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Numerous initiatives are currently being initiated to substitute fossil fuels with renewable alternatives. Bio-
methanation is one of these emerging initiatives that presents a novel platform for valorizing carbon dioxide
(COy) to produce methane (CHy4) by utilizing renewable hydrogen (Hy). Process temperature is a critical factor
affecting CH4 productivity and selectivity, which previously has been ascribed solely to either biological or
physicochemical changes. For the first time, this study demonstrated the temperatures effect on the intertwined
biological, physicochemical, and process-engineering factors in novel trickle bed reactors (TBR). It was
demonstrated that CHy4 selectivity was enhanced by gradually ramping temperature from 55 °C to 70 °C resulting
in 62 % reduction in acetate levels. However, further temperature increases > 70 °C deteriorated biocatalytic
activity, for which the activity completely stopped at 85 °C. A comparative analysis of a thermophilic TBR
(50 °C) and extreme-thermophilic TBR (70 °C) demonstrated 24.6 % improvement in CH,4 productivity at 70 °C.
Hereto, the effect of temperature on the Hyp gas-liquid mass transfer rate was modeled, which indicated an
increasing trend in mass transfer up to 65.4 °C, whereafter the driving force became too impaired by reduced Hy
solubilities and elevated moisture content in the gas phase. A contribution of only 6.4 % enhancement in the CHy4
productivity from 50 °C to 70 °C could be attributed to the increased Hy mass transfer rate, which made the
temperature effect on the biocatalyst the most pronounced factor for the enhanced process performance and
selectivity. Hereto, Methanothermobacter was identified as the dominant CO,-fixing biocatalyst, and Acetomi-
crobiaceae as the major bacterial family correlating with acetate accumulation.

1. Introduction its stochastic nature puts further strains on the electricity grid. Addi-

tionally, the ‘hard-to-abate’ sectors including long-haul transport,

In the past decades, the impending climate crisis has generated
momentum for expanding renewable energy production. In 2015, many
countries signed the Paris Agreement, which is a framework committed
to addressing climate change by approaching net zero in anthropogenic
carbon dioxide (CO3) emissions [1]. Achieving carbon neutrality by
2050 has been envisioned through energy system transformation to-
wards heavy electrification with a shift in the power mix toward
renewable sources. Accordingly, the share of renewable energy is pro-
jected to expand up to 38 % by 2027, with predominately wind and solar
photovoltaic expansion accounting for 80 % of the renewable energy
[2]. However, as renewable energy paves the way for decarbonization,

chemical production, high-temperature industrial heating (>400 °C),
and iron and steel production cannot be fully electrified and rely heavily
on carbon-based energy carriers with a high volumetric energy density.
Thus, integrating power-to-X technologies such as biomethanation that
exploits Hy from renewable power to reduce CO3 to methane (CHy) as an
energy carrier is imperative for decarbonization. Biomethanation en-
ables reaching the grid-scale energy demands with its long charge hold
cycles and high storage capacities, which are required to balance the
seasonal fluctuation and enable a bidirectional coupling between the
electricity and gas sectors.

Biomethanation is a catalyzed process relying on the autotrophic
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catabolism of hydrogenotrophic methanogens (HM), which characterizes
the final stage of anaerobic digestion. However, the biomethanation pro-
cess can also be performed separately in an ex situ reactor, where the
methanogenic conversion step is functionalized in a system for selective
high-rate CH4 production [3]. The main challenges for these ex situ bio-
methanation systems include exothermic heat, Hy competition with Bac-
teria with acetogenic functions, and the low Hj gas-liquid mass transfer
rate, where the latter has been reported several times as the limiting factor
hindering the availability of Hy to the HM [4-6]. Among the different
reactor designs, the trickle bed reactor (TBR) has been demonstrated to
facilitate high Hy mass transfer rates with low specific energy requirements
by achieving CH,4 productivities of up to 15.4 Ly Li d! [7]. However, this
productivity is highly dependent on the operational conditions, among
which process temperature is a key regulating factor.

Process temperature plays an important role in regulating metabolic
processes while having an essential effect on the physicochemical pro-
cesses. From a thermodynamic point-of-view, the biochemical reaction
kinetics proceed much faster at higher temperatures because of the
increased rate of the enzymatic reactions until the point of denaturation
[8]. Elevating the temperature induces higher maintenance energy re-
quirements (energy flux from catabolic reactions to maintain cellular
activity) [9], which stimulates a higher CH,4 productivity to balance the
energy requirements [10]. Accordingly, the CH4 production rate for
biomethanation is often demonstrated to be higher in thermophilic
bioreactors compared to their mesophilic homologues [11,12]. For an
Hy mass transfer limited process such as biomethanation, achieving
higher CH4 productivities at higher temperatures has been attributed to
the lower concentration of dissolved Hg, due to elevated biological re-
action kinetics, which improves the driving force for Hy gas-liquid mass
transfer [13]. Additionally, the process temperature affects the
gas-liquid mass transfer in several physicochemical aspects, including
the solubility of the gases, the diffusion rate, the liquid viscosity, and the
gas flow rate [14,15]. An analysis of abiotic data by Jensen et al. sug-
gested a 33 % improvement of the H; gas-liquid mass transfer rate when
increasing the temperature from 35 °C to 65 °C, as the diffusion coef-
ficient for H, would increase by 85 %, whereas the solubility of H, was
only reduced by 2-4 % [14].

For the biomethanation process, the CH, selectivity is mainly chal-
lenged by the substrate competition between the homoacetogenic con-
version of Hy and CO; to acetate, especially as the competition between
Archaea and Bacteria intensifies at lower temperatures [16]. In contrast,
the microbial community typically shows a lower diversity at thermo-
philic compared to mesophilic biomethanation [17], and even less
diverse at extreme-thermophilic temperatures [18], as the higher tem-
peratures selectively promote CH4 production. Moreover, a study by
Ahring et al. reported that the activity of acetoclastic methanogens and
butyrate-, formate-, and glucose-degrading Bacteria was significantly
reduced when increasing the temperature of an anaerobic digester
operating with manure from 55 °C to 65 °C, whereas the HM demon-
strated an enhanced activity [19]. Likewise, a lower accumulation of
volatile fatty acids (VFA) has been reported for thermophilic syngas
biomethanation compared to mesophilic conditions [20] and when
increasing the temperature from 55 °C to 65 °C [21].

