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ARTICLE INFO ABSTRACT
Keywords: The role of high-pH conditions in anaerobic digestion (AD) has traditionally been confined to it’s use in pre-
Anaerobic digestion treatment processes. However, operating AD at elevated pH and alkalinity offers significant advantages,

High-pH
High-alkalinity
Biogas upgrading
Methanocalculus

including in-situ upgrading of biogas to biomethane. This study examines the potential and scalability of AD
under these conditions (pH ~ 9.3; alkalinity ~ 0.5 eq/L). The substrate used was the alkaline waste generated
from the extraction of extracellular polymeric substances (EPS) from aerobic granular sludge (AGS), and the
inoculum used was a haloalkaliphile microbial community from soda lake sediments. To evaluate the system’s
performance, the organic loading rate (OLR) was incrementally increased. The highest methane production
obtained was 8.4 + 0.1 mL/day/gysadded at a hydraulic retention time (HRT) of 15 days and an OLR of 1 kgys/
day/m3. At this loading rate, methanogenesis became the rate limiting conversion. The maximum volatile solids
conversion was 48.1 £+ 1.1 %. Throughout the reactor operation, methane purity in the biogas consistently
exceeded 90 % peaking at 96.0 + 0.2 %, showcasing the potential for in-situ biogas purification under these
conditions. In addition, no ammonia inhibition was observed, even with free-ammonia (NH3) concentrations

Alkaline waste

Abbreviations: AD, anaerobic digestion; SBR, sequence batch reactor; HRT, hydraulic retention time; OLR, organic load rate; VS, Volatile solids; TS, total solids;
COD, chemical oxygen demand; VFA, volatile fatty acids; TA, total alkalinity; CA, carbonate alkalinity; AGS, aerobic granular sludge; EPS, extracellular polymeric
substances.
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reaching up to 14 mM. This study underscores the potential of high-pH anaerobic digestion as a sustainable
method for both waste treatment and energy recovery.

1. Introduction

In recent years, anaerobic digestion (AD) has gained interest as a
sustainable technology, as it reduces waste volumes and simultaneously
converts this waste into renewable energy (Cai et al., 2016). Anaerobic
digestion is a microbial decomposition process that converts complex
organic matter into simpler molecules until the end products of CH4 and
COo, also known as biogas (Kleerebezem, 2014). This process can be
divided into four sequential steps performed by different anaerobic
microorganisms in a microbial community: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis (Gujer & Zehnder, 1983; Labatut &
Pronto, 2018). The kinetics for such sequential reactions are controlled
by the slowest step, within anaerobic digestion, this typically depends
on the substrate. Polymer hydrolysis is often reported to be the limiting
step when dealing with complex organic substrates, while methano-
genesis is often reported to be the rate-limiting step when using soluble
organic substrates (Ma et al., 2013).

To increase the biodegradability of complex substrates pre-
treatments can be used. This facilitates the breakdown of complex
polymers into simpler compounds. Pre-treatments can be divided into
chemical (acid or base), physical (temperature, pressure), or biological
(enzymatic) (Boarino et al., 2024; Karthikeyan et al., 2024; Romero-
Giiiza et al., 2017). Alkaline pre-treatment is one of the most frequently
proposed methods, where the substrate is incubated with a strong base,
such as NaOH, KOH, NayCO3 or NHs. The high pH leads to the partial
chemical breakdown of the complex organic matter with a potential for
faster microbial conversion (Kim et al., 2016). After this pre-treatment,
the substrate is typically brought to a neutral pH, after which the
anaerobic digestion is performed (Toutian et al., 2021). This neutrali-
zation step is necessary as classical AD systems have an optimal opera-
tional pH between 7 and 8 (Weiland, 2010). Until recently the use of
high-pH conditions within AD has been limited to waste pre-
treatment. However, operating the digestion at a higher pH can bring
certain advantages to this system, especially in CO; capture and in the
direct production of methane gas.

In classical AD systems, the biogas produced is commonly composed
of methane (55-70 %), carbon dioxide (30-45 %), and other gases (0-5
%) (Lora Grando et al., 2017). To obtain a high-caloric gas that can be
injected into the gas grid, CO, has to be removed and a high methane
content (~95 %) needs to be reached. For this purpose, ex-situ purifi-
cation steps are used, such as membrane separation, amine scrubbing, or
water scrubbing (Awe et al., 2017; Chen et al.,, 2015; Lombardi &
Francini, 2020). These methods often have high energy consumption
and high operational cost and efforts are being made to optimize them
(Khan et al., 2021). Alternatively, this purification could be done in-situ,
where the biogas upgrading is integrated into the existing anaerobic
digester. The external biogas upgrading step could be skipped entirely if
anaerobic digestion was performed at a higher pH than the reported
optimal (pH > 8.5) and higher alkalinity conditions. This approach is
typically overlooked due to prevailing acceptance that the methano-
genic community cannot thrive at higher pH, due to ammonia toxicity
(Khan et al., 2021).

Alkalinity (in solution) can be defined as the excess of proton ac-
ceptors (bases) over proton donors (acids). Within this definition, all
chemical species in solution are classified as either a proton donor or
proton acceptor in relation to the zero level of protons for its respective
acid-base system (Middelburg et al., 2020). To this end, the total alka-
linity can be defined as a proton balance (1).

Total alkatinity [ | = [HCO;] +2(C05%] + [OH"] + [B(OH), ]
+ [HPO;?] + 2[PO;?] + [H5SiO; | + 2[H,Si0,?]
+[NHs] + [HS "] + 2[S*] — [H'] - [HF] — [HSO, ]
— [H3PO,]
@

The total alkalinity can be simplified to carbonate alkalinity (2). For a
simple CO2-H20 system, the dissolved CO2 reacts with HoO forming
carbonic acid (HoCO3) which in turn can be deprotonated into bicar-
bonate (HCO3) and carbonate (CO%’) depending on the pH (Boyd, 2020).

Carbonate alkalinity Eq] = [HCO;] +2[CO52] + [OH ] - [H*] @

Therefore, in anaerobic digestion, where COs is produced, a high-pH and
high-alkalinity environment will lead to the COy being speciated to-
wards bicarbonate/carbonate and consequently remaining in the liquid,
forming a methane-rich gas stream. An extra advantage of operating at
these conditions is the potential increase of biodegradability of the
substrate due to the high pH (Daelman et al., 2016).

Alkaline fermentation requires a microbial community that is
capable of producing methane at the given conditions: high soluble
carbonate alkalinity, high pH, and relatively high salt concentrations.
These microorganisms can be found in soda lakes. Soda lakes are
naturally occurring environments with high sodium carbonate alkalinity
resulting in an extremely high and stable pH (9.5-11) (Schagerl &
Renaut, 2016; Sorokin et al., 2014). Soda lakes can be classified ac-
cording to their total salinity: moderately saline (35-50 g/L), high saline
(50-250 g/L), and hyper-saline (250 g/i-saturation). The level of
salinity has a great impact on the functional microbial diversity (Oren,
1999; Sorokin et al., 2014).

