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Abstract

During in situ biogas up-gradation by supplying hydrogen from an external source and enrichment
of hydrogenotrophic methanogens, high pressure of H, negatively affects hydrolytic and
fermentative activities. To overcome this problem, the present study aimed to enrich the
hydrogenotrophic methanogens by optimization of various parameters associated with gas
recirculation along-with hydrogen supply from the external source. Due to recirculation of gases
and supplied hydrogen, methane generation was two-fold higher in the optimal condition than in
conventional anaerobic digestion, with the highest methane content of 99%. Additionally, the
hydrogenotrophic methanogens were enriched, with a decrease in acetoclastic methanogens and
an increase in Bathyarchaeia population, which utilizes H, and CO,; to produce acetate and lactate
as end products. The study concludes that recirculation increases methane production by
converting H, and CO, into methane and enhances the degradation of organic matter left over

undigested in the hydrolytic reactor.

Keywords

Biogas up-gradation; anaerobic digestion; in situ upgrading; Methane content; Hydrogenotrophic

methanogens.
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Introduction

The usage of petroleum derivatives is rising continuously with the expansion of the human
population, and is linked with GHG emissions (Perea-Moreno et al., 2019), such as carbon dioxide
(COy,), methane (CHy), and nitrous oxide (N,O) (Shukla et al., 2019), thus warming up the planet.
To minimize GHG emissions and fulfill the energy needs of modern society, fossil fuels must be
replaced by renewable energy, which is both a viable solution to global warming and a cost-
effective alternative source of energy (Sinitsyn & Sinitsyna, 2021). Over the last decade, global
patterns of renewable energy consumption have shifted substantially. United States, Brazil, and
Germany are the leading countries that generate biofuel (Dudley, 2018). Biogas, which is produced
from a variety of wastes using an environmentally benign and low-cost technique known as
anaerobic digestion, has the potential to replace natural gas (Antar et al., 2021). Various organic
wastes have been used as feedstocks for biogas generation, including agricultural wastes, food
waste, and organic fractions of domestic waste (Xu et al., 2017). This waste to energy conversion
has gotten greater attention in recent decades as the greatest alternative to fossil fuels (Zhu et al.,
2019). Biogas is mostly composed of 50-70% CH,4 and 30-50% CO,, depending upon the feedstock
type and process parameters, and also have a trace quantity of other gases (Kadam & Panwar,
2017). Biogas is often used for cooking and heating and power production, and if upgraded can be
used as vehicle fuel (Rosa et al., 2016), which requires the removal of CO, and other residual gases
(Sunetal., 2015). Up-gradation of biogas is mostly carried out through excision of CO, by physical
or chemical techniques, such as water scrubbers, chemical scrubbers, pressure swing adsorption
and membrane separation on a wide scale (Allegue et al., 2012; Lemmer et al., 2015). The
drawbacks of these techniques are losing 1-8% CH, in the process, using costly chemicals and

membranes, and consuming a considerable amount of water for scrubbing (Sarker et al., 2018).
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Biological up-gradation has overcome these limitations; biological up-gradation can accomplish
in-situ (within a methane digester) or ex-situ (in an externally connected reactor). The most notable
advantage of bio-up-gradation is that CO, gets reused into CH4 instead of being removed, which
reduces CO, burden in the environment and increases the amount of CH4 produced during
anaerobic digestion process. During ex-situ biogas up-grading concept, external H, and the biogas
produced in AD are fed to a separate anaerobic digester comprising hydrogenotrophic cultures and
transformed to CH,4 (Kapoor et al., 2019). Using an additional reactor for biogas up-grading is a
constraint of ex-situ up-grading approach, which raises the process's capital and operational costs
(Voelklein et al., 2019). During in-situ biogas up-gradation, the organic substrate and additional
H, are introduced to the same digester where biogas is generated where CO, and H, are
transformed into CH4 by hydrogenotrophic methanogens (Kapoor et al., 2019). While the hybrid
mode of biogas up-gradation combines in-situ and ex-situ systems, a portion of the COj, is initially
converted into CHy inside the same reactor by H; supply, and then it is further up-graded ex-situ
(Angelidaki et al., 2018). The most advantageous of all these techniques is in-situ biogas up-
gradation because it allows using the existing hydrogenotrophic methanogens while minimizing
the need for additional infrastructure for post-gas processing and is a low cost gas-to-power
technology (Aryal et al., 2018). Even the partial conversion of CO, to CH,4 can be cost effective
due to low capital and operational cost of the process (Voelklein et al., 2019). Furthermore,
because hydrogenotrophic methanogenesis is an exothermic process, which can lower the reactor's
heating cost by 27-56% (Jensen et al., 2021). Aside from these potential advantages, there are
some drawbacks of adding H, from an external source to a reactor, such as increase in pH due to
lower CO, concentration (Luo & Angelidaki, 2013), VFAs accumulation due to high partial

pressure of H, (Aryal et al., 2018), low efficiency due to low solubility of H, in water, and a change
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in microbial population (Zhu et al., 2020). To address these issues, multiple studies have used
varied flow rates of H,, ranging from 1.5-7.2 ml/min which increased the CH, content from 62 to
70%, with limited efficiency and a drop in CH,4 content with a higher flow rate, as well as an
increase in VFAs concentration (Zhu et al., 2020). The main constraints during in-situ up-gradation

are low process efficiency and significant VFAs accumulation.