In general, the factors affected by temperature in biomethanation are
multitudinous, which makes the overall effect of the process tempera-
ture challenging to predict. The temperature affects the microbial bio-
catalyst by regulating the microbial community structure, kinetics, and
energetic yield of metabolic pathways, while also affecting the physi-
cochemical parameters of mass transfer, moisture content in the gas
phase, and many more. Hence, this study aimed to shed new light on the
influence of operational temperature on these individual parameters to
maximize the efficiency and selectivity of the biomethanation process
with mixed cultures. Process performance, stability, and microbial
development were evaluated by temperature ramp-up in a long-term
operated TBR with declining CHy4 productivity at >70 °C. This further-
more leads to a comparative study presented herein of two trickle bed
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reactors operated at thermophilic (50 °C) and extreme-thermophilic
(70 °C) conditions for biomethanation. Based on the temperature
range of mesophilic to extreme-thermophilic metabolic activity, the
relative Hy gas-liquid mass transfer was modeled to quantify the indi-
vidual physicochemical and microbial contributions to the performance
improvement at higher temperatures.

2. Materials and methods
2.1. Configurations of trickle bed reactors

Two custom-built TBRs were installed at the Foulum biogas plant
(Aarhus University, Denmark). One TBR was built of stainless steel to
accommodate higher temperatures (R1A and R2B), and another TBR
was manufactured from polypropylene (R2A). Only one reactor (R1A)
was operated in trial 1, followed by the operation of both reactors (R2A
and R2B) in trial 2. Both TBRs were designed with an active working
volume of 9.09 L, constituting a height-to-diameter ratio of 10 (height:
1.05 m and inner diameter: 0.105 m). Crushed expanded clay aggregates
(Filtralite NC 2-10, Leca, Denmark) were selected as carrier material for
the bioreactors due to their high dynamic liquid hold-up and specific
surface area. The TBRs contained 2.25 kg each of carrier material,
characterized by a porous surface structure with a void fraction of 55 %,
a particle size range of 2-10 mm, and a bulk density of 250 + 50 kg m>.
The reactor temperatures were maintained with tracing cable (6 m
coiled cable at 10 Wm ™! rating) (RS, Denmark) and regulated with ON/
OFF switches (RS, Denmark). Thermowells in the middle of the reactors
housed PT100 temperature probes (Correge, France) as input to the
temperature controllers. The pressure was continuously monitored with
pressure sensors (GEMS Sensors & Controls, USA). The internal con-
centration gradient of Hy was measured with Hy microsensors (Unisense,
Denmark) mounted in the bottom, middle, and top sections and moni-
tored with the Unisense Logger program with data sampling every 1
min, for which the method has been previously validated in bio-
methanation systems [22]. However, these microsensors were only used
for operation at <60 °C, above which the gas concentration was moni-
tored solely with gas chromatography (GC). The individual substrate gas
flows of raw biogas and electrolyzer Hy were continuously supplied with
mass flow controllers (SLA5850, Brooks Instruments, USA) to a manifold
for mixing before being supplied to the TBRs in a counter-flow config-
uration. The Hy was produced by an anion exchange membrane water
electrolysis system (EL 1.0, Enapter, Germany) and pressurized to 35
barg. Raw biogas was supplied from an agricultural-based biogas plant
with a total capacity of 4 700 m® divided into a primary digester (1 200
m?) and a secondary digester (3 500 m?) (Foulum, Denmark). The raw
biogas required for the TBR was compressed to 3 barg in a 500 L
compressor tank to supply the mass flow controllers. The nutrient media
for microbial growth was delivered with cone-spray nozzles (1 mm
diameter) and recirculated daily from individual reservoirs containing 1
L solution. Individual peristaltic pumps were used for R2A (LabN1
pump, Shenchen) and for R1A and R2B (WT3000-1JA Micro Gear,
Longerpump, China) to avoid mixing the microbial cultures. The flow
rates of the product gas streams were monitored with drum flow meters
(Ritter, instrument no: TG-5/0.5, Germany) before the product gas was
sent to an intermediate gas storage facility at the biogas plant, which had
a capacity of 1 200 m>. A detailed process flow diagram is shown in the
diagram of Fig. 1.

2.2. Bioreactor operation

Trial 1 (R1A) was operated for an extended period of 594 days in
total. Hereof, the initial 221 days constituted two other studies [22,23],
while day 222 to 594 were included in this study (total of 372 days). Day
222 of the reactor operation has been marked as day 1 for trial 1. The
commencement of trial 2 (R2A and R2B) was conducted subsequently to
trial 1 (R1A). The continuous gas supply of raw biogas and electrolyzer
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Fig. 1. Overview of the process flow diagram of the trickle bed bioreactor (R1A, R2A, and R2B), the configurations, the upstream H, and biogas infrastructure, and

the downstream gas storage.

H, was administered in trial 1 with a constant load of 42.84 Lys Lkl d?!
Hz and 26.63 Lyjogas Lkl d? raw biogas (12.09 L¢o2 Lkl d?! CO») and with
an initial gas load in trial 2 of 13.3 Ly Lx d!' Hy and 7.1 Lbiogas Ly d?
raw biogas (3.25 L¢oz LR d! COy). In trial 2, the substrate feed gases
were increased proportionally, corresponding to 3.25 Lcoz Ly d! of CO,
load when each of the TBRs demonstrated 3 consecutive days with CHy4
concentrations above 95 % in the product gas. This conversion-
dependent ramping created individual ramp events for the thermo-
philic and extreme-thermophilic biomethanation reactors. The inherent
variations in substrate compositions from the biogas plant prompted
fluctuations in the composition of the raw biogas during the experi-
mental period. The average composition of raw biogas administered to
the TBR during trial 1 was quantified to be 54.3 4+ 1.4 % CH4 and 45.7 +
1.4 % CO, with an H,S concentration of 1 319.9 + 138.2 ppm (n = 14).
This was used as a setpoint reference for the biogas supply for the
respective reactors in this study.

A synthetic nutrient media of essential minerals and buffers was
recirculated daily (trickling). The nutrient media was composed of 5
349.1 mg L'! NH,CI, 43.8 mg L' EDTA, 61.0 mg L™ MgCl, 6 H,0, 81.1
mg L FeCl, 6 Hy0, 1.2 mg L'! CoCly, 1.3 mg L NayMoO,4 2 H,0, 1.1 mg
L NiCly, 23.4 mg L' NayS, 5 000 mg L K;HPO,, 1 000 mg L't KHoPOy,,
and 500 mg L NayCOs. Trickling was limited to a daily periodic

trickling with varying flow rates to reduce channeling by the procedure:
70.1 Lijquid Lkl d’! for 1 min followed by 40.2 Lijquid Li:} d! for 5 min and
repeated three times. The liquid reservoir constituted a nutrient media
volume of 1 L media with an exchange rate of 0.4 L d!, which was
exchanged periodically just before trickling was initiated. The high ex-
change rate was applied to the system to reach a fast biological stabili-
zation within the microbial communities by limiting the recycling of
microbial biomass and enabling microbial structure analyses. The
metabolic water produced from the biomethanation reaction was sub-
sequently also removed to avoid nutrient dilution. An overview of the
operational conditions for the different TBRs is listed in Table 1.

