.
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Table 1. Effects of DES types and molar ratio on the pretreatment of sugarcane leaves at a 1:16
substrate to DES solution ratio, 6 h, and 80 ◦C.

DES Molar Ratio pH

Pretreatment Composition of Residues

Cellulose
Recovery

(%)

Hemicellulose
Removal

(%)

Lignin
Removal

(%)

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Untreated - - - - - 36.18 ± 0.73 f 25.23 ± 0.02 a 27.68 ± 0.35 a

ChCl/MEA
1:6 14.08 71.86 ± 0.37 c,d 69.88 ± 2.93 b,c 77.62 ± 0.79 a 57.62 ± 0.30 b,c 16.84 ± 1.64 d 13.73 ± 0.48 e

1:8 14.12 73.49 ± 0.53 c 71.07 ± 0.54 b 77.50 ± 0.33 a 58.92 ± 0.42 a 16.21 ± 0.30 d 13.80 ± 0.30 e

1:10 14.18 70.96 ± 2.10 d 68.21 ± 1.45 c 76.41 ± 0.85 a 55.33 ± 1.64 d 17.28 ± 0.79 d 14.07 ± 0.51 e

ChCl/G
1:2 7.93 82.37 ± 0.71 b 33.60 ± 1.16 e 28.98 ± 1.23 d 39.40 ± 0.34 e 22.15 ± 0.45 b 25.99 ± 0.45 b

1:4 6.40 85.08 ± 0.81 a 33.57 ± 1.67 e 25.11 ± 0.61 e 38.72 ± 0.53 e 21.09 ± 0.53 b,c 26.08 ± 0.21 b

1:6 6.60 82.14 ± 1.49 b 37.35 ± 2.39 d 29.41 ± 0.80 d 39.12 ± 0.71 e 20.81 ± 0.79 c 25.72 ± 0.29 b

ChCl/G/AlCl3
1:2:0.33 0.40 65.65 ± 0.23 f 87.00 ± 0.07 a 68.57 ± 0.26 c 59.28 ± 0.20 a 8.19 ± 0.05 e 21.72 ± 0.18 c

1:4:0.33 0.38 66.61 ± 0.70 e,f 88.54 ± 0.48 a 70.27 ± 0.54 b 58.74 ± 0.62 a,b 7.05 ± 0.29 f 20.06 ± 0.37 d

1:6:0.33 0.36 68.11 ± 0.81 e 88.21 ± 0.22 a 68.39 ± 0.19 c 57.37 ± 0.68 c 6.92 ± 0.13 f 20.37 ± 0.13 d

Untreated, untreated sugarcane leaves; ChCl, choline chloride; MEA, monoethanolamine; G, glycerol; AlCl3,
aluminum chloride; and DES, deep eutectic solvent. Values marked with the same letters are not significantly
different (p < 0.05).

The results demonstrated that the molar ratio of ChCl to MEA in sugarcane leaf
pretreatment did not affect lignin removal, hemicellulose removal, or cellulose recovery
(Table 1). Based on these data, the optimal molar ratio for the pretreatment of sugarcane
leaves with ChCl/MEA at ratios of 1:6, 1:8, and 1:10 was determined to be 1:6 because the
MEA concentration was the lowest. The highest lignin removal efficiency was observed at
molar ratios of 1:2 and 1:6 when sugarcane leaves were pretreated with ChCl/glycerol (G).
In contrast, the molar ratio variations of 1:6 and 1:4 resulted in the highest hemicellulose
removal and cellulose recovery. Because this study focuses on the ability of DESs to remove
lignin from sugarcane leaves, a molar ratio that can remove the majority of lignin was
chosen for the pretreatment of sugarcane leaves. Additionally, a low molar ratio leads
to a smaller amount of each HBA and HBD being considered. Therefore, the optimum
ChCl/G molar ratio was determined to be 1:2. When ChCl/G/AlCl3 was employed as
the pretreatment solvent, ChCl/G/AlCl3, at a molar ratio of 1:4:0.33, achieved maximum
lignin removal. However, the molar ratio had no significant influence on hemicellulose
removal and cellulose recovery. Thus, the optimum molar ratio of ChCl/G/AlCl3 is
1:4:0.33. The molar ratio affects the DES’s physical properties, such as freezing point,
density, and viscosity.

Lignin removal efficiency ranged from 76.41–77.62% at various molar ratios in DESs
with strong bases (pH 14.08–14.18), i.e., ChCl/MEA (Table 1). This is not surprising because
lignin is a base-soluble biopolymer [40]; therefore, basic solvents are advantageous for its
removal. Furthermore, it was discovered that the more basic the solvent, the more lignin
was extracted [40]. Under basic conditions, the breakage of ether links in lignin and ester
bonds between lignin and hemicellulose leads to lignin removal [40] and dissolution [41].

At the optimum ChCl/G ratio of 1:2, the lignin removal was only 28.98 ± 1.23%,
which is the lowest compared to other DES types (Table 1), indicating that ChCl/G is less
effective in removing lignin from sugarcane leaves. This is because ChCl/G has a neutral
pH (6.4–7.93), making the ChCl/G solution less efficient at eliminating lignin [42].

DESs with a strong acid i.e., ChCl/G/AlCl3 (pH of 0.8–0.9), removed lignin in the
moderate range of 68.39–70.27% but showed the highest hemicellulose removal (Table 1).
In general, pretreatment solutions with low pH affect hemicellulose hydrolysis but have an
intense effect on lignin dissolution and cellulose hydrolysis [41].

In the pretreatment processes, pH and viscosity were considered the main factors
when determining the DES performance. The pH-influenced lignin removal from the
lignocellulosic biomass occurs because lignin is a base-soluble polymer. Therefore, a DES
with a high pH is considered for use as a pretreatment agent [40]. In contrast, DESs possess
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a comparatively higher viscosity (>100 cP) at room temperature which significantly limits
their extraction applications. Additionally, their high viscosity reduces the mass transfer
rate between the sample and extraction phase owing to the formation of extensive H-bond
networks between the HBA and HBD components [43].

ChCl: MEA had the highest pH compared to ChCl/G and ChCl/G/AlCl3. Because
lignin is a base-soluble polymer, ChCl/MEA basicity makes it more effective for lowering
the lignin concentration in the biomass while maintaining high cellulose recovery; hence, it
is more advantageous for lignin removal. However, the results showed that ChCl/MEA
had an insignificant effect on lignin removal at different molar ratios (Table 1). A higher
molar ratio leads to more solvents, which increases the production costs when applied on an
industrial scale. Therefore, the selected DESs in subsequent experiments were ChCl/MEA
at a 1:6 molar ratio.

3.2. Effects of Pretreatment Time and Pretreatment Temperature

This study was conducted by varying the pretreatment time to 3, 6, and 9 h, while
the pretreatment temperatures were varied at 80, 100, and 120 ◦C. ChCl/MEA at a 1:6
molar ratio was used as the solvent to pretreat the sugarcane leaves. At a pretreatment
time of 3 h, the pretreatment temperature of 120 ◦C shows the lowest lignin content of
8.95 ± 0.15%, while still recovering the highest cellulose (70.17 ± 0.20%) compared to the
other pretreatment temperatures (Table 2). Similar results were obtained with pretreatment
times of 6 h and 9 h at a pretreatment temperature of 120 ◦C. At 120 ◦C, the lowest lignin
content (i.e., the highest lignin removal) was attained when the pretreatment time was 9 h.
However, the cellulose recovery was not significantly different from the other pretreatment
conditions. At 120 ◦C, with various pretreatment times of 3 h, 6 h, and 9 h, the system
energy inputs were 622, 1198, and 1774 kJ/g-biomass, respectively. Therefore, the lowest
energy occurred with the 3 h pretreatment time. Thus, the optimum pretreatment time and
temperature for the pretreatment of sugarcane leaves with ChCl/MEA were 3 h at 120 ◦C.

Table 2. Effects of the temperatures and time on the pretreatment of sugarcane leaves at a 1:16
substrate to DES solution ratio using 1:6 molar ratio of ChCls/MEA as DES.

DES
Temp (◦C)/

Time (h)

Pretreatment Composition of Residues

Cellulose
Recovery

(%)

Hemicellulose
Removal

(%)

Lignin
Removal

(%)

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Untreated 36.56 ± 0.77 k 27.31 ± 0.03 a 27.68 ± 0.35 a

ChCl/MEA
(1:6)

80/3 69.25 ± 0.97 g 57.76 ± 0.72 h 73.49 ± 0.86 i 53.37 ± 0.75 j 24.32 ± 0.41 b 15.47 ± 0.50 b

80/6 68.69 ± 1.51 g 66.60 ± 1.90 g 78.67 ± 0.52 h 57.61 ± 1.27 h 20.93 ± 1.19 c 13.55 ± 0.33 c

80/9 68.37 ± 1.13 g 70.23 ± 1.40 f 80.81 ± 0.61 g 60.93 ± 1.01 g 19.82 ± 0.93 d 12.95 ± 0.41 d

100/3 71.54 ± 0.30 f 70.29 ± 0.30 f 83.45 ± 0.02 e,f 64.25 ± 0.27 f 19.93 ± 0.20 d 11.25 ± 0.01 e

100/6 72.81 ± 0.42 e 75.05 ± 0.96 a,b 85.96 ± 0.28 d 67.52 ± 0.39 d 17.28 ± 0.66 f,g 9.86 ± 0.20 f

100/9 72.04 ± 0.40 e,f 76.57 ± 0.19 a 87.06 ± 0.01 c 69.64 ± 0.39 b,c 16.92 ± 0.14 g,h 9.47 ± 0.01 f,g

120/3 78.75 ± 0.22 a 70.64 ± 0.51 e,f 86.73 ± 0.22 c 70.17 ± 0.20 b 19.54 ± 0.34 d 8.95 ± 0.15 h,i

120/6 78.32 ± 0.38 a 72.57 ± 0.37 d 87.95 ± 0.53 b 71.91 ± 0.34 a 18.12 ± 0.24 e,f 8.07 ± 0.35 j

120/9 78.80 ± 0.89 a 74.54 ± 0.79 b,c 89.18 ± 0.29 a 71.33 ± 0.81 a 17.22 ± 0.54 f,gh 7.42 ± 0.20 k

Untreated: untreated sugarcane leaves; ChCl: choline chloride; and MEA: monoethanolamine. Values marked
with the same letters are not significantly different (p < 0.05).

3.3. Effect of the Substrate to DES Solution Ratio

The effect of the substrate to DES solution ratio was determined at the optimum
conditions using ChCl/MEA at a 1:6 molar ratio, 120 ◦C, and 3 h. The substrate to DES
solution ratios were 1:8, 1:12, 1:16, 1:20, and 1:24. The lowest lignin contents of 8.13 ± 0.57%
and 8.15 ± 0.33%, respectively, were achieved at the substrate to DES solution ratios of 1:16
and 1:20, with lignin removal of 88.23 ± 0.83% and 88.06 ± 0.48% (Table 3). The energy
inputs at 1:16 and 1:20 substrate to DES solution under the optimum conditions of 1:6 molar
ratio ChCl/MEA, 120 ◦C, and 3 h, were 622 and 776 kJ/g-biomass, respectively. Therefore,
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the ratio of 1:16 substrates to DES solution is the optimal ratio when the lignin content after
pretreatment is considered the criterion.

Table 3. Effects of the substrate to DES solution ratio using a 1:6 molar ratio of ChCls/MEA to DES at
a temperature of 120 ◦C and time of 3 h on the pretreatment of sugarcane leaves.

The Substrate
to DES

Solution Ratio

Pretreatment Composition of Residues

Cellulose
Recovery

(%)

Hemicellulose
Removal

(%)

Lignin
Removal

(%)

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Untreated 36.56 ± 0.77 d 27.31 ± 0.03 a 27.68 ± 0.35 a

1:8 81.84 ± 2.23 b 72.40 ± 0.68 c 86.86 ± 0.16 b 69.81 ± 0.62 c 17.59 ± 0.43 b 8.49 ± 0.10 b,c

1:12 84.13 ± 0.77 a 73.98 ± 0.42 b 86.37 ± 0.36 b 72.54 ± 0.67 b 16.76 ± 0.27 c 8.90 ± 0.23 b

1:16 81.44 ± 1.21 b 74.62 ± 0.41 b 88.23 ± 0.83 a 74.27 ± 1.11 a 17.29 ± 0.28 b 8.13 ± 0.57 c

1:20 81.31 ± 1.11 b 75.78 ± 0.45 a 88.06 ± 0.48 a 73.34 ± 1.00 a,b 16.32 ± 0.30 c 8.15 ± 0.33 c

1:24 84.38 ± 0.15 a 76.29 ± 0.10 a 86.42 ± 0.09 b 74.27 ± 0.13 a 15.59 ± 0.07 d 9.05 ± 0.06 b

Untreated: untreated sugarcane leaves; values marked with the same letters are not significantly different (p < 0.05).

At ratios of 1:12 and 1:24 substrate to DES solution, the cellulose recovery was
84.13 ± 0.77% and 84.38 ± 0.02%, respectively (Table 3). However, at a ratio of 1:24 substrate
to DES solution, the results indicate the highest lignin content compared to other variations
in the substrate to DES solution ratio. Because a ratio of 1:12 substrate (467 kJ/g-biomass)
to DES solution had a lower energy input than at 1:24 (930 kJ/g-biomass), a 1:12 substrate
to DES solution ratio was considered the optimum condition for cellulose recovery.

The ratio of 1:8 substrate to DES solution yielded the lowest cellulose concentration of
69.81 ± 0.62%. This could be because the solvent cannot break more ether bonds in lignin-
carbohydrate complexes because of the high substrate concentrations used at this ratio,
resulting in minimal lignin removal (Table 3). A high ratio of substrates to the DES solution
may also lead to the accumulation of solid particles and an increase in system viscosity [44].
Additionally, the viscous system limits the mass transfer between the samples and the
extraction phase. Consequently, the 1:8 substrate to DES solution ratio is not optimal
because it diminishes lignin removal and cellulose recovery capabilities.

The substrate to DES solution ratio of 1:16 resulted in greater lignin removal. In
contrast, at a substrate to DES solution ratio of 1:12, the cellulose recovery was higher with
a low hemicellulose content of 16.76 ± 0.2%. At a substrate to DES solution ratio of 1:12,
the energy input was lower than that at 1:16, resulting in energy inputs of 467 kJ/g-biomass
and 622 kJ/g-biomass, respectively. The results indicated that the optimum substrate to
DES solution ratio was 1:12, resulting in low lignin content and high cellulose content.

3.4. Enzymatic Hydrolysis of DES Pretreated Sugarcane Leaves by the Cellulolytic Consortium

Sugarcane leaves were pretreated using DESs at a molar ratio of 1:6 and 120 ◦C for
3 h, and a substrate to DES solution ratio of 1:12 before being subjected to enzymatic
hydrolysis. Untreated sugarcane leaves were used as the controls. The highest reducing
sugar concentrations of 1.49 ± 0.28 g/L and 2.36 ± 0.02 g/L were obtained from untreated
and DES-pretreated sugarcane leaves on day 7 (Table 4). However, it should be noted that
the substrate loading should not be greater than 4 g of volatile solids (VS)added because
solid accumulation can occur, limiting the mass transfer between the substrate and enzyme.
Additionally, at the high loading of the pretreated biomass, enzymatic digestibility and
fermentation efficiency were dramatically reduced as mixing became increasingly difficult
as viscosity increased [44]. Therefore, a 4 g-VSadded was chosen as the optimum substrate
loading for enzymatic hydrolysis by the cellulolytic consortium using DES-pretreated
sugarcane leaves as substrates.
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Table 4. The effects of substrate loading on the enzymatic hydrolysis of untreated and DES pretreated
sugarcane leaves by the cellulolytic consortium.

Substrate
Loading

(g-VSadded)

Reducing Sugar Concentration (g/L)

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

U-1 0.15 ± 0.02 a 0.40 ± 0.01 e 0.28 ± 0.01 e 0.40 ± 0.04 d 0.36 ± 0.01 e 0.44 ± 0.01 d 0.37 ± 0.01 f 0.26 ± 0.24 f

U-2 0.16 ± 0.02 a 0.21 ± 0.01 g 0.43 ± 0.00 e 0.50 ± 0.00 d 0.78 ± 0.05 d 0.88 ± 0.05 c 0.96 ± 0.02 d 0.85 ± 0.04 e

U-3 0.17 ± 0.02 a 0.81 ± 0.03 c 0.50 ± 0.02 d 0.72 ± 0.02 c 0.90 ± 0.02 c,d 0.98 ± 0.00 c 1.70 ± 0.01 d 1.13 ± 0.01 d

U-4 0.17 ± 0.02 a 0.35 ± 0.02 f 0.36 ± 0.00 f 0.74 ± 0.02 c 1.12 ± 0.20 b 1.66 ± 0.33 a 1.64 ± 0.29 c 1.49 ± 0.28 c

P-1 0.17 ± 0.02 a 0.41 ± 0.02 e 0.36 ± 0.03 f 0.49 ± 0.02 d 0.47 ± 0.09 e 0.60 ± 0.14 d 0.61 ± 0.11 e 0.35 ± 0.07 f

P-2 0.17 ± 0.02 a 0.70 ± 0.01 d 0.57 ± 0.02 c 0.86 ± 0.15 b 0.95 ± 0.11 c 1.43 ± 0.02 b 1.65 ± 0.06 c 1.85 ± 0.15 b

P-3 0.16 ± 0.00 a 1.18 ± 0.03 a 1.52 ± 0.01 a 1.56 ± 0.02 a 1.71 ± 0.02 a 1.78 ± 0.02 a 1.97 ± 0.08 b 1.95 ± 0.07 b

P-4 0.17 ± 0.02 a 0.95 ± 0.03 b 1.10 ± 0.03 b 0.92 ± 0.03 b 1.25 ± 0.03 b 1.88 ± 0.01 a 2.18 ± 0.02 a 2.35 ± 0.02 a

Untreated: untreated sugarcane leaves; P: pretreated sugarcane leaves; values marked with the same letters are
not significantly different (p < 0.05).

3.5. The Two-Stages Hydrogen and Methane Production by SHF and SSF
3.5.1. Hydrogen Production

The SHF and SSF processes were carried out to determine an efficient fermentation
process to produce hydrogen and methane through a two-stage hydrogen and methane
production process. Various substrate loadings, 1–4 g-VS, of DES-pretreated sugarcane
leaves under the optimum conditions of a 1:6 molar ratio, 120 ◦C, 3 h, and a substrate to
DES solution ratio of 1:12 were used as the substrate. Additionally, untreated sugarcane
leaves were used as a control at various substrate loadings of 1–4 g-VS.

The hydrogen production rate and hydrogen production potential of the DES-pretreated
sugarcane leaves by SSF of the two-stage hydrogen and methane production processes
were higher than those of untreated sugarcane leaves (Table 5). The highest hydrogen
production and production rates of 3187 ± 202 mL H2/L and 317.5 ± 20.5 mL H2/L.d,
respectively, were achieved by SSF using DES-pretreated sugarcane leaves at a substrate
loading of 4 g VS (Table 5). Due to the presence of lignin in the untreated sugarcane leaves,
their hydrogen production was lower than that of the DES-pretreated sugarcane leaves.

Table 5. Comparison of hydrogen production by SSF and SHF of the two-stage hydrogen production
process.

Substrate
Loading

(g-VSadded)

SSF-Two Stages Hydrogen Production SHF-Two Stages Hydrogen Production

Hydrogen
Production

(mL/L)

Hydrogen
Production

Rate (mL/L d)

Lag Phase
(λ)
(d)

Hydrogen
Yield (mL/
g-VSadded)

R2
Hydrogen
Production

(mL/L)

Hydrogen
Production

Rate (mL/L d)

Lag Phase
(λ)
(d)

Hydrogen
Yield (mL/
g-VSadded)

R2

U_1 21 ± 4 e 1.8 ± 0.8 h 0.0 1.0 ± 0.1 f 0.9826 17 ± 1 e 1.5 ± 0.2 h 0.5 0.8 ± 0.1 f 0.9844
U_2 66 ± 5 e 10.0 ± 2.0 g,h 2.0 1.7 ± 0.1 f 0.9935 32 ± 15 e 6.2 ± 6.4 g,h 4.0 0.8 ± 0.4 f 0.9814
U_3 133 ± 14 e 22.0 ± 3.3 f,g 2.0 2.2 ± 0.2 f 0.9958 52 ± 10 e 14.2 ± 5.2 g,h 5.0 0.9 ± 0.2 f 0.9892
U_4 229 ± 20 e 34.7 ± 3.9 e,f 2.0 2.9 ± 0.2 f 0.9962 99 ± 81 e 20.2 ± 15.4 f,g,h 5.0 1.2 ± 1.0 f 0.9885
P_1 152 ± 7.0 e 23.0 ± 2.2 f,g 0.5 7.6 ± 0.3 e 0.9947 48 ± 19 e 7.9 ± 3.6 g,h 3.0 2.4 ± 1.0 f 0.9902
P_2 821 ± 48 d 85.9 ± 5.1 d 4.0 20.5 ± 1.2 c 0.9956 682 ± 154 d 40.9 ± 10.7 e 4.0 17.0 ± 3.8 d 0.9916
P_3 1840 ± 201 c 211.2 ± 14.7 b 4.0 30.7 ± 3.3 b 0.9978 1700 ± 136 c 112.4 ± 7.2 c 5.0 28.1 ± 1.9 b 0.9962
P_4 3187 ± 209 a 317.5 ± 20.5 a 5.0 39.8 ± 2.6 a 0.9941 2135 ± 315 b 197.2 ± 20.5 b 7.0 26.7 ± 3.9 a 0.9952

Untreated: untreated sugarcane leaves; P: pretreated sugarcane leaves; values marked with the same letters are
not significantly different (p < 0.05).

Similar findings on hydrogen production were obtained with SHF, and similar findings
on hydrogen production were obtained with the SHF process. DES-pretreated sugarcane
leaves had higher hydrogen production, a higher hydrogen production rate, and a shorter
lag phase than the untreated (Table 5). The highest hydrogen production and hydrogen
production rate were achieved at 4 g VS of DES-pretreated sugarcane leaves, resulting in
2135 ± 315 mL H2/L and 197.2 ± 20.5 mL H2/L.d, respectively. The untreated sugarcane
leaves at 4 g VS produced hydrogen and hydrogen production rates of 99 ± 81 mL H2/L
and 20.2 ± 15.4 mL H2/L, respectively.
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3.5.2. Methane Production

The hydrogenic effluent from the first stage was used to produce methane during the
second stage. Methane production (3583 ± 128 mL CH4/L) from the SHF process using the
optimum substrate loading of 4 g VS of DES-pretreated sugarcane leaves was lower than
that from the SSF process (5923 ± 251 mL CH4/L) (Table 6). Substrate loading influences
VFAs production. The maximum methane content under the optimum condition obtained
from the SHF and SSF processes were 51% and 50 %, respectively (data not shown). The
results revealed that 4 g-VS of DES-pretreated sugarcane leaves gave the highest VFAs
production (Figure 1) and hydrogen (Table 5) and methane production (Table 6) in both
SSF and SHF processes.

Table 6. Comparison of methane production by SSF and SHF of the two-stage methane production
process.

