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HIGHLIGHTS GRAPHICAL ABSTRACT

e Microbial electrosynthesis (MES) for
converting CO, to carboxylates was
studied. MICROBIAL ELECTROSYNTHESIS

e Copper and nickel were used as catalysts with "
on granular activated carbon (GAC).

e Metal impregnation of GAC improved
H, evolution and its onset potential.

e Metal impregnation also improved

Cu,0, Improved abiotic H, evolution

CuO ﬁ from 0 up to 4.5£0.4 m3m=3d’

Cu and Niimpregnated
granular activated carbon
(GAC; 5% w/w)

S

Improved current densities from

drastically acetate production rates in Vs. Ni(OH), 0.23+0.05up t0 5.6+0.7 mAcm3
MES.
e Changes in mass percentage of metal GAC without metal ~ Improved acetate production
catalyst had a clear effect on MES impregnation rates from O up to 241 mg L' d”
performance.
ARTICLE INFO ABSTRACT
Keywords: Microbial electrosynthesis (MES) utilizes renewable electricity to power microbial conversion of carbon dioxide
Carboxylate production into multi-carbon products. As the cathode electrodes serve both as source of reducing equivalents and provide

Hydrogen evolution
Metal catalysts
Oxidation state

surface area for biofilm growth, the electrode material plays a crucial role in MES. In this study, granular
activated carbon (GAC) was impregnated with copper or nickel (5 wt%) and used as MES cathode. In abiotic
runs, metal impregnated GAC resulted in higher current densities, on average up to 5.6 mA cm >, compared to
GAC without metal impregnation, up to 1.1 mA cm™°, In MES, metal impregnated GAC enhanced acetate pro-
duction rates compared to control GAC, up to 241 mg/L d’\. The differences were mostly affected by the mass
percentage of the metal catalyst on GAC, while the oxidation state of the metal had no considerable effect.
Overall, impregnating GAC with metals shows high potential for improving the MES performance.

1. Introduction course of further increase (Dadkhah and Tulliani, 2022). Microbial
electrosynthesis (MES) appears as a promising solution for CO, mitiga-

A continuous rise in CO; emissions is a concern since it may lead to a tion. MES is a highly attractive bioelectrochemical application that
rise in the sea level, ice sheets melting, and climate change. Annual converts CO; into value added carboxylates using microbes as bio-
global CO, concentration reached 416.7 ppm in 2021 and is on the catalysts at the cathode while providing reducing equivalents with an
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external power source (Vassilev et al., 2018). Furthermore, MES pro-
vides a renewable way of producing short-chain fatty acids currently
produced via fossil resources.

Performance of MES is highly dependent on the interaction between
the electrocatalyst (i.e., cathode) and the biocatalyst (i.e., microor-
ganism) and therefore, the choice of cathode material is crucial for
achieving an efficient MES performance. Carbonaceous materials are
highly used in MES as cathode due to their chemical stability, biocom-
patibility and cost-effective nature (Zhang et al., 2021). Among different
carbon materials, granular activated carbon (GAC) is a promising choice
because of its unique three-dimensional structure with low cost, high
porosity, and high specific surface area and since it can provide number
of sites to carry out electrocatalytic reactions (Caizan-Juanarena et al.,
2019). These qualities make GACs an attractive cathode material which
can support good interaction between electro- and biocatalyst and al-
lows biofilm growth on its surface (Gibert et al., 2013; Kim et al., 2017).
However, there are few limitations associated with GACs, such as low
conductivity and mechanical instability (Zhang et al., 2021).

Transfer of electrons from cathode to microbial cells can take place
either via direct or indirect pathways. In direct pathway, bacterial cells
directly accept electrons from the cathode, while in indirect pathway a
mediator (such as Hy) is formed at the cathode and acts as an electron
carrier for the microbial cells. If the reducing equivalents are supplied
via produced Hy at the cathode, the Hy evolution reaction can be
enhanced by modification of the cathode, for example, via impregnation
of catalytic metals, such as nickel (Ni) or copper (Cu) (Wang et al.,
2019). Especially transition metals, such as iron, molybdenum, Ni and
Cu, have been utilized to develop electroactive cathode electrodes (Vij
etal., 2017). In MES, for example, nickel nanoparticles on a carbon cloth
(Zhang et al., 2013) or nickel nanowire-coated graphite electrode (Nie
et al., 2013) have improved the current density by 3.3- and 7.9-fold,
respectively, and acetate production rate by 4.5- and 2.3-fold, respec-
tively, as compared to the non-metallic electrodes. Nickel addition
increased the conductivity and electron-exchange capacity of the Ni-
modified graphite electrode simultaneously improving biofilm attach-
ment (Nie et al., 2013). Furthermore, nickel-molybdenum alloys have
been used as Hy-producing electrocatalysts to enhance acetate and
methane production in MES (Kracke et al., 2019) and copper deposits on
the surface of carbonaceous electrodes to enhance Hy evolution in MES
(Jourdin et al., 2016).