Trial 1 commenced on day 222 of the total operation period of R1A
(day 1 in trial 1). Gradual acidification was a recurring issue [22,23],
and the experimental period thus examined different preventive initia-
tives to alleviate VFA accumulation. Day 1-45 of trial 1 included regular
operation to quantify the maximum conversion rate before acidification
reduced the stability and conversion rate of R1A. On day 46-69, the
trickling liquid was pH regulated to a pH of 7.00 with 0.1 M NaOH
before trickling was initiated. On day 70-85, filtering accumulated
biomass out of the recirculated media to avoid decay as a source for VFA
production was examined. On day 88-106, the effect of removing
accumulating VFAs in the TBR was examined by trickling water through
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Table 1
Operational conditions for the three different trickle bed reactors used in the study.
Trial no. Trial 1 Trial 2
Reactor name R1A R2A R2B
Temperature 55-85°C 50 °C 70°C
Total operation 594 days 50 days 50 days
Experimental 372 days 50 days 50 days
period Continuation
(From day 222-594)
Substrate gases Electrolyzer H, Electrolyzer Hy Electrolyzer H,
Raw biogas Raw biogas Raw biogas
Trickling frequency  Daily Daily Daily
Trickling rate 70.1 L L' d? for 1 min 40.2 L L d! for 5 min Repeated three ~ 70.1LL'd" for1min  70.1 LL? d” for 1 min 40.2 L L'* d"! for 5 min Repeated three
times 40.2LL" d' for5min  times
Repeated three times
Nutrient media Synthetic Synthetic Synthetic
Inoculum source Decantered digestate Decantered digestate Decantered digestate
Carrier material Crushed expanded clay Crushed expanded Crushed expanded clay

clay

the TBR for 5 min at 40.2 Lyao L3 d! before the nutrient trickling. On
day 114-125, the possibility of microbially converting the VFAs by
implementing an intermittent operation pattern with 12 h of reactor
shutdown with low Hj partial pressure was examined [23]. On day
130-170, the effect of applying different phosphate buffers (K;HPO4 up
to 10 g L'Y) in the nutrient media was tested. Finally, the impact of
temperature was examined from day 171-372 by a gradual ramp up
from 55 °C (day 171-250), 60 °C (day 251-277), 65 °C (day 278-298),
70 °C (day 299-325), 75 °C (day 326-350), 80 °C (day 351-365), and
85 °C (day 366-372).

2.3. Inoculation

The source of inoculum for the TBRs was the liquid fraction of
digestate from the thermophilic digester (52 °C, 1200 m®) of the agri-
cultural manure-based biogas plant (Foulum, Denmark). A decanter
centrifuge (Type UCD 305-00-02, Westfalia Separator Industry GmbH)
was used to obtain the liquid fraction of the digestate. Two different
batches of inoculum with slightly different characteristics were extrac-
ted (Table Al, supplementary materials), with inoculum 1 for the
inoculation of R1A and inoculum 2 for the inoculation of R2A and R2B.
The substrate gases of Hy and CO5 (raw biogas) were used to create an
anaerobic environment before inoculating each of the TBRs. When the
anaerobic environment had been established, the inoculum was pumped
into the TBRs until the reactor was flooded to ensure complete coverage
of carrier materials with the inoculation culture. After flooding, the
liquid was recirculated for 5 h at a rate of 46.5 Lijquid Ly d’! for R1A and
70.1 Liiquid Lkl d! for R2A and R2B. After the recirculation was stopped,
a total volume of ~0.65 L was retained by the carrier material within
each reactor.

2.4. DNA extraction

Samples for microbial analysis were collected from R1A in trial 1 at
day 250 (55 °C), 277 (60 °C), 298 (65 °C), 325 (70 °C), 350 (75 °C), 365
(80°C), 372 (85 °C) and from R2A and R2B in trial 2 at day 0, 2, 5, 8, 11,
15, 20, 23, 27, 30, 34, 37, 40, 43, 46, and 50. The extraction point from
the reactors was near the gas inlet (at 12.5 cm reactor height). The
microbial material was collected by suspending 1-2 g carriers in 3 mL
phosphate buffer (0.05 M KoHPO4) followed by a 30 s vortex period at 3
000 RPM to release microbial cells from the carriers before DNA
extraction. A 2 mL volume of cell suspension was concentrated by
centrifugation at 7 000 g for 10 min followed by dissolving the cell pellet
in 300 pL of RNA-free water. DNA was extracted from the concentrated
cell suspension using FastDNA™ SPIN Kit for soil (MP biomedicals,
France) in accordance with the manufacturer’s protocol, including an

additional cleaning step with guanidine thiocyanate for Illumina
sequencing and qPCR [24]. The DNA extractions were conducted in
triplicates for samples further processed by qualitative polymerase chain
reaction (QPCR) and in singlets for Illumina sequencing.

2.5. 16S rRNA gene amplicon sequencing and analysis

Mlumina 16S rRNA gene amplicon sequencing was performed on the
samples from R1A, R2A, and R2B. The PCR amplification, purification,
and barcoding for Illumina sequencing were performed according to
published methods [24], and the sequencing was conducted by SciLi-
feLab (Sweden) using the MiSeq Illumina (2x300 bp) sequencing plat-
form. A universal primer set of 515'F forward primer and 806'R reverse
primer was used for the amplification to target both the entire microbial
community of Archaea and Bacteria [25].

The 16S rRNA gene amplicon sequencing data were analyzed using
the de-multiplexed fastq reads. Cutadapt (v3.5) [26] was used for the
adapter and primer removal and quality control (Q-score > 20). On
average, 434 886 de-multiplexed fastq paired end reads per sample were
obtained, and 125 217 (58 %) were retained after adapter trimming and
quality filtering. The quality controlled paired end reads were merged
using VSEARCH (v2.21.1) [27], and 121 918 merged reads (merging
percentage = 96.3 %) were obtained. Chimeric sequence removal and
generation of amplicon sequence variants (ASV) were performed on the
merged sequences using package dada2 (v1.22.0) [28] in RStudio
(v2021.09.0 + 351) [29] running R (v4.1.3) [30].

On an average, 99 738 reads per sample were non-chimeric and used
to analyze sequence variants, resulting in 1 216 ASVs. Taxonomic an-
notations of ASVs were performed using the 16S rRNA database
formatted for dada2 with Genome Taxonomy Database taxonomies
(v207) [31]. The abundance table, taxonomy table, sample metadata,
and phylogenetic tree were merged into a single object and used for
visualization and statistical analysis using packages phyloseq (v1.38.0)
[32], vegan (v2.6.2) [33], and ggplot2 (v3.3.6) [34]. Of 1 219 ASVs, 132
Archaea and 1 084 Bacteria were taxonomically classified (at kingdom
level). The differential abundance analysis was done with package
DESeq2 (v1.34.0) [35]. The de-multiplexed paired end fastq reads were
deposited to the SRA at NCBI with the accession number
PRINA1142967.