Substrates
Loading

(g-VSadded)

SSF Two-Stages Methane Production SHF Two-Stages Methane Production

Methane
Production

(mL/L)

Methane
Production
Rate (mL/L

d)

Lag
Phase

(λ)
(d)

Methane Yield
(mL/

g-VSadded)
R2

Methane
Production

(mL/L)

Methane
Production
Rate (mL/L

d)

Lag
Phase

(λ)
(d)

Methane Yield
(mL/

g-VSadded)
R2

U_1 1448 ± 354 f 29.9 ± 10.4 e 14 115.9 ± 28.3 c,d,e,f 0.9931 1468 ± 441 f 33.3 ± 13.9 d,e 13 117.4 ± 35.3 c,d,e,f 0.9921
U_2 2633 ± 390 c,d,e 64.7 ± 9.7 c,d,e 11 105.3 ± 15.6 d,e,f 0.9968 1974 ± 545 e,f 43.1 ± 15.6 d,e 12 91.1 ± 21.4 e,f 0.9972
U_3 3009 ± 516 b,c 63.1 ± 15.6 c,d,e 12 80.3 ± 13.8 e,f 0.9949 2847 ± 530 b,c,d 53.8 ± 3.1 d,e 10 75.9 ± 14.1 e,f 0.9950
U_4 3311 ± 806 b,c 76.8 ± 18.8 b,c,d,e 19 66.2 ± 16.1 e,f 0.9954 3097 ± 244 b,c 70.1 ± 3.6 b,c,d,e 18 61.9 ± 4.9 f 0.9926
P_1 2654 ± 277 c,d,e 101.8 ± 27.7 b,c 6 212.3 ± 22.2 a 0.9950 2077 ± 308 d,e,f 68.4 ± 25.4 b,c,d,e 6 166.1 ± 24.6 a,b,c,d 0.9873
P_2 3402 ± 760 b,c 109.7 ± 68.4 b,c 3 178.5 ± 72.0 a,b,c 0.9660 3644 ± 473 b 77.5 ± 25.3 b,c,d,e 16 201.2 ± 113.8 a,b 0.9795
P_3 5179 ± 291 a 160.1 ± 15.2 a 1 138.1 ± 7.8 b,c,d,e 0.9751 3221 ± 417 b,c 113.8 ± 30.9 b 1 85.9 ± 11.1 e,f 0.9797
P_4 5923 ± 251 a 159.3 ± 19.0 a 1 118.5 ± 5.0 c,d,e,f 0.9828 3583 ± 128 b 79.3 ± 9.8 b,c,d 2 71.7 ± 2.6 e,f 0.9778

Untreated: untreated sugarcane leaves; P: pretreated sugarcane leaves; values marked with the same letters are
not significantly different (p < 0.05).

 

Figure 1. Comparisons of soluble metabolite products from SSF and SHF of two-stage hydrogen and
methane production using DES-pretreated sugarcane leaves at different loading substrates.

3.6. One-Stage Methane Production by SHF and SSF

For the SHF process, DES-pretreated sugarcane leaves at 3 g-VS gave the highest
methane production of 3723 ± 340 mL CH4/L (Table 7). Under these conditions, the
methane content was 53 % (data not shown). Methane production increased with increasing
substrate concentrations. However, methane production was reduced when the substrate
concentration reached 4-gVS. This may be because of the accumulation of VFAs during AD.
The results in Figure 2 show that at 4 g VS, acetic acid, butyric acid, and propionic acid
accumulated in the methanogenic effluent.
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Table 7. Effects of substrate loading on enzymatic hydrolysis of untreated and DES pretreated
sugarcane leaves by the cellulolytic consortium.

Substrates
Loading

(g-VSadded)

SSF One-Stage Methane Production SHF One-Stage Methane Production

Methane
Production

(mL/L)

Methane
Production
Rate (mL/L

d)

Lag
Phase

(λ)
(d)

Methane Yield
(mL/

g-VSadded)
R2

Methane
Production

(mL/L)

Methane
Production

Rate (ml/L d)

Lag
Phase

(λ)
(d)

Methane Yield
(mL/

g-VSadded)
R2

U_1 1632 ± 481 f,g 27.4 ± 14.0 e 9 130.5 ± 38.5 a,b,c 0.9848 1597 ± 12 f,g 21.5 ± 6.3 e 10 127.8 ± 33.5 a,b,c 0.9918
U_2 2015 ± 370 e,f,g 30.0 ± 7.0 d,e 9 80.6 ± 14.8 0.9816 2179 ± 405 e,f,g 33.4 ± 5.1 d,e 18 87.2 ± 16.2 d,e,f,g 0.9938
U_3 2735 ± 186 c,d,e 42.6 ± 3.1 c,d,e 16 76.3 ± 5.5 d,e,f,g 0.9907 1941 ± 558 e,f,g 29.2 ± 11.3 e 16 51.7 ± 14.9 e,f,g 0.9629
U_4 2988 ± 112 b,c,d 46.8 ± 4.9 c,d,e 12 59.8 ± 2.2 e,f,g 0.9940 2304 ± 304 d,e,f 35.9 ± 7.5 c,d,e 15 46.1 ± 6.1 g 0.9867
P_1 2029 ± 104 e,f,g 41.8 ± 3.7 c,d,e 4 162.4 ± 8.3 a 0.9948 1853 ± 242 f,g 34.5 ± 7.9 d,e 9 148.3 ± 19.3 a,b 0.9948
P_2 2155 ± 449 e,f,g 59.3 ± 31.2 b,c 2 113.0 ± 44.9 b,c,d 0.9905 1478 ± 796 g 44.6 ± 17.7 c,d,e 2 74.7 ± 34.3 d,e,f,g 0.9600
P_3 3474 ± 613 a,b,c 79.8 ± 15.8 b 1 92.6 ± 16.3 c,d,e,f 0.9875 3723 ± 340 a,b 60.3 ± 13.4 b,c 12 99.3 ± 9.1 c,d,e 0.9965
P_4 4067 ± 319 a 120.5 ± 9.5 a 4 81.3 ± 6.4 d,e,f,g 0.9936 3349 ± 415 a,b,c 54.7 ± 16.6 c,d 3 67.0 ± 8.3 e,f,g 0.9793

Untreated: untreated sugarcane leaves; P: pretreated sugarcane leaves; values marked with the same letters are
not significantly different (p < 0.05).

 
Figure 2. Comparison of soluble metabolite production in SSF and SHF one-stage methane production
using DES-pretreated sugarcane leaves with substrate loading variations.

One-stage methane production by SSF showed that the highest methane production
of 4067 ± 319 mL CH4/L was achieved using 4 g-VS DES-pretreated sugarcane leaves as
the substrate (Table 7). Under these conditions, the methane content was approximately
56%. This result indicates that SSF supports a higher concentration of the substrate to
produce methane than SHF for one-stage methane production. This might be because the
soluble metabolite products produced by SSF were directly converted to methane during
the methanogenesis stage, as shown in Figure 2. Therefore, there was no accumulation of
VFAs which can inhibit and reduce methane production.

4. Discussion

4.1. The Effect of Molar Ratio and Type of Deep Eutectic Solvents (DESs) on Sugarcane Leaves

An efficient pretreatment can be achieved via the breakage of the lignin structure,
which is the main biomass protective barrier, thereby enhancing the accessibility of solvents
or enzymes into the biomass for sugar hydrolysis [45]. Furthermore, the DES mechanisms
in biomass delignification are due to their ability to selectively cleave ether bonds without
affecting C–C linkages [45]. Moreover, the ability of DES to donate and accept protons and
electrons could reduce cellulose crystallinity owing to the disruption of H-bonds in the
lignocellulosic biomass [45].

A strong basicity solvent is expected to remove lignin via saponification of intermolec-
ular ester linkages, crosslinking xylan, hemicelluloses, and other components, such as
lignin and other hemicelluloses. With the elimination of crosslinks, the porosity of ligno-
cellulosic materials rises [46]. The basic solvent used in pretreatment operations causes
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swelling, which leads to an increase in the internal surface area, a decrease in the degree of
polymerization, a reduction in crystallinity, separation of structural links between lignin
and carbohydrates, and disruption of the lignin structure [46].

The H-bonds present in ChCl/G were identified as Ch+ and glycerol (cationic H-bond),
chloride ions (Cl−) and glycerol (anionic H-bond), ChCl ion pairs (doubly ionic H-bonds),
and glycerol-glycerol (neutral H-bonds) [47]. The close to neutral pH of ChCl/G is due to
the Cl− ion being surrounded by glycerol, resulting in a stronger glycerol-glycerol bond
than the Cl−-glycerol bond. Moreover, the H-bond strength of lignin was stronger than
that of ChCl/G lignin (lignin-lignin > Cl−/glycerol > Ch+/glycerol) [47]. Moreover, the
H-bond energy of β-O-4 ether linkages in lignin is greater than that of ChCl/G [47]. Thus,
ChCl/G, which has a weak H-bond interaction, cannot break the ether contained in the
biomass [47].

The method of using strong acid solvents to disrupt the van der Waals forces, H-bonds,
and covalent bonds that hold the cellulose and hemicellulose structures together in the
lignocellulosic biomass, results in hemicellulose solubilization and cellulose reduction [48].
Furthermore, the acid catalyst hydronium ions cause long cellulose and hemicellulose
chains to break down into sugar monomers [49]. Although using acid in the lignocellulosic
pretreatment process removes hemicellulose and increases the lignocellulose pore size, the
main disadvantage is the formation of inhibitors such as hydroxymethylfurfural (HMF),
furfural, and other by-products, such as phenylic compounds and aliphatic carboxylic
acids [41]. Additionally, the downstream process requires pH neutralization and significant
biomass size reduction [50].

4.2. The Effect of Pretreatment Time and Pretreatment Temperature

The results of the variations in pretreatment temperature at each pretreatment time
indicated that increasing the pretreatment temperature could increase the DES’s effective-
ness in removing lignin from the lignocellulosic biomass. During this process, the cellulose
content increased as the lignin content in the biomass decreased. This is because the appli-
cation of heat in the DES pretreatment process can reduce the biomass mechanical strength
and break the β-O-4-aryl ether bonds in the lignin-carbohydrate structure. Breaking this
bond causes lignin to dissolve in the DES, causing a decrease in the lignin content in the
biomass [51]. Additionally, an increase in the pretreatment temperature means that more
energy is provided in the pretreatment system, which can increase the ability of the DES to
break ether bonds [52]. Therefore, it is necessary to consider the energy used during the
pretreatment process to determine the optimum pretreatment time and temperature.

4.3. Effects of the Substrate to DES Solution Ratio

The number of substrates used must be considered when determining the optimal
substrate to DES solution ratio. The main benefit of using numerous substrates is that it
improves the process efficiency because there is more biomass in the reaction system. Using
more substrates can lower the amount of energy used in the pretreatment process [53] and
utilizing a lower substrate to DES solution ratio can cause the solvent to break more ether
bonds of lignin-carbohydrate complexes because of the high substrate concentrations used
at this ratio, resulting in minimal lignin removal. A high ratio of substrates to the DES
solution may also lead to the accumulation of solid particles and an increase in system
viscosity [44]. In addition, the viscous system limits the mass transfer between the samples
and the extraction phase.

4.4. The Enzymatic Hydrolysis of DES Pretreated Sugarcane Leaves by the Cellulolytic Consortium

The DES-pretreated sugarcane leaves had a higher reducing sugar content than un-
treated sugarcane leaves in all substrate loadings used (Table 4). This might be due to the
complex structure of untreated sugarcane leaves that inhibits the cellulolytic consortium
enzyme from accessing the cellulose contained in the lignocellulosic biomass structure of
sugarcane leaves [37]. This causes the enzymatic hydrolysis process to be inefficient, as

112



Fermentation 2022, 8, 396

proven by the low sugar content of untreated sugarcane leaves as substrates for enzymatic
hydrolysis. Therefore, pretreatment is essential for increasing the efficiency of the enzy-
matic hydrolysis process. Moreover, solid accumulation can occur due to the utilization
of high substrate loading which limits the mass transfer between the substrates and the
enzyme. Additionally, at a high loading of pretreated biomass, enzymatic digestibility and
fermentation efficiency were dramatically reduced as mixing became increasingly difficult
as viscosity increased [44].

4.5. The Two Stages of Hydrogen and Methane Production by SHF and SSF
4.5.1. Hydrogen Production

The untreated sugarcane leaves showed a lower hydrogen production and a longer lag
phase than the DES-pretreated sugarcane leaves, which was caused by lignin in untreated
sugarcane leaves. Lignin acts as a physical barrier to prevent enzyme access to hydrolyze
cellulose and reduces hydrolysis efficiency [37]. Therefore, the cellulolytic consortium
cannot access the cellulose in sugarcane leaves, resulting in less availability of fermentable
sugars. Consequently, hydrogen production was low.

A comparison of the two-stage process of hydrogen production by SHF and SSF
revealed that at high substrate loading, SSF was more efficient in producing hydrogen than
SHF (Table 5). This is because of the accumulation of hydrolysis products in the SHF. In
contrast, for SSF, the hydrolysis products are simultaneously produced and consumed.
Thus, there is no accumulation of hydrolysis products that may inhibit the process.

4.5.2. Methane Production

Our results showed that SHF produced more acetic and butyric acid than SSF (Figure 1),
which can cause a decrease in the pH of the SHF reactor system and result in low methane
production (Table 6). Low pH adversely affects the activity of methanogens, resulting in
low methane production during the AD process [37]. Methanogenic bacteria have been
found to prefer a pH range of 6.5 to 7.5 to generate methane [54]. They have modest growth
rates and are particularly sensitive to environmental changes. A reactor with a pH less than
6.0 is frequently related to reduced methane generation [55].

Substrate loading influences VFA production. The results revealed that 4 g VS of
DES-pretreated sugarcane leaves gave the highest VFA production (Figure 2) and hydrogen
(Table 5) and methane production (Table 6) in both SSF and SHF processes. It should
be noted that utilizing a higher substrate loading of over 4 g VS could lead to system
failure owing to the fast generation of VFAs [56]. Additionally, high substrate loading
could drive the process to incomplete organic matter degradation owing to inhibition by
overloading [56]. The results showed that increasing the substrate loading increased VFA
production (Figure 2). This might be due to the increased availability of organic compounds,
that is, fermentable sugars, at high substrate loading.

A literature search reveals insufficient information on two-stage and one-stage methane
production from pretreated sugarcane leaves. Therefore, the methane yield obtained from
this study (SSF and SHF) was compared with the literature search using a one-stage process
(Table 8). The maximum methane yield of 118 and 81 mL/g-VSadded from DES-pretreated
sugarcane leaves under optimum conditions for SSF two-stage hydrogen and methane
production and one-stage methane production is less than that of sugarcane leaves pre-
treated with other pretreatment methods (Table 8). The results may have been affected by
the disparity between the inoculum source and the initial substrate load. For instance, Luo
et al., 2018 [57] utilized a NaOH pretreated sugarcane leaf with an initial concentration
of 65 g-TS/L to produce methane, but our study utilized only 4 g-VS/L DES pretreated
sugarcane leaf (equal to 4.62 g-TS/L). Pretreatment duration in this study is less than that of
the ammonium fiber explosion (AFEX), NaOH, KOH, liquid hot water (LHW), and dilute
acid (DA) methods.
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Table 8. The comparison between the methane yield obtained in this study with the literature searches
using pretreated sugarcane leaves as the substrate.

Substrate Pretreatment Method
Pretreatment
Conditions

Fermentation
Mode

Methane Yield References

Sugarcane
leaves

Ammonium fiber explosion
(AFEX) pretreatment 80–120 ◦C, 60 min N/A-One-stage 336 mL/g-VSadded [58]

Sodium hydroxide (6%
NaOH) pretreatment 25 ◦C, 3 days N/A-One-stage 287 mL/g-TSadded [57]

Potassium hydroxide (KOH)
pretreatment 170 ◦C, 60 min N/A-One-stage 205 mL/g-TSadded [59]

Liquid hot water (LHW)
pretreatment 190 ◦C, 60 min N/A-One-stage 162 mL/g-TSadded [59]

Dilute acid (DA)
pretreatment 170 ◦C, 15 min N/A-One-stage 156 mL/g-TSadded [59]

DES Pretreatment 120 ◦C, 3 h SSF-Two-stage 118 mL/g-VSadded This study
DES Pretreatment 120 ◦C, 3 h SSF-One-stage 81 mL/g-VSadded This study

N/A means the data was not applicable.

Moreover, the pretreatment temperature used in this research was lower than the KOH,
LHW, and DA pretreatment. Results revealed the advantages of the DES pretreatment
in terms of energy efficiency. Furthermore, DES can be recovered and regenerated for
subsequent pretreatment. AFEX pretreatment, on the other hand, utilizes more complicated
equipment, which is likely to increase initial production costs, as well as high pressure in
explosive systems, which can reduce the efficiency of the pretreatment process.

4.6. One-Stage Methane Production by SHF and SSF

The results in Figure 2 show that at 4 g VS, acetic acid, butyric acid, and propionic
acid accumulated in the methanogenic effluent. The accumulation of this product is due
to a separate enzymatic hydrolysis process that converts the cellulose in DES-pretreated
sugarcane leaves to glucose, which will later be converted in the acidogenesis process to
produce VFAs. After the enzymatic hydrolysis process, glucose production increases the
VFAs in acidogenesis, which causes the accumulation of VFAs, thereby reducing methane
production at the end of AD [60]. Moreover, acetic acid accumulation may be due to the
cellulolytic consortium producing such VFAs during cellulose degradation. In contrast,
for SSF, the VFAs were directly consumed by methanogenic bacteria to produce methane.
Therefore, the VFA products in the SSF were lower than those in the SHF, leading to higher
methane production in the SSF.

As shown in Figure 2, the results indicate that SSF supports a higher substrate loading
concentration to produce methane than SHF for one-stage methane production. This might
be because the soluble metabolite products produced by SSF were directly converted to
methane during the methanogenesis stage. Therefore, there was no accumulation of VFAs
which can inhibit and reduce methane production. The loading substrates in the AD system
are critical factors that can affect the efficiency of the AD system. At low substrate loadings,
there is a possibility that the biogas produced will make the overall process inefficient.
However, at the same time, if the loading substrate is too high, the products produced
during the AD process will accumulate, which will cause AD process inhibition [61].

Lignocellulosic biomass biodegradability increases with decreasing lignin content [62].
Therefore, reducing the lignin content can improve the effectiveness of enzymatic hydrolysis
by a cellulolytic consortium as the enzymes can easily access the cellulose in pretreated
substrates. In this study, the lignin content of sugarcane leaves pretreated with DES
was significantly reduced, resulting in a significant improvement in biogas production.
Therefore, it can be concluded that sugarcane leaves pretreated with DES at 4-g-VS under
optimal conditions and the addition of a cellulose consortium for enzymatic hydrolysis can
increase methane production through one-stage methane production by SSF.
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5. Conclusions

A DES pretreatment efficiently removes lignin from lignocellulosic biomass. ChCl:
MEA is the most effective at eliminating the lignin in the sugarcane leaves, with a lignin
removal efficiency of 76.41–77.62% for every molar ratio. The two-stage hydrogen and
methane production from DES-pretreated sugarcane leaves hydrolyzed by a cellulolytic
consortium demonstrated increased hydrogen production compared to untreated sugar-
cane leaves in SSF and SHF processes. Methane production in a single stage by SSF and
SHF from DES-treated sugarcane leaves and hydrolysis by a cellulolytic consortium was
greater than methane production from untreated sugarcane leaves. SSF is an optimal fer-
mentation method for two-stage hydrogen and methane production and one-stage methane
production. This study demonstrates the utilization of sugarcane leaves to produce bioen-
ergy (hydrogen and methane) while mitigating the PM 2.5 issues associated with burning
sugarcane leaves.
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Abstract: The looming climate and energy crises, exacerbated by increased waste generation, are
driving research and development of sustainable resource management systems. Research suggests
that organic materials, such as food waste, grass, and manure, have potential for biotransformation
into a range of products, including: high-value volatile fatty acids (VFAs); various carboxylic acids;
bioenergy; and bioplastics. Valorizing these organic residues would additionally reduce the increas-
ing burden on waste management systems. Here, we review the valorization potential of various
sustainably sourced feedstocks, particularly food wastes and agricultural and animal residues. Such
feedstocks are often micro-organism-rich and well-suited to mixed culture fermentations. Addition-
ally, we touch on the technologies, mainly biological systems including anaerobic digestion, that are
being developed for this purpose. In particular, we provide a synthesis of VFA recovery techniques,
which remain a significant technological barrier. Furthermore, we highlight a range of challenges
and opportunities which will continue to drive research and discovery within the field. Analysis
of the literature reveals growing interest in the development of a circular bioeconomy, built upon a
biorefinery framework, which utilizes biogenic VFAs for chemical, material, and energy applications.

Keywords: anaerobic digestion; biorefinery; fermentation; VFAs; biomass valorization

1. Introduction

As both climate change and the global energy crisis escalate, it becomes ever more
critical to implement sustainable resource management strategies such as biorefineries and
resource recovery systems. These systems typically utilize innovative resource recovery
technologies and novel renewable materials. The valorization of biomass can play a
foundational role within these systems, supporting the generation of energy (biofuel) as
well as a wide range of bio-based products through the biorefinery concept [1–4]. Biomass
can be broadly classified as either an energy crop or residue. Energy crops are specifically
cultivated for energy generation. These crops are typically cultivated using intensive
farming practices, and since they are often edible, using them for energy generation results
in less food and less food-crop land. In contrast, biomass residues are non-edible and are
generally composed of waste products or agro-industrial side streams.

Among biomass residues, food waste and agricultural waste have demonstrated their
promising potential for biorefinery applications [2,3,5–7]. In Europe, these biomasses are
valorized using biological, chemical, and thermochemical methods. However, variability in
the quantity and composition of biomass limits the technological and economic viability of
these valorization methods. Therefore, these highly variable biomass resources are better
suited for processes such as anaerobic digestion (AD), which is able to convert a wide
range of organics into products such as volatile fatty acids (VFAs), biohydrogen, polyhy-
droxyalkanoates (PHAs), and bioenergy. AD can serve as a sustainable and economically
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attractive biological pretreatment for lignocellulosic biomass, facilitating its conversion into
bio-based products by exposing lignin and undigested fibers for further valorization.

The ultimate purpose of an AD-based biorefinery system is to optimize resource-
use efficiency while minimizing waste; this is typically accomplished by maximizing
energy/biogas production. The generation of alternative valuable by-products, in addition
to biogas, represents a new opportunity to enhance resource recovery (Figure 1). An im-
portant value-added by-product, VFAs, are produced during the initial phases of AD in a
process known as acidogenic fermentation. VFAs have a wide range of potential applica-
tions in the biorefinery industry where they can be used as feedstock for various bio-based
products. For instance, VFAs are considered a potential platform for the production of
biodegradable PHA polymers [8]. Currently, synthetically produced VFAs are used in the
food and beverage industries, as well as in pharmaceutical and synthetic chemistry. The
ratios of the specific volatile fatty acids that are produced via acidogenic fermentation are
dependent on the feedstock biomass’ composition, the extent of hydrolysis, operational
conditions, reactor design, and the structure of the microbial community. Research investi-
gating these parameters is being carried out and promises to greatly improve the efficiency
and stability of the acid-forming stage.

Figure 1. Potential biorefinery process focusing on maximizing VFA production. The process
begins with the valorization of residual feedstocks and culminates in the potential production of
various high-value end-products (highlighted in pink).
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This review elucidates the potential for low-value biomass to be used as feedstock for
VFA generation within a biorefinery model. Specifically, we discuss various techniques and
system designs which optimize energy use and product yield. Finally, we discuss current
trends and challenges for a biorefinery concept, and the outstanding research necessary to
support a functioning bioeconomy.