The concept of anaerobic digestion at high-pH and high-alkalinity
was first explored by Nolla-Ardevol et al., (2015). Anaerobic digestion
was performed at pH 10 and 2 M total Nat using microalga Spirulina
biomass as substrate and soda lake sediments as an inoculum in a
sequence batch reactor (SBR) regime. They obtained, a continuous
biogas stream reaching a maximum concentration in methane of 86 + 5
% but only a 11 % substrate conversion. The maximum methane pro-
duction was 4.8 & 1.0 mL CHs/day/gspir.added- The main bottleneck was
hypothesized to be inhibition by free-ammonia (NHg). As a higher pH
leads to speciation towards free-ammonia (NH3). The choice of substrate
could have aggravated this inhibition, the low C/N ratio of the protein-
rich cyanobacterial biomass results in significant ammonium generation
(Gonzalez-Fernandez et al., 2015). To overcome this low substrate C/N
ratio, Rincon-Pérez et al., (2021) co-digested hydrolysed microalgal
biomass with cheese whey, a carbon-rich substrate. This digestion was
done at a pH of 9 achieving a maximum methane production of 3.9 +
1.5 mL CH4/day/gvsaddedland a maximum biogas CH4 concentration of
89.8 + 5 %. Their work was not done at high alkalinity conditions
resulting in a low buffering capacity and a fast pH decrease in the batch
digestion. Hence, the experimental conditions do not reflect the condi-
tions that would occur in a stable continuous buffered anaerobic digester
for biomethane production.

The current study tested high-pH AD on an alkaline waste stream.
Alkaline waste streams are ideal substrates as it is possible to incorporate
their inherent alkaline properties in this technology. The alkaline waste
stream used in this work was generated from the extraction of extra-
cellular polymeric substances (EPS) from aerobic granular sludge (AGS)

1 This calculation was done including the VS concentration of the inoculum.
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(Bahgat et al., 2023). This work aims to showcase the industrial po-
tential of direct biomethanation at high-pH and high-alkalinity condi-
tions using an alkaline organic-rich waste as a substrate in a continuous
operated sequencing batch reactor. It represents a proof-of concept
study of this technology and shows the effects of increasing the organic
load rate (OLR) towards industrial competitive ranges. To address this, a
sequence batch reactor fed with this wastewater sludge residue was
operated at increasing organic load rates (OLR) and decreasing hy-
draulic retention times (HRT). The study started with a low OLR (0.4
kgys/day/m®) and focused on small stepwise increases due to unestab-
lished kinetics of the inoculum used and concerns over ammonia
toxicity. This operation was accompanied by detailed analyses (VFA,
NHy, alkalinity, COD, gas production and purity, and mass balances) to
understand the biomethane production process and identify potential
bottlenecks, e.g., related to hydrolytic rates, pH variation, and ammonia
toxicity. Based on the collected data a geochemical model was con-
structed to predict the pH behaviour and its relation to the biogas purity.
Additionally, throughout the experimental period, the microbial com-
munity was monitored to identify its adaptation and dynamics.

2. Materials and methods
2.1. Medium, substrate preparation and inoculum

The alkaline waste was obtained from the demo extracellular poly-
meric substances (EPS) extraction installation at the municipal waste
water treatment plant (WWT) in Epe, Netherlands (Bahgat et al., 2023).
This extraction was performed to aerobic granular sludge (AGS). Char-
acteristics of this alkaline waste are described in Table 1. and the method
of extraction is described in (Bahgat et al., 2023).

This alkaline sludge residue was diluted in a carbonate buffered
medium (Na+:0.6 M; pH 9.5) before being fed into the bioreactor in
order to reach a specific VS concentration (Table 2).The buffered me-
dium had the following composition: NaHCO3 20 g/L; Na,CO3 15 g/L;
NaCl 3 g/L; KoHPO4 1 g/L and MgCl-6H20 0.2 g/L. To this buffered
medium 0.1 mL of a selenium solution was added. The selenium solution
had the following composition: NaSeO3 0.02 g/L; NaaWO4 0.03 g/L.
Additionally, 1 mL of the acid trace metal solution described in (Pfennig
& Lippert, 1966) was added. It is important to note, that this acid trace
metal solution was modified by removing HsBOs and by substituting
MnCL; for MnSO4.The original inoculum was retrieved from anoxic
sediments of hypersaline soda lakes in Kundula steppe (Altai Region,
Russia).It consisted of a mixture of sulfidic sediments (depth 5-20 cm)
from five soda lakes. The total salt concentration was between 50 and
250 g/L, the pH between 9.8 and 11.0, and total carbonate alkalinity
between 0.5 to 4 M (Vavourakis et al., 2018).

2.2. Sequence batch reactor operation

A sequence batch reactor with a 1 L liquid volume and 0.2 L head-
space volume was used. To this reactor an influent and effluent vessel
were connected. To maintain the 1L liquid volume constant, the same
amount was fed and discharged every 12 h. The volume that was fed/
discharged within this 12 h cycle was adjusted to reach a specific

Table 1
Composition of the alkaline sludge residue from EPS extraction of AGS from the
WWT plant in Epe, NL. This residue was used as substrate in this work.

Solids (g/L) Total solids (TS) 86.8 + 0.3
Volatile solids (VS) 64.8 £ 0.3
Elemental analysis (%) C 34.1
H 4.9
N 2.9
o 26.8
C/N 11.7
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Table 2
Operational information at different organic load rate phases of semi-batch
reactor. For the operational volume of 1L, where HRT and SRT are coupled.

OLR (kgys/day/ 0.4 0.5 0.6 0.8 1

m%)

Influent VS (g/L) 9.9 + 135+ 14.4 + 159 + 14.6 +

0.5 0.1 0.3 0.1 0.8

Influent tCOD (g/  12.1 17.9 18.1 21.4 18.9
L)

HRT (days) 25 25 25 19 15

Phase length 39 87 55 38 27
(days)

hydraulic retention time (HRT). The reactor was continuously mixed at a
150 RPM speed and maintained at a temperature of 35 °C through a
thermostatic water bath. Additionally, the reactor was connected to an
overpressure valve of 1.3 bar that controlled the maximum pressure in
the reactor, this pressure was intermediately released for the measure-
ment of the gas production (section 2.3). In this operation the HRT and
sludge retention time (SRT) were coupled. The bioreactor was controlled
with an in-control process controller (Applikon) and the pH was
continuously measured through a pH probe. No external pH control was
used in this system, the only pH control used was the carbonate buffer
described in the section 2.1. Both influent and effluent vessels were
flushed with argon to prior use, and an argon gas bag was attached to the
influent bottle to replace the volume each time the reactor was fed.