2.6. Quantitative polymerase chain reaction (qPCR)

The qPCR analyses were performed on the same samples from R1A in
trial 1. Primers MBT857F (5-CGWAGGGAAGCTGTTAAG-3) and
MBT1196R (5-TACCGTCGTCCACTCCTT-3") were used to target Meth-
anobacteriales [36]. The qPCR was performed with a QuantStudio™ 5
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thermocycler (Applied Biosystems, Thermo Fischer Scientific, USA).
Each qPCR reaction comprised 10 pL of qPCR master mix (ORA™ SEE
qPCR Green ROX L Mix 2X, HighQu), 3 L of PCR-graded water, 1 pL of
forward primer (10 nM), 1 pL of reverse primer (10 pL) and 3 uL of
extracted DNA to a total volume of 20 pL. The standards were quantified
in triplicates in the range of gene copies from 10° to 10! with a 10-fold
serial dilution per standard sample and were quantified concurrently
with the samples. The qPCR protocol was conducted with an initial
temperature of 95 °C for 7 min followed by 40x cycles of 95 °C for 40 sec,
58 °C for 60 sec, and 72 °C for 40 sec. The end of the qPCR assay was
marked for quantification of a melt curve analysis of 55 °C to 95 °C with
a AT = 0.15 °C s~ L. The standard curves for the qPCR had a linear
correlation for Methanobacteriales (gene copies from 10' to 10%) with a r?
ranging between 0.993 and 0.999. The qPCR efficiency ranged between
86.8 and 98.6 for Methanobacteriales.

2.7. Analytical methods

Liquid samples were collected daily before and after the liquid
trickling to monitor the pH and VFAs. The pH was analyzed directly with
a portable pH meter (Portavo® 902 PH, Knick) to acquire a rapid indi-
cation of the reactor stability. The concentrations of VFAs (C2-C6) in the
liquid samples were analyzed with a GC (6850, Agilent Technologies,
USA) with an HP-INNOVAX column (Agilent Technologies, USA) and a
flame ionization detector (FID). The applied carrier gas was helium. The
samples were prepared by acidifying 1 mL of liquid sample with 4 mL of
0.3 M oxalic acid. An internal standard of pivalic acid was added to the
solution. The liquid fraction was separated from the solid fraction by
centrifugation (10 min at 4500 RPM) and filtering (0.45 um), and then
analyzed on the GC. The gas composition of Hy, CO,, CHy, No and Oy in
the product gas was monitored daily with another GC (GC-2014, Shi-
madzu, Japan) with two sample loops and two columns to separate CO,,
O3, No, and CH4 with helium as carrier gas (662 Porapak Q column, CS-
Chromatographie Service GmbH, Germany) and H; using argon as car-
rier gas (80486-800 ShinCarbon ST packed column, Restek, USA). Each
gas constituent was quantified with thermal conductivity detectors.

2.8. Data analysis

The evaluation of process performance was based on multiple per-
formance indicators, including the CH4 productivity (NL Lkl d’l). The
raw biogas as substrate included a fraction of CHy4, which was removed
from the mass balance calculation.

Tcaa = Four @ Xcraout — Fin © XcHajin

here, F,, represents the total gas flow rate out of the reactor and
normalized to the reactor volume (Lgas Lx dh, XcH4,0ut 1S the fraction of
CH4 in the outlet flow measured with GC, F;, is the inlet flow rate
normalized to the reactor volume (Lgas L7 d), and XcH4,in is the fraction
of CHy in the inlet flow. Another performance parameter is the gas
retention time (GRT, min) based on the total gas flow rate into the
reactor, Fj,.

GRT = ;/—R * 1440

in

The water vapor fraction in the gas phase is calculated based on the
Antoine equation:

B

log10(p) = Af(:—+T

where p is the water vapor pressure (mmHg), T is the temperature (K),
and A, B, and C are constants with values of 8.07131, 1730.63, and
233.426, respectively, within the temperature range of 1-100 °C [37].
The Henry constant of Hy, Hyy, is determined based on a polynomial
equation from Kolev, 2011, with experimental data from Grischuk [38],
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Hy = —1.543218 ¢ 10° + 1.3585 ¢ 10* ¢ T+ (3.78843 0 10')°
o T2 + (351564 0 10%)" o T°

The volumetric gas-liquid mass transfer rate of Hy, rg, is calculated
based on the two-film model:

rgi=k,eae (C" -

where a represents the volumetric gas-liquid interfacial area, k;, is the
liquid-side mass transfer coefficient, Cy is the dissolved gas concentra-
tion in the bulk liquid, and C* is the concentration of dissolved gas at the
gas-liquid interface, which is related to the Hy partial pressure, py2, and
the Henry constant, Hy, [40]:

« _ Pn2
C ==
Hio

Assuming a stagnant film at the liquid surface, the two-film theory states
that the liquid-side mass transfer coefficient is a function of the diffusion
coefficient (Dy») and liquid film thickness (5;) [41].

DH2
k, = 5
where the diffusion coefficient of Hy in water, Dy, is temperature
dependent and calculated following the correlation of Akgerman and
Gainer [42]. A proportional relationship between k; and Dy was
employed in this study, resulting in the boundary layer thickness, and
thus the diffusional length, &, to be independent of the temperature
[41].

3. Results and discussion
3.1. VFA management and control strategies for bioreactor selectivity

The thermophilic TBR, R1A, was operated continuously for an
extended period of 594 days, which during the initial 221 days
encompassed two other studies [22,23]. Trial 1 initiated in the present
study commenced on day 222 (day 1 in trial 1). At this point, a stable
CH4 productivity of 10.11 + 0.84 Lcpus Lx d? was achieved during
regular operation. However, a recurrent issue of gradual acidification
from VFAs (3 169.8 + 512.7 mg L VFA with 34 % being acetate)
challenged the reactor stability during day 1-45 when efforts were made
to increase the CH4 productivity, as was also the case for the earlier
operation [22]. Thus, different preventive initiatives were examined to
reduce and alleviate the VFA accumulation and associated problems in
R1A between day 1-170, including (1) liquid pH regulation, (2) biomass
removal, (3) daily water washout and dilution of VFAs, (4) periodic

Table 2
The effect of VFA control strategies on the acetate and total VFA accumulation in
reactor R1A between day 1-170.