2. Methods of Valorizing Low-Value Feedstocks

Biomass valorization has gained popularity and traction in recent years given its
potential to sustainably meet regulatory requirements in terms of energy, chemicals, and
materials. Research suggests that within the biorefinery concept, biomass valorization—
where all fractions are processed selectively towards a variety of products—is generally
achieved using two strategies: thermochemical and/or biological conversion [9]. While
this review focuses on biological processes, we will also briefly mention trends in thermo-
chemical techniques.

2.1. Thermochemical Approach

Among the thermochemical conversion processes, gasification and pyrolysis are com-
monly used to produce heat, biochar, and syngas from lignocellulosic biomass. Conven-
tional gasification technologies include fixed beds, fluidized beds, and entrained flow
reactors [10]. However, these technologies still struggle with process inefficiencies re-
lated to biomass moisture content and tar production. Recently, efforts have been made
to mitigate these factors—using technologies such as pyrolysis and supercritical water
gasification [11–16]. Unlike gasification, pyrolysis is a technology that converts biomass
into bio-oil, syngas, and biochar in the absence of oxygen [17]. Pyrolysis can be used to
valorize different types of recalcitrant biomass, such as agricultural residues and wood
wastes. The resulting syngas can then be converted by anaerobic bacteria into biochemicals
and biofuels independent of the original biomass composition; a process known as hybrid
thermochemical-biochemical [18]. However, the high cost and safety risk of the pyrolysis
process make it unviable for large scale applications [17].

Recently, supercritical water gasification has been considered as a potential technique
to valorize lignocellulosic biomass and wastes with high moisture content—up to 80%
wet weight [16]. Supercritical water gasification is being studied especially for hydrogen
production, as the composition of the resulting synthesis gas is higher in hydrogen and
lower in carbon monoxide [19]; in addition, the low production of tar and char is an
advantage compared to other technologies [20]. However, supercritical water gasification is
a technology still unfeasible for large scale applications in biorefineries—its implementation
requires improvements in terms of pump energy efficiency [16], and reactor designs which
can withstand corrosion [16] and high pressure [21].

2.2. Biological Approach

Biological conversion processes encompass both AD and fermentation and are com-
monly used to valorize biomass such as food waste, agricultural residues, organic fraction
of the municipal solid waste (OFMSW), and energy crops. Unlike the thermochemical
conversion method where the primary product is biofuel, the biological conversion of
biomass can produce biofuel and chemicals. Due to the high moisture content of most
biomass, direct valorization using thermochemical technologies is challenging. Therefore,
biological conversion technologies are reported to be more eco-friendly and appropriate
for waste biomass with high moisture content [22].

AD is a well-established process for the sustainable management of solid organic
feedstock [22]. AD can be used to convert various organic substrates into methane-rich
gas destined for energy generation. In this context, organic residues are conveniently
used to meet global energy demand while reducing the burden of fuel consumption and
waste disposal. In Europe, the success of AD is witnessed by its dynamic ascent with
a total of 18,202 biogas installations, producing 11,082 MW, and 63,511 GWh worth of
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biogas as recorded in 2018 [23,24]. Despite this continued growth, AD technology is still
not cost-competitive with natural gas without fiscal incentives. This is due to high costs
associated with biogas production, whereas natural gas is available at lower cost worldwide.
Therefore, increasing the efficiency of AD processes is critical to improving its economic
attractiveness. To this end, feedstock pre-treatment, reactor configuration, and feedstock
co-digestion have been studied as potential means of improving resource recovery [25,26].

2.3. Valorization—Selecting a Method

The selection of a particular valorization method is highly dependent on the biomass
characteristics and composition. For instance, biological approaches are suitable for readily
degradable, high-moisture-content biomass such as food waste. Thermochemical methods
are more commonly used for recalcitrant feedstocks such as lignocellulosic biomass. While
both treatment options entail installation and operation costs, research and application
suggest that the biological approach may be more flexible in terms of feedstock and
products. Moreover, AD and fermentative processes result in fewer undesirable effects
such as tar production.

3. Sustainable Feedstock Types

3.1. Food Waste

Food waste makes up a significant portion of anthropogenically derived organic waste
and constitutes an environmental burden where landfill disposal is employed. One third of
all food produced in the world for human consumption goes to waste [27], with 14% of
food waste occurring during production processes alone [28]. While post-consumer waste
can be minimized through prevention campaigns, production wastage (peelings, damaged
or diseased matter, inedible plant parts) is likely to remain at similar or increasing values.
Generally, food waste is composed of fruits, vegetables, and tubers [28]. These materials
all have relatively high moisture and energy contents and, therefore, qualify as high value
feedstock for AD [29]. Through AD, this waste stream can be converted into a renewable
resource while simultaneously reducing waste-related challenges in the long term [30].

Food waste composition varies greatly but is fundamentally a mix of carbohydrates,
proteins, and lipids. The ratio of these three biomolecules largely determines the material’s
energy generation potential. Lipids have higher energy content than carbohydrates and
proteins; however, they have been reported to be difficult to breakdown in AD bioreactors,
even destabilizing digesters at high concentrations [31–33]. Most food waste is primar-
ily composed of complex carbohydrates, including lignocellulosic and/or hemicellulosic
compounds (25–30% of total solids (TS)) [34,35]. These carbohydrates originate from plant
matter and are challenging to hydrolyze. Indeed, hydrolysis is frequently reported as the
rate limiting step in AD [36]. Efforts to facilitate hydrolysis have been made, primarily
the investigation of various pre-treatment methods including alkaline [25,37], thermal [38],
acid [25] and enzymatic pre-treatments [39]. However, these treatments all increase op-
erational costs. Whereas biological strategies, such as tailoring operational conditions to
promote the growth and persistence of key microbial hydrolysers within AD bioreactors,
represent a promising alternative [35].

3.2. Agricultural Residues

Agricultural residual biomasses comprise crop and plant residues, vegetable waste,
forest residues, grass, and livestock manure [40]. These are largely composed of lignocellu-
lose which can be converted via AD and fermentation to bioenergy and biochemicals. The
efficiency of these conversions is determined by specific lignocellulosic characteristics such
as lignin content, degree of polymerization, hemicellulose structure, cellulose crystallinity,
porosity, and specific area [41,42].

Many studies in the literature review the use of pre-treatments that would decrease the
recalcitrance of this biomass by improving the accessibility of cellulose to cellulases. This is
achieved either by decreasing the hemicellulose content (e.g., dilute acids and bases) or
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by applying physical treatment (e.g., high temperature and pressure) to disrupt the lignin
matrix [40,42]. Of course, all pre-treatment processes entail a trade-off between the cost
of pre-treatment and the desired end-product yield increase [43]. While ionic liquids and
deep-eutectic solvents have been recently investigated, full-scale biorefineries generally
employ steam explosion, organosolv, or dilute acids [43,44]. The use of these pretreatment
technologies may negatively impact the indigenous microbiome of the feedstock, which
can be critical to the fermentative process.

The use of lignocellulosic waste as feedstock for biogas production through AD is
well established. However, the potential of lignocellulosic waste for VFA production
has been garnering increased attention [45]. In a biorefinery context, carboxylic acids
are a desirable product with high market value [46–49]. Among lignocellulosic wastes,
grass is an abundant, renewable, and cheap feedstock that has been largely employed
to produce biogas in AD [50]. Relatedly, silage is grass which has been fermented to
facilitate preservation during storage. During fermentation, lactic acid bacteria use soluble
carbohydrates present on the surface of grass in the production of lactic acid, causing a
decrease in pH, which allows the feedstock to be preserved for animal feed without risk
of spoilage [51].

While grass is considered a sustainable feedstock due to its carbon-sequestering
capacity, co-digestion with other agricultural residues, such as cattle slurry, may further
enhance the sustainability of the process [50,52]. Cattle slurry is an abundant agricultural
waste and is cheaper and richer in nutrients than grassland feedstocks. Furthermore, by
co-digesting this waste stream with grass, greenhouse gas (GHG) emissions from slurry are
reduced [50]. The co-digestion of different grassland forages with grass could also improve
AD yields due to an improvement in nutrient availability for the microbial community [53].
Moreover, the combined growth of multi-species grassland mixtures (herbs, legumes, and
grass) in intensively managed grassland may enhance yield while mitigating disturbances,
such as drought and environmental impact, when compared to monocultures [52].

3.3. Animal Residues

Animal manure is a primary contributor to environmental pollution in rural areas. This
is usually due to emissions from land-spreading and manure storage facilities, which release
harmful substances to the soil, water, and atmosphere. Animal manure/slurry has high
concentrations of nutrients (such as nitrogen and phosphorus) and metals (such as copper,
zinc, arsenic, and cadmium). Leaching of these metals into the surrounding environment
increases phytotoxicity, reduces soil fertility and productivity, and increases toxicity of
crops and food products grown on the contaminated soil [54]. Meanwhile, leaching of
nutrients contributes to water quality degradation and eutrophication. Moreover, the
storage and land-spreading of animal manure/slurry can release GHG, such as methane,
nitrous oxide, and ammonia, into the air contributing to climate change [55,56].

To mitigate the environmental burden of the manure/slurry, researchers have engaged
in developing techniques for its sustainable treatment. Although composting, incineration,
pyrolysis, and gasification have been evaluated, AD is outstanding in its capacity to
reduce pollution while generating valuable by-products such as fertilizers and renewable
energy [54]. However, there are some factors at play which limit the use of slurry/manure
fed AD: (i) slurry bio-methane potential is low due to high moisture and low organic
content [55]; (ii) a large volume of feedstock, usually collected from multiple sites, is
required for efficiencies of scale [54]; and (iii) slurry has a low C:N ratio, which tends to
inhibit methane production.

These issues can be mitigated or avoided entirely by employing co-digestion, specifi-
cally, by making a mixed feedstock composed of slurry with other organic wastes/residues/
energy crops that have a high C:N ratio. Several researchers have reported that co-digestions
improved biogas production [57–59] or VFA production [60,61]. Although the co-digestion
of manure/slurry with other feedstock provides a means to increase economic feasibility,
the nutrient and metal-rich liquid digestate remains an issue in an AD-based facility. There-
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fore, complete valorization of the manure/slurry within an AD-based biorefinery concept
could result in a more desirable digestate product.

4. State-of-the-Art System Designs

4.1. Single-Stage System Design and Application

Anaerobic bioreactors may be designed to optimize the processing of a selected
biomass and for the production of a specific desired product. Many bioreactor types
have the capacity to produce VFAs, hydrogen associated with VFA as a by-product, or
biogas. Several reactors, including the continuous stirred tank reactor (CSTR), the packed
bed biofilm column reactor, leach bed reactor (LBR), two-stage anaerobic bioreactor, and
continuous flow fermentation reactors, have been used to produce VFAs (Table 1). Studies
using solid feedstocks generally use CSTRs or LBRs and have generated promising results.
The CSTR is perhaps the most widely used single-stage wet AD design [62]. CSTRs are
suitable for materials with solids content up to 10% [63] and work by thoroughly mixing
feedstock and microbes in the presence of suspended solids [64]. Previous studies have
reported successful production of VFAs from food waste and OFMSW using the CSTR
configuration (Table 1). However, this reactor design has significant inherent inefficiencies,
including (i) a tendency for biomass washout, (ii) the need for size reduction of the sub-
strates, (iii) energy input required for continuous stirring, and (iv) the low solids content
(<10%) requirement [65,66]. In an attempt to overcome these limitations, a novel CSTR
design consisting of a solid–liquid separator was proposed to retain undigested biomass
with the active community in the system [67]. This approach addresses the issue of biomass
washout, but not the limitations for feedstock processing (size reduction, low solids) or
energy consumption.

LBRs are a promising alternative to the CSTR for VFA production from high-solid
waste such as food waste, OFMSW and vegetable waste, and grass (Table 1). Compared to
CSTRs, these reactors have been reported to permit higher loads and high VFA produc-
tion [35,68]. In LBRs, solid material is loaded into the reactor and irrigated with water,
which is recycled through the system continuously. Hydrolysis occurs in the solid bed,
while fermentation occurs in the liquid phase, thus, decoupling the hydrolysis and fer-
mentation processes. The recirculation mechanism allows for the dilution of inhibitory
compounds and increases the moisture in the solid bed which facilitates micro-organism
growth and activity, all with a relatively low water requirement [69,70].

Compared to CSTRs, LBRs have several financial advantages—less instrumentation,
maintenance, and investment are required, making it an attractively low-cost, high-solids
AD reactor [71]. However, since LBRs process solid feedstock which is not stirred, VFA prod-
uct accumulation can occur. Furthermore, high levels of VFA can inhibit micro-organisms
involved in the hydrolysis and fermentation stages [72–74]. In-line VFA separation, which
could remove VFA product from the LBR leachate, is currently being investigated [75,76].
However, there is currently no consensus or single outstanding technology being used to
recover VFA from fermentation liquor. Therefore, researchers have focused on developing
two-stage systems in which VFAs generated in LBRs are removed and valorized through
processes such as chain elongation (CE), PHA production, or even biogas production.
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4.2. Multi-Stage System Design and Application

A multi-stage bioreactor is, broadly, any system with two or more bioreactors. This
design facilitates the segregation of different microbial processes into separate reactors, al-
lowing the environment of each reactor to be optimized for a specific functional microbiome.
Such systems are capable of efficiently treating organic waste in terms of degradation yield
and biogas production [86], and of producing valuable products such as VFA, lactic acid,
alcohols, and medium-chain carboxylic acids (MCCAs) [87–89]. In a multi-stage system,
hydrolysis and acidification stages occur in one reactor, while CE, PHA production, and
methanogenesis occur in a separate reactor. In this way, the inhibition of the methanogens
is avoided in the first reactor and different operating conditions can be used in each
stage to maximize yields. This approach has been found to be more stable than single-
stage systems in treating organic waste with high solid content [90,91]. The observed
enhanced performance is reportedly due to the flexibility in process control offered by
two-stage systems [8,92].

The number of multi-stage systems throughout Europe was expected to rise due to
their ability to handle higher loading rates and improved process stability and flexibility.
However, less than 10% of AD capacity in Europe are multi-stage systems [93,94]. This
discrepancy is likely due to the complexity and cost of building and operating such systems.
Nevertheless, the versatility and potential of multi-stage systems to improve process
performance has encouraged ongoing research, especially within the biorefinery context.
The viability of the multi-stage bioreactor systems was evaluated in a previous study
in which one- and two-stage systems for the enzymatic hydrolysis of a municipal solid
waste were compared using a techno-economic assessment (TEA) approach. The authors
reported, on average, a 15–22% return on investment (ROI) and a 4–6 year payback period
(PP) for two-stage systems, compared to 4–7% and 13–25 years for one-stage systems [95].
Regalado et al. (2022) pointed out that a multi-stage processing system, in which biogas
is simultaneously recovered with other value-added products, offers a possible solution
for achieving a more robust circular economy [96]. In addition, multi-stage systems allow
for the treatment of large quantities of recalcitrant biomass which otherwise could not be
treated with one-stage systems. This enhances the carbon-neutral energy output.

5. Process Optimization for Carboxylic Acid Production

5.1. Producing Carboxylic Acids

Carboxylic acids could serve as the foundation for a circular bioeconomy; here we
focus especially on lactic acid and VFAs. Lactic acid can be used by the cosmetic, dairy, and
pharmaceutical industries. It is also a precursor for the synthesis of bioplastics (polylactic
acid) and MCCAs [80,97]. VFAs are aliphatic organic acids with less than six carbons
that, likewise, have applications in the pharmaceutical, dairy, food, animal food, textile,
and cosmetic industries [97]. However, the commercialization of biogenic, mixed VFAs is
still challenging, as a commercially feasible technology to recover and purify individual
VFAs is still needed [98]. Alternatively, many studies have proposed the use of mixed
VFAs as building blocks in a biorefinery to produce MCCAs, polyesters, PHAs, bioenergy,
and electricity [98,99].

The fermentative process for VFA production requires further development. As
compared to established chemical routes, the process has lower productivity and yield with
higher production costs [100]. Of course, the chemical synthesis and petrochemical route
produces more GHG emissions and consumes unrenewable energy sources [98]. Our review
of the literature indicates that VFA production costs could be minimized by valorizing
low-cost residual biomass, such as food waste, grass, and manure. Moreover, productivity
yields and concentration can be improved by optimizing operational parameters such
as inoculum, feedstock, temperature, pH, organic loading rate, and leachate dilution
(Tables 1 and 2). Therefore, it seems that from a sustainability standpoint, the biological
production of VFA is the most promising option.

126



Fe
rm

en
ta

tio
n

2
0
2
2
,8

,4
45

T
a

b
le

2
.

Su
m

m
ar

y
of

th
e

op
er

at
io

na
lc

on
di

ti
on

s
fo

r
V

FA
pr

od
uc

ti
on

us
in

g
th

e
ra

w
m

at
er

ia
ls

de
sc

ri
be

d
in

Ta
bl

e
1.

R
e

a
ct

o
r

O
p

e
ra

ti
o

n
L

e
a

ch
a

te
D

il
u

ti
o

n
R

e
ci

rc
u

la
ti

o
n

(L
h
−1

)
p

H
B

io
m

a
ss

D
e

g
ra

d
a

ti
o

n
(%

V
S

)
V

F
A

T
o

ta
l

(g
C

O
D

.L
−1

)

V
F

A
P

ro
fi

le
(%

)
R

e
f

A
ce

P
ro

p
B

ut
Va

l
C

ap

A
F

a ,l
oa

di
ng

18
kg

C
O

D
m

−3
da

y−
1

fo
r

12
0

da
ys

at
35

◦ C
n/

r
n/

r
5.

5
25

.9
–3

7.
0

6.
4

77
.6

11
.3

6.
3

1.
9

0.
5

[3
]

10
.3

71
.1

12
.0

7.
3

2.
0

1.
2

[3
]

LB
R

fo
r

28
da

ys
at

28
±

3
◦ C

N
o

di
lu

ti
on

4.
0

6.
6
±

1.
2

~5
5

22
.8

g
35

.6
15

.5
32

.1
16

.8
n/

r
[3

]

2x
,3

-d
ay

in
te

rv
al

4.
0

6.
2
±

0.
8

~6
5

46
.9

g
54

.2
14

.0
20

.4
11

.5
n/

r
[7

7]

2x
,3

-d
ay

in
te

rv
al

4.
0

6.
0
±

0.
5

~3
5

25
.9

g
36

.3
28

.7
20

.2
14

.9
n/

r
[7

7]

LB
R

,l
oa

di
ng

0.
5–

1.
0

kg
m

−3
da

y−
1

fo
r

24
–3

2
da

ys
at

28
±

3
◦ C

2x
,6

-d
ay

in
te

rv
al

0.
2

6.
5

b
62

.1
–6

6.
3

0.
3–

0.
4

gC
O

D
gs

C
O

D
−1

38
–4

1
27

–3
1

25
–2

8
3-

5
n/

r
[7

8]

LB
R

,l
oa

di
ng

12
.8

kg
m

−3
da

y−
1

fo
r

17
da

ys
at

35
◦ C

2x
ev

er
y

sa
m

pl
in

g
n/

r
6.

0
c

68
.0

5
±

2.
14

5.
8

22
.6

11
.3

66
.0

n/
r

n/
r

[7
9]

C
E

a ,l
oa

di
ng

25
m

L
fo

r
30

da
ys

at
32

◦ C
n/

r
n/

r
5.

5-
6.

3
d

n/
r

12
g

L
−1

33
.4

2.
1

7.
5

20
.9

34
.1

[8
0]

C
ST

R
,l

oa
di

ng
14

–1
5

kg
V

S
m

−3
da

y−
1

fo
r

18
0

da
ys

at
37

◦ C
n/

r
n/

r
6.

6
±

0.
2

42
24

.4
±

0.
2

14
.4

28
.6

15
.4

27
.2

n/
r

[8
1]

C
ST

R
,l

oa
di

ng
17

kg
V

S
m

−3
da

y−
1

fo
r

10
0

da
ys

at
55

◦ C
n/

r
n/

r
5.

3
±

0.
1

83
13

.9
±

0.
5

n/
r

n/
r

n/
r

n/
r

n/
r

[8
2]

C
ST

R
,l

oa
di

ng
80

gV
S.

L
−1

fo
r

7
da

ys
at

37
◦ C

15
x

e
0.

05
7.

0
f

68
-7

6
73

.5
±

1.
9

28
.4

12
.1

24
.8

0.
0

29
.7

[3
5]

C
ST

R
,l

oa
di

ng
40

gV
S.

L
−1

fo
r

12
da

ys
at

37
◦ C

n/
r

n/
r

6
g

55
48

g
~3

7
~1

3
~1

7
~9

~2
1

[8
3]

LB
R

,l
oa

di
ng

21
.7

gV
S.

L
−1

fo
r

14
da

ys
at

22
◦ C

n/
r

4.
4

6
81

24
±

0.
2

h
29

.2
4.

2
66

.7
n/

r
n/

r
[8

4]

7
84

28
±

0.
6

h
39

.3
7.

1
50

.0
n/

r
n/

r
[8

4]

8
87

27
±

0.
2

h
51

.9
18

.5
29

.6
n/

r
n/

r
[8

4]

C
ST

R
,l

oa
di

ng
5

gV
S

L
−1

da
y−

1

fo
r

30
da

ys
at

37
◦ C

n/
r

n/
r

7.
0
±

0.
3

n/
r

19
.6

-2
4.

8
g

L
−1

35
–4

8
12

–2
1

24
–3

0
3–

13
2–

17
[8

5]

A
cr

on
ym

s:
A

F—
ac

id
og

en
ic

fe
rm

en
ta

ti
on

,C
E

—
ch

ai
n

el
on

ga
ti

on
,C

O
D

—
ch

em
ic

al
ox

yg
en

d
em

an
d

,C
E

—
ch

ai
n

el
on

ga
ti

on
,L

B
R

—
le

ac
h-

be
d

re
ac

to
r,

C
ST

R
—

co
nt

in
u

ou
s

st
ir

re
d

ta
nk

re
ac

to
rs

,n
/

r—
no

tr
ep

or
te

d
.

N
ot

es
:

a—
re

ac
to

r
co

nfi
gu

ra
tio

n
w

as
no

td
is

cl
os

ed
,b

—
ad

ju
st

ed
ev

er
y

6
da

ys
,c

—
ad

ju
st

ed
ev

er
y

sa
m

pl
in

g,
d—

no
ta

dj
us

te
d,

e—
at

th
e

be
gi

nn
in

g
of

ea
ch

cy
cl

e,
f—

at
th

e
be

gi
nn

in
g,

g—
co

nt
ro

lle
d

ev
er

y
2

da
ys

,a
nd

h—
V

FA
pr

od
uc

tio
n

re
po

rt
ed

in
te

rm
s

of
ac

et
ic

,p
ro

pi
on

ic
,a

nd
bu

ty
ri

c
ac

id
s.

127



Fermentation 2022, 8, 445

5.2. Inoculum—Providing an Appropriate Microbial Community

Fermentative processes are carried out by microbial communities, and their com-
position and activities are directly related to reactor operational conditions. VFAs can
be produced through fermentation employing either pure cultures or mixed cultures as
inoculum. The use of pure culture fermentation, however, requires synthetic media, pure
substrates, and media sterilization, increasing production costs [101]. Alternatively, the
use of residual biomass feedstocks during mixed-culture AD does not require energy for
sterilization or pure substrate supplementation, thus, providing greater cost-efficiency [99].