For acclimatization purposes the sequence batch reactor was initially
operated after inoculation at an organic load rate (OLR) of 0.4 kgys/day/
m® and an HRT of 25 days for 8 consequently HRT cycles (200 days).
After acclimatization, the reactor was operated at 5 different stages
according to their OLR of 0.4, 0.5, 0.6, 0.8, and 1 kgvs/day/m3. The
increase in OLR was done in the first three phases by increasing the
influent VS concentration with a 0.1 kgys/day/m? increase and for the
last two phases by decreasing the HRT at constant VS in the influent with
a 0.2 kgys/day/m? increase (Table 2). After a full HRT cycle, each phase
was further ran until a stable VS concentration in the effluent was
reached and the mass balances closed according to the product reaction
described in section 2.4. On average, this was achieved after 2 HRT
cycles in each phase (Table 2).

2.3. Analytical methods

The gas production was measured via a pressure meter (Cole Parmer
4-20 mA) and the gas composition was measured, after collecting it in a
gas bag, via the Prima-BT mass spectrometer (Thermofisher). The
composition for CH4, CO2 was measured for all OLR stages, whilst Hy
composition was only possible to measure in the last two OLR stages,
this composition remained below 0.15 %. Volatile solids (VS) and total
solids (TS) were measured according to (APHA, 2017). Chemical oxygen
demand (COD) was measured with the LCK114 test kit (Hach Lange). N-
NH4 and P-PO4 were measured through a photometric analysis via the
gallery discrete analyser (Thermofisher). Total alkalinity (TA) was
measured through the standard titration method (Dunnivant, 2004). The
elemental composition was determined by an elemental analyser (Met-
tler Toledo). The final results for TS, VS, COD, N-NH,4, and P-POy4
represent an average of 3 distinct batch days within the same OLR stage.
The measurements for each single batch day were measured in duplicate
for N-NHy4, and P-PO4 and in triplicate for TS and VS. All data was
measured after a full HRT cycle for each OLR stage. The pH and pressure
measurements represent an average of 6 distinct batch days within the
same OLR stage.

Throughout the current work, methane is presented through
different approaches to allow comparison with literature and to take
into account substrate specificity. Firstly, methane is presented as a
specific methane production rate (mL/day/gysadded) this refers to the
production of methane through time (within an HRT cycle) normalized
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to the VS of the influent. Secondly, methane is also presented as methane
production rate (mL/L/day) this refers to the methane produced through
time (within an HRT cycle) normalized to the reactor volume — 1L.
Finally, methane is also presented as methane yield (mL/gysadded) this
refers to the total methane produced within an HRT cycle normalized to
the VS of the influent.

2.4. Theoretical specific methane production rate

In order to calculate the theoretical specific methane production rate
a product reaction for the process was derived (equation (3)). The
substrate formula was calculated according to the elemental analysis
shown in Table 1, which was further normalized to carbon (C). Addi-
tionally, it was assumed that the final products for the substrate con-
version were and CH4, CO2, NH;HCO3, H50.

CHy.0900.79No.14—0.4CH4 4+ 0.6CO, + 0.1NH,HCO5; — 0.8H,0 3

Through equation (3), is possible to derive the theoretical potential for
this process through the stoichiometry for CH4 — 1 mol of substrate will
lead to 0.4 mol of methane. Assuming, 1 g in substrate (CHy 0900 79No.14)
is equivalent to 1 g in VS, it is possible to convert the theoretical po-
tential to 307 mLcya/8vsconverted: This term, can be further used to
calculate the theoretical specific methane production rate by using the
VS difference between influent and effluent (AVS):

1 AVS-307
Theoretical specific CH4 production rate =
p ﬁ p |:gVSadded'day:| Vsinﬂuent'HRT

4

2.5. 16s Amplicon sequencing analysis

The sequence batch reactor was sampled throughout operation. 2 mL
were sampled at the beginning of an HRT cycle (initial), usually at the
mid-point of an HRT cycle and at the end of an HRT cycle. The latter, on
average after stabilization phase of 2 complete HRT cycles (final). The
DNA was extracted according to the DNAeasy UltraClean microbial kit
protocol (QIAGEN). Amplicon generation, library preparation, and
sequencing were further analysed by Novagene.

The total genome DNA, from the samples, was further extracted
using the CTAB method, and the DNA concentration and purity were
monitored on 1 % agarose gels. According to this concentration, DNA
was diluted at 1 ng/L. The V4 and V3 regions of the microbial 168 ri-
bosomal RNA gene were amplified by PCR. The PCR reactions were
performed by 15 pL High-fidelity PCR master mix (Phusion), where 2 uM
of forward and reverse V3-V4 rRNA primers were added and 10 ng of
template DNA. The PCR products were identified by 2 % agarose gel and
purified with the gel extraction kit (QIAGEN). Sequencing libraries were
then generated by using TruSeq DNA PCR-Free preparation kit (Illu-
mina). The library was sequenced on an Novaseq platform (Illumina) and
250 bp paired end reads were generated. The paired-end reads were then
assigned to samples based on their respective barcode and truncated by
cutting off the barcode and primer sequence.

Using the dada2 pipeline (Callahan et al., 2016) the paired-end se-
quences were merged and filtered for quality to obtain high-quality
clean tags (Bokulich et al., 2013). After quality filtration, the se-
quences were clustered into the respective ASVs after the removal of the
chimeric sequences. For each representative sequence, the SILVA 138.1
database was used to annotate the taxonomy information (Robeson
et al., 2020). After annotating the taxonomy data was further processed
in R software with the phyloseq package (McMurdie, 2017) for data
visualization proposes. The raw sequences for each sample were sub-
mitted to the European Nucleotide Archive (ENA) under the accession
number PRJEB83037.

Bioresource Technology 429 (2025) 132505
2.6. PHREEQC analysis

To understand the pH behavior within the system a chemical model
was established in geochemical model software PHREEQC v3.7.3. The
database used was the Amm.dat database provided by the software.
Initially, an input solution was created with the buffer concentrations
described in section 2.1 at 35 °C and a pH of 9.3. This solution was then
equilibrated with a fixed headspace volume (reactor headspace volume
+ volume of gas collection bag), where CH4, CO2, H20, and NH3, were
given as potential gases. The charge balance in the equilibration step
was done with pH.