VFA control strategy  Tested period Acetate conc. Total VFA

[days] [mg LY conc.
[mgL™]

Baseline operation 45 1088.6 + 3169.8 £
251.9 512.7

Liquid pH regulation 23 663.8 + 256.7 20989 +
522.7

Biomass filtration 15 1116.8 £ 2829.4 +
469.0 610.8

Daily washout of 18 864.8 + 147.7 1974.8 +
VFAs 446.0

Periodic low pg» 11 336.7 + 84.8 16223 +
341.8

Elevated buffer 40 731.4 + 300.5 1931.1 +
capacity 733.7
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reduction of Hj partial pressure (pys), and (5) elevated buffer capacity
(Table 2).

The effect of the VFA control strategies on the acetate and total VFA
accumulation demonstrated that the production and accumulation of
VFA were a direct response to the continuous operating strategy of the
TBR during normal operation. Operating the TBR intermittently for
periods without H, addition was the most effective VFA control strategy,
which enabled the Hy concentrations to be reduced below the thermo-
dynamic threshold where VFA oxidation, and especially acetate oxida-
tion, became bioenergetically favorable [43]. Although effective in
reducing VFA levels, periodic reductions in Hy partial pressure require
periodic pauses in operation. In contrast, liquid pH regulation, daily
washout of the VFAs, and elevated buffer capacities were also demon-
strated as effective acid management strategies by reducing the acetate
concentration by 33.8 %, 37.7 %, and 39.1 %, and the total VFA con-
centration by 39.0 %, 20.2 %, and 32.8 %, respectively. These strategies
maintained a more neutral to alkaline environment for the microbiome,
where the Bacteria with acetogenic functions have been found less
competitive with the HMs [44]. Nevertheless, these approaches of pH
control, VFA washout, and increased buffer capacity necessitated more
frequent carrier irrigation, which transiently deteriorated the bio-
methanation process causing the conversion rates to decline (Fig. Al,
supplementary materials). During every initialization of the trickling,
the CH4 productivity temporarily dropped to 46.2 + 10.9 % of the
theoretical maximum CH4 productivity, and when the trickling was
ended, a recovery of 69.8 + 8.7 % after 10 min and 95.3 + 7.4 % after
80 min was achieved in terms of CH4 productivity. This phenomenon
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was previously observed [45], and the trickling was therefore limited to
once daily. Hence, the lack of a long-term preventive measure to curb
VFA accumulation, yet still allow for a continuous biomethanation
process, meant that another approach to those investigated in Table 2
had to be found.

3.2. Temperature as a selective driver for hydrogenotrophic
methanogenesis

An alternative approach applied in this study was to limit the VFA
accumulation and improve the CH4 productivity by exploiting reaction
temperature, a process parameter entirely decoupled from the liquid
trickling. The effect of the temperature was evaluated on the TBRs
process performance and microbial community structure (1) when
gradually increasing temperature from 55 °C to 85 °C with 5 °C intervals
in a long-term enriched TBR (R1A) from day 171-372 and (2) in two
freshly inoculated TBRs at 50 °C (R2A) and 70 °C (R2B) for 50 days.

3.2.1. Microbial community structure and dynamics

Analyzing the microbial community structure based on 16S rRNA
gene amplicon sequencing revealed a successful enrichment of Meth-
anothermobacter, an obligate autotrophic HM from the order Meth-
anobacteriales, which dominated the microbial composition of R1A,
R2A, and R2B at the applied temperatures from 50 °C to 85 °C (Fig. 2).
The genus Methanothermobacter has been consistently reported to be
selectively enriched from mixed cultures in numerous thermophilic TBR
studies [11,46]. This recognition has prompted pure culture
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Fig. 2. Bubble plot of the relative abundance (>2 %, depicted by size) of the total archaeal and bacterial community at the genus level in carriers (—C) and process
liquid (—L) of the temperature-ramped reactor (R1A), the thermophilic reactor (R2A), and the extreme-thermophilic reactor (R2B). Sampling in reactor R1A was
based on each 5 °C increment step in the gradual ramp of temperature from 55 °C to 80 °C, and sampling in reactor R2A and R2B was performed with an interval of

3-4 days throughout the operational period.
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biomethanation with Methanothermobacter as the biocatalyst candidate
in TBRs [47], and industrial scale utilization in biomethanation CSTRs
[48]. Methanothermobacter accounted for < 4 % of the microbial abun-
dance in the inoculum for R2A and R2B (Fig. A2, supplementary ma-
terials), and rapidly increased in abundance in the TBRs (Fig. 2).
Interestingly, the analysis also identified various other HMs, such as the
genus Methanobacterium, within the order Methanobacteriales in R1A,
regardless of the extended period of operation since inoculation. Meth-
anobacterium was mainly represented in R1A at lower temperatures
followed by a decline in abundance with increasing temperatures, which
was distinctly demonstrated at >70 °C.

The bacterial community in the TBRs constituted only a minor
fraction of the entire microbial community. Nevertheless, the role of the
bacterial community was still of importance due to its capability to both
cause instability by VFA production and/or in contrast ensure stable
operation by nutrient recycling and consuming accumulating acids,
metabolites, and biomass [23]. However, the high abundance of Archaea
rendered the investigation of the bacterial community challenging with
the applied method. Thus, the archaeal community was filtered out to
examine the effect of temperature on the bacterial community only
(Fig. 3 and supplementary material, A3 and A4).
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The composition of the bacterial community was at the genus level
primarily represented by Acetomicrobium, Caldanaerobacter, and Cop-
rothermobacter in all three TBRs. Coprothermobacter and Caldanaer-
obacter have previously been identified as core functional Bacteria in
thermophilic biomethanation [18] with a syntrophic relationship to the
main biocatalyst Methanothermobacter [49]. Meanwhile, Acetomicrobium
has been identified in multiple biomethanation studies and has often
been reported to be promoted by acidic conditions [22,50-52]. The
proliferation of many of the Bacteria, such as Coprothermobacter and
Acetomicrobium, subsided at >70 °C in R1A during the gradual tem-
perature ramp-up, whereas Caldanaerobacter had a higher relative
abundance at 70-75 °C. The ASVs classified as Caldanaerobacter, Cop-
rothermobacter, and Acetomicrobium showed high similarity with the
species Caldanaerobacter subterraneus, Coprothermobacter proteolyticus,
and Acetomicrobium flavidum, respectively. Previous characteristics
demonstrated that C. subterraneus exhibits temperature tolerance with a
temperature optimum of 65 °C and with a growth rate almost double at
70 °C as compared to at 50 °C [53]. In contrast, C. proteolyticus has been
reported with a temperature optimum of 63 °C and has demonstrated
difficulty adapting to elevated temperatures of 70 °C [54,55]. Accord-
ingly, the relative abundance of Coprothermobacter was lower at 70 °C
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Fig. 3. Bubble plot of the relative abundance (>2 %, depicted by size) of the bacterial community at the genus level in carriers (—C) and process liquid (—L) of the
temperature-ramped TBR (R1A), the thermophilic TBR (R2A), and the extreme-thermophilic TBR (R2B). Sampling in reactor R1A was based on each 5 °C increment
step in the gradual ramp of temperature from 55 °C to 80 °C, while sampling in reactor R2A and R2B was performed with an interval of 3—-4 days throughout the