Such cathode modifications with metals have been mainly investi-
gated using non-granular cathodes, while impregnation of GAC with
metals may provide additional benefits, such as improving the conduc-
tivity of the GAC bed and charging the GAC bed homogeneously through
the whole GAC bed promoting better MES performance, such as Hy
evolution, of the high-surface cathode (Chatzipanagiotou et al., 2022;
Zhu et al., 2019). GAC has been decorated with iron oxides (Fe304),
which improved the acetate production rate by 1.4-fold and current
density by 1.5-fold due to the increased extracellular electron transfer
and presence of electrochemically active bacteria (Zhu et al., 2019). The
only study where nickel impregnated GAC were used in MES utilized
nickel at high (5 %) and low (0.01 %) loading and reported a 25-fold
increase in acetate production with the high Ni-loading compared to
GAC without nickel (Chatzipanagiotou et al., 2022). While Fe304 and Ni
impregnated GAC show promise in MES, the combination of other
transition metals, such as Cu, with GAC has not been reported.

The oxidation states of the catalytic metals affect the mechanisms
and efficiency of Hy evolution reaction (HER). For example, when
nanoscale nickel oxide/nickel (NiO/Ni) heterostructures were used for
HER (Gong et al., 2014), it was suggested that NiO can serve as a good
attachment site for OH™ while Ni metal could facilitate H' adsorption,
both of which steps are required for HER. CuO has also been utilized in
chemical reactions where Hj is either a product or a reactant, such as in
water—gas shift reaction (Newsome, 1980) or methanol synthesis (Li
etal., 1996). In MES utilizing Cu or Ni as catalysts, the oxidation state of
the metal(s) used is rarely reported, although Chatzipangiotou et al.
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(Chatzipanagiotou et al., 2022) claimed that nickel oxide is formed in
their experiment. However, revealing the oxidation state may help in
understanding the mechanisms behind the (bio)electrocatalytic
reactions.

This study examined the use of Ni and Cu as catalysts on GAC bio-
cathodes in MES producing acetate from CO5. The GAC with and without
Cu and Ni impregnation (5 wt%, i.e., mg gélranule) were first characterized
abiotically for the electrochemical and Hj evolution performance. Next,
the effect of Ni and Cu impregnation on the biological MES performance
was determined in terms of volatility fatty acids (VFAs) production. The
GAC with and without metal impregnation were fully characterized for
total pore volume and pore size distribution before MES runs, and for the
changes in specific surface area, Ni or Cu content, and oxidation states of
the metals before and after the MES runs.

2. Materials and methods
2.1. Preparation of metal-impregnated electrode materials

Commercial Cyclecarb 305 (Chemviron) GAC was used as the bulk
material for creation of metal modified GAC. GAC with a diameter of
0.63-1.00 mm was used to obtain sufficient conductivity, provide
adequate space for biomass growth and to avoid clogging and accu-
mulation of pressure. Three types of granules were used in the experi-
ments: Cu modified granules (Cu-GAC), Ni modified granules (Ni-GAC),
and unmodified granules (GAC). The metal impregnations of the com-
mercial granules were performed through dry impregnation. Prior the
dry impregnation of Cu and Ni, pore volumes (PVs) of commercial
granules were measured as described in Section 2.2. The amount of
metal salts, i.e., Cu(NO3)-(H20) (technical grade, assay > 97 %) and Ni
(NO3)2:6(H20) (technical grade assay > 99 %) (VWR International
BVBA, Geldenaaksebaan, Leuven, Belgium) were calculated so that the
theoretical 5 % mass of metal to mass of GAC ratio was achieved. Cu and
Ni nitrate salts were dissolved in an exact amount of water to fill the pore
volume (PV) of commercial granules. Mixtures of metal salts and gran-
ules were impregnated for 5 h and after that, the produced mixture was
placed in a ventilated oven and dried at 105 °C overnight. The dried
material was then collected and placed in a stainless-steel reactor
inserted in a tubular furnace Nabertherm RT 50/250/13-P320 (Lilien-
thal, Germany) for calcination at 500°C with a heating gradient of 4°C
min ! and holding time of 2 h. During all the calcination process, the
sample was under N; gas atmosphere. After the calcination, the reactor
was cooled down overnight in inert atmosphere and then the carbon
impregnated samples collected and stored under vacuum to avoid the
oxidation of the metallic Cu and Ni nanoparticles.

2.2. Characterisation of electrode materials

Specific surface area (SSA), total PV and pore size distribution (PSD)
were determined from nitrogen adsorption-desorption isotherms.
Micromeritics 3Flex (Norcross, USA) instrument using N, gas as adsor-
bate was utilized for the physisorption. Before determining the iso-
therms, samples were degassed at 2 mmHg pressure and 140 °C for 3 h to
remove previously adsorbed gases from the pores and to clean the
sample surfaces. The isotherms were determined by placing degassed
tubes into liquid nitrogen for achieving isothermal and cryogenic con-
ditions and then adding small doses of nitrogen at the equilibrium. SSA
was calculated by Brunauer-Emmet-Teller method (BET) (Brunauer
et al., 1938) while total pore size and pore size distribution by non-local
density functional theory (NLDFT) with a model specifically designed
for carbon materials assuming slit geometry of the pores (Lastoskie et al.,
1993).