To the equilibrated solution, a reaction step was introduced. This
step instructed a stepwise addition of CH4, CO9, Hy, and NHj to the
solution within a 0-100 mM range. CH4, CO3, and NH4 were added
according to the stoichiometry of the product reaction in this 0-100 mM
range (equation (3)). For each stepwise addition, an equilibrium solu-
tion was calculated, where the charge balance was done with pH. To
each equilibrium point the pH and CH4, CO5, Ho, and NH3 compositions
were registered and plotted. The PHREEQC script can be found in the
supplementary material. For comparison, this model was plotted
together with experimental data for each OLR phase studied (Table 2)
and additional experimental data point from the acclimatization phase
(section 2.2) was also used.

3. Results
3.1. Overadll reactor operation

Anaerobic digestion was performed to the alkaline sludge residue of
extracellular polymer extraction from aerobic granular sludge (AGS)
(Bahgat et al., 2023). This sludge was suspended in a carbonate buffer
resulting in a influent with an original pH of ~ 9.3 and an alkalinity of ~
0.5 eq/L (Table 3). The digestion was done in a sequencing batch reactor
regime at different OLRs (0.4; 0.5; 0.6; 0.8 and 1 kgys/day/m>). The OLR
was first changed by increasing the initial volatile solid (VS) concen-
tration of the influent (9.9; 13.5; 14.4 g/L) while the HRT was constant
(25 days), thereafter the OLR was increased by decreasing the HRT
(25;19;15 days). In Table 3, the results for each OLR stage are shown.

The general reactor operation is summarised in Table 3, where the
experimental and theoretical specific methane production (mL/day/
gvsadded) according to the VS converted are shown. The overall methane
production (ml/L/day) rate can be seen in Fig. 1. The theoretical cal-
culations can be found in section 2.4. The theoretical and experimental
specific methane production rates fall within the same standard devia-
tion range for all OLR studied (Table 3). The difference between the
averaged results remains below 15 % for all stages. For the OLRs of 0.6
and 1 kgys/day/m3, the average specific experimental rate (6.2 + 0.1
and 8.4 + 0.1 mL/day/gysadded) was higher than the specific theoretical
rate (5.9 + 0.2 and 7.9 + 1 mL/day/gvsadded, respectively). This
discrepancy is likely attributed to error propagation in the experimental
measurements, and both values still fall within the same error range,
demonstrating the validity of the calculations. Therefore, the methane
production can be directly correlated with the degree of VS degradation.
The VS conversion increased from 41 %, at the lowest OLR of 0.4 kgys/
day/m?, to 48 + 0.7 % conversion at the OLR of 0.6 kgys/day/m>. This
conversion remained relatively constant until the last OLR of 1 kgys/
day/m® where it decreased to 38 & 1 %. This decrease in conversion is
also reflected in the detection of acetate in the effluent, pointing to
incomplete VS degradation. Acetate was only measured in the highest
OLR (1 kgys/day/m3) at a concentration of 0.20 + 0.05 mM, for the
other OLRs the concentration was below the detection limit. This sug-
gests that for the initial stages, acetate was fully converted into CHy.
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Table 3

Bioresource Technology 429 (2025) 132505

Characteristics of influent, effluent and biogas streams in a sequence-batch reactor as function of the applied OLR (kgys/day/m®). The digestion was performed with

alkaline wastewater sludge residue generated during EPS extraction of AGS.

stream OLR (kgys/day/m®) 0.4 0.5 0.6 0.8 1

Influent HRT 25 24 25 19 15
Influent pH 9.27 9.35 9.27 9.37 9.44
TS (g/L) 40.1 £ 0.4 43.1+1.4 43.6 £ 0.4 439+ 0.5 43.2+0.3
VS (g/L) 9.9 + 0.5 13.5+ 0.1 14.4 £ 0.3 159 + 0.1 14.6 + 0.8
Total ammonia (mM) 12.0 +£ 0.2 13.1 £ 0.2 20.2 £ 0.2 27.1+0.3 25.2 + 0.2
PO,4 (mM) 10.9 +£ 0.8 9+0.7 10.1 £ 0.2 10.1 £ 0.3 10.4 £ 0.7
Acetate (mM) 63+1 9.7 £ 0.2 143+ 0.5 88+0.1 9.4+ 0.1
Total alkalinity (eq/L) 0.50 0.46 0.44 0.47 0.45

effluent Operational pH 8.68 + 0.01 8.60 + 0.01 8.56 + 0.03 8.61 + 0.02 8.76 + 0.01
TS (g/L) 36.9 £ 2.1 40.8 £7.0 35.7 £ 0.9 36.4 + 0.6 36.6 + 1.1
VS (g/L) 59+0.3 7.2+0.3 7.5+ 04 8.6 +0.2 9+ 0.6
VS conversion (%) 40.9 + 3.1 46.8 + 1.7 48.1 +1.1 46.0 + 1.2 38.3+ 3.4
Total ammonia (mM) 35.8 +£2.3 38.0 £1.1 45.2 £ 0.6 50.0 + 1.2 54.4 + 0.6
PO, (mM) 12.0 £ 0.2 11.8 £ 0.1 11.5+0.1 11.1 +£0.1 9.6 +1.1
Acetate (mM) na na na na 0.20 + 0.05
Total alkalinity (eq/L) 0.51 0.52 0.50 0.57 0.47

Biogas CH4 (%) 96.0 £ 0.2 94.2 £ 0.2 92.5+0.3 95.2 +£0.1 95.8 £ 0.1
CO3 (%) 4.0+ 0.1 58+ 0.1 6.9+ 0.1 4.8 +0.1 42 +0.1
CH4 yield (mL/ gysadded) 113+ 2 124 + 3 151 +2 131 +6 125 +1
Specific CH4 production rate (mL/day/gysadded) 4.6 + 0.1 5+0.2 6.2 +0.1 6.9 +£0.3 8.4+ 0.1
Theoretical specific CH, production rate ” (mL/day/gysadded) 5.03 +£ 0.6 5.7+0.3 59+0.2 7.4+ 0.2 79+1

Y Calculated through the assumption that all volatile solids (VS) conversion was a result of CH, production according to the product reaction developed in section

2.4.
3.2. Methane production rate and purity

The increase in OLR both affected the methane production rate (mL/
L/day) and the methane purity (%). With the increase in OLR, an in-
crease in the methane production rate was observed, reaching a
maximum of 122.4 + 7 mL/L/day (Fig. 1 — right). Additionally, as ex-
pected, a biogas stream with high methane content (>90 % CHj4) was
produced throughout the study, reaching a maximum of 96 + 0.2 %
(Fig. 1 — right).