AD is catalyzed by a microbial consortium composed of different hydrolytic and
fermentative bacteria, and methanogenic archaea [102]. VFAs are produced in the second
step (acidogenesis) of the AD process, alongside lactic acid, CO2, and H2. However,
complete mineralization involves the consumption of VFAs by methanogenic archaea
producing acetic acid, CO2, and H2 and, ultimately biogas [50]. Therefore, to optimize
VFA production, methanogenic archaea must be inhibited using chemical (e.g., BES) [83] or
physical (e.g., heat-shock) [85] pre-treatments, or by manipulating operational conditions
(e.g., pH) [103]. Balancing the trade-off between VFA productivity and the cost of these
pre-treatments is necessary to ensure process feasibility.

The use and choice of inoculum is another crucial consideration in VFA production.
The absence of inoculum in grass fermentation led to very low biomass degradation and
VFA production (Table 2) [77,78]. The use of cow manure as inoculum increased VFA
production as well as the degradation of grass. The quantity of inoculum was also shown
to be an important consideration; adding more than 20% of cow manure to the solid
fraction proved to negatively impact the process due to the high solid content inside
the reactor [77]. The digestate from an anaerobic co-digestion of pig manure and silage
was responsible for increasing VFA production from grass silage, enhancing biomass
degradation [78]. Additionally, rumen bacteria from cow manure caused a shift in the
profile of VFAs obtained from food waste, leading to increased propionic, butyric acid, and
ethanol concentrations [79].

5.3. Two-Stage Design for Optimized Carboxylic Acid Production

As discussed previously, two-stage systems are preferable for the accumulation of
VFAs in AD since the optimal operational conditions of acidogenesis and methanogenesis
are drastically different. Moreover, a second stage reactor can also be used to further convert
VFAs into MCCAs, PHAs, and other valuable products. A two-stage strategy for the AD of
grass was found to increase hydrolysis of grass silage and biogas productivity [50]. Addi-
tionally, a two-stage AD of OFMSW using a mesophilic CSTR produced 24.4 g COD.L−1

of VFA while maximizing acidification [81]. While this study was designed to optimize
biogas production in the second stage, the observed accumulation of propionic and valeric
acids in the first stage highlight the potential for PHA production. Another two-stage study
recorded grass fermentation and subsequent microbial CE of the lactic acid produced [80].
The native micro-organisms on the surface of the grass were responsible for the lactic
acid production (9.36 g L−1) at low pH, while caproic acid, acetic acid, and butyric were
obtained in a CE reactor. Caproic acid has very low solubility in water and is immiscible at
concentrations above 11 g.L−1 (20 ◦C). Therefore, optimizing the operational conditions to
obtain caproic acid above this concentration would be beneficial for the process, not only
due to its high market value but to decrease costs associated with product recovery.

5.4. Leachate Dilution in LBRs Affects VFA Production

A recent study demonstrated that diluting LBR leachate resulted in increased VFA
production and grass solubilization [77]. Reactors with undiluted leachate had lower VFA
production; the degradation of grass was also limited, represented by the low soluble
COD produced (51.5 g). Meanwhile, leachate dilution led to a higher production of VFAs—
observed as an accumulation of acetic acid (54.17%). The accumulation of higher chain
VFAs (e.g., butyric) can have inhibitory effects on micro-organisms, negatively impacting
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overall acid production and feedstock degradation [77,78]. As an alternative to leachate
dilution, in-line selective VFA extraction may remove higher-chain VFAs with a higher
market value to produce PHAs and MCCAs, while separating and concentrating the acetic
acid for biomethane production in a high-rate reactor [3,97,98,104,105].

5.5. pH Directly Affects Biomass Degradability and VFA Profile

In fermentative processes, it has been found that the pH directly affects the microbial
community, as well as biomass degradability [79]. Further, pH is directly correlated with
VFA and H2 production in the fermentation of food waste [82]. Low pH (below 6.5)
effectively inhibits methanogenesis but may also inhibit hydrolysis when lower than
4 [78,79,103]. Recently, high VFA production during fermentation of OFMSW was attributed
to an operational pH of 6.6, which may have been high enough to avoid the inhibitory
effects of acidic environments [81]. Moreover, studies showed that pH values ranging from
6 to 7 improved food waste hydrolysis and maize silage solubilization while increasing
VFA accumulation [106,107]. In the fermentation of grass silage, slightly lower pH levels
were responsible for higher VFA yield with stable operational conditions and suppressed
methane generation [108]. In the fermentation of grass pellets, controlling the pH levels
at 5.50 using 6 M sodium hydroxide led to an efficient degradation of grass to produce
4.5 g/L−1 of VFAs [105]. In two-stage systems, the recycling of anaerobic leachate from
a second reactor can eliminate the need for external buffering agents to control the pH
in a first stage LBR—resulting in overall reductions in operational costs, downstream
processing, and environmental impacts [50].

5.6. Temperature Implications for VFA Accumulation

Temperature is also an important factor when considering the digestion of high-
solid biomass for the production of VFAs. Although it does not affect the VFA profile as
significantly as pH, temperature can affect the microbial community dynamics [101]. Lower
temperatures, in particular, are reported to reduce the hydrolysis of grass but may have
a positive effect on VFA accumulation [47]. Mesophilic temperatures (37 ◦C) during the
fermentation of OFMSW prevented sudden drops in pH, which consequently prevented
inhibition of VFA production [81]. Conversely, thermophilic temperatures (55 ◦C) during
the fermentation of food waste in a similar CSTR reactor with no inoculum addition led
to a 43% reduction in VFA production [82,107]. A final consideration when deciding
upon an operational temperature is the cost of heating the system—additional heating can
significantly add to the operational costs of the treatment. In light of these considerations,
low-temperature operational conditions may be ideal for VFA generation.

5.7. Organic Loading Rate and Hydraulic Retention Time

Organic loading rate (OLR) and hydraulic retention time (HRT) are also important
parameters in the production of VFAs. At higher HRTs, micro-organisms are retained in
the bioreactor for longer periods, leading to more thorough conversion of the biomass.
Although, a high HRT will also increase operational costs [101]. OLR is an important
parameter in VFA production [109,110] — A higher OLR translates into increased overall
substrate availability and may also cause a decrease in pH, inhibiting methanogenesis [103].
Indeed, increasing the OLR has been shown to successfully inhibit the methane production
without the aid of additional methanogen inhibitors [83]. This inhibition and nutrient
availability leads to a increased accumulation of VFAs, e.g., during fermentation of OFMSW
in plug-flows, doubling the OLR resulted in a 150% increase in VFA production and 30%
decrease in specific biogas production [110]. On the other hand, the pH decrease that comes
with a high OLR may also function to hinder hydrolysis [78]. It was also observed that
increasing the OLR and pH levels lower than 5 led to a predominance of ethanol production
instead of VFAs in the fermentation of food waste in leach-bed reactors [109]. Therefore, an
optimal pH range associated with both a balanced and appropriate OLR is necessary to
support optimal production.
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5.8. Feedstock Choice Influences VFA Profile

As discussed in Section 3, feedstock has a direct impact on VFA production (Table 1)
similar to OLR. Characteristics, such as ammonia, COD, pH, and micronutrient availability,
could affect the microbial conversion of the biomass to the desired acids [101]. Notably,
the hydrolysis of biomasses that have higher total COD than soluble COD is directly
impaired due to the degradation of particulate compounds. Feedstock type is also known
to affect the profile of VFAs produced due to its characteristics and/or indigenous microbial
community [80,101,107]. For example, propionic and valeric acids were the main VFAs
obtained in the fermentation of food waste at 5-day HRT, 14–15 kgVS.m−3.day−1 [81],
while butyric and acetic acids were the main VFAs produced from fermentation of grass
and grass silage (Table 2) [77].

5.9. The Challenge: VFA Recovery and Concentration

The choice of which operational conditions to employ in VFA generation must be
informed by the intended purpose of those VFAs. For example, when designing a second
stage to produce biomethane or electricity using microbial fuel cells, conditions should
maximize the accumulation of acetic acid [101]. However, if the primary function is to
produce PHAs in a second reactor, conditions should support the accumulation of butyric
acid or propionic and valeric acids. In this way, optimizing the operational conditions to
produce VFAs is extremely important. Although focus has been placed on VFA production
and optimization, the separation of individual VFAs remains a substantial challenge [97].

The separation of individual VFAs is inherently challenging due to (i) the similar
physical properties of VFAs, (ii) their potential to form azeotropes with water, and (iii) their
oftentimes low concentrations in fermentation media [99]. In one recent study attempting to
isolate caproic acid, a VFA-rich stream was treated via electrochemical extraction. It success-
fully concentrated caproic acid above its solubility concentration in water, which resulted in
the formation of a hydrophobic layer making the separation feasible with 70%wt purity [80].
However, scaled application would require external electricity supplementation. In a re-
cent study, two techniques were investigated: a combination of ultrafiltration and reverse
osmosis membrane and liquid-liquid extraction with diethyl ether and methyl-isobutyl-
ketone [97]. Another combination of techniques using solid screening, microfiltration,
pervaporation, and electrodialysis was successful in recovering 4.5 g.L−1 of VFAs from
a 80 L reactor fermenting grass while separating the solids [105]. However, to date, the
selective separation of individual acids is still unavailable, which directly impacts the
commercial feasibility of isolating specific VFAs to sell as individual products [98,99].

Moreover, VFA separation from complex media, such as fermentation liquor, is pri-
marily limited to lab-scale investigations which implement a wide variety of technologies.
Analyzing trends in this work may facilitate consensus building and eventual pilot-scale
and real-world applications. Current trends suggest that separation methods often consist
of multiple steps and technologies, making up process cascades (Figure 2). Most require one
or more media preparation steps, such as pH correction or solids removal. These steps each
require equipment and operational input and greatly influence the overall efficiency of the
pipeline. For instance, approximately 75% of these processes used a solid removal method
(Figure 2). Most used centrifugation or filtration as opposed to more efficient, passive
solids removal technologies such as tank separation. Additionally, while pH correction
was implemented in most fermentation systems, it was only considered a step in the VFA
separation process if (i) it was corrected to a very high or very low pH [111,112], (ii) the pH
was specifically referenced as facilitating separation [113], or (iii) if the fermentation broth
was pH-corrected after collection from reactor [114].
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Figure 2. Processes used to separate VFAs from fermentation liquors. Sankey plot showing the
variety of VFA harvesting processes as a flow of stages (1st, 2nd, 3rd, and 4+). Technologies using
similar principles and materials were grouped together; for example, electrodialysis and membrane
electrolysis were grouped together since they both use membranes and current driven separation
of solutes. Technologies were classified as “other” if they were used by only a single study at any
given stage. References: 1—[115]; 2—[75]; 3—[114]; 4—[116]; 5—[117]; 6—[46]; 7—[113]; 8—[118];
9—[119]; 10—[97]; 11—[120]; 12—[105]; 13—[121]; 14—[88]; 15—[80]; 16—[122]; 17—[123]; 18—[124];
19—[125]; 20—[112]; 21—[111]; and 22—[126].

CE was used in only 10% of these treatments. Generally, CE alone is not sufficient to
accomplish VFA separation. Also referred to as a secondary fermentation, it is a microbially
mediated process that lengthens the carbon chains of fatty acids, making them more
hydrophobic and easier to separate from an aqueous solution. Often CE requires electron
donor supplementation (e.g., ethanol). However, one study instead relied on donors
produced during primary fermentation [80]. Because fermentation liquors have significant
levels of electron donors (e.g., lactic acid) they may be well-suited for use as feedstock for
CE processes.

In VFA separation processes, research suggests that the last step is the most inten-
sive and effective. Roughly 30% of treatments terminated with the use of electrodialysis
or membrane electrolysis, 20% with membrane contractors/membrane based solvent
extraction/membrane-based reactant extraction, 14% used leachate absorption, and 14%
used liquid extraction (Figure 2). Only 14% of the terminal treatments were classified
as “other” technologies which were used two or fewer times (e.g., distillation, perva-
poration). Each separation technology generally entails a trade-off between cost and

131



Fermentation 2022, 8, 445

productivity [97]. The cost of using membranes with electricity is dependent upon the
price of the membrane material. Meanwhile, the use of organic solvents is controversial
in terms of sustainability since most of these solvents are fossil-fuel derived chemicals.
The use of distillation to recover these solvents and VFAs could be feasible provided a
low-cost energy source is available. As mentioned previously, some studies have avoided
separation altogether by converting mixed VFAs into the desired products directly from
the fermentation liquor [99,101,127–129]. However, more work needs to be done in this
area to maximize productivity and improve commercial feasibility.

6. Innovative VFA Applications

6.1. VFAs for Bioplastic Production

PHAs are biodegradable thermoplastic polymers synthesized by micro-organisms
from VFA (Figure 1) and, therefore, are considered an environmentally friendly substitution
to fossil fuel-derived plastics [101,128,130]. The characteristics of the final bioplastic are
directly related to the polymer chain-length and the monomers and co-monomers used
in its formation [128,130,131]. Although PHAs are already commercially produced, high
operational costs still hinder large-scale production of these bioplastics [130]. Most com-
mercial productions are performed by pure or genetically modified cultures, consequently
resulting in high operational costs due to downstream processing (separation, filtration,
and centrifugation), energy input (media and reactor sterilization), substrate formulation
(pure VFAs), and equipment cost [101,130]. However, many studies have shifted focus to
the development of processes using mixed cultures and low-cost biomass, thereby improv-
ing economic feasibility [101,128,129,131,132]. The profitability of PHA production seems
to be associated with selecting (i) low-cost feedstocks and (ii) specialized mixed cultures
(as opposed to pure cultures) to decrease operational costs. Optimizing the conditions for
PHA production would also decrease the costs associated with product recovery [101].

6.2. VFAs for Chain Elongation Chemicals

MCCAs are aliphatic and straight carboxylic acids composed of 6–12 atoms of car-
bon [127]. MCCAs are produced from the biological CE of ethanol and/or short-chain
carboxylic acids (SCCAs) through the reverse β-oxidation pathway by anaerobic bacte-
ria [133]. The MCCAs have longer carbon chains and are hydrophobic as compared to
SCCAs. Thus, the recovery of MCCAs from liquid media is easier, translating into lower
downstream separation costs for higher-market-value compounds [127]. As with PHA
production, the use of mixed-species cultures rather than pure cultures would increase com-
mercial feasibility. Therefore, many studies on optimizing the production of MCCAs from
low-cost feedstock and VFA-rich streams have been conducted [35,80,115,127,134–138].
Challenges remain in terms of optimizing operational conditions to selectively produce the
MCCAs of interest and concentrate them to a solubility level that would facilitate separa-
tion from the liquid media. Moreover, the development of effective and cheap separation
processes would also increase the competitiveness of MCCAs.

6.3. VFAs for Bioenergy and Biofuel

Biogenic VFAs can also be converted into bioenergy and biofuels such as biogas,
biomethane, biohydrogen, and electricity (Figure 1). Although not as profitable an ap-
plication as the synthesis of PHAs and MCCAs, bioenergy is essential to the function
of a biorefinery. In order to support chemical platforms of the biorefinery, VFAs can be
converted to energy and used to sustainably maintain the biorefinery processes. Surplus
energy could be sold to the grid, while biogas can be used as a source of heat, for combined
heat and power (CHP) plants [139], or upgraded to biomethane [140]. Biohydrogen has
also attracted attention as a fossil fuel substitute for transport due to its clean combustion
(generating water) and high energetic value [141]. VFAs can be used to generate biohydro-
gen through photo fermentation and microbial electrolysis cell [101,142,143]. Alternatively,
VFAs can also be used to produce electricity from microbial fuel cells [101]. These processes,
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however, have not yet achieved a commercial state and are highly dependent upon an
acetic acid rich VFA stream to maximize efficiency.

7. Fermentative Microbial Communities

7.1. Microbial Communities—Why Bother?

Microbiology provides a validation that communities develop and adapt to conditions
inside engineered systems [35,144–147]. Understanding their responses and ongoing devel-
opment can give us confidence around applications of new technologies. Understanding
that there are degradative processes that can be linked to biological processes and further
linked to design [148,149] is critical for the future of the field. Furthermore, understand-
ing how microbial communities develop under these conditions and underpin efficient
conversions, supports the application of biotechnologies under conditions which were
previously considered unsuitable. Gaining a deeper understanding of the interactions,
ongoing development, and functions of built-ecosystem microbiomes will move us one
step further toward harnessing their transformative metabolisms at full capacity—resulting
in more efficient systems and a wider range of bioproducts at higher yields.

7.2. Key Fermentative Groups

The structure and function of a bioreactor’s microbial consortium directly depend
upon the applied operating conditions; thus, community profiles vary from study to
study. For example, operational choices, such as pre-treatment [150], temperature [151],
inoculum [152], and even digester design [148] all induce shifts in microbial community
structure and function. However, while fermentative systems support a diverse range
of community profiles, several common trends and notable findings reoccur. Namely,
Clostridia are consistently cited for efficient production of VFA across a wide range of studies
with differing operational conditions [35,48,150,153]. Other important players in terms of
efficient VFA production are Sporanaerobacter, Tissierella, Bacillus, and Firmicutes [152,153].
Interestingly, however, one study noted that Chloroflexi were negatively associated with
increased VFA yields [152].

8. Future Perspectives: Biorefinery Concept, Application, and Challenges

Most existing AD plants generate biofuel and/or biochemicals in single production
chains, generating low-value products or residues which are treated as waste or land spread.
In contrast, AD plants can function within a biorefinery as part of a zero-waste strategy,
resulting in the complete conversion of wastes into valuable products. The biorefinery
concept is parallel to the refinery process in the oil industry, where crude oil is taken in
and separated into a myriad of petrochemical products including fuels, lubricants, waxes,
asphalt, and polymer production chemicals. Similarly, a biorefinery is a facility that takes
in biogenic feedstock to produce biofuels, power, and biochemicals [154].

However, unlike an oil refinery, biorefineries must cope with an extensive variability of
feedstock in terms of carbohydrate composition, recalcitrance, ash content, etc. In order to
optimally produce zero-waste end-products the biorefinery must integrate physical, chemi-
cal, biological, and thermochemical processes to convert each fraction into product [2,7].
Via process integration, these systems convert heterogenous biogenic and waste streams
into a multitude of value-added products. AD has great potential as a valuable core tech-
nology within the biorefinery concept (Figure 1) due to its diverse functionality. It can carry
out waste remediation, bioenergy production, bio-based product synthesis, and biological
pretreatment of lignocellulosic biomass [2,3,7].

AD is a proven process that generally produces energy-rich biogas as the main attrac-
tive product. However, biogas production is usually not stable in digester systems dealing
with heterogeneous feedstock (e.g., food waste, grass, and slurry). Therefore, the yield of
biogas is reduced, further reducing its already low economical added value. An alternative
approach is to bioengineer the AD process for the production of carboxylic acids alongside
biogas and other products, thereby converting biogas plants into biorefineries.

133



Fermentation 2022, 8, 445

Carboxylic acids, such as lactic, succinic, and VFA, have been successfully generated
from the initial anaerobic fermentation of food waste, agricultural waste (silage and cattle
liquid manure), and OFMSW (Table 1). These carboxylic acids are valuable products
when separated from the fermentation broth. However, due to their high solubility in
water, the recovery has proven difficult and economically unattractive [125,155]. These
carboxylic acids may be further processed into biogas or converted through biological and
chemical process into alcohol-based fuels (e.g., ethanol and butanol) or other value-added
products (e.g., PHAs and MCCAs), or they can be used directly to generate electricity in
microbial fuel cells [3,7,156]. In addition to organic acids, gaseous molecular hydrogen
and carbon dioxide are normally produced during the anaerobic fermentation of organic
substrates. These can be biologically converted to methane [157] or chemically processed
into methanol [158].

The solid residue obtained in the anaerobic treatment of biomass, known as digestate,
has been viewed as a low-value product, conventionally managed as a fertilizer or animal
bedding. However, recent studies have proposed innovative concepts and techniques for
its valorization to biogas and bio-based products [2,3,159,160]. The digestate, together with
a low VFA-liquor and biogas, can be processed to a methane-rich biogas which, in turn,
can be used to supply heat and electricity for facility operation. Furthermore, studies have
demonstrated that AD can act as a biological pre-treatment for lignocellulosic feedstock as
it degrades hemicellulose faster than cellulose, thereby facilitating the subsequent enzy-
matic hydrolysis of cellulose in downstream processes [161,162]. Following the cellulose
extraction, the lignin-rich residue can be thermochemically processed to biofuel or other
valuable products.

Interestingly, a significant opportunity exists to valorize the nutrient-rich liquor from
the digester for macro- and micro-algae production. This approach not only allows for the
production of algal biomass, which can be further processed into biofuels and bio-based
products, but also accomplishes nutrient-removal from AD effluents which can then be
recycled back as process-water into the AD plant [7,163]. Despite the potential value offered
by biomass biorefineries technological, spatial, and logistical barriers impact its economic
viability, thus hindering widespread application [164]. Notably, the technological barrier
seems to be the most pressing challenge as it directly affects production yield. To maximize
product yield from biomass, various pre-treatment methods and enzymatic hydrolysis
techniques have been used within the AD-based biorefinery. However, these techniques
present many limitations (e.g., low efficiency and high cost). Apart from the technological
barriers, challenges such as the recovery of products from effluent, the transportation of
the fuel and feedstock also impact the success of AD-based biorefinery (Figure 3).

Addressing these challenges by developing novel, sustainable, and economically
viable technologies will contribute towards the development of an economically attractive
biomass biorefinery. For instance, some studies have pointed out potential nanotechnology
applications in pre-treatment methods [165]. The enzymatic hydrolysis pre-treatment
method could be improved by using magnetic nanoparticles to immobilize hydrolytic
enzymes, thus allowing them to be re-used in multiple cycles of hydrolysis [166]. Novel
nanotechnological solutions should be further investigated, with an aim to improve product
yield and process efficiency.
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Figure 3. Challenges and opportunities for future research. The promise of a biorefinery-based
bioeconomy will rely on innovative and interdisciplinary solutions. The literature suggests that key
challenges with respect to feedstock variability, VFA production and recovery, process integration,
and scalability all need to be tackled.

9. Conclusions

Although there is clearly room for technological advancements and for closing research
gaps, literature suggests that the use of residual biomass within the biorefinery framework
is paving the way for a closed-loop bioeconomy. Within such a framework, VFA production
could serve as the core platform to produce both energy and a range of bio-based products.
This would propel us towards a functioning circular economy that minimizes waste and
maximizes production.
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Abstract: The pyrolytic conversion of lignocellulosic biomass into fuels and chemicals is a promising
option for the valorization of agricultural and forestry residues. However, technological develop-
ments are still needed to maximize product recovery and carbon fixation of the pyrolysis process. The
pyrolysis aqueous condensate (PAC), a pyrolysis by-product, has a high water content and is highly
toxic, hampering its use. The anaerobic digestion of PAC from different biomasses has been proven a
viable technology for PAC valorization and detoxification, but its toxicity limits the methanogenic
potential. Alternatively, methanation or VFA production from syngas by anaerobic mixed cultures
are technologies of scientific interest. This study investigates the potential of a two-stage process to
convert the carbon and energy in syngas and PAC into L-malate. PAC and syngas were co-fermented
by two mixed cultures at 37 and 55 ◦C, identifying kinetic inhibitions and the effects of increasing PAC
concentrations on the product pool. The media from selected mixed culture fermentations were then
inoculated with Aspergillus oryzae for L-malate production. The results show that mixed cultures can
perform simultaneous syngas fermentation and PAC detoxification. While PAC concentrations above
2% completely inhibited methanogenesis, CO consumption was inhibited at PAC concentrations
above 5%, regardless of the temperature. In fermentations where PAC inhibited methanation, the
mixed cultures channelled the carbon and electrons from syngas and PAC to volatile fatty acids or
acetate/H2 production, depending on the incubation temperature. Substantial detoxification of PAC
was observed under PAC concentrations up to 10% independently of the rates of syngas metabolism.
PAC detoxification enabled the further valorization of the acetate produced via syngas and PAC
fermentations into L-malate, achieving yields up to 0.17 mM/mM. These results are promising for
the development of an integrated process that simultaneously detoxifies and recovers value from
gaseous and aqueous waste streams originating from pyrolysis.