Recirculation of biogas is a potential approach to deal with the aforementioned concerns, which
extends the contact duration between gases and hydrogenotrophic methanogens during in-situ up-
grading approach for enhanced bio-methanation. Because biogas contains a considerable amount
of COy; recirculating it into the AD system will cause CO, and H; to dissolve in the liquid phase,
increasing CH,4 concentration of the biogas. Besides, recirculation also boosts mixing of the reactor
increasing homogeneity of the microbes, nutrients, substrate, and alkalinity, as well as the release
of trapped bubbles in the reactor, thus playing a significant role in biogas production (Wang et al.,
2017). Many different mixing techniques have been previously documented, including the most
widely utilized mechanical, hydraulic, and pneumatic mixing. However, the kind, intensity,
frequency, and speed of the mixing have an impact on biogas generation (Lindmark et al., 2014).
Gas recycling was previously used for the enrichment of hydrogenotrophic methanogens and
biogas up-grading in a separate reactor during in-situ biogas up-gradation (Yun et al., 2017).
Furthermore, distinct types of bacteria and archaea carry out anaerobic digestion, which might
alter with time and conditions (Yenigiin & Demirel, 2013). The microbial groups' activities have
a directly affect the process and can result in digester failure (Fernandez et al., 1999). Different
parameters, such as H, concentration, temperature, pH, and VFAs, affect the microflora in
anaerobic reactors, which must be monitored (Cho et al., 2017). With gas recirculation and H,

supply, a rise in hydrogenotrophic methanogens as well as increase in CH4 concentration was
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observed (Yun et al., 2017). Wahid & Horn, 2021 found that gas recirculation with H, supply
increased CHy4 content in continuous stirred tank reactors (CSTRs), but to our knowledge, no study
has been done to employ gas recirculation for in-situ biogas up-gradation and enhancement of

biogas production due to the mixing impact of recirculation.

According to the literature, CH4 content of biogas can be raised by supplying H, from an external
source, but in-situ up-gradation can have a detrimental impact on biogas production. To address
this issue, the current research looked into the impact of in-sifu H, supply and gases recirculation
into methanogenic reactor on biogas output and its composition. The process failure/reduced CHy4
production caused by high partial pressure of H, can be overcome by supplying H; in a continuous
mode and hence the study aims to find the optimum flow rate for H, supply, and optimum flow

rate and duration for gases recirculation.

2. Material and Methods

2.1. Substrates collection and characterization

Cattle manure collected from a local dairy farm and greengrocery waste collected from the local
fruit and vegetable market in Islamabad, Pakistan were used as the substrates for biogas
production. The total solids and volatile solids of cattle manure and greengrocery waste were
determined using the National Renewable Energy Laboratory's standard procedures for total and
volatile solids determination (Sluiter et al., 2008). The cattle manure was co-digested with

greengrocery waste mixed in 1:1 based on VS to optimize the C/N ratio for high biogas yield.

2.2. Reactor design and operation
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The effect of biogas recirculation and H, supply on the production and up-gradation of biogas was
studied in a two-stage reactor. Two glass reactors, i.e. hydrolytic reactor (R1) and methanogenic
reactor (R2), were interconnected, with a total volume of 2.5 liters while the working volume was
kept 2 liters. Hydrogen supply and recirculation of gases into the methanogenic reactor was
accomplished via a conduit connecting from the gas bag to the reactor's bottom through a gas
sparger to improve gas contact with the reactor's slurry. Gas recirculation was accomplished using
a peristaltic pump. The reactors were operated at 37 £1°C in an incubator. Based on the highest
quantity of CO, produced daily, the amount of H; supplied daily to the methanogenic reactor was

determined stoichiometrically [H;: CO, (80:20)] (Yun et al., 2017).

The reactor was fed with organic loading rate of 3.5 gVSL-1day-1 with hydraulic retention time
of 10 days to determine the effect of biogas recirculation and supply of H, on CH, production, in-
situ biogas up-gradation, and diversity of methanogenic microorganisms in methanogenic reactor
during two-stage anaerobic digestion. Cattle manure and greengrocery waste was mixed in 1:1 to
provide an optimal C/N ratio for anaerobic digestion (Table S1). The experiment was divided into
four phases, the first of which was a Control phase (C) in which no biogas was recirculated and no
H, from an external source was given. Recirculation of gases (RC) in the methanogenic reactor
was carried out after 30 days during phase 2, and the effect of gas recirculation at various flow
rates (32, 64, 96, and 128 mL/min) was also investigated. During Phase 3, varied flow rates of
hydrogen (HS) were fed into the reactor. In phase 4 (HS+RC), H, was added to the gas collecting
system and recycled at varying flow rates of 32, 64, 96, and 128 mL/min. During Phase 4, the
effect of recirculation time was investigated by recirculating the gas at 32 ml/min (the optimum
flow rate discovered during Phase 3) for different time intervals (3, 6, 9, and 12 hours). Daily

biogas production and pH were recorded, and CH,4 content was measured during steady state. The
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reactor was run for three retention times (30 days) to evaluate the effect of variables, and samples

for microbiological examination were taken during the steady state.