The methane production rate increased linearly between OLRs
0.4-0.6 kgyg/day/m>, concomitantly there was a small, linear decrease
in biomethane purity (Fig. 1). The methane production rate increased on
average 30 % per 0.1 kgys/day/m® and methane purity decreased on
average 1.8 % per 0.1 kgys/day/m®. For the OLRs 0.8 and 1 kgys/day/
m?, with respective HRTs of 19 and 15 days, an increase in the methane
production rate was observed, however at a slower pace. The methane
production rate increased on average 10 % per 0.1 kgys/day. Addi-
tionally, for the OLRs 0.8 and 1 kgys/day/m® methane purity first
increased by 3 % and then stabilized. The pattern between the CHy4
content in the gas phase and OLR was also mirrored in the relationship
between the operational pH and the OLR (Fig. 2).
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Fig. 2. Operational pH in the sequence batch reactor of the digestion of alka-
line waste as function of the OLR studied (kgys/day/m?>; x-axis).

3.3. pH stability and its impact on gas composition

In this work, no external pH control was used, the system fully relied
on the carbonate buffer in the influent (section 2.1). As a result, the
reactor pH (operational pH) fluctuated slightly throughout the
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Fig. 1. Digestion of an alkaline sludge residue generated from the EPS extraction of AGS. Methane production rate (mL/L/day; y-axis left) and methane purity in the

gas phase (%; y-axis right) versus OLR (kgys/day/m?; x-axis).
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experiment (Fig. 2). The pH values presented are the average values
measured over 6 distinct days, after a complete HRT cycle for every OLR
stage.

Although the influent fed had an average pH of 9.3 (Table 3), the
operational pH for all OLR ranged between 8.6 and 8.8, indicating a pH
drop within the reactor due to the microbial activity. First, the pH
decreased linearly from 8.7 to 8.6 with increasing OLRs of 0.4; 0.5, and
0.6 kgys/day/m®>. Subsequently, the pH increased from 8.6 to 8.8 with
increasing OLRs of 0.8 and 1 kgys/day/m?>.

This pH profile is a result of the increase in microbial CO5 production
and the decrease in HRT. In fact, an increase in methane production in
AD, due to higher VS feeding or substrate conversion efficiency, is
associated with an increase in COy production. CO5 is part of an acid-
base system and an increase in CO, will lead to a decrease in pH. The
rate of decrease of the pH is directly associated with the buffering ca-
pacity of the system (alkalinity) which remained constant at all stages
(Table 3). On the other hand, the operational pH is affected by the pH of
the influent, which in this case was around 9.3 (Table 3). By decreasing
the HRT, the rate at which the influent replaces the reactor volume in-
creases, which in turn increases the pH.

To elucidate the relationship between operational pH and biogas
composition the geochemical modelling software PHREEQC was used
(section 2.6). The goal of this model was to understand if pH and CH4
purity variations are related, and if these variations could be fully
justified by the chemical reactions, such as CO, production and NHy4
formation within the bioreactor. This model consisted of a closed system
reactor where a gas and liquid phase are in equilibrium and it is fully
described in section 2.6.

Modelled and observed experimental CH4/COx ratio in the gas phase
are given in Fig. 3. The model is able to describe the general pattern
observed experimentally for the CH4 to CO; ratio as a function of pH.
Both results fall within the same order of magnitude and the maximum
ratio (~23) was observed around pH 8.6 for both the experimental and
model results. However, the model and experimental results show an
increase divergence for lower pHs (<8.6) by a factor of 1.5. For lower
pHs, the CHy4/ CO;, ratio for experimental results decreases more sharply
in comparison to the modelled results.

3.4. Ammonia

Working at a higher pH leads to the speciation of ammonia towards
free-ammonia (NH3). NH3 has been shown to inhibit anaerobic diges-
tion, especially affecting the methanogenic community (Moerland et al.,
2021). The NH4 and NH3 concentrations in relation to the OLR are given
in Fig. 4.

Fig. 4 shows an increase from 28 + 2 mM to 30.8 £ 1 mM in NH4

30

25

20

15

CH,/CO, ratio

10

7.8 8 8.2 8.4 8.6
pH

= PHREEQC model ® Experimental data
Fig. 3. The CH4/CO; ratio in the gas phase according to the operational pH.
The red dots (@) represent the experimental data observed. The black line (-)
represents the chemical PHREEQC model results. The model is described in
detail in section 2.6. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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concentrations for OLRs 0.4 to 0.6 kgys/day/m3. This is due to the in-
crease of the substrate concentration in the influent, as the OLR was
changed by increasing the initial VS concentration. For OLRs 0.8 and 1
kgys/day/m3, the NH4 concentration increased slightly to around 40
mM. For NH3 the opposite relation was observed. For OLRs 0.4; 0.5, and
0.6 kg\/s/day/m3 the NH3 concentration remained constant around 7
mM and for OLRs 0.8 and 1 kgys/day/m? the concentration increased to
9.6 + 0.2 mM and to 13.6 + 0.2 mM, respectively. This NH3 profile
directly relates to the operational pH (Fig. 2), as a higher pH leads to a
higher NH3 speciation over NHg4.

3.5. Microbial community

The bioreactor was sampled at the beginning and end of each OLR
stage for DNA extraction to monitor the microbial community under
different operational conditions. Fig. 5 shows the 16 s abundance for the
top 10 bacteria at a taxonomy order level, and Fig. 6 shows the 16 s
abundance for the top 10 archaea at a taxonomy genus level. Archaea is
presented separately to provide a more focused look of changes observed
in methanogens.

Fig. 5 shows a diversity of anaerobic fermentative bacteria at the
class level. There is a significant presence of the class Saccharimonadia
especially in the final stage of OLR 0.5 kgys/day/m°. This class belongs
to the Candidatus phylum Patescibacteriota, which is part of the Candi-
date Phyla Radiation (CPR). CPR mainly consists of uncultured, poorly
understood anaerobic bacteria which are often parasitic or symbiotic
and have areduced genome and size (Castelle et al., 2018). This class has
been mostly associated with monosaccharide and polysaccharide
fermentation (Albertsen et al., 2013). Members of this group have been
identified as one of the dominant bacterial classes in the sediments of
Siberian soda lakes, the inoculum used in this study (Vavourakis et al.,
2018). Additionally, it is possible to see a consistent presence of the class
Clostridia. By looking at a deeper taxonomic level, most of this class
belonged to the order Peptostreptococcales-Tissierellales which is associ-
ated with amino-acid fermentation (FEzaki, 2015). The class Actiono-
bacteria is also found in all samples, however its relative abundance
decreases for the higher OLRs. This class can be mainly found in soil and
marine ecosystems and it is often associated with polysaccharide hy-
drolysis (Ranjani et al., 2016). In contrast, the relative abundance of the
class Bacteroidia increases for higher OLRs. This class can be also linked
to hemicellulose polysaccharide hydrolysis and dead biomass recycling.
Lastly, a notable presence of the class Dethiobacteria was observed. Both
characterized and uncultured members of this class are typically found
in alkaline anaerobic environments, such as soda lakes and alkaline
mineral springs. They are involved in autotrophic acetogenesis and the
syntrophic oxidation of volatile fatty acids (VFA) (Sorokin & Merkel,
2022).