The Cu and Ni content of the GAC was determined by using induc-
tively coupled plasma optical emission spectroscopy (ICP-OES, Agilent
5110 SVDV, Agilent Technologies Inc, Santa Clara, California USA).
Before analysis around 0.3 g of each sample was digested with 9 and 3
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mL of concentrated HNO3 and HCl, respectively at 180 °C for 10 min by
using microwave oven (Milestone ETHOS UP, Milestone Srl, Sorisole
(BG), Italy).

X-ray photoelectron spectroscopy (XPS) analysis was performed to
observe the possible change in the oxidation states of the active metals
by using Thermo Fisher Scientific ESCALAB 250Xi XPS System (Thermo
Fisher Scientific,168 Third Avenue, Waltham, MA USA 02451) with the
monochromatic AlKa radiation (1486.7 eV) operated at 20 mA and 15
kV. In the procedure, sample powders were placed on a gold sample
holder and pass energy of 20 eV and spot size 900 pm were used to
measure the Cu, Ni, O, C and Au for all samples. Avantage V5 software
was used for the spectral analysis and C1s line at 248.8 eV was used as a
calibration peak for the charge compensation.

2.3. Set-up and operation of microbial electrosynthesis

During abiotic experiments, the following medium was used: 18 g/L
NayHPO4-2H,0, 3 g/L KHyPOy, 3 g/L NH4Cl, 15 mg/L CaCly, 20 mg/L
MgSO4-7H20, 10 mL L! trace element solution (1.5 g/L CgHoNOg, 3 g/L
MgS04-7H20, 0.5 g/L MnSO4-H50, 1 g/L NaCl, 0.1 g/L FeSO47H,0,
0.18 g/L CoSO4-7H,0, 0.1 g/L CaCly-2H;0, 0.18 g/L ZnSO4-7H,0, 10
mg/L CuSO4-5H50, 20 mg/L KA1(SO4)2-12H50, 10 mg/L H3BO3, 10 mg/
L NapMoOj4-2H20, 30 mg/L NiCly-6H20, 0.3 mg/L NaySeO3-5H20, 0.4
mg/L NaaWO4-2H50, distilled H,0 up to 1000 mL) and 1 mL L1 vitamin
solution (2 mg/L biotin, 2 mg/L folic acid, 10 mg/Lpyridoxine-HCI, 5
mg/L thiamine-HCl, 5 mg/L riboflavin, 5 mg/L nicotinic acid, 5 mg/L D-
Ca-pantothenate, 0.1 mg/L vitamin B;y, 5 mg/Lp-aminobenzoic acid, 5
mg/L lipoic acid, distilled H;O up to 1000 mL). For biological experi-
ments, the aforementioned medium was amended with 2.1 g/L sodium
2-bromoethanesulfonate and 1 g/L yeast extract. 2-Bromoethanesulfo-
nate is known to be efficient in locking the last step of methanogenesis
by inhibiting methyl-CoM reductase reaction (Park et al., 2019). To
remove surplus oxygen, both abiotic and biological media were sparged
with Ny for approximately 60 min/L before addition to the reactor.

The MES reactor was a ca. 250 mL elongated glass vessel consisting
of three small outlets, one at the bottom and two at the side, and one big
opening on top (see supplementary material) with a working volume of
ca. 210 mL. The top opening was sealed tightly with a large rubber cap
which was penetrated by a glass vial that acted as the anode chamber.
The anode chamber was insulated from the rest of the reactor (ie.,
cathode chamber) by a cation exchange membrane (1.5 cm diameter,
Membranes International, USA) placed at the bottom of the vial. Plat-
inum wire (ca. 15 cm length, 0.40 mm diameter, 99.95 % purity, Advent
research materials, UK) was used as the counter electrode and 50 mM
H,S04 as anolyte to decrease potential limitations related to the anode.

The cathode compartment consisted of ca. 32.5 mL GAC and a tita-
nium mesh (ca. 4.7 cm diameter, 18 mesh woven from 0.28 mm diam-
eter wire, Alfa Aesar, Germany) with titanium wire connection (length
11 cm, diameter 0.5 mm, 99.6+% purity, Goodfellow, Germany) was
embedded in the middle of the GAC bed to act as a current collector. The
granules were manually packed tightly between the titanium mesh and a
plastic mesh ring structure (see supplementary material), which was
supported from above by vertical plastic panels. The titanium mesh was
supported from below by stationary glass beads that were held tightly in
place by a plastic net. A RE-5B Ag/AgCl reference electrode (+0.206 V
vs. normal hydrogen electrode, BASi, USA) was inserted to the GAC bed
through a glass capillary filled with 3 M NaCl. The potentials are later on
reported against Ag/AgCl reference electrode. The cathode potential
was controlled at —0.85 V (except for the second run with Ni-GAC,
where cathode potential was controlled at —0.85 V for the first three
days, after which it was decreased to —0.755 V due to challenges in
maintaining the potential) with a potentiostat (Bank Elektronik, Intel-
ligent Controls GmbH, Germany). The reactors were run at 35 °C in
duplicate that were operated in consecutive runs, i.e., first and second
run, both of which used fresh electrode materials.