2.4 Metagenomic analysis

For the metagenomic analysis, 4-5 samples during the steady state were taken from each phase.
DNA was extracted using a DNA extraction kit (DNeasy PowerLyzer PowerSoil Kit, QTAGEN,
Germany) and kept at -20 °C according to the manufacturer's instructions. The V3-V4 regions of
bacterial and archaeal 16S ribosomal RNA (rRNA) genes were amplified using 515F/926R primer,
and the 16S metagenomic sequencing library was constructed using Illumina instructions
(Illumina, USA). The 16S amplicon was then sent to GENEWIZ France Ltd, for Illumina
sequencing. We plotted the top 25 most abundant archaeal species using the Qiime2 pipeline and
the DADA?2 algorithm following the same procedure as given at author's recent publication (Trego

et al., 2021).

2.5. Analytical methods

The amount of gas produced was measured with the help of a 60 ml syringe on daily basis. The
CH, concentration of biogas was determined by passing one liter of biogas through a 1M NAOH
solution and calculating the volume reduction as CO,. Titration with 1 M H,SO, solution
confirmed the amount of CO, fixed in the scrubbing solution, according to a procedure validated

by (Goertzen et al., 2010).

The methanogenic reactor's VFA concentration and alkalinity were measured at 5-day intervals
using Standard Methods for the Examination of Water and Wastewater, 23t Edition (Baird, 2017).
CHNS analysis was performed using a CNHS analyzer (vario EL cube) at the College of Chemistry

and Chemical Engineering Lanzhou University, China.
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2.6. Statistical analysis

Prism-5 software was used for graphical representation and statistical analysis of the data. CHy
yield and CH,4 content in all four phases were presented as mean value and standard deviation.
One-way ANOVA was applied on the recorded data to evaluate the significant difference (p <

0.05) during each phase in comparison to control.

3. Results and discussion

The recirculation of gases along with hydrogen supply was the best approach for in-situ biogas up-
gradation. During in-situ biogas up-gradation, the flow rate of recirculation of gases, flow rate of
hydrogen supply, and introduction of hydrogen into the reactor at intervals showed significant
effect on the CH, yield and CH,4 content. The highest increase in the CH, yield and CH,4 content
was observed when H, was supplied (interval: After 12 hours of feeding, the hydrogen was
supplied for during of 12 hours with 1 hour interval) at flow rate 32 mL/min in the methanogenic

reactor and gases were recirculated for 12 hours at flow rate of 32 ml/minutes

3.1. Feasibility of the in-situ up-gradation of biogas by hydrogen supply, and recirculation of

gases

To check the feasibility of in-situ biogas up-gradation, the recirculation of biogas was carried out
for 12 hours during phase 2. Hydrogen was provided at a flow rate of 32 ml/min in phase 3, and
recirculation of gases along with H, supply was carried out at a flow rate of 32 ml/min in phase 4.
In each phase, the CH,4 yield and content of biogas were measured (Fig. 1). Due to the mixing
effect of recirculation, the CH, yield increased by 41% in phase 2 (RC) when biogas was
recirculated in comparison to the control (without mixing).The increase in CH,4 production owing
to the mixing effect is supported by Wang et al. 2017 who found that mixing at 10 rpm enhanced

9
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CH, output by 77%. Mixing improves substrate liquefaction, substrate movement, and nutrient
transfer, resulting in increased CH,4 generation (Singh et al., 2020). However, because of the
digester's constant and high-speed mixing, CH,4 output can be reduced (Kim et al., 2017). Methane
production increased by 36% during phase 3 (HS) as compared to the control. Increased CHy
production owing to external H, supply (Daz et al., 2020) is due to hydrogenotrophic methanogens
converting CO, and H, to CHy4 (Rittmann et al., 2015). The CH, yield was enhanced by 76% in
phase 4 (RC+HS). The increase is attributable to two factors: first, mixing increases substrate
liquefaction in methanogenic reactors, resulting in increased CH4 production from the substrate
(Singh et al., 2020); and second, hydrogenotrophic methanogens convert CO, and H, to methane
(Rittmann et al., 2015). Following that, the flow rate for H, supply and recirculation of gases was

optimized for maximum up-gradation during each phase.