Keywords: open culture; carbon monoxide; gasification; biomass conversion; bioremediation;
biomethanation; chain elongation; volatile fatty acids

1. Introduction

Growing concerns for the impact of anthropogenic activities on the environment
are shifting the socio-economic interests from a fossil-based economy towards a more
sustainable and circular one. According to the Intergovernmental Panel on Climate Change
and the International Energy Agency, it is estimated that the total share of biofuels will
double in the next decades [1]. The source of all the biomass required to meet the need
of an increased bio industry is still an open debate [2]. The energy potential of biomass
is enormous considering that the Earth’s net biomass production amounts approximately
to 2000 EJ/y [3]. However, the diverting part of the energetic reservoir built up by plants
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towards uses defined by anthropocentric needs could cause undesirable impacts on the
environment and on its natural distribution of resources [3]. Similarly, many biofuel crops
are competing with food production, and the increasing demands for biofuel could exceed
agricultural capacity [2]. The development of new technologies to maximize the energy
recovery from wastes and residues of human activities is considered a key step towards
carbon-neutrality [4].

The pyrolysis of lignocellulosic waste from municipal and agricultural activities could
represent a great opportunity, contributing to meet the needs of a developing bio-based
economy [5]. During pyrolysis, the biomass is thermochemically deconstructed at tem-
peratures ranging between 350 and 600 ◦C in the absence of oxygen [6]. The products
of pyrolysis are pyrolysis syngas (PS) (15–20 wt%), a viscous energy-rich pyrolysis or-
ganic fraction (POF) (20–30 wt%), an aqueous condensate (PAC) (20–30 wt%) and bio-char
(10–30 wt%) [6,7]. Biochar and bio-oil can be either fed back into the pyrolysis reactor or
used as fuels. On the other hand, the PAC’s use is limited by the high concentrations of
various toxic compounds and the high water content [8]. Similarly, the release of PS into the
atmosphere should be avoided, due to its high concentrations of greenhouse gases (GHGs).
In general, PAC and PS represent about 45 wt% of the total biomass fed into the pyrolysis
reactor [7] and up to 41% of the carbon balance [6]. Thus, it might be worth investing
into bioprocessing technologies able to convert PAC and syngas into industrially relevant
biochemicals.

Several works have already focused on the development of biological processes to
valorize the constituents of the PAC. The ability of microorganisms in single culture fer-
mentations to grow on PAC is species-specific due to their varying resistance to toxins
contained in PAC [8]. Basaglia et al. [9] studied the toxicity of PAC from fir wood to
a wide range of different microbial groups. Out of the 42 strains tested, only 4 fungal
strains showed tolerance to pure PAC, whereas several PAC dilutions are required for many
bacterial and yeast isolates [9]. However, it appears that PAC must undergo one or more
pre-treatment steps to reduce the toxicity, before enabling its bioprocessing in pure culture
fermentations [10–17].

Anaerobic digestion is an established technology for the treatment of agricultural
residues and industrial wastewaters [18]. The degradation of the organic matter into
CH4 follows four primarily metabolic steps (hydrolysis, acidogenesis, acetogenesis, and
methanogenesis) and depends upon mutual and syntrophic interactions between various
microorganisms and trophic groups [19]. The wide and diverse genetic spectrum and
functional redundancy of thousands of microbial species in anaerobic digesters offer what
pure cultures currently cannot achieve: a higher tolerance to environmental stresses and
toxicity. Multiple parallel biochemical routes provide greater functional stability because of
the potential distribution of the substrate to several populations [20], resulting in a higher
community resilience to perturbations [21].

Many studies successfully established anaerobic digestion with pre-treated and raw
PACs for biomethane production [22–26], proving how anaerobic mixed culture fermenta-
tion is a viable alternative to intricate physiochemical pre-treatments for PAC detoxification
and valorization. For example, Zhou et al. [25] studied the tolerance of anaerobic digestion
towards increasing concentrations of raw and overlimed PAC as the sole carbon source for
biomethane production in batch processes and direct evolution studies, respectively. The
batch tests showed that loadings of 3% raw PAC were inhibiting methanogenesis. Extensive
studies have been conducted towards a complete integration of pyrolysis and anaerobic
digestion for methane production where all the by-products of pyrolysis (PAC and PS
included) are fed into an anaerobic digester [24,27,28]. During the anaerobic digestion of
PAC derived from corn stalk pellets, volatile fatty acid (VFA) production was observed
even though PAC severely inhibited methanogenesis [24]. Giwa et al. [29] evaluated the
effects of a real PS generated from a two-stage pyrolysis process treating food waste on
methanation rates. The process, designed to minimize POF and PAC, generated syngas
with a high H2-to-CO ratio (60:20%). Methanation rates were enhanced, producing almost
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100% more CH4 than the synthetic syngas control fermentations. The topic has been evalu-
ated also from a techno-economical perspective [30–32]: pairing anaerobic digestion with
pyrolysis allows for relevant energy savings in handling pyrolysis by-products and strongly
reduces GHGs emissions [30]. Salman et al. [33] estimated a higher annual revenue for the
integrated process compared to the sole incineration of green waste.

In anaerobic communities, syngas is commonly metabolized by methanogenic ar-
chaea, hydrogenogenic bacteria, acetogenic bacteria, and sulfate-reducing bacteria [34].
By manipulating the fermentation environmental conditions, it is possible to control the
syngas conversion towards different catabolic routes [35–38]. Methane is often the primary
metabolite having the lowest free energy content per electron, regardless of the tempera-
ture range [37]. On the other hand, when methanogenesis is inhibited and in mesophilic
environments with high concentrations of reduced compounds such as ethanol and/or
lactate, the mixed culture can elongate C1 compounds from syngas into medium-chain
carboxylates (MCCs). Such a wide array of metabolic products at mesophilic tempera-
tures is the result of an intricate metabolic network ultimately limited by thermodynam-
ics [39]. Syngas-converting microbial communities at thermophilic temperatures show
higher water–gas shift reaction (WGSR) kinetics than mesophilic ones. The high diversity
of carboxydotrophic hydrogenogenic bacteria and the thermodynamics of H2-producing
reactions in thermophilic environments favor higher CO conversion rates to produce pri-
marily H2 and short-chain carboxylates [40]. Hydrogen or MCC production via mixed
culture anaerobic fermentation are gaining more scientific and industrial interest [41,42].
However, the success of these technologies is linked to the identification of cheap and
recoverable methane inhibitors [43,44].

A. oryzae belongs to the Ascomycetes group and its industrial application spans from
food processing to commodity chemical production [45,46]. Several studies have evaluated
the potential of producing biochemicals, biofuels or cell biomass (single-cell proteins) with
A. oryzae from VFA rich waste streams or from acetate [47–49]. Moreover, the fungus was
reported to tolerate small concentrations of pyrolysis oils and various PAC components [50]
and to be able to grow on the acetate contained in pre-treated PAC from wheat straw [15].

To extend the knowledge about the integration of thermochemical and biochemical
processes treating lignocellulose waste, this work evaluates a two-stage process where
the products from the co-fermentation of PAC and syngas by anaerobic mixed cultures
are fed to an aerobic fermentation to produce L-malate by A. oryzae. Several anaerobic
mixed culture bottle fermentations were performed at 37 and 55 ◦C at increasing PAC
concentrations in order to understand the effects of PAC on the metabolism of gaseous
and liquid compounds. After the syngas fermentation stage, the media from selected
mixed culture fermentations were inoculated with A. oryzae, focusing on the conversion
of acetate from syngas and PAC metabolism into L-malate. Fungal growth, together with
the quantification of the removal of selected PAC components, was used to prove the
occurrence and the extent of PAC detoxification.

2. Materials and Methods

2.1. Growth Medium

All reagent-grade chemicals were purchased from Sigma-Aldrich (Schnelldorf, Ger-
many) or Carl-Roth (Karlsruhe, Germany). The fermentation medium used in all serum-
bottle and flasks experiments was a modified basal anaerobic medium (BA) composed of
the following stock solutions: mineral salts solution (NH4Cl, 161.2 g/L; MgCl2 × 6H2O,
5.4 g/L; CaCl2 × 2H2O 6.5 g/L); phosphate buffer solution (KH2PO4, 136 g/L); vitamins
solution (Biotin, 0.002 g/L; Folic Acid, 0.002 g/L; Pyridoxin, 0.01 g/L; Thiamin, 0.005 g/L;
Riboflavin, 0.005 g/L; Nicotinic Acid, 0.005 g/L; Ca-Panthothenate, 0.005 g/L; Vitamin
B12, 0.005 g/L; Aminobenzoic Acid, 0.005 g/L; Liponic Acid, 0.005 g/L); trace elements
solution (FeCl2 × 4H2O, 1.5 g/L; MnCl2, 0.1 g/L; CoCl2 × 6H2O, 0.19 g/L; ZnCl2, 0.07 g/L;
CuCl2 × 2H2O, 0.002 g/L; NiCl2 × 6H2O, 0.024 g/L; Na2MoO4 × 2H2O, 0.036 g/L; H3BO3,
0.006 g/L; Na2SeO3 × 5H2O, 0.003 g/L; Na2WO4 × 2H2O, 0.02 g/L); reducing agent solu-
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tion (L-Cysteine, 100 g/L); resazurin solution (Resazurin sodium salt, 1 g/L). For each liter
of medium added: 100 mL of mineral salt solution, 800 mL of phosphate buffer solution,
10 mL of vitamins solution, 10 mL of trace elements solution, 5 mL of resazurin solution and
3 mL of reducing agent solution. Once all the solutions were mixed, the pH was adjusted
to 6 with 4M NaOH solution as pH-adjusting agent and sodium source. The remaining
volume was filled with deionized water to 1 L.

2.2. Inocula and PAC

The anaerobic sludge was collected from an anaerobic digester treating cow manure
(Alois & Simon Frey Biogas GbR, Bräunlingen, Germany). Due to the high content of
straw residues, right after collection, the sludge was sieved down to 0.5 mm discarding
the straw and the retained solids. The sludge was then poured into an anaerobic container
and stored in a fridge at 4 ◦C until needed. The pH, the total suspended solids (TSS)
and volatile suspended solids (VSS) concentration of the sieved sludge corresponded to
8.46, 41.36 ± 2.25 g/L and 12.27 ± 0.13 g/L, respectively. The TSS and VSS analytics were
performed in triplicate and determined as described in [51].

Aspergillus oryzae DSM 1863 was obtained from the DSMZ strain collection (Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany). The
cryo-stock of fungal conidia was prepared and stored as described by [49].

The PAC used in this experiment was produced during the fast pyrolysis of miscanthus
at BioLiq plant (Karlsruhe Institute of Technology, Karlsruhe, Germany). The chemical
oxygen demand (COD) and total organic carbon (TOC) were 253.25 ± 10.25 g/L and
118.58 ± 0.11 g/L, respectively. The total nitrogen (TN) was 140.25 ± 4.24 mg/L. The
pH of raw PAC was 2.8, while acetate, propionate and n-butyrate concentrations were
about 34, 5.07 and 0.5 g/L, respectively. The fast pyrolysis at the BioLiq plant is run as
described in [7] and [52]: the flue gases (composed primarily of 20% CO, 25% CO2, 1.5%
H2, alkanes and N2) coming from the combustion chamber pass through a hot cyclone to
separate the biochar from the product gas stream. Then, the gaseous phase is sent through
a series of two quench condensers at ~85–90 ◦C and at ~30 ◦C separated by an electrostatic
precipitator. The PAC used in this study is the product of the second condensation step.

2.3. Bottle Preparation and Fermentation

Mesophilic and thermophilic experiments with (M-CTRL and T-CTRL) and without
methanation (M-BES and T-BES) were run as controls to evaluate the metabolism and the
performances of the inoculum grown on synthetic pyrolysis syngas. To inhibit methanogen-
esis, 50 mM of Sodium 2-bromoethanesulfonate (BES) were dissolved into the BA medium.
All experiments not containing PAC were performed in triplicate. To test PAC inhibition,
exponentially increasing concentrations ranging from 0.5 to 30% v/v were added in the M-
PAC and T-PAC fermentations. As control, abiotic experiments with equal concentrations
of PAC (M-PAC-AB and T-PAC-AB) were also prepared and run simultaneously to the
corresponding experiments. The mixed culture fermentations and abiotic PAC incubations
were performed in 250 mL serum bottles with 50 mL of active volume. Figure 1 and Table 1
summarize the experimental design.

The liquid phase was composed of 5 mL of BA medium, increasing PAC concentrations
depending on the experimental design and 4M NaOH as needed to re-adjust the pH of the
medium back to 6 after PAC addition. The remaining volume was filled with deionized
water up to 45 mL. The serum bottles were stored into an anaerobic tent (5% H2 in N2) to
anaerobize overnight at room temperature. The bottles were then inoculated with 10% v/v
anaerobic sludge and sealed with butyl rubber stoppers and aluminum rings. After sealing
the flasks, the bottles were initially flushed and then pressurized with a synthetic pyrolysis
gas mixture consisting of 6 kPa H2, 21 kPa CO, 26 kPa CO2 and N2 to a final pressure of
210 kPaabs. Bottle pressurization was performed using a precision pressure indicator GMH
3100 Series (Greisinger, Mainz, Germany) at room temperature.
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Figure 1. Schematic representation of the experimental design. Pyrolysis aqueous condensate
and pyrolysis syngas were co-fermented by two mixed cultures at mesophilic and thermophilic
temperatures. The media from selected mixed culture fermentations were centrifuged and inoculated
with A. oryzae to convert acetate into L-malate.

Table 1. Overview of experiments. MC is mixed culture; AB is abiotic; Asp is Aspergillus oryzae.

T (◦C) Medium BES (50 mM) Raw PAC (0.5–30%) Inoculum Syngas

Control Syngas Fermentations

M-CTRL 37 BA − − MC +
M-BES 37 BA + − MC +
T-CTRL 55 BA − − MC +
T-BES 55 BA + − MC +

Mesophilic and Thermophilic PAC Fermentations

M-PAC 37 BA − + MC +
T-PAC 55 BA − + MC +

Mesophilic and Thermophilic Abiotic Control

M-PAC-AB 37 BA − + − +
T-PAC-AB 55 BA − + − +

Aspergillus oryzae Fermentations

M-PAC-Asp 30 from M-PAC − detoxified PAC A. oryzae −
M-PAC-AB-Asp 30 from M-PAC-AB − − A. oryzae −

T-PAC-Asp 30 from T-PAC − detoxified PAC A. oryzae −
T-PAC-AB-Asp 30 from T-PAC-AB − − A. oryzae −

A total of 3 mL of gas phase was sampled daily or depending on the rates of CO or
H2 consumption. The ambient temperature and pressure and the gauge pressure of the
bottles were recorded at each sampling, right after taking the bottle from the incubator.
When the CO and/or H2 molar concentrations or the absolute pressure of the serum bottles
were about zero or below 190 kPaabs, respectively, then the headspace of the bottle was
re-pressurized with the synthetic pyrolysis gas mixture. The maximum possible theoretical
uptake rate for CO was about 1.650 mmol/d, while for exogenous H2 it was 0.570 mmol/d.
A total of 1 mL of liquid samples was withdrawn twice a week. The pH of the sample was
measured, and the samples were then centrifuged at 17,000× g and ambient temperature
for 15 min. The resulting supernatant was filtered with 0.2 μm cellulose acetate syringe
filters (Restek GmbH, Bad Homburg vor der Höhe, Germany) and stored in a freezer at
−20 ◦C for later analytics. All bottles were incubated in the dark in shaker incubators
(multitron incubator shaker, Infors, Bottmingen, Switzerland) at temperatures of 37 or 55 ◦C.
The agitation was set to 200 rpm. All mixed culture fermentations and abiotic controls
lasted 39 days of elapsed fermentation time (EFT).

The medium from selected mesophilic and thermophilic fermentations M-PAC and
T-PAC (2.5%, 5%, 7.5%, 10%, 20%) and from the corresponding abiotic controls was cen-

147



Fermentation 2022, 8, 512

trifuged at 4700 × g for 8 h. The supernatant was collected, 9 mL of which together with
1 mL fresh BA medium were then poured into 100 mL baffled Erlenmeyer shake flasks.
The shake flasks were inoculated with 0.1 mL of the A. oryzae conidia cryo-stock, with
spore concentration of 3 × 107 spores/mL. The pH of the medium was not adjusted. All
the shake flasks were incubated at 30 ◦C and 100 rpm. In total, 0.2 mL of liquid samples
were taken every 24 h from inoculation for 5 consecutive days. The pH of the sample was
measured, and the samples were then stored in a freezer at −20 ◦C for later analytics. All
fermentations with A. oryzae were done in triplicate.

2.4. Analytical Methods and Data Processing

The concentration in the fermentation medium of linear and branched monocar-
boxylates C1-C8 (lactate, acetate, propionate, iso- and n-butyrate, iso- and n-valerate, iso-
and n-caproate), of the normal alcohols (ethanol, propanol, butanol and pentanol) and
of some selected PAC compounds (2-cyclopenten-1-one, furfural, phenol, guaiacol and
o-,m-,p-cresol) were measured by a high-performance liquid chromatography (HPLC) de-
vice (Agilent 1100 Series, Agilent, Waldbronn, Germany) operated with an oven set at
55 ◦C equipped with a Rezex ROA organic acid H + (8%) column (300 by 7.8 mm, 8 μm;
Phenomenex, Aschaffenburg, Germany) and a Rezex ROA organic acid H + (8%) guard
column (50 by 7.8 mm). The mobile phase was 5 mM H2SO4 with a flow of 0.6 mL/min.
Short- and medium-chain carboxylates and PAC compound detection was performed with
a UV detector at 220 nm at 55 ◦C, while normal alcohols were detected with an RID detector
at 50 ◦C.

The gas phase samples were analyzed with an Inficon 3000 Micro GC System with a
Thermal Conductivity Detector (TCD) equipped with a CP-Molsieve 5 Å column and a
PoraPLOT Q column at 80 ◦C using argon and helium as carrier gases, respectively. The
molar composition of the headspace gas of the bottles was computed assuming the ideal
gas law after subtracting any air contamination caused by sampling. The accumulation or
consumption of each gas was first corrected by a factor accounting for the pressure lost by
sampling withdrawal and then cumulated.

The yields and recoveries (in terms of carbon (C-mol) and electron (e-mol) equivalents)
for control experiments were calculated using only CO/CO2 and CO/H2 as substrates, re-
spectively, as described by Grimalt-Alemany et al. [53]. For M-PAC and T-PAC experiments,
CO was accounted as the sole carbon source while CO and H2 were assumed as electron
donors. The multitude of compounds present in PAC interfered with the identification of
other metabolites beyond acetate, propionate, and n-butyrate. Therefore, only these three
acids as well as CO2, CH4 and H2 were accounted as products. The IC50 value was adopted
from Zhou et al. [25], indicating the toxicant concentration that causes 50% reduction in
cumulative CO consumption or CH4 production over a fixed period of exposure time.
Acetate selectivity is the ratio between acetate and metabolites with carbon atom number
greater than 2.

3. Results and Discussion

3.1. Mesophilic and Thermophilic Anaerobic Mixed Microbial Cultures Grown on Pyrolysis
Synthetic Syngas

The first set of experiments aimed to understand whether the synthetic pyrolysis
syngas used in this study is a suitable carbon and electron source for production of methane,
short- and medium-chain carboxylates as well as solvents with mixed microbial cultures.
M-CTRL and T-CTRL are bottle fermentations incubated at 37 and 55 ◦C, respectively,
performing syngas methanation. M-BES and T-BES are bottle fermentations at 37 and
55 ◦C with the addition of 50 mM BES as methanogenesis inhibitor. The metabolism of the
communities under M-CTRL, T-CTRL, M-BES and T-BES conditions were characterized
and later used as a reference for comparison with the fermentations in the presence of PAC.
The initial pH of all control bottles after inoculation was 6.7 ± 0.2. Figure 2 shows C-mol
recovery and e-mol recovery from all control experiments.
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Figure 2. C-mol (a) and e-mol (b) balances for experiments M-CTRL, T-CTRL, M-BES and T-BES.
Conversion factors for electron balances are available in the supplementary materials (Table S1).
CO, CO2 and H2 were considered as the sole carbon and/or electron donors for all experiments but
for T-BES, where CO was the only carbon and electron donor. Alcohols are ethanol, propanol and
butanol. Short-chain carboxylates C3- C5 (SCCs) are lactate, iso- and n-butyrate, propionate and iso-
and n-valerate. Medium-chain carboxylates (MCCs) are iso- and n-caproate. The productivities of
alcohols, some SCCs and MCCs are available in the supplementary materials, Table S2.

During syngas methanation at mesophilic range (M-CTRL), the mixed culture pro-
duced primarily CH4 (45.5 ± 1%) and CO2 (30.1 ± 2.1%), while 7.6 ± 0.1% of the total
carbon metabolized was fixed into acetate. Acetate accounted for 83.7 ± 1.7% of the total
C2–C6 metabolites detected in the liquid phase. The carbon stored in carboxylates other
than acetate was about 2.6%. The average CO and H2 uptake rates were 0.34 ± 0.02 mmol/d
and 0.28 ± 0.02 mmol/d, while CH4 was produced at a rate of 0.15 ± 0.01 mmol/d.

From about 20 days EFT, methanogenic rates increased concomitantly to homoace-
togenic/hydrogenotrophic activity from exogenous CO2 and H2 consumption (Supple-
mentary materials, Figures S1–S4). Simultaneously, decreasing acetate concentrations in
the bottles might indicate acetoclastic methanation. However, acetoclastic methanogen-
esis appears to have barely contributed to the methanation yield. At 37 ◦C, pH 5.5, and
100 mM acetate hydrogenotrophic methanogenesis has more favorable thermodynamics
than acetoclastic methanogenesis [38]. Considering that CO and H2/CO2 metabolisms
have been reported to have similar kinetics [54], changes in the rates of gases uptake or
production might be attributed to shifts within the composition of the microbial popu-
lation. With the progression of M-CTRL experiments, CO uptake rates lowered the CO
partial pressures favoring acetogenic/methanogenic hydrogenotrophism. High CO partial
pressures are known to be inhibiting cellular hydrogenase and H2 uptake [55,56] and
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might have contributed to the delayed start of H2/CO2 metabolism. Liu et al. [57] de-
tected a two-phased process characterized by an initial CO consumption followed by the
onset of H2/CO2 metabolism to acetate attributed to homoacetogenic microorganisms
while performing CO biomethanation with anaerobic granular sludge. In M-CTRL bot-
tles, carboxidotrophic methanation, if any, had a limited contribution towards methane
production. Carboxydotrophic methanogens are expected to be easily outcompeted by
carboxydotrophic acetogens and hydrogenogens, as the few species that are capable of
directly converting CO into CH4 do so at very low reaction rates [58,59].