Fig. 6 gives a focused look into the archaeal community present in
the reactor at the genus level. It shows an increase in dominance of the
genus Methanosaeta until the OLR 0.6 kgys/day/m® and then a subse-
quent decrease in abundance. In Fig. 6, this genus includes the alkali-
tolerant and alkaliphilic members that were recently reclassified to
the genus Methanocrinis (Khomyakova et al., 2023). This genus is asso-
ciated to alkaliphilic acetoclastic methanogens. Acetoclastic metha-
nogens produce CH4 and CO; through the breakdown of acetate. In
parallel, the abundance of the genus Methanocalculus starts to increase
from OLR 0.6 kgys/day/m® reaching dominance in the final samples.
This genus includes mostly salt-tolerant hydrogenotrophic metha-
nogens, from neutral salt habitats (Ollivier et al., 1998) to soda lakes
(Sorokin et al., 2015; Zhilina & Zavarzin, 1994). Hydrogenotrophic
methanogens produce CHy from CO» by using either Hy or formate as an
electron donor. In addition, the haloalkaliphilic Methanocalculus species
have been shown to be the syntrophic Hy-consuming partners for the
VFA-oxidizing syntrophic Firmicutes from soda lakes (Sorokin et al.,
2015; Timmers et al., 2018). Fig. 6 shows a smaller presence of other
genera of hydrogenotrophic methanogens such as Methanobacterium,
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Fig. 4. NH4 (left) and NH3 (right) concentrations (mM) versus OLR (kgvs/day/m3; x-axis) from the digestion of a alkaline waste. The NH4-NHj3 speciation was
calculated according to the operational pH (Table 3) and the dissociation constant (pka) of 9.25 (Moerland et al., 2021).
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lower abundance are classified as other and genera that was not possible to classify is named unclassified. Extraction and processing methods are described in

section 2.5.

Methanocorpusculum and Methanobrevibacter (Pasalari et al., 2021,
Martinez-Romero et al., 2022; Dighe et al., 2004). Finally, salt-tolerant
methylotrophic methanogens from the genus Methanolobus and methyl-
reducing Candidatus Methanofastidiosum were also detected. The

former is present in soda lakes and can ferment C;-metyhyl compounds
to methane and CO», while the latter is detected in marine habitats and
is suggested to reduce methyl-sulfide to methane and H,S using Hs as the
electron donor.
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4. Discussion
4.1. Methane production and purity

This study demonstrated that AD under high-pH and high-alkalinity
conditions for an alkaline waste with in-situ biogas upgrading is a
possible and scalable process. The major bottleneck for in-situ biogas
upgrading is considered to be the required high operational pH within
the AD system and a methanogenic community that can handle these
conditions (Khan et al., 2021). In the current work, this bottleneck was
addressed by using a soda lake microbial community as an inoculum.
Soda lakes are naturally occurring environments with high carbonate
alkalinity levels and a high pH (9.5-11), in which a specialized and
adapted microbial community is present (Schagerl & Renaut, 2016;
Sorokin et al., 2014). In addition, the current study focused on a gradual
increase of the OLR from 0.4 to 1 kgvs/day/m3, due to unestablished
kinetics of the inoculum used and concerns over ammonia toxicity and
potentially other inhibiting compounds. As a result, with an acclima-
tized soda lake community it was possible to reach a maximum specific
methane production rate of 8.4 + 0.5 mL/day/gysadded With a corre-
sponding methane purity in the gas phase of 95.8 + 0.1 % for an OLR 1
kgys/day/m® (Table 4). Notably, at this OLR the VS conversion
decreased by 8 % with a corresponding increase in the acetate concen-
tration of the effluent. Acetate was only detected at the highest OLR
stage suggesting that it was fully converted into CH4 for the previous
stages. This indicates, a transition from a hydrolysis-limited AD process
to a methanogenesis-limited AD process at the last OLR stage (Ma et al.,
2013). In addition, at this OLR stage the ammonium concentration
remained the same per VS added (Fig. 4) indicating that hydrolysis
remained constant between the last two stages.

Compared to the preliminary work on this process by Nolla-Ardevol
et al., (2015), the current study demonstrated a 75 % higher maximum
methane specific production rate (mL/day/gvsadded) and a higher
methane gas content at an OLR of 1 kgys/day/m® (Table 4). Nolla-
Ardevol et al., (2015) performed alkaline methanation at a pH of 10 and
at an alkalinity of 1.2-1.9 eq/L using microalga Spirulina as a substrate.
In their work, the maximum specific methane production rate was 4.8 +
1.0 mL/day/gspir.added for an OLR of 0.25 kg\;s/day/m3 with corre-
sponding 86 + 5 % in methane content (Table 4). For an OLR of 1 kgys/
day/m? the specific methane production rate was 2.0 + 0.3 mL/day/
gvsadded (Table 4). This decrease in production rate was hypothesized to
be due to ammonia inhibition. The NH3 concentration for the OLR of 1
kgys/day/m® was around 50 mM—3.5 times higher than the maximum
concentration observed in the current work (13.6 + 0.2 mM). The
ammonia concentration was higher due to a combination of a higher
operational pH (pH 10), which shifted the speciation towards NH3 over
NH4, and the use of a protein-rich substrate (Spirulina biomass). This
type of substrate has a low C/N ratio leading to higher nitrogen
mineralization (Gonzalez-Fernandez et al., 2015). In fact, Samson &
Leduy, (1983) showed that increasing the C/N from 4.2 to 6.2 by co-

Table 4
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digesting Spirulina with sewage sludge enhanced CH4 production.
Alternatively, the higher methane specific production observed in the
current study in comparison to Nolla-Ardevol et al., (2015) work, could
be related to microbial adaptation of the soda lake inoculum to the
alkaline substrate used. As the soda lake inoculum used in the current
study had a 200 day acclimatization period before the reactor operation
started (section 2.2).