3.2. Effect of flow rate of hydrogen supply, and recirculation of gases on methane yield and

quality of output gas

Increasing the flow rate of H, supply and recirculation of gases decreased the CH,4 production (Fig.
2A). Increase in flow rate increases the partial pressure of H, and negatively affects the microbial
process resulting in reduction of CH,; production (Giovannini et al., 2016). To determine the
optimum flow rate for hydrogen supply (phase 3) and hydrogen supply along with recirculation
(phase 4) both hydrogen supply and recirculation were carried out at different flow rates. The
highest methane yield was achieved in recirculation along with hydrogen supply which is 528
NmLg'VS,44.q While supplying only hydrogen yield 408 NmLg VS, 44.4 of methane at a flow rate
of 32 ml/min (Fig. 2A). While the methane yield and content of biogas declined frequently as the
flow rate was increased. Similar trend was noted in methane content of biogas with highest
methane content 93% during recirculation along with hydrogen supply and 90% in only hydrogen

10
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supply. Rachbauer et al., 2016 support the decrease in methane yield with increased flow rate due
to high partial pressure of hydrogen (Luo et al., 2012) and high speed mixing of the slurry in the
digester (Kim et al., 2017). Because of the high partial pressure of hydrogen, acetoclastic
methanogens are inhibited, resulting in low methane output and VFAs buildup (Stronach et al.,
2012; Van et al., 2020) However, due to the hydrogenotrophic conversion of CO, and H, to CHy,
the methane production and methane content of biogas were higher than control at all flow rates
(Rittmann et al., 2015). The mixing impact of gases recirculation, on the other hand, improves
substrate breakdown and boosts methane output (Singh et al., 2020). The optimum flow rate for
hydrogen supply as well as recirculation of gases along with hydrogen supply, was found to be 32

ml/min.

Afterwards, upon 12 hours of feeding, the hydrogen was supplied for 15 mints in each hour at a
flow rate of 32 ml/min with intervals to reduce the partial pressure of hydrogen in the reactor. The
methane yield and content were increased to 500 NmLg!'VS,44.q and 92%, respectively (Fig.
2A,B). The intervals of hydrogen supply may diminish the partial pressure in the reactor, resulting

in an increase in methane yield and content.

3.3. Effect of gases recirculation time on methane yield and quality of output gas

In phase 4 (RC+HS), after optimizing the flow rate, the gases were recirculated at the optimal flow
rate for varied time durations (3, 6, 9, and 12 hours) in order to check the effect of recirculation
duration on high methane yield and methane concentration (Fig. 3). When the recirculation period
was raised to 12 hours from 3 hours, the methane yield increased to 897 NmL g VS, 44q from 569
NmL g'VS,44e4> and the methane content of biogas increased to 98.9% from 93% (Fig. 3). (Yun

et al., 2017) reported the highest methane yield and methane content were achieved after 10 hours

11
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recycling of gases during ex-situ biogas up-gradation. After 12 hours duration of recirculation, the
methane concentration reached 99%, which can be used to generate energy and as a vehicle fuel
(Rosa et al., 2016). In addition, the 12 hour recirculation duration is important for using sunlight

as a source of energy for hydrogen production and recirculation of gases.

3.4. Comparison of different phases at optimum parameters

After optimizing the flow rate and recirculation duration, it was concluded that the gas flow rate
must be 32 ml/min for a high methane yield and the recirculation duration must be 12 hours. During
different phases, the methane yield and content with these optimum conditions are compared and
given in (Fig. 4). In phase 2, biogas recirculation enhanced methane yield and content by 36% and
4%, respectively, as compared to control. According to Wang et al. 2017, mixing increased
methane production by 77%. Mixing improves substrate liquefaction, substrate movement, and
nutrient transport, resulting in higher methane production (Singh et al., 2020). Methane yield and
content increased by 66 and 26%, respectively, during phase 3 (hydrogen supply) at a flow rate of
32 ml/min with intervals, compared to control (Fig. 4). In phase 4, the recirculation of gases along
with hydrogen supply at a flow rate of 32 ml/min for a length of 12 hours, highest methane yield
and methane content were attained, showing increase by 199% and 36%, respectively, as compare
to the control (Fig. 4). The increase in methane generation is from substrate due to mixing effect
(Singh et al., 2020) and hydrogenotrophic conversion of CO, and H, to methane are responsible
for the rise in methane yield and content (Rittmann et al., 2015). Furthermore, recirculation of
gases increases the contact time between methanogens and H; in the liquid phase, increasing

methane yield and content (Zhu et al., 2020).

3.5. Process stability
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The stability of the process is crucial for methanogenic activities. The essential metrics that suggest
stability are pH, VFA buildup, and VFAs to alkalinity ratio (Hassan et al., 2020). The pH of the
methanogenic reactor was in the optimum range (Table 1) for methanogenesis during all four
stages (control, recirculation, hydrogen supply, and recirculation with hydrogen supply) i.e. 6.8-
to 7.5 (Van et al., 2020). In the methanogenic reactor during all three phases (control, only
recirculation, hydrogen supply together with recirculation), the concentration of VFAs was found
to be in optimum range i.e. at or below 600mg/L (Table 1) (Musa et al., 2018). While during phase
3 (HS), the VFAs accumulation in methanogenic reactor increased to 1200 mg/L due to high
partial pressure of H, which is the main limitation of in-sit biogas up-gradation with H, supply
(Zhu et al., 2020a). On the other hand, the pH shift caused by VFA accumulation and inhibitory
level depends on the reactor's buffering capacity (Singh et al., 2020; Wang et al., 2017). The VFAs
concentrations were lesser than 2 gL, which is the inhibitory level for methanogenic activities
(Jain & Mattiasson, 1998). With recirculation, a slight increase in alkalinity was seen during phases
2 and 4, which is attributable to increased substrate breakdown (Singh et al., 2020). The change in
reactor pH is influenced by the VFAs to alkalinity ratio and is regarded as a significant measure
for monitoring digester stability (Calabr et al., 2018). The VFAs to alkalinity ratio optimal during
all four phases (C, RC, HS, and RC+HS). For high biogas production, the VFAs to alkalinity ratio

should be 0.4 or below (Li et al., 2018).