The reactors were filled with 550 mL of Ng-sparged medium and 30
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mL (ca. 5 %) of enrichment culture that had been grown in the labora-
tory for ca. four years, fed with CO3 and was dominated by Eubacterium
sp. (Vassilev et al., 2024). The cathodic medium was circulated through
a recirculation bottle at a flow rate of 200 mL min~ ' (Masterflex L/S
Digital Drive pump). The anode chamber was regularly supplied with
fresh 50 mM H3SO4, while the glass capillary of the reference electrode
was regularly supplied with fresh 3 M NaCl. CO, was introduced to the
reactor by sparging the medium in the recirculation bottle with CO in
the beginning of the run and after that five days a week with a flow rate
of 0.4 L min~! for 15 min.

The abiotic cathodes were characterized with cyclic voltammetry
(CV) with a potentiostat (VMP3, BioLogic, France) at a scan rate of 0.01
mV/s within a potential window from —0.6 V to —0.87 V (Cu-GAC and
Ni-GAC) or to —1.05 V (GAC) before each MES run. Hy evolution was
determined between the first CV and MES runs (without CO, feeding) by
maintaining the cathode potential at —0.85 V for 21 h with VMP3
potentiostat and measuring the volume of Hy produced. The H; evolu-
tion was measured in three consecutive runs with the same electrode
materials, and the H; production rates were calculated against the
reactor volume. To study how the force used to pack the GAC bed affects
the contact resistance of the granules, a packed GAC bed (diameter of
0.63-1.00 mm, no metal impregnation) was pressed with different
forces from 0.1 to 1.6 Nm and the contact resistance was determined.

2.4. Analyses and calculations

The catholyte pH was measured with WTW-330i pH meter (Ger-
many) and optical density at 600 nm (ODgponm) With UV-Vis spectro-
photometer (UV-1800, Shimadzu, Japan). Volatile fatty acids (VFAs)
were analyzed, after filtration through a 0.2 pm pore filter (CHROMAFIL
Xtra PET, MACHERREY-NAGEL, Germany), with a gas chromatograph
equipped with a flame ionization detector (GC-FID 2010 Plus, Shi-
madzu, Japan) and a Zebron ZB-WAX plus column (0.25 um diameter,
30 m length). Helium was used as a carrier gas with a flow rate of 84.4
mL min~!. The injector and detector temperatures were 250 °C, and the
column temperature was first kept at 40 °C for 2 min, increased to
160 °C min at a rate of 20 °C min~ ", and further increased to 220 °C with
a rate of 40 °C min . The gas content was measured with GC equipped
with a thermal conductivity detector (GC-TCD 2014, Shimadzu, Japan)
and Agilent J&W packed GC column (2.00 mm internal diameter, 1.8 m
length). Nitrogen was used as carrier gas with a flow rate of 20 mL min
and the injector, column, and detector temperatures were kept at
110 °C, 80 °C, and 110 °C, respectively. The gas volume in the gas bags
was determined with a water displacement method.

The current densities were calculated against the apparent volume of
the GAC used as cathode electrode, i.e., 32.5 cm®. H, onset potential was
determined by drawing a tangent on the linear region of the CV curve
and evaluating the cathode potential at 0 mA cm~3. The cathodic effi-
ciencies for acetate production were calculated as described by Yao et al.
(2024).

3. Results and discussion
3.1. Abiotic characterization of metal-impregnated granules

The physisorption analysis showed a reduction in SSA and pore
volume for the impregnated GAC mainly due to the intrusion of the
active metal in the GAC structure (Table 1). Materials showed micro-
porous structure and the difference in the pore size distribution between
the samples was negligible indicating that the metals did not change the
porous morphology of the GAC. While the intended Cu and Ni content
was 5 wt%, the results show that the GAC contained 4.7 wt% Cu and 4.5
wt% Ni (Table 1).

The CVs of the original GAC were compared to the Cu and Ni
impregnated GAC (Fig. 1). Without metal impregnation, current density
of 0.8 mA cm ™2 was obtained at cathode potential of —0.88 V with a Hy
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Table 1

Characteristics of the fresh Granular activated carbon (GAC) materials with and
without metal impregnation, including specific surface area (SSA), pore volume,
pore size distribution (PDS) and Cu and Ni content. GAC were impregnated with
5 wt% Cu (Cu-GAC) or Ni (Ni-GAC).