Table 4 compares the current results to the work of Val Del Rio et al.,
(2014), where AD was performed at similar operational conditions using
a relatively similar substrate at neutral pH and low alkalinity conditions.
Their work used AGS and thermal-pre-treated AGS as a substrate. At a
neutral pH for the same OLR of 1 kgys/day/m> a similar specific
methane production rate (10.4 + 3.0 mL /day/gysadded) and conversion
in VS (32 %) was achieved for the neutral digestion conditions. How-
ever, at neutral conditions the thermal-pretreated AGS yielded a higher
specific methane production rate (15.5 + 3.0 mL/day/gysadded) and
conversion in VS (47 %). For both cases the methane content in the gas
phase was lower (62.4 + 9.0 % and 64 =+ 3.0, respectively), compared to
one observed in the current work (95.8 + 0.1 %). The lower specific
methane production rate in the alkaline digester compared to the
neutral results could be due to differences in substrates. The substrate
used in the current work was the alkaline waste after EPS extraction
from AGS through a thermo-alkaline process (Bahgat et al., 2023). The
substrate for the alkaline fermentation comes without a significant
fraction (ca. 25 %) of easily degradable biomass (Bahgat et al., 2023).
This biomass is removed as biopolymer during the EPS extraction pro-
cess and is primarily composed of proteins and sugars. Our proof-of-
concept study indicates that anaerobic digestion (AD) at high pH and
high alkalinity is a feasible process. In this approach, in-situ purification
occurs, and the results show comparable specific methane production
and conversion rates to those observed in neutral digestion, as shown in
Table 4.

To fully understand the industrial impact of technology a further
increase in OLR should be investigated, as anaerobic digesters for
municipal sewage sludge are commonly operated at OLR of 2-5 kgys/
day/m® (Uddin & Wright, 2023). For scale-up purposes, a balance be-
tween the microbial community’s salt requirements and the feasibility of
an industrial process should be further investigated, as the current salt
load is impractical for industrial applications.

4.2. pH stability and its impact on gas composition

The operational pH slightly varied between 8.6 and 8.8 (Fig. 2). In
order to understand if these variations could be fully related to CO5
production by microbial activity, a chemical model was developed and
compared with the experimental results (Fig. 3). Despite these pH
changes, in-situ biogas purification occurred for all OLR stages studied,
as the CHy purity remained above 90 % for all stages and above 95 % for
the OLRs of 0.4, 0.8 and 1 kgys/day/m>. This purification was done
without any pH control and solely relied on the initial pH and alkalinity

Comparison of anaerobic Digestion Process Parameters. Overview of Literature on high-pH and high-alkalinity anaerobic digestion and comparison with a neutral

digestion process.

Study pH substrate OLR (kgys/ HRT Specific CHy CH4 yield CH4 CO3 (%) VS conversion
day (day) production rate (mL/ (%) (%)
/m3) (mL/day 8vsadded)
/8vsadded)
This work 8.76 Alkaline pellet from EPS 1 15 8.4+0.5 126 £ 8 95.8 + 4.2 + 38+1
+0.01 extraction from AGS 0.1 0.1
(Nolla-Ardevol 10 microalga Spirulina biomass 0.25 15 4.8+ 1.0 72+ 12 86+ 5 4+3 11
et al.,, 2015) 1 15 2.0+0.3 30.7 £5 83+9 14+6 5
(Val Del Rio et al., 7.4+ AGS 1 20 10.4 + 3.0 208 + 52 62.4 + 259 + 32
2014) 0.2 9.0 2.0
Thermal pre-treated AGS 0.8-2.1 20 15.5 £ 3.0 309 + 58 64 +3 259 + 47
2.0
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of the alkaline pellet diluted in the carbonate buffer (section 2.1). This
demonstrates that alkaline fermentation can produce biomethane with a
CO4, content that can be directly injected into the gas grid without any
ex-situ purification step, as CHy4 values rose above the 95 % standard for
the final OLRs (Thran et al., 2014). Skipping the ex-situ purification step
is advantageous as these methods often are associated with high energy
consumption and high operational costs (Khan et al., 2021).

Noorman et al., (1992) highlighted the importance and the
complexity of modelling the bicarbonate/ carbonate speciation within
alkaline systems, as microbial CO, production cannot be fully under-
stood by the CO; present in the gas phase. Fig. 3 illustrates that the pH
and gas concentration variations in the reactor can, to an extent, be
modelled based on the chemical interactions (e.g. speciation) within this
system. The model demonstrated a clear relationship between reactor
pH changes and microbial CO, production (Fig. 3). Both experimental
and modelled results fell within the same order of magnitude with both
reaching a maximum in CH,4/ COs ratio in the gas phase around pH 8.6.
At pH 8.6 the relative speciation of the dissolved COy (CO2(aq)) in
equilibrium with carbonate (CO32) and bicarbonate (HCO3) drops to
zero, possibly creating this shift in the ratio (Middelburg et al., 2020).

However, the model results diverge from the experimental results for
lower pH ranges, as a sharper decrease in the CH4/ CO4 ratio is observed
for the experimental results. This suggests a higher CO, outgassing than
predicted or a significant change in the CH4 and CO; stoichiometries in
the product reaction, since the model is based on this reaction (formula
3). A change in the stoichiometries of the product reaction would also
lead to a deviation between the theoretical and experimental specific
methane production rate (Table 3), which was not observed. Suggesting
the assumed product reaction is valid and leading to the conclusion that
experimentally there is higher CO, outgassing than what is predicted in
the model for pHs below 8.6. In addition, the model overestimated the
average alkalinity, the average alkalinity in the bioreactor was 0.5 +
0.02 eq/L, whilst the average predicted alkalinity in the model was 0.57
+ 0.01 eq/L.

A constraint of the model is the assumption that organic matter does
not play a role in the chemical interactions within the bioreactor. The
model did not take into account both the VFAs loaded and released
throughout the anaerobic digestion, which could have played a role in
pH variations. VFAs have also been shown to create a buffering system
with ammonia which was not taken into account in the model (Wang
et al., 2013). Additionally, the model also did not consider the potential
absorption of ammonia and phosphate on suspended organic solids,
which in turn effects the alkalinity (de Visscher et al., 2002; Sui &
Thompson, 2000). Finally, the potential salts present in the alkaline
residue used were not considered, only the salts in the carbonate buffer
were considered. This may have resulted in key chemical interaction
such as precipitation being overlooked. To further improve this model a
full characterization of the alkaline substrate used should be done and
suspended organic fraction should be considered. Another constrain in
the model is that it fully relies on the database used and the respective
dissociation constants. For pure chemical systems, It has been shown
that the theoretical dissociation constants for the bicarbonate/carbonate
system slightly diverge from the expected for high-salinity environments
(Millero et al., 2006).