3.6. Taxonomic distribution of the archaea

To evaluate the effect of recirculation, hydrogen supply and hydrogen supply along with
recirculation on distribution and change in the methanogenic community, samples for
metagenomic analysis were taken during steady state of each phase. The relative proportion of
different groups was presented on OTUs level and compared during different phases (Fig. 5). The
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results showed that Methanobactereium was predominant in the control phase. Mostly, in
anaerobic digesters Methanobacterium is dominant which can produce methane by both
acetoclastic and hydrogenotrophic pathways (Wu et al., 2021). In phase 2, (recirculation of biogas
in R2) increase in the Methanosarcina population was noted (Fig. 5). (Saha et al., 2021) reported
Methanosarcina were flourished in high acetate concentration and is syntrophic acetate utilizing
methanogens. During phase 3, when of hydrogen was supplied from external source, the
Methanobacterium population was reduced while increase in Methanosarcinales,
Methanofastidiosum and Methanosarcina had occurred. A similar shift in the hydrogenotrophic
methanogens was reported by (Agneessens et al., 2017; Luo et al., 2012). In phase 4 hydrogen
supply along with recirculation further decreased in methanobacterium with increased abundance
of Methanomicrobiales, Methanobacteriales and Methanosarcinales (Fig. 5). Due to recirculation
increase in the population of Bathyarchaeia (Fig. 5) was noted that utilizes the inorganic carbon
in the form of CO, to produce acetate (Evans et al., 2015). (Maus et al., 2018) characterized the
metabolic features of Bathyarchaeia and reported the acetate and lactate as end products. Due to
their acidogenic and hydrolytic activities Bathyarchaeia have very important role in anaerobic
digestion (Maus et al., 2018). The increase in population of Bathyarchaeia confirms that increase
in methane production due to recirculation of biogas is due to two reasons. Firstly conversion of
CO, and H; into methane by hydrogenotrophic and secondly increase in methane production from
partially degraded organics present in the methanogenic reactor. Due to hydrogen supply reduction
of Methanobactereium is reported which produces methane by both acetoclastic and

hydrogenotrophic pathways (Wu et al., 2021).

4. Conclusions
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The study concludes that the recirculation of biogas along with hydrogen supply in the
methanogenic reactor during two-stage anaerobic digestion enhances the methane yield and the
output-gas quality, without compromising the stability of the process. The gas recirculation for 12
hours daily at flow rate of 32mL/min led to improved output-gas quality and biogas with 99%
CH, content. The microbial profile analysis showed the dominancy of hydrogenotrophic
methanogens like Methanomicrobiales, Methanobacteriales and Methanosarcinales during the in-
situ up-gradation process. The recirculation may also enhance the degradation of biomass left

undigested in the hydrolytic reactor.

Acknowledgments

This study is part of NRPU project (6194/Federal/ NRPU/R&D/HEC/2016). The financial support
to accomplish this research by the Higher Education Commission of Pakistan and Quaid-i-Azam
University, Islamabad, is greatly acknowledged. UZI was supported by the NERC Independent

Research Fellowship (NE/L011956/1).

References

1. Agneessens, Laura Mia, Ottosen, Lars Ditlev Morck, Voigt, Niels Vinther, Nielsen, Jeppe
Lund, de Jonge, Nadieh, Fischer, Christian Holst, & Kofoed, Michael Vedel Wegener.
(2017). In-situ biogas upgrading with pulse H2 additions: the relevance of methanogen
adaption and inorganic carbon level. Bioresource Technology, 233, 256-263.

2. Allegue, L Bailon, Hinge, Jorgen, & All¢, Kongsvang. (2012). Biogas and bio-syngas

upgrading. Danish Technological Institute, 5-97.

15



330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

. Angelidaki, Irini, Treu, Laura, Tsapekos, Panagiotis, Luo, Gang, Campanaro, Stefano,

Wenzel, Henrik, & Kougias, Panagiotis G. (2018). Biogas upgrading and utilization:

Current status and perspectives. Biotechnology advances, 36(2), 452-466.

. Antar, Mohammed, Lyu, Dongmei, Nazari, Mahtab, Shah, Ateeq, Zhou, Xiaomin, &

Smith, Donald L. (2021). Biomass for a sustainable bioeconomy: An overview of world
biomass production and utilization. Renewable and sustainable energy reviews, 139,

110691.

. Aryal, Nabin, Kvist, Torben, Ammam, Fariza, Pant, Deepak, & Ottosen, Lars DM. (2018).

An overview of microbial biogas enrichment. Bioresource Technology, 264, 359-369.

. Baird, Rodger B. (2017). Standard methods for the examination of water and wastewater,

23rd. In: Water Environment Federation, American Public Health Association,
American ....