GAC Cu-GAC Ni-GAC

SSA (m?/g) 723 685 632
Pore volume (cm® g 1) 0.40 0.39 0.37
Pore size (nm) 2.33 2.35 2.43
PSD

Micropores, < 2 nm (%) 65.8 64.6 63.9
Mesopores, 2-50 nm (%) 33.3 34.4 35.2
Macropores, > 50 nm (%) 0.87 1.01 0.83
Metal content

Cu (Mg ggramue) 0.13 47.0 0.17
Ni (mg 8" granule) 0.05 0.08 45.0
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Fig. 1. Abiotic CVs of GAC impregnated with Cu (Cu-GAC) or Ni (Ni-GAC) and
without (GAC) metal impregnation. CVs were run with a scan rate of 0.01 mV/
s. The current densities are given against the volume of the GAC.

onset potential of ca. —0.80 V. Impregnating the GAC with Cu and Ni
enhanced the current densities up to 5.5 and 6.6 mA cm > at —0.88 V,
respectively. Furthermore, the Hy onset potentials were decreased to
—0.75 and —0.69 V with Cu-GAC and Ni-GAC, respectively. Activated
carbon has been widely studied due to its capacitive behavior that can
arise either from charge separation at the electrical double-layer, i.e., the
electrode/electrolyte interface, or from pseudo-capacitance, i.e., charge
storage occurring due to reversible Faradaic reactions (Huang et al.,
2007). For example, nickel-impregnated activated carbon (AC) cathodes

A [— GAC —— Cu-GAC —— Ni-GAC]

e

Current density (mA cm®)
IS
\

H2 evolution (m® m3d™")

Time (h)
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were studied earlier for Hy evolution in microbial electrolysis cells
indicating pseudo-capacitive behavior of the Ni/AC particles, which was
highest with the lowest nickel content (Moreno-Jimenez et al., 2023). It
has been also reported earlier that introducing small amounts of nickel
(hydroxide) to AC enhanced the specific capacitance of the electrode
(Huang et al., 2007). The capacitive behavior of the metal impregnated
GAC was also higher in this study compared to original GAC (Fig. 1).

To further study the H evolution potential of the different GAC, Hy
production was studied for 21 h by fixing the cathode potential at —0.85
V (Fig. 2). Hy mediated VFA production has been reported in various
studies utilizing metal catalysts on MES cathodes (e.g., de Smit et al.,
2024; Jourdin et al., 2016; Kracke et al., 2019) and thus, a cathode
potential enabling Hy evolution with metal impregnated GAC was cho-
sen for MES operation also in this study. As the abiotic Hy production
determines the electrons available for mediated electron transfer in
MES, the differences between the GAC electrodes were determined. The
control GAC did not produce Hy and the current density remained low,
at ca. 0.3 + 0.01 mA cm °. Cu-GAC, on the other hand, resulted in Hy
evolution of 2.6 + 0.2 m® m~2 d! with average current density of 3.7 +
0.3 mA cm . The highest Hy evolution of 4.5 + 0.4 m® m~3 d! and
average current density of 6.5 + 0.3 mA cm > were obtained with Ni-
GAC. These experiments indicated the superior performance of Ni and
Cu impregnated GAC for Hy evolution, which is hypothesized to be
beneficial for Hy mediated VFA production in MES.

3.2. Microbial electrosynthesis with metal impregnated granules

3.2.1. Carboxylate production

VFA production in MES started during the first one to four days of the
runs. Similarly to the abiotic experiments, considerably higher perfor-
mance, i.e. higher VFA production rates, was observed in MES with Ni
and Cu impregnated GAC than without metal impregnation (Fig. 3).
Acetate was the main VFA produced, while butyrate was produced with
Ni-GAC and Cu-GAC in the second run from day 25 onwards with overall
titers of 4.1 and 2.7 g/L, respectively. The acetate production was
similar with the metal impregnated GAC with slightly higher acetate
titers and production rates with Cu-GAC (6.4-7.0 g/L and 222-241 mg/
L d}, respectively) than with Ni-GAC (5.2-6.3 g/L and 180-216 mg/L d°
1 respectively). This is in contradiction with the abiotic experiments,
where 1.8-fold higher current density was obtained with Ni-GAC
compared to Cu-GAC. Without metal impregnation, acetate was pro-
duced only in one of the parallel reactors (Fig. 3) resulting in acetate
titers and acetate production rates from O to 2.0 g/L and from 0 to 111
mg/L d’}, respectively. The cathodic efficiencies for acetate production
varied on average between 0-26 % for GAC without metal impregna-
tion, 21-37 % for Cu-GAC, and 13-28 % for Ni-GAC. Although H,
production was not measured during the MES runs, H, evolution likely
accounted for high portion of the cathodic efficiencies as reported
earlier (e.g., Yao et al., 2024).