operational period.
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(R2B) than at 50 °C (R2A) and declined when ramping the temperature
to >75 °C in R1A, which induced a shift in the relative abundance to-
wards Caldanaerobacter. A distinctive difference between Cop-
rothermobacter and Caldanaerobacter is that many of the species of
Coprothermobacter are proteolytic, such as C. proteolyticus [55], whereas
many species of Caldanaerobacter are saccharolytic, such as
C. subterraneus [53]. The observed increase in abundance of Calda-
naerobacter and decrease of Coprothermobacter at elevated temperatures
could thus be related to, in addition to the increase in temperature per
se, lower biomass production and associated protein production at
higher temperatures or a higher secretion of extracellular poly-
saccharides, which has previously been demonstrated as a response to
temperature stress [56]. A. flavidum has been reported to possess a
temperature optimum of 58 °C with growth demonstrated up to 68 °C
[57], and thus operation of the TBR at 70 °C (R2B) would be at the edge
of the temperature tolerance of this microbe. Statistical analysis

A
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demonstrated that most of the bacterial families preferred the thermo-
philic temperatures (50 °C) over extreme-thermophilic temperatures
(70 °C), where especially Acetomicrobiaceae was less abundant at higher
temperatures (p < 0.25) (Fig. A5, supplementary materials).
Interestingly, the high Hy and CO5 concentrations in the TBRs were
conjectured to sustain autotrophic bacterial growth with homoaceto-
genic activity and acetate production. But despite CO, being the sole
carbon source introduced to the TBRs, many of the genera identified in
the bacterial community were identified as chemoheterotrophs, i.e.
Acetomicrobium, Caldanaerobacter, and Coprothermobacter that harbor
species known to catabolize peptides and carbohydrates [57]. However,
some of the genera in these families have previously been reported
capable of autotrophic homoacetogenic activity such as Acetomicrobium
[58], rendering it challenging to differentiate between autotrophic and
heterotrophic acetate production. A Principal Coordinate Analysis
(PCoA) was thus generated to identify correlations between the
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microbial structure and the process parameter (Fig. 4).

The PCoA analysis indicated that — independent of the temperature
— the microbial structure in the liquid was less prone to dynamic
changes from the environmental variables such as varying the Hy/CO4
gas load or organic acids, compared with the microbial culture
embedded in the carrier materials (Fig. 4A and A6). This independence
indicated that the Hy/CO> dependent activity occurred primarily from
the microbial culture immobilized on the carriers. The PCoA analysis
also demonstrated that Acetomicrobiaceae was the primary Bacteria that
was associated with the increasing acetate concentrations in the TBRs
(Fig. 4B and 4C). The relative abundance of Acetomicrobiaceae became
especially apparent at higher Hy/CO> gas loads when the CO, load was
10.1 Leoz Ly d! in R1A and had reached 13.6 Leoz L d! in R2A and
20.7 Lco2 Li{1 d! in R2B. Conversely, the acetate concentration demon-
strated a clear negative correlation with the bacterial families Ther-
moanaerobacteraceae and Tissierellaceae, which contain characterized
syntrophic acetate oxidizing Bacteria (SAOB) [24]. The negative corre-
lation between these families and acetate concentration suggested a
continuous syntrophic acetate oxidation (SAO) activity by converting it
into Hy and CO,. Usually, in a marginal energy economy, such as
anaerobic digestion, acetate, propionate, and butyrate would be
degraded by syntrophic Bacteria in cooperation with HMs, which would
require low Hj partial pressures. However, the high Hj loading and
associated partial pressure in the biomethanation reactors render the
SAO bioenergetically unfavourable, but multiple studies have reported
SAOB activity despite presumably high Hy/CO2 concentrations [59,60].
The observation of potential SAOBs in TBRs for biomethanation could be
closely linked to the macro- and micro-gradients within the TBRs. The
H, partial pressure has been demonstrated to decline rapidly along the
vertical axis of TBRs, which stratifies the reactor bed with different local
environments [22], and gradient studies within methanogenic biofilms
have demonstrated that the Hy penetration into the biofilm is narrow
(<0.5 mm) due to rapid Hp consumption [61,62]. Accordingly, these
gradients create suitable environments for SAO activity, and the natural
presence of SAOBs thus propose an alternative strategy for acetate
control by augmentation with Bacteria facilitating the SAO pathway in
the TBRs.

3.2.2. Links between process performance and methanogenic abundance at
gradually increasing temperatures

The performance and process variables of R1A were monitored
continuously during the evaluation of a gradual temperature ramping
period from a temperature of 55 °C to 85 °C, based on parameters such
as CH4 productivity, acetate, VFA concentration, and microbial abun-
dance of the dominating methanogenic group Methanobacteriales Fig. 5).

It was demonstrated that the CH4 productivity could be maintained
at > 10 Leug Ly d! in the temperature range of 55 °C to 70 °C. At
temperatures > 70 °C, the CH4 productivity gradually decreased and
ultimately diminished to 0.56 + 0.34 Lcua Lx d'at85°C, indicating the
upper-temperature limit for the HMs. Accordingly, the 16S rRNA gene
copy number of the dominant methanogen order, Methanobacteriales

(Figs. 2 and 5), correlated with a peak at 65 °C with 1.3x108 copies Zearrier

! followed by a decline whilst ramping the temperature. Regardless of
the decrease in the abundance of Methanobacteriales near the TBR’s gas
inlet region (Fig. 5B), the overall CH4 productivity was maintained at
70 °C. (Fig. 5A). It has previously been demonstrated that the
exothermic biomethanation process generates substantial amounts of
heat that lead to temperature gradients within the reactor core without
thermal management [6]. The demonstration of the thermostability of
Methanothermobacter, which thrives in a broad temperature range from
55 °C to 70 °C, thus offers an advantage when designing and scaling a
robust TBR system. Interestingly, the acetate concentration declined
with the temperature ramp-up, suggesting that the acetate-producing
microorganisms were less temperature-resistant. Increasing the tem-
perature from 55 °C to 70 °C induced a 38 % decline in total VFA
(excluding acetate), and a 62 % decline in the acetate concentration,
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which correlated with the demonstrated microbial response of reduced
relative abundance of Acetomicrobium. Only a few bioengineering
studies have looked into this influence of temperature on the competi-
tion between bacteria with acetogenic functions and methanogens
[11,12,20]. However, the gradual increase of temperature in TBR R1A
demonstrated that the Hy and CO, competition between the HMs and
Bacteria with acetogenic-producing functions can be regulated to favor
HMs. Although promising, these observations were based on a highly
enriched culture, which had operated continuously for 594 days and was
thus already adapted from the diverse microbial structure from the
inoculum to biomethanation at thermophilic temperatures of 55 °C.