Calabro, Paolo S, Folino, Adele, Tamburino, Vincenzo, Zappia, Giovanni, & Zema,
Demetrio A. (2018). Increasing the tolerance to polyphenols of the anaerobic digestion of
olive wastewater through microbial adaptation. Biosystems engineering, 172, 19-28.

Cho, Kyungjin, Shin, Seung Gu, Kim, Woong, Lee, Joonyeob, Lee, Changsoo, & Hwang,
Seokhwan. (2017). Microbial community shifts in a farm-scale anaerobic digester treating
swine waste: correlations between bacteria communities associated with hydrogenotrophic
methanogens and environmental conditions. Science of the Total Environment, 601, 167-

176.

. Diaz, Israel, Fdz-Polanco, Fernando, Mutsvene, Boldwin, & Fdz-Polanco, Maria. (2020).

Effect of operating pressure on direct biomethane production from carbon dioxide and

16



352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

10.

11.

12.

13.

14.

15.

exogenous hydrogen in the anaerobic digestion of sewage sludge. Applied Energy, 280,
115915.

Dudley, B. (2018). BP statistical review of world energy. BP Statistical Review, London,
UK, accessed Aug, 6(2018), 00116.

Evans, Paul N, Parks, Donovan H, Chadwick, Grayson L, Robbins, Steven J, Orphan,
Victoria J, Golding, Suzanne D, & Tyson, Gene W. (2015). Methane metabolism in the
archaeal phylum Bathyarchaeota revealed by genome-centric metagenomics. Science,
350(6259), 434-438.

Fernandez, Ana, Huang, Suiying, Seston, Sherry, Xing, Jian, Hickey, Robert, Criddle,
Craig, & Tiedje, James. (1999). How stable is stable? Function versus community
composition. Applied and environmental microbiology, 65(8), 3697-3704.

Giovannini, Giannina, Donoso-Bravo, Andrés, Jeison, David, Chamy, Rolando, Ruiz-
Filippi, Gonzalo, & Wouwer, Alain Vande. (2016). A review of the role of hydrogen in
past and current modelling approaches to anaerobic digestion processes. International
Journal of Hydrogen Energy, 41(39), 17713-17722.

Goertzen, Sarah L, Thériault, Kim D, Oickle, Alicia M, Tarasuk, Anthony C, & Andreas,
Heather A. (2010). Standardization of the Boehm titration. Part I. CO2 expulsion and
endpoint determination. Carbon, 48(4), 1252-1261.

Hassan, Siti Roshayu, Zaman, Nastaein Qamaruz, & Dahlan, Irvan. (2015). Effect of
organic loading rate on anaerobic digestion: Case study on recycled paper mill effluent
using Modified Anaerobic Hybrid Baffled (MAHB) reactor. KSCE Journal of Civil

Engineering, 19(5), 1271-1276.

17



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

16.

17.

18.

19.

20.

21.

22.

Jain, SR, & Mattiasson, B1. (1998). Acclimatization of methanogenic consortia for low pH
biomethanation process. Biotechnology letters, 20(8), 771-775.

Jensen, Mads Borgbjerg, Jensen, Bjarke, Ottosen, Lars Ditlev Morck, & Kofoed, Michael
Vedel Wegener. (2021). Integrating H2 injection and reactor mixing for low-cost H2 gas-
liquid mass transfer in full-scale in situ biomethanation. Biochemical Engineering Journal,
166, 107869.

Kadam, Rahul, & Panwar, NL. (2017). Recent advancement in biogas enrichment and its
applications. Renewable and sustainable energy reviews, 73, 892-903.

Kapoor, Rimika, Ghosh, Pooja, Kumar, Madan, & Vijay, Virendra Kumar. (2019).
Evaluation of biogas upgrading technologies and future perspectives: a review.
Environmental Science and Pollution Research, 26(12), 11631-11661.

Kim, Moonkyung, Kim, Byung-Chul, Choi, Yongju, & Nam, Kyoungphile. (2017).
Minimizing mixing intensity to improve the performance of rice straw anaerobic digestion
via enhanced development of microbe-substrate aggregates. Bioresource Technology, 245,
590-597.

Lemmer, Andreas, Chen, Yuling, Wonneberger, Anna-Maria, Graf, Frank, & Reimert,
Rainer. (2015). Integration of a water scrubbing technique and two-stage pressurized
anaerobic digestion in one process. Energies, 8(3), 2048-2065.

Li, Wangliang, Loh, Kai-Chee, Zhang, Jingxin, Tong, Yen Wah, & Dai, Yanjun. (2018).
Two-stage anaerobic digestion of food waste and horticultural waste in high-solid system.

Applied Energy, 209, 400-408.

18



395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

23.

24.

25.

26.

27.

28.

29.

Lindmark, Johan, Thorin, Eva, Fdhila, Rebei Bel, & Dahlquist, Erik. (2014). Effects of
mixing on the result of anaerobic digestion. Renewable and sustainable energy reviews,
40, 1030-1047.

Luo, Gang, & Angelidaki, Irini. (2013). Co-digestion of manure and whey for in situ biogas
upgrading by the addition of H 2: process performance and microbial insights. Applied
microbiology and biotechnology, 97(3), 1373-1381.