The thermophilic syngas methanation (T-CTRL) occurred at higher kinetics but lower
yield when compared to M-CTRL. In total, 34.6 ± 0.8% of the carbon from CO was converted
into CH4 while CO2 accounted for 65 ± 3.7%. Acetate accounted for about 1% for the
total carbon from CO and the acetate selectivity was 63 ± 3.51%. The average CO and
H2 uptake rates were 1.48 ± 0.05 mmol/d and 0.56 ± 0.01 mmol/d, respectively. CO2
and CH4 were produced at 0.98 ± 0.05 mmol/d and 0.515 ± 0.01 mmol/d, respectively.
T-CTRL bottles have been performing primarily carboxidotrophic hydrogenogenesis via
the WGSR followed by hydrogenotrophic methane generation, as also described by other
studies [34,36,39].

Mesophilic and thermophilic metabolic rates calculated in this study correspond to
those reported by Sipma et al. [60], who tested several mesophilic anaerobic sludges from
wastewater treatment reactors to convert CO at 30 and 55 ◦C. The sludges were incubated
at 30 ◦C in serum bottles with 50 mL initial active volume and produced primarily CH4
and/or acetate. Incubation at 55 ◦C resulted in the formation of mainly CH4 and/or H2 [60].
Sipma et al. detected CO conversion rates ranging between 0.14 and 0.62 mmol/d for the
cultures incubated at 30 ◦C, while thermophilic CO depletion rates varied between 0.73
and 1.32 mmol/d.

The BES addition inhibited all methanogenic pathways in both control mesophilic
syngas (M-BES) and control thermophilic syngas (T-BES) fermentations. M-BES fermen-
tations consumed CO at a rate of 0.36 ± 0.03 mmol/d, a similar value to what was cal-
culated for M-CTRL. H2 uptake rate was 0.03 ± 0.01 mmol/d and CO2 production rate
was 0.11 ± 0.01 mmol/d. HPLC analytics showed that M-BES cultures have been chain
elongating CO to n-caproate with a net exogenous H2 consumption to a final caproate
concentration of 2.18 ± 0.47 mM. About 60% of the e-mol recovery was accounted for
metabolites with a carbon atom number higher than two. CO2 (29.9 ± 0.8%) and acetate
(20.8 ± 1.5%) were the two major carbon sinks.

T-BES experiments showed greater CO consumption kinetics then M-BES. The mixed
culture performed almost solely WGSR, generating 1.04 ± 0.33 mmol/d of CO2 and
1.05 ± 0.31 mmol/d H2, while the average CO uptake rate was 1.18 ± 0.09 mmol/d. CO2
accounted for more than 95% of the total carbon fed while acetate was only about 5%.
Acetate was the primary metabolite produced by the consortium with selectivities higher
than 80%. More than 99% of the e-mol recovery was molecular H2. These results are
corroborated by the work carried out by other research groups. Grimalt-Alemany et al. [39]
characterized the conversion of CO by a thermophilic enriched consortium in the presence
of BES, resulting in the production of H2 and acetate as primary metabolites. Slepova
et al. [61] traced 14CO to study the metabolism of mixed cultures collected from three
pH-neutral hot springs of Uzon Caldera (Kamchatka) under temperatures from 60 to 90 ◦C.
A major part of 14CO was oxidized to 14CO2. Samples from the spring with a temperature
of 60 ◦C converted less than 5% of the CO into carboxylates and only 1% in springs with
higher temperatures [61]. High acetate selectivities were also reported by Wang et al. [62],
showing a 99% acetate selectivity at the end of their thermophilic (55 ◦C) enrichment
process with H2 and CO2 as substrates. Shen et al. [63] achieved final acetate selectivity
of 96.7% and 96.3% in two hollow fiber membrane bioreactors after 60 days EFT starting
from an inoculum from an anaerobic digester. Alves et al. [35] tested different enrichment
strategies in bottle experiments at 55 ◦C and obtained syngas-converting communities able
to fix approximately 97% of product recovery into acetate from CO2 and H2.
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3.2. Co-Fermentation of Syngas and PAC

The effects of increasing PAC concentrations were evaluated on two mixed microbial
cultures growing on pyrolysis gas at 37 and 55 ◦C. The aim was to identify kinetic inhibition
and changes in metabolites production patterns of syngas metabolism caused by PAC.
Additional interest was to test the PAC detoxification potential of the microbial cultures.

3.2.1. Impact of PAC on the Syngas Metabolism of the Anaerobic Mixed Culture at 37 ◦C
and 55 ◦C

Figure 3 reports the rates of syngas metabolism at increasing PAC concentration
both at mesophilic (37 ◦C) and thermophilic (55 ◦C) temperatures. Similar to the control
experiments, the initial pH of all M-PAC and T-PAC experiments was 6.7 ± 0.2 after
inoculation.

Figure 3. Rates of consumption and/or production of CO (a), CH4 (b) and H2 (c) at increasing PAC
loadings at mesophilic (37 ◦C) and thermophilic (55 ◦C) temperatures. Negative production rates
for H2 indicate consumption. Volatile fatty acids (VFAs) (d) are acetate, propionate and n-butyrate.
Productivities for all experiments are available in the Supplementary materials Tables S3 and S4.

The CO consumption rates for mesophilic fermentations M-PAC at PAC concentrations
of 0.5, 1 and 1.5 were all above 0.4 mmol/d. For PAC concentrations higher than 5%, the
rates of CO consumption rapidly decreased towards zero. Exogenous H2 consumption
was detected in all M-PAC bottles. Additionally, CO2 production rates were 60% lower
than the stoichiometry of the WGSR, suggesting that the mesophilic mixed culture co-
fermented CO and H2/CO2. While the methane production rates quickly dropped to zero
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for concentrations above 1.5% PAC, the VFA daily production decreased only from PAC
concentrations above 7.5%.

At thermophilic range, PAC concentrations below 1.5% did not significantly affect
CO consumption (Figure 3a). The average CO consumption rates at 55 ◦C with PAC
concentrations from 0.5 to 1.5% were all above 1.4 mmol/d, similar to what was achieved
in the control experiments T-CTRL. Above 5% PAC, the kinetics of CO consumption
rapidly decreased towards zero. At thermophilic range, methanogenesis was detected
for PAC concentrations from 0.5 to 2.5% PAC. The highest CH4 production rate was
0.54 mmol/d for bottles containing 1% PAC. In T-PAC fermentations with 1.5, 2, 2.5% PAC,
the methane production showed a delayed start of about 6 days when compared to T-CTRL
(Supplementary materials Figures S5–S8). In Figure 3c, H2 was consumed to generate
methane via hydrogenothropic methanogenesis under conditions with up to 1.5% PAC. At
higher PAC loadings, net H2 production occurred concomitantly to the inhibition of the
methanogenic activity. The highest H2 production rate was detected at 3% PAC with values
of 0.54 mmol/d, but it decreased at rates equivalent to CO consumption for higher PAC
percentages. Similar to mesophilic bottles, the VFA production rates were low under low
PAC loadings and peaked at 3.5% PAC when no methane production was detected.

The kinetics of syngas metabolism for thermophilic PAC fermentations were consis-
tently higher than at mesophilic range, a result consistent with the kinetics of the control
experiments. However, Figure 4a shows that, when normalizing M-PAC and T-PAC CO
uptake rates to the correponding rates of M-CTRL and T-CTRL, the overall effects of PAC
toxicity did not differ between mesophilic and thermophilic experiments. Thus, thermody-
namic limitations and different gas solubilities at different temperatures were likely the
dominant factors affecting the kinetics of syngas metabolism.

Figure 4. (a) M-PAC and T-PAC CO uptake rates normalized to control experiments M-CTRL and
T-CTRL, respectively. (b) C-mol balances for M-PAC and T-PAC experiments.

Additionally, Figure 4a shows that M-PAC bottles with low PAC concentrations (0.5
to 1.5% PAC) had at least 40% higher CO consumption rates compared to the respective
M-CTRL values, peaking at 231% at 0.5% PAC. For bottles with 0.5 to 1.5% M-PAC, from
about 20 days EFT, CO oxidation rates higher than 0.36 mmol/d (average CO uptake for
M-BES) were detected, matching those of T-CTRL experiments rather than M-CTRL or
M-BES (supplementary materials, Figures S1–S4). Factors such as CO and PAC toxicity
probably contributed to hinder acetogenic and methanogenic activity at early fermentation
stages and the high CO uptake rates might be the result of changes in microbial population
consequently to PAC detoxification. However, contrarily to M-CTRL fermentations, the
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higher kinetics of the WGSR provided enough endogenous CO2 to all metabolic routes
resulting in a net CO2 production (supplementary materials, Figures S1–S3).

3.2.2. Different PAC Tolerance of Different Trophic Groups

Methane production was inhibited by lower PAC concentrations than CO consumption
in both M-PAC and T-PAC cultures. The IC50 values for CO uptake rates at mesophilic
range correspond to 2% PAC. Methane production, on the other hand, is halved at PAC
concentrations between 1 and 1.5%. At thermophilic range, the IC50 values for CO uptake
rates fell within the 2 to 3% PAC range. Regarding methane, the IC50 was found to be
between 1.5 and 2% PAC. Zhou et al. [25] reported that the IC50 of mesophilic biomethane
potential tests of overlimed PAC was 4.8% PAC. Even though Zhou et al. [25] did not
report the IC50 for raw PAC, it could be assumed that the higher tolerance of methanogens
towards PAC achieved in their study was the result of the synchrony of the pre-treatment
and a lower specific PAC availability, as both factors are known to affect methanation
rates [64]. Here, raw PAC loading rates that severely inhibited methanogenesis were
0.41 gCOD/gVSS (2% PAC) at both the mesophilic and thermophilic range, respectively
(supplementary materials, Table S4).

When comparing methanogenic versus carboxydotrophic/homoacetogenic activity un-
der PAC influence, homoacetogenesis had a higher tolerance to PAC than methanogenesis.
Compounds present in PAC such as furfural, phenol and phenolic compounds can be pro-
duced also from the hydrolysis of lignocellulosic matter [8,65,66]. Acetogens are involved
in synthropic interactions with other microorganisms during the anaerobic degradation of
compounds deriving from the degradation of lignin. Synthetic co-cultures with Pelobacter
acidigallici, Acetobacterium woodii, and Methanosarcina barkeri have been reported to convert
phenylmethylethers to CH4 and CO2 [67]. A. woodii metabolizes phenylmethylethers to
yield acetate and phenols [68]. Phenols can be degraded to acetate by P. acidigallici [69]. In
another work studying the degradation of lignin-derived monoaromatic compounds, the
initial step was catalyzed by Sporomusa spp. to generate acetate via O-demethylation of the
methoxylated aromatics. The demethoxylated aromatics were then metabolized into ac-
etate, H2 and CO2 by Firmicutes. Finally, methane was generated from acetate and H2/CO2
by acetoclastic and hydrogenotrophic methanogens, respectively [70]. The latter examples
represent interactions between microorganisms that might have occurred in the inoculum
in the presence of PAC. Methanogens work at the end of the chain of syntrophic interactions
resulting in the production of CH4 as the primary end-product of the fermentative process.
Thus, methanogenic activity is highly influenced by the degradation of those compounds
that would otherwise be inhibitory. Low concentrations of lignin derivatives with aldehyde
groups or apolar substituents are known to be highly toxic to methanogens [71]. Aromatic
carboxylates, on the other hand, were reported to be only mildly toxic. Phenols and their
derivatives are known for being methanogenic inhibitors [64,72,73]; however, phenolic
compounds have been already proven to be degraded to CH4 [74,75].

Hübner et al. [22] reported longer lag phases at increasing initial PAC concentrations
in anaerobic digestion experiments. PAC extended the lag phase of methanogenesis from
a few days to some weeks, indicating temporary inhibition [22]. Inhibition of anaerobic
digestion by PAC from corn stalk was also observed by Torri and Fabbri [27]. Longer lag-
phases at increasing PAC loadings were also detected in this work at mesophilic and ther-
mophilic range for both carboxidotrophism and methanogenesis (Supplementary materials
Figures S4 and S8). In general, an extended lag-phase could be related to a lack of ac-
climatization of the inoculum to an inhibiting organic compounds hard to degrade, there-
fore requiring enrichment of the microbial community [73]. Alternatively, the inocula-
tion/bioaugmentation of fermentations with cultures collected from particular ecosystems
could be a strategy to increase the performances of biological processes [76–79].
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3.2.3. PAC Detoxification

The C-mol and e-mol recoveries for bottles with 2.5 to 10% PAC at both temperatures
showed balances much higher than 100% (Figure 4b). Most of the VFAs (primariliy acetate)
produced in those bottles were not the result of syngas metabolism but from the degradation
of aromatc compounds, as proven in other works [67,70,80]. This is also supported by
the detoxification efficacy of selected PAC compounds (Figure 5) where high degradation
efficacies were recorded at low PAC concentrations.

Figure 5. Removal efficacies for some selected PAC compounds after syngas mixed culture fermen-
tations performed at 37 and 55 ◦C. Numeric values of the removal efficacies below 25% are now
shown.

For PAC concentrations above 5%, the efficacy of degradation decreased both at the
thermophilic and mesophilic range. A work performed by Fedorak and Hrudey [81] report-
ing high removal of phenol and m- and p-cresol from a wastewater of a coal liquefaction
plant during anaerobic batch culture experiments supports what was detected here. Hübner
and Mumme [22] suggested that low cresols degradation efficacies might be accounting for
cresols production via phenol degradation, as cresols and guaiacol are phenol derivates.

Considering that bottles with low CO consumption rates showed high PAC detoxifica-
tions efficacies, it can be assumed that PAC detoxification was independent from syngas
metabolism and it occurred at concentrations inhibiting carboxidotrophism and homoace-
togenesis. On the other hand, the longer lag phases at increasing PAC concentration might
suggest that syngas metabolism was dependent on the detoxification of toxins in PAC and
it recovered once the concentration of some PAC components fell below toxic levels.

3.3. A. oryzae Cultivation on Acetate Derived from Syngas Fermentation and PAC Detoxification

To further test the degree of PAC detoxification and to valorize the carboxylates from
the M-PAC and T-PAC experiments, the media from some selected bottles were centrifuged
and the resulting supernatant inoculated with A. oryzae.

No fungal growth was detected in the media containing the broth from syngas abiotic
control experiments with syngas, M-PAC-AB-Asp and T-PAC-AB-Asp (Figure 6). Thus,
abiotic incubation over an extensive amount of time did not lower the toxicity levels of
PAC towards A. oryzae. On the contrary, A. oryzae growth was detected in all fermentations
up to M-PAC-Asp 10% and T-PAC-Asp 10%. Inhibitory effects of pyrolysis products of
wheat straw on A. oryzae growth were previously elucidated by Dörsam et al. [50], who
studied the toxicity of some selected PAC components. Phenolic compounds such as
phenol, o-, m-, p-cresol and guaiacol resulted in a strong inhibition of A. oryzae growth even
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at low concentrations. Although it is known that A. oryzae has genes encoding for enzymes
enabling the degradation of cresols, it only tolerates cresol in very low concentrations [82].
Additionally, 2-cyclopenten-1-one was reported to be the most toxic compound among the
tested ones [50].

Figure 6. Growth of A. oryzae in aerobic flasks containing medium from syngas fermentations and
abiotic controls. Rows (a) and (c) show fungal growth in medium from mesophilic and thermophilic
syngas culture fermentations, respectively. Rows (b) and (d) show the results of fungal growth in
medium from the abiotic incubation of PAC and BA medium.

Malate Production from Acetate by A. oryzae

The ability of A. oryzae to convert glucose and VFAs from various sources into L-malate
or biomass has been studied in previous works [49,83–86]. Here, the acetate detected at the
start of the A. oryzae fermentations derived from different sources: syngas fermentation;
acetate originally contained in the PAC; and PAC detoxification.

Complete acetate consumption was recorded in all flasks containing medium from
bottle fermentations with up to 10% PAC (Figure 7a,c). L-malate production was detected
in all bottles alongside acetate consumption. For both A-M-PAC 20% and A-T-PAC 20%, no
acetate consumption nor L-malate production were detected.
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Figure 7. Acetate and L-malate from A. oryzae fermentations in the medium from mesophilic syngas
fermentations (a,b) and thermophilic syngas fermentations (c,d).

For the medium from mesophilic syngas fermentations, the highest amount and yield
of malate from acetate of 8.47 ± 0.21 mM and 0.21 mM/mM, respectively, were obtained
in M-PAC-Asp 2.5%. Overall, L-malate yields decreased at increasing PAC concentrations
for M-PAC-Asp fermentations. On the other hand, when considering the medium from
thermophilic syngas fermentations, the highest amount of L-malate produced was detected
for T-PAC-Asp 10% at 11.46 ± 0.16 mM with the highest yield of 0.17 mM/mM. Contrarily
to M-PAC-Asp fermentations, L-malate yields increased at increasing PAC concentrations.
Process optimization for L-malate production exceeded the scope of this work; however,
the highest malate yields detected in this study are comparable to the 0.20 g of malic
acid per gram of acetate for concentrations of 40 g/L of acetate reported by Kövilein
et al. [49]. Kövilein et al. [49] tested acetate concentrations between 10 and 55 g/L for
malate production in A. oryzae shake flasks cultures. Malate production was reported to
be highly dependent on acetate concentration with the highest yield for concentrations
of up to 40 g/L [49]. Similarly, Uwineza et al. [84] grew A. oryzae on VFAs from the
anaerobic digestion of food waste with maximum concentrations of acetate of 9 g/L
yielding 0.29 gCDW/gVFAs. Higher concentrations of acetate did not affect the yield.
Oswald et al. [83] presented a process concept, in which malate was produced from acetate
generated from syngas fermentation by C. ljungdahlii. Malate production by A. oryzae in the
medium from the syngas fermentations with acetate as sole carbon source reached yields of
0.33 g of malate per gram of acetate [83]. The overall conversion of CO and H2 into malate
was calculated to be 0.22 g malate per gram of syngas [83]. The high malate yields achieved
in this work, as already hypothesized by Oswald et al. [83], might be linked to the richness
in micronutrients of the medium from the previous fermentations.
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4. Conclusions

In this study, PAC and syngas were co-fermented by mesophilic and thermophilic
mixed cultures and the effects of increasing concentrations of PAC were evaluated. PAC
could be used effectively to inhibit methanogenesis and steer microbial metabolism towards
other metabolites. Fermenting PAC and syngas in the mesophilic range led to acetate, pro-
pionate and n-butyrate accumulation in the fermentation broth with net H2 consumption,
whereas fermentations at the thermophilic range produced primarily acetate and H2. These
results show that the mixed cultures performed the dual task of fixing C1 compounds from
syngas and detoxifying PAC. Treating PAC together with syngas enabled carboxylates
valorization to platform chemicals such as L-malate by A. oryzae via a sequential secondary
fermentation stage. Mesophilic carboxylate production and thermophilic biohydrogen
production via mixed culture syngas fermentations are becoming the center of extensive
interest for biochemical or biofuel production. Thus, exploring alternative and effective
methods for the inhibition of methanogenesis is still necessary, and inhibitors, such as PAC,
are ideal candidates. This work contributes towards a better understanding of the efficient
integration of thermochemical processes and mixed culture anaerobic fermentations. Fur-
ther studies should test the feasibility of this work in continuous bioreactors, aiming to
gain a better understanding of the microbial interactions that are contributing to the PAC
degradation and syngas metabolism.
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Abstract: The mixing of slurry in an anaerobic digester (AD) is one of many key parameters, which
have a significant effect on specific biogas yield (BY) and volatile solid (VS) removal rate. The
determination of the optimum mixing regime in a digester is very complex as it depends on a
large number of internal and external factors such as microbial community, the rheology of slurry,
digester and impeller design, mixing intensity, and mixing intervals. The novelty of this study is the
investigation of the optimum mixing regime in a lab-scale digester under semi-continuous mixing
regimes by the continuous monitoring of the physicochemical properties of the digestate. In this
study, a helical ribbon (HR) impeller was used for the agitation of the slurry operated at 67 rpm
for 5 min under various agitation intervals (1 h, 2 h, 3 h, and 4 h). The results showed a 6–12%
reduction in BY as the time between mixing operations increased. The highest BY was observed at a
mixing frequency of 5 min/h, which produced a total of 54.1 L of biogas as compared to the mixing
frequencies of 2 h, 3 h, and 4 h, where the BYs were recorded as 51.2 L, 49.8 L, and 47.3 L, respectively.
Volatile fatty acids (VFAs) and FOS/TAC ratio were stabilized at 5–7 Gl−1 and 0.3–0.5, respectively.
The appropriate mixing intensity was determined to obtain the highest biogas production, which
could lead to lower power consumption for mixing operations.

Keywords: biogas; mixing; mechanical; optimization; design

1. Introduction

Waste-to-energy conversion is one of the most appealing renewable energy technologies
in the modern era and recent political/economical/military turbulences. The anaerobic
digestion (AD) process is one of them which is receiving more attention day by day due
to its low carbon footprints per unit of power production [1]. It has been intensively
studied over the past years in order to enhance energy recovery from the organic waste in
biogas plants [2–4]. The efficiency of a biogas plant is mainly determined by the amount of
methane production and the internal power consumption of the plant. Internal operations
in a commercial biogas plant consume power for loading, transportation, the mechanical
pretreatment of the substrate, the mixing of slurry, etc. The mixing of slurry is one of the
prominent factors that determine efficiency in terms of both biogas production and internal
power consumption. Anaerobic digesters are usually configured as continuously stirred
reactors in order to provide effective mixing for the homogeneous dispersion of the substrate
and the heating energy, reduce solid settling and short-circuiting, and preserve the retention
time [5]. The optimum hydrodynamic mixing plays a vital role to achieve maximum biogas
recovery and a higher organic removal rate. The adequate mixing of slurry also refers to
the uniform distribution of fresh substrate to decrease the reaction time and the release of
entrapped biogas, avoiding temperature and pH gradients in the entire volume of an AD
slurry and hydraulic shear force without breaking the bacterial/archaea morphology [6].

Inadequate mixing can cause the failure of a biogas plant, the accumulation of solids
at the bottom along with the formation of foam, scum, and crust at the top of the surface.
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Nearly 44% of large-scale biogas plants experience sedimentation and crust layer formation
from time to time due to improper mixing [7]. Moreover, the mixing operation also
consumes 54% of the total electricity consumption by the biogas plant. One possibility to
increase the efficiency of a biogas plant is to reduce the mixing time. Therefore, optimum
mixing in an AD becomes very critical, especially while operating at a high organic loading
rate (OLR) and short hydraulic retention times (HRT). Typically, the mixing operation in a
biogas plant is undertaken by three modes, i.e., mechanical, slurry recirculation, and biogas
recirculation. According to Lemmer et al. [8], mechanical mixing is the most common
among all mixing methods. In mechanical mixing, both mixing intensity and duration
impact the biogas production in a biogas plant substantially [9].

Numerous studies can be found which include the optimization of the impeller design
and the mixing speed of the impeller [10–15]. Singh et al. [6,9] compared the various designs,
which were used for the optimization of mixing in the digester. However, documented
data on the influence of mixing and ideal intensity are insufficient due to the variation in
various parameters in individual experiments such as temperature, total solid (TS) content,
and HRT, along with the impeller and digester design. The mixing regime refers to the
rotational speed of the impeller and the time gap between the operations of the mixer in a
semi-continuous mixing operation [15–17]. While intense mixing has been suggested to
boost the biodegradation of volatile solids by raising their solubility and area of contact
with bacteria, it has also been reported to inhibit the creation of flocks, where syntrophic
microbial interactions can occur, and to cause propionate accumulation [18,19]. Higher
mixing intensities can significantly affect the composition of the microbial communities
(disruption of bacterial flocs) and hence biomass activity, which may result in the reduction
in biogas production rates [20–23]. In the case of mechanical mixing techniques, the different
impeller designs and speeds are analyzed [21,24], whereas, for the slurry recirculation, the
biogas recirculation, the inlet injection positions and design of nozzles, the recirculation
rate, and the mass flow rates are evaluated to optimize mixing in an anaerobic digester [25].