3.2.3. Thermophilic (50 °C) and extreme-thermophilic (70 °C)
biomethanation

To accurately assess the effect of elevated temperatures on commu-
nity development and bioreactor performance, a comparative analysis
featuring two TBRs at 50 °C (R2A) and 70 °C (R2B) inoculated with fresh
inoculum from a mixed thermophilic anaerobic digestion sludge was
commenced and operated for 50 days. The substrate gas load was
stepwise increased until the CH4 productivity for R2A reached a plateau
at a maximum CH4 productivity of 16.86 + 0.22 Lcy4 Li:} d? on day
21-23 and 33-42. On day 24-32 and 43-50, the performance of R2A
was increased even further with a gas load equivalent to 19.21 L¢y4 LR
d! at full conversion. However, despite multiple attempts, this CHyg
productivity could not be maintained and thus resulted in unconverted
substrate gas deteriorating the CH4 product gas quality (Fig. 6A). The
70 °C TBR, R2B, reached a similar plateau of a maximum CH,4 produc-
tivity of 21.01 + 0.95 Lcy4 Li{l d?! on day 21-23 and 46-50, while
increasing the gas load further to an equivalent of 24.02 L¢y4 Lid'at
full conversion led to instability and unconverted substrate gas in the
product in the last hours before daily trickling on day 24-45. A 24.6 %
increase in the maximum CH4 productivity was recorded when
comparing R2B at 70 °C to R2A at the lower 50 °C temperature. The CHy
productivity of the 50 °C TBR correlated well with a previous study,
demonstrating a CHy4 productivity of 15.4 Lcys Lkl dlina thermophilic
TBR [7]. Additionally, a study of batch-based biomethanation assays
demonstrated accordingly that increasing the temperature from 55 °C to
70 °C would enhance CH4 productivity [54].

The lowest gas retention times of 13.9 min for the thermophilic TBR
(R2A) and 10.8 min for the extreme-thermophilic TBR (R2B) (Fig. 6B)
were calculated based on the gas flow inputs to the reactors. The VFA
concentration grew steadily for both of the TBRs (Fig. 6C) accompanied
by a transient decline in pH from day 1-12 (Fig. 6F). Acetate constituted
the dominant VFA in the thermophilic TBR from day 1-9 (70.3 % acetate
of the total VFA) and in the extreme-thermophilic TBR from day 1-4
(60.8 % of the total VFA) at day 2. The acetate to total VFA ratio
decreased rapidly in the initial 12 days due to the accumulation of
longer-chained VFAs. By day 13, the acetate to total VFA ratio stabilized
for both reactors, where the acetate comprised an average of 30.3 % =+
3.6 % and 19.8 % + 4.2 % of the total VFA in the thermophilic and
extreme-thermophilic TBR for day 13-50, respectively (Fig. 6D). The
acetate concentrations were in general higher at thermophilic condi-
tions, whereas the total VFA concentration was higher for the extreme-
thermophilic TBR. Although not statistically significant, a lower acetate
concentration was in general demonstrated for the extreme-
thermophilic TBR compared to thermophilic TBR (Fig. 6C). In addi-
tion to acetate, the longer-chained VFAs were primarily propionate and
butyrate, which would be products of the mineralization of microbial
biomass by chemoheterotrophic bacteria. Several studies have reported
the accumulation of these VFAs at increasing gas loads due to the
thermodynamic constraints of high Hy partial pressures rendering their
further degradation endergonic [7,22]. The extreme-thermophilic TBR
had a 24.6 % higher turnover of CO3 and Hs, which was expected to lead
to higher biomass production compared to the thermophilic TBR, which
constituted an organic carbon source for heterotrophic acidogens pro-
ducing butyrate, propionate, and acetate. Accordingly, bioreactor
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studies have demonstrated that the CO, and H, assimilated into meth-
anogenic cell material provide a continuously replenishing carbon
source for heterotrophic growth, which enables nutrient recycling but
leads to VFA production [23,63].

3.3. Physicochemical factors affected by process temperature in trickle
bed reactors

The demonstration of notably enhancing the CHy4 productivity by
24.6 % when elevating the process temperature from 50 °C to 70 °C
could be attributed to a combination of biological and physicochemical
factors, of which the individual contributions remain to be elucidated.
Here, the effect of temperature on the Hy gas-liquid mass transfer rate
will be modeled by examining the temperature effect on the physico-
chemical factors, i.e. liquid viscosity, gaseous water vapor content, gas
solubility, and gas diffusion. Throughout this discussion, the Hy mass
transfer driving force is referred to as (C* —Cy). Increasing the temper-
ature results in an increased water vapor content (by water evaporation)
in the gas phase TBR. According to the Antoine equation, the water
vapor content in the gas phase increases exponentially with a rise in
temperature towards the boiling point of water. At 50 °C, the water
vapor content corresponds to a partial pressure of 0.12 bar, but by
increasing the temperature to 70 °C, the water vapor content increases
to 0.31 bar. According to Dalton’s law, the total pressure (in these TBRs:
ambient pressure) is the sum of the partial pressures of the individual gas
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components, and the partial pressure of Hy determining the Hy solubility
(and driving force) will thus decrease due to the higher water vapor
content. A further detrimental effect of the water vapor content is a
reduction in GRT, which in TBRs is controllable by the ratio of the gas
inflow rate and the reactor volume. The more pronounced phase tran-
sition inside of the TBR of liquid water to water vapor due to the higher
temperatures forces the gaseous reactants of Hy and CO, and the product
of CH4 out of the reactor bed. Both of these factors affect the TBR per-
formance by reducing the mass transfer driving force and the GRT by
21.4 % when increasing the temperature from 50 °C to 70 °C (assuming
a mass transfer limited process with C; equal to zero). Note that
although the water vapor effect directly implicates non-pressurized
systems, it becomes insignificant when pressurization of the bioreactor
is applied to increase the Hy driving force (Dalton’s law) since the
contribution of the water vapor pressure remains the same irrespective
of the total pressure. In addition to the aforementioned temperature
effects on the Hy gas-liquid driving force, the substrate source will also
impact the Hy gas-liquid mass transfer rate. The bioreactor systems
relied on the supply of raw biogas for the CO3 source, which introduced
a considerable quantity of CH4 that reduces the gas retention time and
the Hy driving force.