Luo, Gang, Johansson, Sara, Boe, Kanokwan, Xie, Li, Zhou, Qi, & Angelidaki, Irini.
(2012). Simultaneous hydrogen utilization and in situ biogas upgrading in an anaerobic
reactor. Biotechnology and bioengineering, 109(4), 1088-1094.

Maus, Irena, Rumming, Madis, Bergmann, Ingo, Heeg, Kathrin, Pohl, Marcel, Nettmann,
Edith, . . . Schliiter, Andreas. (2018). Characterization of Bathyarchaeota genomes
assembled from metagenomes of biofilms residing in mesophilic and thermophilic biogas
reactors. Biotechnology for biofuels, 11(1), 1-13.

Musa, Mohammed Ali, Idrus, Syazwani, Hasfalina, Che Man, & Daud, Nik Norsyahariati
Nik. (2018). Effect of organic loading rate on anaerobic digestion performance of
mesophilic (UASB) reactor using cattle slaughterhouse wastewater as substrate.
International journal of environmental research and public health, 15(10), 2220.
Perea-Moreno, Miguel-Angel, Sameron-Manzano, Esther, & Perea-Moreno, Alberto-
Jesus. (2019). Biomass as renewable energy: Worldwide research trends. Sustainability,
11(3), 863.

Rachbauer, Lydia, Voitl, Gregor, Bochmann, Giinther, & Fuchs, Werner. (2016).
Biological biogas upgrading capacity of a hydrogenotrophic community in a trickle-bed

reactor. Applied Energy, 180, 483-490.

19



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

30.

31.

32.

33.

34.

35.

36.

Rittmann, Simon, Seifert, Arne, & Herwig, Christoph. (2015). Essential prerequisites for
successful bioprocess development of biological CH4 production from CO2 and H2.
Critical reviews in biotechnology, 35(2), 141-151.

Rosa, André Pereira, Conesa, Juan A, Fullana, Andres, Melo, GCB, Borges, Jorge Martins,
& Chernicharo, CAL. (2016). Energy potential and alternative usages of biogas and sludge
from UASB reactors: case study of the Laboreaux wastewater treatment plant. Water
Science and Technology, 73(7), 1680-1690.

Saha, Shouvik, Kurade, Mayur B, Ha, Geon-Soo, Lee, Sean S, Roh, Hyun-Seog, Park,
Young-Kwon, & Jeon, Byong-Hun. (2021). Syntrophic metabolism facilitates
Methanosarcina-led methanation in the anaerobic digestion of lipidic slaughterhouse
waste. Bioresource Technology, 335, 125250.

Sarker, Shiplu, Lamb, Jacob J, Hjelme, Dag R, & Lien, Kristian M. (2018). Overview of
recent progress towards in-situ biogas upgradation techniques. Fuel, 226, 686-697.
Shukla, PR, Skea, J, Calvo Buendia, E, Masson-Delmotte, V, Portner, HO, Roberts, DC, .
.. Van Diemen, Renée. (2019). IPCC, 2019: Climate Change and Land: an IPCC special
report on climate change, desertification, land degradation, sustainable land management,
food security, and greenhouse gas fluxes in terrestrial ecosystems.

Singh, Buta, Szamosi, Zoltan, & Siménfalvi, Zoltan. (2020). Impact of mixing intensity
and duration on biogas production in an anaerobic digester: a review. Critical reviews in
biotechnology, 40(4), 508-521.

Sinitsyn, Arkadij P, & Sinitsyna, Olga A. (2021). Bioconversion of Renewable Plant
Biomass. Second-Generation Biofuels: Raw Materials, Biomass Pretreatment, Enzymes,

Processes, and Cost Analysis. Biochemistry (Moscow), 86(1), S166-S195.

20



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

37.

38.

39.

40.

41.

42.

43.

Sluiter, A, Hames, B, Hyman, D, Payne, C, Ruiz, R, Scarlata, C, . . . Wolfe, J. (2008).
Determination of total solids in biomass and total dissolved solids in liquid process
samples. National Renewable Energy Laboratory, 9, 1-6.

Stronach, S. M., Rudd, T., & Lester, J. N. (2012). Anaerobic digestion processes in
industrial wastewater treatment (Vol. 2). Springer Science & Business Media.

Sun, L., Miiller, B., Westerholm, M., & Schniirer, A. (2014). Syntrophic acetate oxidation
in industrial CSTR biogas digesters. Journal of biotechnology, 171, 39-44.

Trego, Anna Christine, McAteer, Paul G, Nzeteu, Corine, Mahony, Therese, Abram,
Florence, ljaz, Umer Zeeshan, & O’Flaherty, Vincent %J Frontiers in microbiology.
(2021). Combined Stochastic and Deterministic Processes Drive Community Assembly of
Anaerobic Microbiomes During Granule Flotation. /2, 1165.

Van, Dinh Pham, Fujiwara, Takeshi, Tho, Bach Leu, Toan, Pham Phu Song, & Minh,
Giang Hoang. (2020). A review of anaerobic digestion systems for biodegradable waste:
Configurations, operating parameters, and current trends. Environmental Engineering
Research, 25(1), 1-17.