The acetate titers and production rates of this study are in similar
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T T T
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Fig. 2. Current densities and H; evolution obtained in abiotic electrochemical runs with Ni- (Ni-GAC) and Cu-impregnated GAC (Cu-GAC) as well as with GAC
without metal impregnation (GAC). The error bars show the standard deviation of the three consecutive runs.
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Fig. 3. Acetate concentrations obtained in MES with Ni- (Ni-GAC) and Cu-
impregnated GAC (Cu-GAC) as well as without metal impregnation (GAC) in
two parallel runs (GAC-1 and GAC-2). The results are mean values from two
parallel MES runs with standard deviations.

range or higher than what has been reported earlier with metal
impregnated GAC when compared via normalizing the results against
the GAC volume and/or mass, which is considered important as the GAC
is used as the electrode materials and serves as the surface area for the
growth of biofilm and for electrocatalytic activities. In this study, the
acetate production rates and current densities normalized against the
volume of the GAC at the cathode were 3.1-3.7 and 4.0-4.1 mg m ™ d’!
for the Ni-GAC and Cu-GAC, respectively, resulting in current densities
from 2.0 to 5.6 mA cm 2 and from 1.9 to 3.4 mA cm (i.e., from 4.3 to
12.1 mA g~ and from 4.0 to 7.3 mA g~3, normalized against the mass of
GAC cathode). For example, MES with Ni impregnated GAC with high Ni
loading (5 wt%) resulted in acetate titers of over 3 g/L with current
density between 1 and 3 mA cm 2 (between 6.4 and 19 mA g’g)
(Chatzipanagiotou et al., 2022). GAC impregnated with Fe3O4 (38 wt%)
resulted in acetate titers and production rates of 5.1 g/L and 171 mg/L d
! respectively, with current density of 2.8 mA g~ (Zhu et al., 2019). A
similar acetate production rate of 204 + 2 mg/Ld"! (1.8 mg m ™3 d'!) was
obtained with packed GAC bed without metal impregnation in our
previous study (Vassilev et al., 2024), in which the amount of GAC used
was double compared to the current study resulting in current densities
of 0.8 + 0.3 mA cm 3 (1.8 £ 0.7 mA g’3). Overall, the normalized ac-
etate production rates and current densities are among the highest re-
ported in the selected studies. Metal catalysts have been reported to
enhance Hj evolution and subsequently acetate and/or methane pro-
duction in MES (Jourdin et al., 2016; Kracke et al., 2019), which is the
likely reason for improved VFA production also in this study. This hy-
pothesis is supported by the abiotic Hy production experiments that
showed improved current densities and Hy evolution when utilizing
copper and nickel impregnated granules.

In this study, the current densities differed between the consecutive
runs. With control reactors, the average current densities were 0.23 +
0.05 mA cm > and 1.1 £ 0.9 mA cm™° in the first and second runs,
respectively (see supplementary material), resulting in slightly lower pH
values (between 6.8 and 7.0 vs. 6.6-6.3) and higher acetate production
(2.0 vs. 0.0 g/L) in the second run with the higher current density. With
Cu-GAC considerably higher average current densities were obtained in
the first run compared to the second run, i.e., 3.4 + 0.5 mA cm2and1.9
+ 1.1 mA em 3, respectively, while with Ni-GAC the opposite trend was
observed with higher average current densities obtained with the second
run compared to the first run, i.e., 5.6 + 0.7 mA cm2and 2.0 £ 1.0 mA

Bioresource Technology 418 (2025) 131914

cm 3, respectively. With Cu and Ni impregnated GAC, however, the
varying average current densities between the two runs did not affect
the acetate titers or production rates considerably indicating that cur-
rent density was not limiting acetate production. Additional studies
were conducted to understand how the packing of the GAC bed (with
GAC without metal impregnation) affects their electrochemical perfor-
mance. Increasing the supplied force from 0.2 to 1.6 Nm decreased the
contact resistance from 0.27 + 0.12 Q to 0.13 + 0.01 Q (see Supple-
mentary material). This shows that pressing the GAC bed at different
forces has an effect on contact resistance and hence, also the current
densities. This is one likely reason for the different current densities
observed during the two consecutive MES runs and highlights the
importance of controlling the force used to pack the GAC beds, when
packed beds are used for MES. Although the force used to pack the GAC
bed likely affected the current densities, the current densities and ace-
tate yields obtained with the metal impregnated GAC were considerably
higher than with the bare GAC, highlighting the advantages of using
metal catalysts on GAC.

With Cu-GAC and Ni-GAC, the pH decreased in time from ca. 7.0 to
6.0 (see supplementary material). In similar MES studies where CO5 was
fed three to five times a week for 10-15 min, availability of CO5 hin-
dered carboxylate production in MES (Vassilev et al., 2024; Yao et al.,
2024), which is the likely reason in the current study and would explain
the similar carboxylate production observed with Ni-GAC and Cu-GAC
despite of the varying current densities. However, as total inorganic
carbon was not measured in the current study, this cannot be verified.