Various studies demonstrated that intermittent mixing operations resulted in the higher
efficiency of an anaerobic digester as compared to continuous mixing operations [13,14,26].
In the recent advancements in mixing techniques in an anaerobic digester, conductive addi-
tives such as granular activated carbon (GAC) and powdered activated carbon (PAC) are
used to evaluate methane productivity and kinetics along with a comprehensive characteri-
zation of the quantitative and qualitative features of microbial communities to elucidate the
underlying mechanisms of the impacts of different mixing conditions [25]. Tian et al. [15]
compared BYs at different agitation intervals (continuous, 2 h, 4 h, 8 h, and 12 h) in a lab
scale digester. It was observed that at an agitation interval of 2 h, the highest biogas produc-
tion rate of 508 ± 49 biogas mL gTS−1 was achieved, which was 14-29% higher than other
mixing regimes due to a reduction in floating layers. The floating layers and sedimentation
were attributed to the poor contact of the substrate microorganisms. According to Semen
et al. [27] the lower the decrease in the agitation interval in a full-scale biogas plant, the
higher the specific yield of 11.7% and a decrease in internal energy consumption of 10.4%.
Kowalczyk et al. [28] found that 29% of power was saved when the mixing operation time
was reduced from 7 h to 2 h day−1 without any negative impact on BY.

Previous studies showed how the results of the optimization of mixing in digesters
can vary. In addition, the data regarding the rheology of the slurry, the impeller, and the
digester design are missing in most studies, which is a very important aspect to evaluate the
mixing in any vessel because the mixing operation is a physical process [29]. The present
study investigated the effect of increasing the mixing interval time on the efficiency of the
AD process and overall BY. Various parameters such as VFAs, pH, the FOS/TAC ratio,
and ammonia concentrations were measured throughout the experiment to have a deeper
insight into the process. Based on previous experiments [30], the rotational speed of the
mixer was adjusted to 67 rpm.
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2. Experimental Setup

The experiments were undertaken in three identical, single-stage, continuously fed
5 L lab-scale digesters, with a headspace volume of 1 L, formed from stainless steel by
Biospin Ltd. Szeged, Hungary [31]. The digesters were operated in identical operating
conditions. The schematic 2D diagram of the setup is shown in Figure 1. The key parameters
(temperature, mixing speed, and pH) were automatically controlled by computer software.
The digesters were named as F1, F2, and F3 for reference. All the impellers were operated by
the same electric motor in order to maintain identical mixing conditions. The temperature
in the reactor was controlled with an electric heating jacket around the vessel with an
accuracy of ±0.5 ◦C. Three sets of experiments were conducted in parallel to observe
the effect of varying shear rates on biogas production rates and methane content. The
experiment lasted for 100 days, including two weeks of a pre-run phase.

Figure 1. The schematic 2D diagram of the experimental setup.

2.1. Inoculum Feeding, Substrates, and Sampling

The digestate was collected from a commercial biogas plant in Szeged and stored at 4
◦C before the start of the experiment. The substrate consisted of a mixture of pig slurry and
ensilaged sweet sorghum. In total, 5 L of incubated substrate slurry was added to each of
the three digesters. To ensure a steady digestion process and consistent biogas output, the
experiment was pre-run for two weeks. At the start of the experiment, ultrapure nitrogen
gas was utilized to replace the headspace. Every day, 1 gVS L−1 of α-cellulose was injected
into the digester. The digesters were run at a mesophilic temperature (37 ◦C) with a 15-day
HRT. Table 1 displays several parameters of the initial sludge. The TS concentration of the
slurry remained constant at 4.28 percent. Digestate samples were taken from the bottom of
the digester after mixing.
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Table 1. Characteristics of the substrate used in the experiment.

Parameter Value Range

TS (%) 4.28

SS (g L−1) 57.8 ± 10.0

Total carbon (%) 46.2

TVS (g L−1) 87.6 ± 3.4

COD (g L−1) 141 ± 6.4

VFA (g L−1) 4.15 ± 1.38

ρ (kg m−3) 1068

HRT (d) 18

2.2. Mixing Mode

Mechanical mixing using a helical ribbon impeller (Figure 2) was used in this experi-
ment throughout. The intermittent mixing operation was carried out at an agitation rate of
67 rpm for all three digesters. For this purpose, the impellers were turned on for a period
of 5 min with turn-off resting intervals of 1 h, 2 h, 3 h, and 4 h.

 
 

Figure 2. The geometry of the helical ribbon impeller used in this study.

2.3. Analytical Methods
2.3.1. Gas Analysis

Gas volume values were recorded every four hours by means of direct mass flow
controllers (DMFC, Brooks Instruments) attached to each gas exit port. Biogas compo-
sition was analyzed using a gas chromatograph (6890N Net-work GC system, Agilent
Technologies). A 250 μL gas sample was collected from the headspace and injected into a
gas chromatograph that was equipped with a 5 Å molecular sieve column (length 30 m,
I.D. 0.53 megabore, film 23 μm) and a thermal conductivity detector.

2.3.2. Volatile Fatty Acids

HPLC (Hitachi Elite, equipped with an ICSep ICE-COREGEL 64H column and a
refractive index detector L2490) was used to determine Volatile acids under the following
conditions: a solvent of 0.1 N H2SO4, a flow rate of 0.8 mL min−1, a column temperature
of 50 ◦C, and a detector temperature of 41 ◦C. In total, 10 mL of samples were collected
from each digester for analysis. The samples were centrifuged at 13,000 rpm for 10 min to
separate the solid and liquid and then filtered through a 0.45 μm membrane. The samples
were analyzed every week.
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2.3.3. TS and oTS Content

The dry matter content was determined by drying the substrate at 105 ◦C for 24 h
and measuring the residues. The residue was further heated at 550 ◦C in the oven until its
weight did not alter to determine the overall organic solid material.

3. Results and Discussion

3.1. CFD Analysis

In a previous study [30], various mixing speeds (10 rpm, 30 rpm, and 67 rpm) of the
impeller in the same AD were compared. Cfd analysis demonstrated the occurrence of
substantial unmixed zones at lower mixing speeds, which reached near zero velocities.
Slurry homogeneity was achieved at a speed of 67 rpm. Previous experimental results also
indicated that increasing the impeller speed to a certain optimal level may increase the
mixing performance. Beyond that limit, the power consumption rapidly increases with
only a slight improvement in the mixing performance and a decrease in the biogas output.
The maximum particle velocity achieved at 67 rpm was noted as 0.24 ms−1, whereas, the
average velocity in the entire experiment was calculated as 0.10 ms−1. The dead zone
volumes at 67 rpm were reduced to 2%. Following the determination of the optimum
mixing regime, the effect of various mixing intervals on biogas yield was further studied.

3.2. Experimental Analysis
3.2.1. Start-Up Phase

All digesters were pre-run until a stable biogas production rate was obtained. The
OLRs by α-cellulose substrate were set at 5 g day−1, i.e., 1 g L−1, for the entire experiment,
and the reactors were fed once a day. During the start-up phase, process instabilities
were observed that might be caused by increased hydrogen concentrations, which result
in a better breakdown to propionic acid rather than acetic acid, carbon dioxide, and
hydrogen [32]. After the first two weeks of the pre-run, the operation of the digesters
became stable with 3.38 ± 0.56–3.56 ± 0.45 L day−1 gas production. After the pre-run
period of 15 days, the biogas production was constant and the FOS/TAC ratio was recorded
as 0.39 ± 0.06, which is considered normal as it indicates that the digestion process was
stable. Different mixing intervals were started at day 15.

3.2.2. Effect of Mixing Intervals on Overall Biogas Yield (BY)

According to the results of our previous study [30], the mixing speed of 67 rpm was
selected for further investigation of the effect of interval time, i.e., the resting, non-mixing
period in between the mixing operations, on biogas production rate. All three digesters
were run with identical parameters such as TS content, temperature, and mixing regimes.
A mixing interval time of 1 h was selected in the initial stage (after the start-up phase) of
the experiment from day 1 to day 20, which further increased to 2 h, 3 h, and 4 h. The use
of three parallel digesters is preferred to obtain more precise data on the effects of varying
parameters during the whole experiment. Accordingly, similar trends in all reactors were
observed at a particular defined mixing regime.

The results from this study indicated that BY was closely related to the mixing interval
time. In Figure 3 F represents the digester, and H represents the resting time (in hours)
between mixing operations. The daily maximum biogas yields during the resting times of
1, 2, 3, and 4 h were noted as 3.84 L day−1, 3.36 L day−1, 3.12 L day−1, and 2.94 L day−1,
respectively (Figure 3a–c). In Figure 3d, the green bars indicate the total biogas production in
fermenters 1, 2, and 3 at one hour of resting time. The average daily biogas yields during all
the mixing regimes were noted as 3.3, 2.9, 2.8, and 2.5 L day−1, as depicted in Table 2. Similar
results were demonstrated by Latha et al. [33] where the mixing regimes were 15 min hr−1

and 30 min hr−1. The maximum biogas yield was observed at a mixing rate of 15 min hr−1

between 50 rpm–200 rpm. The observed higher biogas yields at the minimum resting time
are attributed to have favored a better interaction among methanogenic and acetogenic
granules and further enhanced the bacterial contact between the substrate and microbes.
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(a) (b) 

(c) (d) 

→

Figure 3. Represents the daily biogas production for continuous 20 days at different mixing intervals.
(a) for digester 1, (b) for digester 2, and (c) for digester 3, respectively. (d) represents the overall
biogas production from all three digesters.

Table 2. Comparison of biogas production from all three digesters under similar working conditions.

Mixing Regime 1
(1 h Resting Time)

(Period 15–35 days)

Mixing Regime 1
(2 h Resting Time)

(Period 35–55 days)

Mixing Regime 3
(3 h Resting Time)

(Period 55–75 days)

Mixing Regime 4
(4 h Resting Time)

(Period 75–95 days)

Fermenters → F1 F2 F3 F1 F2 F3 F1 F2 F3 F1 F2 F3

Total Biogas production (L/d) 54.1 52.24 55.5 48.9 48.6 51.2 49.9 49.8 49.6 46.6 33.4 47.3

Maximum BY (daily) (L/d) 3.84 3.24 3.71 3.36 3.20 2.91 2.98 3.12 2.34 2.94 2.82 2.35

Minimum BP (daily) (L/d) 2.50 2.44 2.43 2.36 2.39 2.42 2.34 2.53 2.77 2.31 2.22 2.43

Average (L/d) 2.70 2.61 2.77 2.44 2.43 2.55 2.49 2.82 2.48 2.33 2.51 2.36

Similar trends can be recognized in all three digesters in terms of biogas yields. Figure 3
demonstrates the daily and cumulative biogas production in the digesters. The overall
biogas production in fermenter 1 at the resting times of 1 h, 2 h, 3 h, and 4 h was 54.1 L,
48.8 L, 49.9 L, and 46.6 L, respectively. The higher yield of biogas at the resting time of
1 h is assumed to be due to the consequences of better chemical equilibrium along with
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better buffer action gained during the non-mixing time. The effect of increasing the interval
between the mixing periods was observed from day 35 when the resting time was reduced
from 1 h to 2 h. The daily biogas production dropped from 0.59 L to 0.41 L in F1, from 0.52 L
to 0.41 L in F2, and from 0.61 L to 0.55 L in F3. This variation at different mixing intervals
might be attributed to the more frequent mixing, which allowed for more interaction
between the substrate and the microorganisms.

The mixing interval of 4 h represented the adverse effect on BY as compared to other
intervals. The BY was recorded as 46.6 L, 33.4 L, and 47.3 L in all three digesters, respectively
at this particular mixing interval. The main reason for the lower BY was the settling of
solid particles at the bottom of the digester during the longer resting times. A BY as
low as 14–30% lower was recorded in all digesters in comparison with reduced mixing
interval times. The formation of floating layers in the digester is also one of the main
factors responsible for deviation in the BY at various mixing intervals [15]. Lowering the
mixing interval time possibly led to the prevention of floating layer formation, which was
responsible for the smooth discharge of biogas from the slurry. Floating layers are also
directly associated with the OLR and TS content [13]. In our case, the OLR was 1 gVS
L−1d−1, which is believed to fall within the optimum range where the reduction in the
pause in the mixing could lead to a reduction in floating layer formation. Table 3 represents
the statical analysis of BY at different mixing intervals in all of the digesters. The results
demonstrate the values of p > 0.05, which means the biogas production at the identical
mixing intervals in all the digesters produced was similar in terms of quantity.

Table 3. Statistical analysis of biogas production at various resting times during mixing.

Resting Time (hr) Data Set p Values

1 F1 F2 F3 0.63712

2 F1 F2 F3 0.092734

3 F1 F2 F3 0.17832

4 F1 F2 F3 0.28374

Figure 4 displays the reduction in the VS content in all the digesters at different mixing-
resting intervals. Similar trends can be recognized in the BY. The highest VS reduction rates
(64.2%–68.5%) were observed at lower mixing–resting intervals. Nevertheless, at the mixing
interval of 4 h, the VS reduction was recorded as 58.3 ± 1.4%, 53.6 ± 2.8%, and 56.7 ± 2.5%
for F1, F2, and F3, respectively (Table 4). According to the recent study by Caillet et al. [34],
the variation in both the TS and reduction in VS was also found when the different samples
were taken from both the top and bottom of a lab-scale digester under various mixing speeds
of 30, 40, and 50 rpm. The current study of TS and VS contents showed the effect of mixing
on the displacement of solid matter. As a result, biogas production can be enhanced by an
appropriate mixer design, mixing speed, and mixing–resting interval times. Furthermore, it
is suggested that intermittent mixing is adequate for the anaerobic digestion process. Based
on these findings, it can be concluded that biogas output could be increased with the reactor
design and that the operating parameters (intermittent mixing mode at lower mixing–resting
intervals and OLR) can be favorable for both the substrate and the microorganisms.
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Figure 4. Performance of all three anaerobic digesters for total volatile solids removal with different
mixing intervals at 67 rpm.

Table 4. Represents the total VS reduction (%) in all the digesters at various mixing intervals.

Digesters
Mixing Intervals

(hours)
VS Removal

Efficiency (%)
Total Biogas

Production (L)

F1

1 65.1 ± 3.4 54.1 ± 0.24
2 58.7 ± 2.1 48.9 ± 0.31
3 63.2 ± 3.6 49.7 ± 0.25
4 58.3 ± 1.4 46.6 ± 0.14

F2

1 64.2 ± 2.5 52.2 ± 0.32
2 57.6 ± 3.2 48.6 ± 0.13
3 58.8 ± 5.2 49.8 ± 0.26
4 53.6 ± 2.8 33.4 ± 0.27

F3

1 68.5 ± 2.7 55.5 ± 0.17
2 61.2 ± 3.4 51.2 ± 0.30
3 59.6 ± 3.2 49.6 ± 0.23
4 56.7 ± 2.5 47.3 ± 0.21

3.2.3. Impact of Mixing Intervals on VFA Concentration, Alkalinity, pH, and Ammonia

The mixing intensity, mixing mode, and frequency directly influence the AD bioprocess
equilibrium and have a major impact on overall biogas production yields [33,35,36]. VFAs
such as acetic acid, propionic acid, butyric acid, iso-butyric acid, and valeric acid are
produced during the acidogenesis reaction. The rise in VFA concentration has an effect on
the efficiency with which substrates are converted to biogas. In this section, the effect of the
mixing operation on VFA, pH, the FOS/TAC ratio, and free NH3 is analyzed (Table 5). All
parameters were measured twice a week after the completion of the mixing cycle to obtain a
homogeneous sample. The rheology of the substrate is one of the major parameters, which
have a significant effect on the performance during mixing. The digesters were operated at
4.2% TS content throughout the experiment; therefore, the rheological parameters of the
slurry could remain constant, and more precise results can be obtained.
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Table 5. Average performance values of the digesters at various mixing-resting intervals.

Mixing Regime 1
(1 h Resting Time)
(Period 1–20 days)

Mixing Regime 2
(2 h Resting Time)

(Period 20–40 days)

Mixing Regime 3
(3 h Resting Time)

(Period 40–60 days)

Mixing Regime 4
(4 h Resting Time)

(Period 60–80 days)

VFA’s (g/L) 7.3 6.1 5.8 3.1 3.8 4.9 1.1 1.9 2.2 2.4 4.3 3.1

pH 7.2 7.0 7.7 7.1 8.0 7.7 8.5 7.9 8.1 7.6 8.0 7.9

NH4
+-N (g/L) 0.94 0.89 9.15 0.88 0.82 0.85 0.66 0.75 0.58 0.78 0.82 0.99

FOS/TAC
Ratio 0.34 0.49 0.45 0.35 0.44 0.47 0.29 0.24 0.42 0.24 0.35 0.44

The average pH of the reactor content remained between the optimal limits of
6.8–7.5 throughout the experiment. For one hour of resting time, the average pH recorded
in all the digesters is 7.2, 7.0, and 7.7 in digesters 1, 2, and 3, respectively. At the maximum
resting time of 4 h, the pH values changed to 7.6, 8.0, and 7.9 in digesters 1, 2, and 3,
respectively (Figure 5). Higher pH values at higher resting times were presumably due
to a lower accumulation of VFAs during that period. The average VFA levels were noted
as 5.8 g/L, 4.4 g/L, 5.3 g/L, and 7.7 g/L for the resting time periods of 1 h, 2 h, 3 h,
and 4 h, respectively, followed by a concomitant increase in biogas production (Figure 6).
According to Caillet et al. [34], the increase in the VFA content had no detrimental impact
on biogas generation. In terms of the biogas production and changes in the ammonium and
VFA concentrations, no substantial fluctuation in these two concentrations was found to
explain the differences in biogas output. Higher VFA concentrations and lower ammonium
concentrations resulted in a higher biogas output, whereas, in the current study, the ammo-
nia concentration was found to be in equilibrium during the whole experiment (Figure 7.
Similarly, Franke et al. [37] found that the higher VFA levels (8–10 g L−1) and pH values
did not destabilize the anaerobic process.

Figure 5. pH levels during the various mixing intervals throughout the experiment.
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Figure 6. VFA concentration at various mixing regimes.

 

Figure 7. Total ammonia concentrations during the entire experiment.

The concentrations of VFA and alkalinity, as well as the corresponding ratios of VFA-
to-alkalinity (FOS/TAC), were used to assess the system’s stability (Table 5). The average
FOS/TAC was recorded as 0.39, which was reported below the threshold value of 0.5 for a
stable process to avoid the failure of digesters during transient conditions [38]. As a result,
the startup with stable digesters was deemed successful prior to commencing varied mixing
intervals to prevent the impact of shock loading. Greater alkalinity resulted in increased
biogas generation. This outcome was predicted since the digestive environment alkalinity
was more conducive to the AD process. Furthermore, a rise in the VFA concentration
resulted in an increase in the pH. The average pH for the VFA concentration of 5.8 g L−1

was 7.6, whereas the average pH for the VFA concentration of 7.79 g L−1 was 7.9.

3.2.4. System Mixing Intensity for Semi-Continuous Mixing Mode

The importance of efficient sludge mixing in anaerobic digesters has been recognized
as a key design criterion for full-scale anaerobic digesters. For application in the design
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and operation of systems incorporating mechanical mixing devices, Camp and Stein [39]
coined the term velocity gradient:

G = [
P

μV
]1/2 (1)

where G is the average velocity gradient, P is the power dissipation, V is the reactor volume,
and μ is the liquid viscosity. For this particular design and construction of setup, the value
of G is 10 S−1 as a slow mixing value was applied to the system by adjusting the mixing
power to achieve this velocity gradient.

Due to the biochemical process of anaerobic digestion, which includes various microbes
and the formation of flocs, the velocity gradient is not the only parameter which determines
the overall biogas production rates but also the mixing time and the interval between the
mixing regimes. Therefore, the parameter of velocity gradient mixing time integral in the
case of the semi-continuous mixing mode is calculated by the following equation:

mixing intensity no. = G × Tm (2)

where Tm is the mixing time in seconds. The mixing intensity number can be accurately
calculated and can be used to determine the appropriate mixing time of the impeller
(Figure 8). In this case, the mixing intensity number of 72,000 is found to be the optimum
mixing intensity number, which means mixing the slurry every hour for 5 min at 67 rpm
can result in the highest biogas production as compared to other mixing regimes (Table 6).

 

Figure 8. Relationship between mixing intensity number and mixing time.

Table 6. Comparison between total biogas production and the mixing intensity number.

Resting Time
(Hours)

Mixing Time
(Minutes Per Day)

Mixing Intensity No.
Total Biogas

Production (L)

1 120 72,000 54.1

2 60 36,000 51.2

3 40 24,000 49.9

4 30 18,000 46.6
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4. Conclusions

Three digesters were operated under identical inoculation and operating parameters
with various mixing–resting intervals. It is concluded that the efficiency of the mesophilic
digester is directly associated with the mixing–resting time interval. The mixing regime
has an effect on the physicochemical properties of the substrate. The digester performance
was best under the minimum resting time of 1 h at 67 rpm impeller speed in this system.
During the employed mixing regime, the biogas yield was 5–12% higher as compared
to longer resting times. The FOS/TAC ratio was below 0.5, and the VS reduction was
noted as 66.1 ± 2.6%. The drop in biogas yield could be due to VFA accumulation to some
extent, along with the formation of floating layers and sedimentation at a longer resting
time between the mixing operations. The appropriate agitation interval might not only
accomplish high biogas generation but also boost the energy efficiency of the process. The
findings can be used to run an anaerobic digester in an efficient and cost-effective manner.
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Abstract: The supplementation of lignocellulose-degrading enzymes can be used to enhance the
performance of biogas production in industrial biogas plants. Since the structural stability of these
enzyme preparations is essential for efficient application, reliable methods for the assessment of
enzyme stability are crucial. Here, a mass-spectrometric-based assay was established to monitor the
structural stability of enzymes, i.e., the structural integrity of these proteins, in anaerobic digestion
(AD). The analysis of extracts of Lentinula edodes revealed the rapid degradation of lignocellulose-
degrading enzymes, with an approximate half-life of 1.5 h. The observed low structural stability of
lignocellulose-degrading enzymes in AD corresponded with previous results obtained for biogas
content. The established workflow can be easily adapted for the monitoring of other enzyme formu-
lations and provides a platform for evaluating the effects of enzyme additions in AD, together with a
characterization of the biochemical methane potential used in order to determine the biodegradability
of organic substrates.

Keywords: mass spectrometry; biogas production; fungal enzymes; lignocellulose conversion;
Lentinula edodes

1. Introduction

Biogas reactors produce renewable energy by degrading agricultural crops, animal
waste, livestock residues, and other industrial by-products. Biogas production should
preferably be carried out with by-products and waste products in order to reduce the
use of energy crops and increase the sustainability of the process. Through anaerobic
digestion (AD), organic matter is converted into biogas, composed mainly of methane and
carbon dioxide. The AD process consists of distinct steps and is catalyzed by complex
microbial communities. In the first step, biomass is broken down by bacteria and archaea
into amino acids, sugars, and shorter-chain carbohydrates. This hydrolysis is hampered by
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the recalcitrant structure of lignocellulosic substrates, composed of cellulose, hemicellulose,
pectin, lignin, extractives, and various inorganic materials [1–3]. Therefore, long retention
times are required for the lignocellulose-rich substrates in the anaerobic digester [3]. Al-
though, bacteria are capable of synthesizing hydrolytic enzymes, such as cellulases and
hemicellulases. However, even with a longer retention time, lignin cannot be degraded
under anaerobic conditions [2,4]. Physical, chemical, and biological pre-treatments, such
as acid hydrolysis and steam explosion [3], as well as enzymatic, fungal, and bacterial
pre-treatment to enhance substrate conversion, are the focus of numerous investigations [5].
Treatment or pre-treatment with enzymes is especially advantageous as this accelerates the
process [6,7].