Voelklein, MA, Rusmanis, Davis, & Murphy, JD. (2019). Biological methanation:
Strategies for in-situ and ex-situ upgrading in anaerobic digestion. Applied Energy, 235,
1061-1071.

Wahid, Radziah, & Horn, Svein Jarle. (2021). The effect of mixing rate and gas
recirculation on biological CO2 methanation in two-stage CSTR systems. Biomass and

Bioenergy, 144, 105918.

21



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

44,

45.

46.

47.

48.

49.

50.

Wang, Bing, Bjorn, Annika, Stromberg, Sten, Nges, Ivo Achu, Nistor, Mihaela, & Liu,
Jing. (2017). Evaluating the influences of mixing strategies on the Biochemical Methane
Potential test. Journal of Environmental Management, 185, 54-59.

Wu, Jiang, Jiang, Bo, Kong, Zhe, Yang, Chongyang, Li, Lu, Feng, Bo, . . . Li, Yu-You.
(2021). Improved stability of up-flow anaerobic sludge blanket reactor treating starch
wastewater by pre-acidification: Impact on microbial community and metabolic dynamics.
Bioresource Technology, 326, 124781.

Xu, S, Luo, L, Selvam, A, & Wong, JWC. (2017). Strategies to Increase Energy Recovery
From Phase-separated Anaerobic Digestion of Organic Solid Waste. In Current
Developments in Biotechnology and Bioengineering (pp. 113-134): Elsevier.

Yenigiin, Orhan, & Demirel, Burak. (2013). Ammonia inhibition in anaerobic digestion: a
review. Process Biochemistry, 48(5-6), 901-911.

Yun, Yeo-Myeong, Sung, Shihwu, Kang, Seoktae, Kim, Mi-Sun, & Kim, Dong-Hoon.
(2017). Enrichment of hydrogenotrophic methanogens by means of gas recycle and its
application in biogas upgrading. Energy, 135, 294-302.

Zhu, Xianpu, Cao, Qin, Chen, Yichao, Sun, Xiaoying, Liu, Xiaofeng, & Li, Dong. (2019).
Effects of mixing and sodium formate on thermophilic in-situ biogas upgrading by H2
addition. Journal of Cleaner Production, 216, 373-381.

Zhu, Xianpu, Chen, Liumeng, Chen, Yichao, Cao, Qin, Liu, Xiaofeng, & Li, Dong. (2020).
Effect of H2 addition on the microbial community structure of a mesophilic anaerobic

digestion system. Energy, 198, 117368.

22



485

486
487
488
489

490
491
492
493

494
495
496
497
498

499
500
501
502
503

504
505

506

507
508

509

510

511

Captions of Figures

Fig. 1. Methane yield and methane contents at different phases mentioned (control, recirculation
of gases, hydrogen supply, and hydrogen supply along with recirculation) during in-situ biogas
up-gradation. Columns with the *** showed that these are significantly different (p<0.05) as
compared to control.

Fig. 2. Effect of flow rate on (A) methane yield (B) methane contents of biogas during hydrogen
supply and hydrogen supply along with recirculation. Columns with the *** showed that these are
significantly different (p<0.05) as compared to control. (3 with intervals: After 12 hours of feeding,
the hydrogen was supplied for during of 12 hours with 1 hour interval at flow rate 32 mL/min)

Fig.3. Effect of duration of recirculation of gases with supplied with hydrogen on methane yield
methane content of biogas when hydrogen supplied from external along with recirculation of
gases into the reactor. Columns with the *** show the significant difference (p<0.05). The
recirculation was carried out for respective duration during the last period of 24 hours. 3 with
intervals: After 12 hours of feeding, the gasses were recirculated for 15 mints in each hour.

Fig. 4. Comparison of methane yield methane contents of biogas during different phases (control,
recirculation, hydrogen supply and hydrogen supply along with recirculation) at optimized
conditions (flow rate of hydrogen supply:32 ml/min, flow rate of gases recirculation: 32 ml/min,
for 12 hours). Columns with the *** showed that these are significantly different (p<0.05) as
compared to control.

Fig. 5 Taxonomic distribution of the methanogens during different phases (control, recirculation,
hydrogen supply and hydrogen supply along with recirculation) in methanogenic reactor.

Legends of Tables

Table. 1. Process stability parameter at different phases (control, recirculation, hydrogen supply
and hydrogen supply along with recirculation).
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Table. 1. Process stability parameter at different phases (control, recirculation, hydrogen supply
and hydrogen supply along with recirculation).

Different | pH | VFAs accumulation (mgL-') | Alkalinity (mgL"') | VFAs to alkalinity

phases ratio

C 7.2 500 2500 0.20

RC 7.3 350 2800 0.13

HS 7.0 1200 2600 0.31

HS+RC | 7.2 400 2700 0.15
Highlights

e Hydrogenotrophic methanogens enriched during in sifu biogas upgradation

e 99% methane content was archived at optimized conditions.

e Methane yield increased by two folds during in situ biogas upgradation

e Gases recirculation minimized the adverse effect of H, on microbial diversity
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