The other potential reasons for the differences in the current den-
sities between the two consecutive runs were further studied. Due to the
large decrease in the current density of Cu-GAC both during the MES
runs and in the CVs measured before the MES runs (see Chapter 3.2.2), it
was hypothesized that the storage of the metal impregnated granules or
the abiotic electrochemical characterizations done before the biological
experiments could affect the characteristics of the granules. Increase in
current density, especially observed during the two consecutive bio-
logical MES runs with the GAC without metal impregnation as well as
with Ni-GAC, could be due to metal leaching observed during the MES
runs and/or due to the packing of the bed that was done manually (as the
forces used for packing the bed were not measured when constructing
the MES runs). Thus, the characteristics of the metal impregnated GAC
were analyzed in detail and the results are reported in the following
chapter.

3.2.2. Effects of storage and microbial electrosynthesis runs on metal
impregnated granules

The large changes in the current densities of Ni and Cu impregnated
GAC in the parallel MES runs (see supplementary material) indicated
that the GAC had different electrochemical behavior between the two
consecutive runs. A similar phenomenon was also observed in abiotic
CVs that were run before the MES runs (Fig. 4). With control GAC, the
maximum current densities at —0.85 V were 0.6 and 2.1 mA cm ™ in the
CVs performed before the first and second MES runs, respectively, and
differences in the capacitance were observed. With Cu-GAC and Ni-GAC
lower current densities in CVs were observed before the second MES run,
after storing the GAC under air for ca. four months. With Cu-GAC, the
maximum current density obtained in CVs before the first MES run was
4.3 mA cm 3, which was decreased to 2.3 mA cm™° before the second
MES run. Similarly with Ni-GAC, the maximum current density was
decreased from 5.6 to 3.7 mA cm > between the first and second MES
runs, respectively. To determine whether some changes in the GAC
characteristics occurred during the storage, the Cu and Ni content as
well as their oxidation stages were determined from freshly prepared
metal impregnated granules and after ca. eight months of storage under
air atmosphere as well as from the metal impregnated granules after the
MES runs (Tables 2 and 3).

From the initial Cu and Ni contents in the GAC of 47 and 45 mg g
1granule, respectively, the metal contents decreased during the abiotic CV
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Fig. 4. Cyclic voltammetry (CV) measurements with granules impregnated
with A) Cu (Cu-GAC) or B) Ni (Ni-GAC), and C) without metal impregnation
(GAC). CVs were run before the first and second biological MES runs (1st run
and 2nd run, respectively). The current densities are given against the volume
of the GAC.

and MES runs (Table 2). With Cu-GAC, the Cu content was higher after
the first MES run compared to the second MES run, being 31.8 and 17.6
mg gélranule, respectively. This correlates with the current densities, as
both the current densities in the CVs before MES runs and current
densities during MES runs were higher in the first compared to the
second run. With Ni-GAC the Ni content was higher after the second MES
run, 40.4 mg g'glranule compared to 29.8 mg glglranule after the first MES run,
which again correlates with the higher current densities obtained during
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Table 2

The Cu and Ni content of granular activated carbon (GAC) after the first and
second microbial electrosynthesis runs with granules impregnated with Cu (Cu-
GACQ) or Ni (Ni-GAC) or without metal impregnation (GAC). Note that different
GAC batches were used for the two different MES runs.

Sample Cu (Mg ggranuie) Ni (mg g™ granute)
GAC - Fresh 0.13 0.05

GAC - After MES 0.13 £ 0.01 0.07 £ 0.02
Cu-GAC - Fresh 47 0.08

Cu-GAC - After MES 25+ 10 0.11 £+ 0.05
Ni-GAC - Fresh 0.17 4

Ni-GAC - After MES 0.13 £+ 0.00 35+8

Table 3

Binding energies [eV] of Cu 2p3,» or Cu and Ni 2p3,» or Ni species, and their
relative contents (in parentheses) of freshly prepared granular activated carbon
impregnated with copper (Cu-GAC), after storage of 8 months under air atmo-
sphere and after the first and second microbial electrosynthesis (MES) runs.

Sample Cu0 CuO

Cu-GAC fresh

Cu-GAC after 8 months of storage under air
Cu-GAC after first MES run

Cu-GAC after second MES run

932.78 (0.56)
933.02 (0.54)
933.13 (0.44)
932.82 (0.44)

934.35 (0.44)
934.75 (0.46)
935.64 (0.56)
933.84 (0.56)

NiO Ni(OH),
Ni-GAC fresh 854.56 (0.10) 856.23 (0.90)
Ni-GAC after 8 months of storage under air 854.75 (0.18) 856.07 (0.82)
Ni-GAC after first MES run n.d. 856.67 (1.00)
Ni-GAC after second MES run n.d. 856.50 (1.00)

n.d. = not detected.

the second MES run indicating that leaching of nickel in the first MES
run likely negatively affected the current densities. However, lower
current densities were obtained in the CVs before the second MES run
compared to the first run, which indicates that nickel leaching likely
occurred either during the MES run or during the Hy production tests
performed between the first CVs and MES runs. However, as the metal
content on the granules were not characterized after the CVs and Hy
evolution tests, this could not have been experimentally proven and
should be further studied. As expected, only trace amounts of Cu or Ni
were observed in GAC without metal impregnation. The results indicate
that higher metal content in GAC results in higher current densities in
MES runs but does not clarify at which stage of the experiments the
metals are leached from the GAC.