In conclusion, despite pH variations, in-situ biogas upgrading
occurred at all OLR stages studied. Changes in the methane purity can
only be partially explained by microbial CO2 production through a
geochemical model. This highlights the complex relationship between
microbial activity and the chemical processes within this system. For
future applications, these dynamics and how they affect methane purity
should be further studied and validated trough experimental data. The
model should be expanded to include the impact of organic matter.
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4.3. Ammonia

Several studies have shown that free ammonia nitrogen (NH3) can
inhibit methanogenesis during anaerobic digestion. It is generally
established that anaerobic digestion at neutral conditions is inhibited by
concentrations of total ammonia nitrogen (TAN) between 143-275 mM
(Moerland et al., 2021). For mesophilic conditions and a pH of 7.5 this
corresponds to free-ammonia (NH3) concentrations between 3-6 mM.
However, this range is highly dependent on the substrate used and the
adaption of the microbial community to it. In fact, for the digestion of
municipal solid waste at mesophilic conditions a 50 % inhibition was
observed for a NH3 concentration of 12 mM (Benabdallah El Hadj et al.,
2009).

A maximum of 13.6 + 0.2 mM of NH3 was reached in the present
study with the highest OLR of 1 kgys/day/m> (Fig. 4). At this concen-
tration a significant methane production was observed, indicating that
no or very limited inhibition occurred. However, the rate at which CHy
production increased slowed down for the last OLR increase (Fig. 1).
This could be related to the ammonia concentration or to other factor
such as kinetic limitations. Nolla-Ardevol et al., (2015) used a similar
soda lake inoculum and a 50 % ammonia inhibition was only observed
for NH3 concentrations above 50 mM. These observations suggest that
the alkaliphilic methanogens from soda lakes have a higher resistance to
NH;3 concentrations than typical neutrophilic methanogens found in
anaerobic digesters. It is hypothesized that ammonia inhibition is caused
by the passive diffusion of NH3 through the cell membrane (Kayhanian,
1999).

Alkaliphilic bacteria and archaea have been shown to have microbial
adaptations to avoid proton leakage. The microbial adaptions range
from bioenergetic adaptations, such as the use of Na'-dependant
ATPases (Angelini et al., 2012); to osmoprotectant adaptations, such as
the use salt-in strategy (Mesbah & Wiegel, 2011); and to membrane
adaptations such as the incorporation of squalene (Siliakus et al., 2017)
or the incorporation of specialized lipids (de Jong, 2024). In fact, It has
been shown that archaea belonging to the Methanocrinis genus found in
the current study synthetized ectoine as a osmoprotectant at high pH
conditions (Khomyakova et al., 2023). These adaptations could lead to a
lower NHj3 diffusion and in turn to a higher resistance towards NHs. If
the OLR would be further increased to 2 kgys/day/m®, considering a
constant pH, the NH3 concentration would be around 30 mM, which
would still be below the concentrations observed by Nolla-Ardevol et al.,
(2015)) as inhibitory. We thus hypothesize that in an industrial
competitive feeding regime NH4 should not be a limiting factor. In
addition, other strategies such as ammonia stripping have been pro-
posed to mitigate ammonia inhibition and improve AD efficiency which
could be applied in tandem with this technology (Yellezuome et al.,
2022). The effects of ammonia on alkaliphilic methanogens should be
further studied as no limitation was observed in the studied conditions.
This suggests that alkaliphilic methanogens have a higher resistance to
NHj3 concentrations.

4.4. Microbial community

Fig. 5 and Fig. 6 illustrate the changes in the microbial community
for bacteria and archaea, respectively. The bacterial community
composition remained relatively stable throughout the reactor opera-
tion. While shifts in dominance were observed, the overall taxonomic
classes present remained largely unchanged. Most of the observed bac-
terial taxonomic classes were linked to anaerobic fermentation of
polymers and monomers, with some also associated with salt tolerance.
This reflects the complexity of the alkaline substrate used. In fact, it was
possible to see a significant abundance of classes associated with poly-
saccharide and monosaccharide fermentation (Saccharimonadia, Bac-
teroidia), cellulose fermentation (Actionobacteria) and amino-acid
fermentation (order: Peptostreptococcales-Tissierellales). The current
study also showed the class Saccharimonadia, a member of the Candidate
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Phyla Radiation, as a dominant bacterial group in a haloalkaline culture.
This class has been found in the metagenome of soda lake anaerobic
sediments (Vavourakis et al., 2018). Recently, this class has been shown
to be associated with acetoclastic methanogenic archaea, such as the
class Methanosaeta found in this study, in a bioreactor at a neutral pH
conditions (Kuroda et al., 2022).

In contrast, the archaeal community changed throughout the reactor
run. Genera associated with methanogenesis and salt-tolerance were
dominant overall. However, there was a shift from acetate-dependent
methanogenesis (acetoclastic) to hydrogen-dependent methanogenesis
(hydrogenotrophic). The genus Methanosaeta, associated with aceto-
clastic methanogenesis (Khomyakova et al., 2023), increased in abun-
dance until the 0.6 kgys/day/m® final sample and subsequently
decreased in abundance. In parallel, the genus Methanocalculus, associ-
ated with hydrogenotrophic methanogenesis (Ollivier et al., 1998),
increased in abundance from the 0.6 kgys/day/m? final sample, reach-
ing dominance at the OLR of 1 kgys/day/m>. This shift could have
caused by the variations in pH as the 0.6 kgys/day/m® OLR represents a
shift point from a pH decrease profile to a pH increase profile (Fig. 2).
Throughout literature, it is reported that the acetoclastic route is
inhibited at higher pHs and the hydrogenotrophic route becomes
dominant (Zhilina & Zavarzin, 1994; Wormald et al., 2020). This shift is
reflected in our findings, the decrease in pH from OLR 0.4 to 0.6 kgys/
day/m® is associated with an increase in the dominance of acetate-
dependent methanogenesis, while the subsequent increase in pH from
OLR 0.6 to 1 kgys/day/ m® correlates with a rise in hydrogen-dependent
methanogenesis. Knowing the pH range at which this acetoclastic to
hydrogenotrophic shift occurs, is beneficial for future reactor design as it
is possible to select the preferred methanogenesis metabolic pathway.

5. Conclusion

This study demonstrated that anaerobic digestion can be effectively
conducted under high-pH and high-alkalinity conditions using a com-
plex alkaline waste substrate in a continuous mode. It served as a proof
of concept for this technology, providing a foundation for full-scale
processes. It demonstrated scalability by increasing organic loading
rates without encountering ammonium inhibition. The maximum spe-
cific methane production obtained was 8.4 + 0.5 mL//day/gysadded for
an HRT of 15 days and a OLR of 1 kgys/day/m>. The maximum con-
version observed was 48.1 &+ 1.1 % in VS. Moreover, the methane gas
purity consistently exceeded 90 %, peaking at 96.0 + 0.2 %, indicating a
robust in-situ biogas purification. These findings matched with the
specific methane production rates seen in neutral pH digestion, and also
position alkaline anaerobic digestion as a promising, industrially viable
solution for managing alkaline waste. It facilitates both effective waste
treatment and high-quality methane production.
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