A promising strategy to improve the degradation of lignocellulosic biomass is the
addition of enzymes derived from cellulose-consuming fungi. The application of fungal
enzymes is advantageous because they can be extracted from the by-products of industrial
mushroom cultivation, resulting in sustainable processes with low costs [8]. However,
Binner et al. [9] have shown that externally added enzymes are often structurally unstable
under the conditions required for AD.

The effect of enzyme supplementation is often quantified by measuring the biochemi-
cal methane potential (BMP). Here, for a more comprehensive evaluation of the effects of
external enzymes on AD, the structural stability of fungal enzymes in AD was investigated
using quantitative mass spectrometry. Therefore, a preparation from the edible fungus
L. edodes, containing lignocellulolytic enzymes, such as cellulase, xylanase, and pectinase,
was investigated.

2. Materials and Methods

2.1. Bioreactor Set-Up and Sampling

Two identical continuous stirred tank reactors (CSTRs) were operated to evaluate the
structural stability of the supplemented enzymes in the biogas reactor medium. The CSTRs
had a total volume of 24 L, with a working volume of approximately 16.5 L. Operation of
the CSTRs was described in a previous study on the semi-continuous AD of whole-crop
cereal silage (wheat: rye [1:1], DAH Energie, Oberkrämer, Germany) at an organic loading
rate of 3.5 g of organic dry mass (ODM) L−1 d−1 under mesophilic conditions at 38 ◦C [10].
During this experiment, 75 μL of fungal enzyme preparation was added to the biogas
reactor per L reactor volume, daily. The inoculum for the reactor start-up was obtained
from an agricultural biogas plant (Kaim Agrar-Energie, Nauen, Germany). The collection
of reactor content for subsequent experiments was conducted six months after inoculation
under steady-state conditions and 21 h after the addition of substrate. The mean biogas
yields for both CSTRs were 0.63 L g−1 ODM and 0.60 L g−1 ODM, respectively, with a
methane percentage of 54%. The reactor content was frozen in liquid nitrogen immediately
after sampling and stored at −20 ◦C until further analysis.

2.2. Enzyme Preparation

Partially purified lignocellulolytic enzymes obtained from the by-products of in-
dustrial mushroom cultivation were prepared as previously described [8] with minor
modifications. Briefly, a spent mushroom substrate from the cultivation of L. edodes was
chopped after the fruiting bodies were harvested. An enzyme extract was generated by
watering, pressing, and filtering the chopped residues. The resulting liquid (pressed juice)
was centrifuged at 4 ◦C for 5 min at 20,000× g (Sigma Zentrifugen, Osterode, Germany).
The supernatant was concentrated ten-fold using tangential flow filtration (Lab scale TFF
System, Merck, Darmstadt, Germany) with a 10 kDa MWCO membrane (Biomax, Merck,
Darmstadt, Germany). The concentrated enzyme extract was supplemented with mal-
todextrin and sodium benzoate to final concentrations of 4% and 0.5% for conservation,
respectively, and stored at −20 ◦C.
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2.3. Addition of Fungal Enzymes

To assess the structural stability of the fungal enzymes in the preparation, various
dilutions were added to 2 mL of reactor content. The volume of fungal enzymes was set to
0.015 μL (factor 1), 0.15 μL (factor 10), 1.5 μL (factor 100), and 15 μL (factor 1000). Factor
1 corresponds to the amount of enzyme added to the reactors during the experiment as
described above, whereas the multiplied factors (10-, 100-, and 1000-fold) were added in
order to determine the sensitivity of the quantitative mass spectrometry and to provide
stronger signals for measuring the structural stability of the fungal enzymes. A control
sample of the biogas reactor medium (no treatment), was served as a blank. After adding
the fungal enzyme preparation, the bioreactor medium was incubated at 37 ◦C and sampled
after 0, 4, 10, and 24 h.

2.4. Sample Preparation
2.4.1. Protein Precipitation

The phenol extraction was performed according to the protocol of Heyer et al. [11]. In
brief, a 2 mL sample was added into a 15 mL tube with 5 g of silica beads (Ø = 0.5 mm),
2 mL of sucrose solution, and 3.5 mL of phenol solution (10 g of phenol dissolved in 1 mL
of ultrapure water). Then, the proteins were extracted by adding an equal volume of
trichloroacetic acid (20%, w/v, Sigma Aldrich) to the samples. After incubation for 1 h
at 4 ◦C, the samples were centrifuged (10 min, 16,400× g, 4 ◦C) (Micro Star 17R, VWR,
Darmstadt, Deutschland) and precipitated twice with 1.5 mL of ice-cold acetone (80%
v/v, 99.8%) and ethanol (70%, v/v, 99.8%) for 15 min, respectively. The dried pellets were
resuspended in 200 μL of urea buffer (8 M of urea (Applichem) in 0.1 M of Tris-HCl, pH 8.5).

2.4.2. Protein Quantification

The protein concentrations were determined in triplicates using a modified amido
black assay as reported previously [11]. Briefly, 300 μL of amido black solution was added
to 50 μL of the sample and mixed. After a centrifugation step (5 min, RT, 16,400× g),
the supernatant was discarded, and the pellets were washed twice with 10% acetic acid
in methanol in order to remove the unbound staining solution. The pellets were then
dissolved in 0.1 M of sodium hydroxide and the absorbance was measured at 615 nm
using a spectrophotometer (Genesys 10S UV-Vis spectrophotometer, Thermo Scientific,
Waltham, MA, USA).

2.5. Tryptic Digestion

Tryptic digestion of the proteins was performed according to a modified filter-assisted
sample preparation protocol described elsewhere [12]. For this purpose, a sample volume
equivalent to 100 μg of protein was diluted with 8 M of urea to a total volume of 200 μL.
The samples were then loaded onto a 10 kDa filter (Pall Nanosep, VWR, 516-8492) in a
1.5 mL reaction tube. After washing with 200 μL of urea buffer, the samples were treated
with 40 mM of dithiothreitol (20 min, 300 rpm, 56 ◦C) and 0.55 M of iodoacetamide (20 min,
300 rpm, room temperature (RT), in the dark) and centrifuged (10,000× g, 10 min, RT,
also for subsequent steps). The filter was washed once with 100 μL of urea buffer and
three times with 50 mM of ammonium bicarbonate. For subsequent tryptic digestion,
200 μL of trypsin solution (2.5 μg mL−1 trypsin in ammonium bicarbonate buffer; Trypsin
mass spectrometric (MS)-approved, Serva) was added to the filter. The samples were then
incubated at 37 ◦C and 300 rpm for 2 h and centrifuged. The samples were washed with
50 μL of extraction buffer (50 mM of ammonium bicarbonate +5% LC-MS grade acetonitrile)
and 50 μL of water (LC-MS grade). The flow-through from the trypsin incubation and the
two subsequent washing steps was collected and 30 μL of each was transferred to separate
tubes for acidification. Three microliters of trifluoroacetic acid (99.99%, w/v, Sigma Aldrich)
were added and the samples were centrifuged (10 min, 4 ◦C, 10,000× g) (Micro Star 17R)
before being transferred to vials for mass spectrometric measurements.
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2.6. Chromatography and Mass Spectrometry

Analysis of the samples was performed using a liquid chromatography (LC)-coupled
mass spectrometry system. Three microliters of each sample were injected and separated
by an UltiMate® 3000 nano splitless reversed phase nanoHPLC (Thermo Fisher Scientific),
equipped with a reversed-phase trap column (nano trap cartridge, 300 μm i.d. × 5 mm,
packed with Acclaim PepMap100 C18, 5 μm, 100 Å, nanoViper) and a reversed-phase
separation column (Acclaim PepMap RSLC, C18, 2 μm, 75 μm, 50 cm). The gradient was
set from 5 to 35% mobile phase B (LC-MS grade acetonitrile, 0.1% formic acid, (99% v/v)) at
a flow rate of 0.4 μL min−1. The LC was coupled with a timsTOF Pro mass spectrometer
(Bruker Daltonik GmbH), equipped with a captive spray ionization source operated in a
positive ion mode with a capillary voltage of 1400 V and a capillary temperature of 200 ◦C.
In total, three different modes were used for the MS measurements: Parallel Accumulation–
Serial Fragmentation (PASEF) with a 120 min gradient, a Sequential Window Acquisition
of all Theoretical Mass Spectra (SWATH-MS) [13], and multiple reaction monitoring mode
(MRM) with a 30 min LC gradient. The spectra acquisition rate was set to 7.5 Hz for
SWATH-MS and 4 Hz for MRM. For SWATH-MS, the scan range for MS1 was set to
400–1000 m/z with 24 isolation windows of 26 m/z (1 m/z overlap). For all three modes,
the resulting total cycle time for a complete scan of the mass range was 3.2 s. The collision
energy ranged from 27 to 48 eV (slope = 0.042; intercept = 9.45). The scan range for MS2
was set from 150 to 2200 m/z.

2.7. Data Analysis

The PASEF data were processed using the spectrometry-based pro software Com-
passData Analysis (vs. 5.3, Bruker Daltonik). The mgf files were searched with MASCOT
against a database containing the Uniprot genome of the fungus L. edodes. For the initial
analysis, the open-source software Skyline (vs. 19.1) [14] was used to analyze the raw files
from the MRM and SWATH-MS measurements. In order to validate the spectra, the dat
files from the MASCOT searches were used to set-up a spectral library containing peptide
spectra of L. edodes. The parameters of the software were set to “enzyme = trypsin”, “maxi-
mal missed cleavages = 0”, and “structural modifications = carbamidomethyl (cysteine)”.
The peptide areas were exported as CSV files and processed into pivot tables with excel.

In order to compare the MRM and SWATH-MS results and to determine the half-life
constant of kinetic degradation for ten selected peptides of the fungal enzymes, a limit of
detection (LoD) and a limit of quantification (LoQ) was introduced. The calculations were
based on the peak area of blank samples (factor 0, time point 0) for every peptide for the
measured duplicates. The LoD was determined as the sum of the average peak area of the
two replicates (xmean) and the standard deviation (ysd) times 3.29. In order to determine
the LoQ, the standard deviation was multiplied by ten, as described previously [15,16].

LoD = xmean + 3.29·ysd (1)

LoQ = xmean + 10·ysd (2)

In order to quantify the degradation of the enzymes, the peak area values from the MS
measurements were fitted by first-order kinetics. From this, the values for the half-life (t1/2)
of each selected peptide were calculated using the formula for exponential degradation
and the decay constant of the regression fit (b):

t1/2 = ln(2)/b (3)

3. Results and Discussion

3.1. Detection of Enzyme Proteins

The addition of lignocellulose-degrading enzymes for the improvement of biogas
production processes has been described previously in the literature and was tested in
various experimental studies [9,17,18]. Since the structural stability of enzyme preparations
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is crucial for efficient application, reliable methods for assessing the structural stability of
these proteins are needed. In contrast to studies that have been conducted in this field
that used mainly semi-quantitative techniques [9,19], this study aimed to monitor the
degradation kinetics of the lignocellulolytic enzymes of fungal origin using an MS-based
approach. Consequently, the first step was to develop a quantitative MS-based assay that
would allow the detection of enzymes in AD samples.

In order to investigate the sensitivity of our workflow, the fungal enzymes were added
to samples of the biogas reactor content at different concentrations. For the first assessment,
standard PASEF measurements and subsequent database searches against the genome
of L. edodes were carried out. Although the detection of fungal enzymes with cellulolytic
activity failed in the samples representing working concentrations in the bioreactor (factor 1,
factor 10), higher concentrations, in particular factor 1000, enabled the detection of proteins
from L. edodes (Table 1 and Figure S1). In contrast, hydrolytic enzymes from bacteria
(glucanase, xylanase) were detected with high abundance in the biogas reactors [20] using
the applied workflow [11] combining phenol extraction and mechanical disruption in the
bead mill. The low abundance of fungal proteins in highly sensitive PASEF measurements,
as well as the limitation of PASEF in quantification using spectral counts, required the setup
of SWATH-MS and MRM techniques as more sensitive and quantitative MS methods.

Table 1. Detected proteins of the fungal enzyme preparation. MASCOT search results are shown as
representatives for the factor 1000 sample at 0 h after the addition of the enzyme preparation against
the UniProt_Lentinula_Edodes database.

Acc Description Score Mass Matches Sequences

A0A1Q3EJ89 A0A1Q3EJ89_LENED Glucanase OS = Lentinula edodes
OX = 5353 GN = LENED_009211 PE = 3 SV = 1 1028 55,356 33 4

A0A1Q3EU06 A0A1Q3EU06_LENED Glucanase OS = Lentinula edodes
OX = 5353 GN = LENED_012880 PE = 3 SV = 1 636 62,086 21 6

A0A1Q3E856
A0A1Q3E856_LENED Subtilisin-like protein

OS = Lentinula edodes OX = 5353 GN = LENED_004953
PE = 4 SV = 1

620 63,032 26 6

A0A1Q3ENW5 A0A1Q3ENW5_LENED Beta-xylanase OS = Lentinula edodes
OX = 5353 GN = LENED_010993 PE = 3 SV = 1 389 120,358 13 4

A0A1Q3EGI8
A0A1Q3EGI8_LENED Glycoside hydrolase family 55 protein

OS = Lentinula edodes OX = 5353 GN = LENED_008227
PE = 4 SV = 1

385 67,565 9 4

Q9C1R4 Q9C1R4_LENED Glucanase OS = Lentinula edodes OX = 5353
GN = cbhII-1 PE = 2 SV = 1 324 46,832 13 3

A0A1Q3EBY2
A0A1Q3EBY2_LENED Glycoside hydrolase family 5 protein

OS = Lentinula edodes OX = 5353 GN = LENED_006487
PE = 3 SV = 1

318 43,559 8 2

A0A0A1I5X1
A0A0A1I5X1_LENED Glycoside hydrolase family 5

endoglucanase (Fragment) OS = Lentinula edodes OX = 5353
GN = glu PE = 3 SV = 1

231 8509 5 1

A0A1Q3DWF6
A0A1Q3DWF6_LENED Cu-oxidase-domain-containing protein

OS = Lentinula edodes OX = 5353 GN = LENED_000509
PE = 3 SV = 1

273 57,232 14 3

A0A1Q3EAX5
A0A1Q3EAX5_LENED Glycoside hydrolase family 12 protein

OS = Lentinula edodes OX = 5353 GN = LENED_006131
PE = 3 SV = 1

237 26,422 7 3

3.2. Selection of Signature Peptides and Validation of the Assay

Based on the detected fungal enzymes in the AD samples using PASEF at factor of 1000,
the discovered proteins were filtered for peptides specific to the lignocellulolytic enzymes.
We focused on the technical criteria: detectability, mainly intensity and signal-to-noise ratio.
In addition, we aimed for a wide coverage of the different families of hydrolytic enzymes.
Finally, ten peptides were selected for further investigation of the degradation dynamics
based on the initial SWATH-MS measurements (Table 2).
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To facilitate the detection of the selected peptides, SWATH-MS and MRM were tested
in order to maximize the signal-to-noise ratio and intensity. The signal-to-noise ratio and
intensity were 5-fold higher in the MRM mode than in SWATH-MS, resulting in an overall
higher sensitivity compared to SWATH-MS (Figure 1, Figures S1 and S2). Furthermore, the
linearity of the peak area ranged from a factor of 1 to a factor of 1000 in the MRM mode,
whereas in the SWATH-MS mode, the linearity ranged from factor 10 to 1000 only (Figure
S1). These results are in accordance with previous studies showing a higher sensitivity
and a better signal-to-noise ratio for MRM, especially for complex samples [21,22]. Overall,
this suggested that the MRM mode was better suited to detect a small number of the
selected peptides due to its precise selection of precursor ions. In contrast, SWATH-MS
with widely defined mass windows for precursor selection seems to be better suited
to obtain an overview of the proteins and peptides present in samples. In conclusion,
SWATH-MS could support the selection of signature peptides, whereas the MRM provides
maximum sensitivity.

Figure 1. Correlation of MRM and SWATH-MS measurements for different dilution factors
of the fungal enzyme preparation added to the biogas reactor content and incubated for 24 h.
(A–C), correlation between the measured peak area of three selected peptides for the MRM mode;
(D–F), SWATH-MS mode. The titles of the subplots display the peptide sequences. The correlation
coefficients are shown in each graph.

3.3. Dynamics of Enzyme Degradation

After selecting the characteristic peptides, enzyme degradation was further investi-
gated by quantifying these peptides over an incubation period of 24 h. The peak areas
were measured for all the selected peptides in order to evaluate the structural stability of
the enzyme preparation (presented for the peptide IAL in Figure 2). Immediately after
the addition of the enzyme preparation (0 h), all four concentrations of peptide IAL were
detectable above the LoD. After 4 h of incubation, the concentration of peptide IAL in factor
1 and factor 10 decreased below the LoD. At 24 h, the peptide IAL was only detectable
with an initial concentration of the enzyme preparation that was 1000-fold higher than that
applied in the bioreactor (Figure 2).
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Figure 2. Degradation kinetics of the peptide IAL. The enzyme preparation was added in different
dilutions to the biogas content and incubated over 24 h. IAL represents the ten selected peptides.

In order to estimate the degradation kinetics of the fungal enzymes, the peak areas
of all the selected peptides were quantified in factor 1000 samples and fitted to first-order
kinetics in order to calculate the half-lives (Figure 3). A high correlation coefficient for all the
peptides confirmed the assumption of first-order degradation kinetics. The corresponding
half-lives of the selected peptides ranged from 0.87 h to 25.66 h, with an average of 1.5 h
(Table 3). These results are consistent with previous studies that investigated the structural
stability of fungal enzyme preparations in a biogas reactor medium using SDS-PAGE. In
particular, most of the fungal enzymes with cellulolytic activity were degraded within a
few hours after their addition [9,17]. In contrast to SDS-PAGE, the mass spectrometric
quantification of the fungal enzymes was superior since it provided the half-life constants
for distinct enzymes with good reproducibility, as evidenced by comparable values of the
two replicates (Table 3). Minor differences could be attributed to the inhomogeneity of the
samples from AD even if they originate from the same reactor [23].

Figure 3. Degradation kinetics of the peptide IAL for factor 1000. The fungal enzyme preparation
was added in different dilutions to the biogas reactor medium and incubated for 24 h. Measurements
were carried out in the MRM mode. The exponential fit was performed with R.
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Table 3. Half-life constants of selected peptides representing the enzyme preparation used in this
study. The three peptides (LAD, VAN, and GSN) were excluded from calculations of the average
half-life constants as their values significantly exceeded the range of the other peptides.

Protein Peptide Half-Life [h]

Replicate A Replicate B Average

Carbohydrate Esterase Family 15 Protein IAL 1.17 1.07 1.12
Glycoside Hydrolase Family 16 Protein ADF 0.44 0.44 0.44

Glycoside Hydrolase Family 5
endoglucanase (EC 3.2.1.4) (fragment) LAD 22.84 22.51 22.68

Glucanase (EC 3.2.1.)
MGD 0.82 1.50 1.16
VAN 20.62 25.66 23.14

Glycoside Hydrolase Family 5 Protein LPF 1.69 3.10 2.40
Carbohydrate Esterase Family 16 Protein SFL 1.01 1.57 1.29
Family S53 Protease (Kinesin-like Protein) TDI 1.28 1.54 1.41

Copper Radical Oxidase VQL 1.38 1.79 1.59
Beta-Mannosidase (EC 3.2.1.25) GSN 5.27 7.27 6.27

Average 1.17 1.78 1.48

Compared to the other peptides investigated, the VAN and LAD peptides had sig-
nificantly prolonged half-live constants exceeding 20 h. LAD belongs to the glycoside
hydrolase family 5, some members of which have high thermal stability due to their molec-
ular structure [24]. Accordingly, the use of enzymes from this family could have some
positive long-term effects on cellulose degradation in biogas reactors.

The selection of peptides from multiple enzymes enabled a comprehensive overview
about the structural stability of many possible fungal enzymes in a complex sample. How-
ever, calculated half-life values may vary when measuring multiple peptides of a single
protein [25]. Therefore, the selection of precursors should be adapted to the research ques-
tion, focussing either on a small number of proteins for the calculation of precise half-life
constants or on a more comprehensive set of proteins for the raw estimation of half-life
values. This limitation of MRM can be circumvented by using a more recent instrument
configuration and measurement mode. In particular, using the dia-PASEF mode available
for the timsTOF Pro II mass spectrometer enables the combination of high sensitivity and
selectivity for a large number of selected precursors.

The enzyme extract of the white-rot fungus L. edodes [8] has been taken as an example
for evaluating the potential for degradation of lignocellulosic biomass in AD. The observed
low structural stability of lignocellulose-degrading enzymes corresponded with previous
results obtained for other enzyme preparations [9,17]. Moreover, it correlated with the
rather poor overall effect of the addition of fungal enzymes on the sampled bioreactors,
which showed comparable biogas yields. Fast degradation appears to be a more appropriate
reason for the minor effects of enzyme additions than suboptimal reaction conditions [26].
Accordingly, endogenous proteases have been identified in anaerobic digesters [27] and
their activity has been confirmed [17].

Nevertheless, this new workflow can easily be adapted to monitor other enzyme
preparations by exchanging the selected peptides in the bioinformatic workflow. Thus, it
provides a general platform for evaluating the effect of the addition of enzyme preparations
on AD in addition to the BMP that is conventionally used. Furthermore, this workflow
could also be applied for the quantification of enzymes of the archaeal or bacterial microbial
community involved in AD, e.g., methyl coenzyme-M reductase (McrA) as a key enzyme
for methanogenesis. If necessary, absolute quantification of the selected enzymes would be
possible by adding peptides labelled with stable isotopes as internal standards [28].
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4. Conclusions

A mass spectrometric assay was established in order to investigate the structural
stability of various enzymes of L. edodes added to AD over a period of 24 h. Monitoring of
the selected peptides using MS-based approaches clearly suggested a rapid degradation of
most of the lignocellulose-degrading enzymes, with an approximate half-life of 1.5 h.

The observed low structural stability of the investigated lignocellulose-degrading
enzymes in AD coincided with previous results obtained from SDS-PAGE measurements.
The workflow that was established can easily be adapted for the monitoring of other
enzymes and provides a platform for evaluating their effect on AD in addition to BMP.
Furthermore, the platform enables the targeted absolute quantification of other key enzymes
of AD, aiming for individually customized enzyme preparations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation9010067/s1, Figure S1: Correlation of MRM mea-
surements over different dilutions of the enzyme preparation logarithmically plotted. Given fungal
enzyme preparation was added in different dilutions to biogas reactor content and incubated for 24
hours. Peak areas for all measured factors of seven peptides (A–G) are shown with their limits of
detection (LoD) and limit of quantification (LoQ). Correlation coefficients are shown in each graph,
respectively; Figure S2: Correlation of SWATH-MS measurements over different dilutions of the
enzyme preparation logarithmically plotted. Given fungal enzyme preparation was added in different
dilutions to biogas reactor content and incubated for 24 hours. Peak areas for all measured factors of
seven peptides (A–G) are shown with their limits of detection (LoD) and limit of quantification (LoQ).
Correlation coefficients are shown in each graph, respectively.
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