Leaching of metals from cathode electrodes has been observed
before, for example, in MES where activated carbon was impregnated
with 5 % wt Ni resulting in up to 5 % leaching of Ni (Chatzipanagiotou
et al., 2022) and when using metal mix-based catalyst resulting in
decreased current densities upon leaching of certain metal elements,
including Mn, Mo, Ni and Zn when ethylenediaminetetraacetic acid
(EDTA) was used when preparing the catalyst (de Smit et al., 2024). Also
in this study, metal leaching decreased the current densities, although
acetate production in MES was not affected due to current not likely
being the limiting factor. Furthermore, it has been reported that nickel
loading of 0.01 % wt already improved acetate production by 3-fold
(Chatzipanagiotou et al., 2022). Thus, as the copper and nickel con-
tent in this study decreased down to 1.8 wt% and 3.0 wt%, respectively,
this content did not negatively affect VFA production yet. However, to
ensure a long-term performance of MES, also in conditions where cur-
rent density becomes limiting factor, methodologies for inserting metal
catalysts on carbon support should be further studied to enable better
stability of the metal catalysts in the MES conditions. In this study, the
metals were impregnated on the surface of the GAC via dry impregna-
tion followed by calcination, while, for example, hydrothermal process
(Bian et al., 2024) or electrodeposition (Gomez Vidales et al., 2021)
have been used to prepare metallic catalysts for MES with NiMo or Ni
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and Fe, respectively. Furthermore, the optimal loading of metal catalyst
on the GAC should be delineated.

The XPS analysis was carried out to study the oxidation states of the
Cu and Ni on the surfaces of GACs. Both fresh GAC, GAC after 8 months
of storage, and samples after abiotic CV and MES runs were analyzed.
The Nisp and Cuyp spectra and their Gaussian-Lorentz mixed fitting
figures are shown in supplementary material (see supplementary ma-
terial) and the binding energies (BEs) and relative contents of Ni and Cu
species in Table 3. In Cu-GACs, Cu spectra can be fitted into two peaks,
namely Cup0 and CuO. The BEs in the range of 932.1-933.1 eV can be
attributed to the Cu™ (Biesinger et al., 2010; Yang et al., 2019) and the
BEs at 933.8-935.6 eV to Cu®" (Chen et al., 2022; Zhang et al., 2015).
However, it should be noted that the BEs of Cu® and Cu™ are close to
each other’s (Zhang et al., 2015), so metallic copper can also be present,
especially in the fresh material (see supplementary material). During
storage time (8 months) the relative amount of Cu®t was slightly
increased compared to Cu™ but the difference was more obvious in Cu-
GACs after MES runs in which CuO was the main species. Thus, storage
of Cu-GAC had only a slight effect on the oxidation stage of Cu, while
during MES runs Cu was further oxidized towards CuO. Therefore,
oxidation of Cu during storage of Cu-GAC granules under air atmosphere
cannot explain the decreased performance of Cu impregnated granules
in abiotic CV and biological MES runs.

As with the Cu-GACs, Ni-GACs spectra can be deconvoluted into two
peaks (see supplementary material) in fresh materials (Table 3). The BEs
in the range of 854.6-854.8 eV can be assigned to NiO (Czekaj et al.,
2007; Goncalves et al., 2020), while the BEs in the range 856.1-856.7 eV
can be attributed to the Ni(OH)y (Czekaj et al., 2007; Mahata et al.,
2008). No elemental Ni was observed in any of the Ni-GACs. The relative
amount of NiO was low already in fresh Ni-GACs (both fresh and after 8
months storage), and in Ni-GACs after MES runs Ni had been oxidized to
Ni%" (Ni(OH),) and no Ni* (NiO) was observed. As with Cu-GAC, with
Ni-GAC also the changes in the oxidation state of Ni were so small that
they were likely not the reason for the decreased current densities
during the abiotic CVs. Thus, the content of Cu and Ni (Table 2) have a
more important role in the obtained current densities.

4. Conclusions

Nickel and copper impregnated GAC resulted in improved abiotic
current densities, from 0.3 up to 6.5 mA cm >, compared to GAC
without metals. Similarly, considerably higher current densities and
acetate production rates, from 0.2 up to 5.6 mA cm > and from zero up
to 241 mg L d, respectively, were obtained in MES with metal
impregnated granules. The metal content on granules decreased during
the runs and affected the current densities, although did not limit acetate
production in MES, while the oxidation state of the metal did not
considerably affect the current densities and MES performance.
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