Furthermore, the solubility of Hy (Henry’s constant) decreases as the
temperature increases, according to a model fit on experimental data in
[39]. Increasing the temperature in the bioreactor from 50 °C to 70 °C
reduces the dissolved gas concentration at the gas-liquid interface (C*)
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from [14].

by 11.3 %. In previously reported work, increasing the temperature has
been noted to induce a negative effect on the overall Hy gas-liquid mass
transfer rate, which was indirectly compensated for by higher biological
activity that reduced the concentration of dissolved Hy and hereby
increased the concentration-dependent driving force [13]. However,
this would imply that the system is more prone to being biologically
limited rather than the general understanding of Hy mass transfer lim-
itation. In contrast, an analysis by Jensen et al. revealed that the increase
in diffusivity exceeded the decline in driving force due to the lower
solubility (Henry’s constant) [14]. Based on the correlation of Akgerman
and Gainer, the Hy gas-liquid diffusivity in water increases with tem-
perature (Fig. 7A), and is quantified as much as a 52.6 % increase when
changing the temperature from 50 °C to 70 °C. With the reduced driving
force that is significant at the higher temperatures (Fig. 7B), the relative
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improvement in the H; gas-liquid mass transfer rate from temperature
was calculated (Fig. 7C). For this calculation by the equation rg_;
kpeae (C* — CL), the mass transfer coefficient (ki) has a proportional
relationship to the H; diffusion coefficient in water, while assuming the
diffusional length would remain constant [41]. However, this would be
an approximation, since the diffusional length would not be entirely
constant during steady-state due to physical properties such as the liquid
viscosity [64], which decreases at higher temperatures leading to a
shorter static liquid hold-up (i.e. diffusional length) and thus an
enhanced Hj gas-liquid mass transfer rate. The effect of temperature on
the interfacial area, q, is a function of biological and physicochemical
factors. Biologically, it is influenced by the methanogenic biofilm
coverage on the heterogenous carriers, while physicochemically, it is
influenced by the extent of the stagnant water film covering the biofilm.
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The methanogenic biofilm development on carrier materials in bio-
methanation remains an active field of research [65,66] and a direct
relationship with temperature remains to be established. Physical pa-
rameters such as the water surface tension will be temperature-
dependent and drops by 3.9 % from 55 °C to 70 °C [67], which in-
fluences the extent of the stagnant water layer and the droplet genera-
tion in the TBR. However, the stagnant water layer will rely on both
carrier geometry, surface hydrophilicity, and bridging effects between
the individual carriers. Consequently, while the effect of temperature on
the gas-liquid interfacial area of packed bed carrier materials is complex
to quantify, due to capillary phenomena such as liquid bridging between
the carriers, it is expected to be minimal and largely independent of the
temperature [68], and is here treated as a constant. While this approx-
imation would be valid for TBRs, it would not be for CSTRs and other
bubble dispersion bioreactors relying on bubble formation and disper-
sion. Additionally, if the system is Hy mass transfer limited, the con-
centration of Hj in the bulk liquid (Cp) can be set to zero.

By combining all these thermodynamic effects on the Hy gas-liquid
mass transfer rate (Fig. 7C), it is demonstrated that increasing the
temperature from mesophilic conditions up to 65.4 °C would improve
the gas-liquid mass transfer rate of Hy. However, above 65.4 °C the mass
transfer rate would decrease due to the overwhelming contribution of
the reduced Hj mass transfer driving force (Fig. 7B) and the immanent
effects of the water vapor content. This determination is an expansion of
the Hy mass transfer dynamic (with temperature) presented by Jensen
et al., who only considered the solubility of Hy in the driving force
estimation, and neglected the contributions of varying water vapor
content on the Hy partial pressure [14]. It should also be noted that
applying other diffusion and mass transfer models could alter the rela-
tive changes in the overall gas-liquid mass transfer rate of Hj.

The implications of increasing the temperature from 50 °C to 70 °C in
this study would, according to the Hy gas-liquid mass transfer rate
(Fig. 7C), bring an improvement of 6.4 % in the mass transfer rate (and
equally in the CHy4 productivity if mass transfer limitation is assumed).
This improvement remains far below the 24.6 % improvement in CH4
productivity achieved experimentally in the study, which indicates the
presence of a clear biological enhancement factor by increasing the TBR
temperature. This tendency of improved conversion rates due to mi-
crobial factors has previously been demonstrated in mass transfer-
limited systems [69]. The biological enhancement factor is considered
as the extent of reaction in the stagnant liquid film diffusion layer based
on the Hatta number, which depends on the specific microbial activity,
the biomass concentration, the cell distribution profile in the stagnant
liquid layer covering the biofilm, the gas diffusion coefficient in the
liquid, and the driving force [14,70]. The observed enhancement in the
CH4 productivity — beyond the 6.4 % contribution in improvement by
the Hy gas-liquid mass transfer rate — when increasing the temperature
from 50 °C to 70 °C indicates a significant improvement in the biological
enhancement factor as a result of the increase in the biological Hj
consumption rate that contributes significantly more than the theoret-
ical increase in the Hj transfer rate. The higher conversion rates
achievable at higher temperatures should thus encourage further in-
depth research to explore the temperature regimes of >50 °C
including the utilization of hyperthermophilic HMs for biomethanation
to promote the biological enhancement factor even further.

4. Conclusion

The temperature of the biomethanation process has proven to have
intricate effects on the biological community and the thermodynamics
governing TBR biomethanation. The presented work demonstrated
recurring acidification of a long-term enriched TBR, R1A. Multiple
strategies were tested to alleviate the VFA accumulation, but most of
these techniques were based on liquid trickling, which was found to
reduce the CHy4 productivity transiently. The effect of utilizing temper-
ature as a pinch parameter towards methanogenesis was subsequently
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examined. Ramping the temperature from 55 °C to 70 °C demonstrated a
reduction in the acetate concentration by 62 %. Nevertheless, further
increments in temperature above 70 °C reduced the methanogenic
conversion and proliferation of Methanobacteriales, the dominating HM;
at 85 °C the methanogenic activity was eliminated. A comparative
analysis of two TBRs (respectively R2A and R2B) operated at thermo-
philic (50 °C) and extreme-thermophilic (70 °C) conditions demon-
strated a 24.6 % improvement in CH4 productivity as a response to
favored extreme-thermophilic temperature. To wunderstand this
improvement, the Hy gas-liquid mass transfer rate was modeled and
demonstrated a 6.4 % improvement at 70 °C (vs 50 °C). The contribution
of biological factors to the enhancement in CHy4 productivity is credited
for the performance improvement, regardless of the Hy gas-liquid mass
transfer rate being considered the rate-limiting barrier in bio-
methanation. Ultimately, this work provides new knowledge on bio-
logical communities and process factors that improve the
competitiveness of TBR biomethanation as a technology for CO5 and Hy
conversion into carbon-based chemical energy carriers.
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