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Hydrothermal carbonization (HTC) is a promising technology for chemical and material
synthesis. However, HTC produces not only valuable solid coal-materials but also yields
process water (PW) with high chemical oxygen demand (COD) that requires extensive
treatment. Anaerobic digestion (AD) has been used for initial treatment of HTC-PW,
but the AD effluent is still high in COD and particles. Here, we show that microbial
electrochemical technologies (MET) can be applied for COD removal from AD effluent
of HTC-PW. Bioelectrochemical systems (BES) treating different shares of AD effluent
from HTC-PW exhibited similar trends for current production. Thereby, maximum current
densities of 0.24mA cm~2 and COD removal of 65.4 + 4.4% were reached (n = 3).
Microbial community analysis showed that the genus Geobacter dominated anode
biofilm and liquid phase of all reactors indicating its central role for COD oxidation and
current generation.

Keywords: microbial electrochemical technologies, wastewater treatment, electroactive microorganisms,
microbial electrochemistry, microbial fuel cell, Geobacter biofilm anode

INTRODUCTION

Hydrothermal carbonization (HTC) is a thermochemical process that converts organic solid
feedstock like biological wastes or biomass into carbonaceous products being coal-like materials
(Funke and Ziegler, 2010; Hoekman et al., 2011). For HTC, the feedstock is heated in an oxygen
lacking atmosphere at 180-350°C creating an autogenous pressure (Lu et al., 2012; Nizamuddin
et al., 2017). During HTC a diverse set of chemical reactions takes place including hydrolysis,
dehydration, decarboxylation, condensation, polymerization, and aromatization yielding a huge
variety of gaseous, liquid, and solid products. Thereby, the latter is usually in focus. For instance, it
has been demonstrated that a high diversity of feedstock can be converted by HTC into promising
solid fuels (Xu and Jiang, 2017) or materials for energy technologies (Titirici and Antonietti, 2010).
Therefore, HTC is considered as an environmentally friendly and energy-efficient sustainable
technology for valorization of biomass and solid waste (Zhao et al., 2014).

In addition to solid products, process water (PW) is generated by HTC. Especially due to
the different types of applicable feedstock, HTC-PW represents a waste stream containing a
broad diversity of chemical compounds. These include insoluble compounds like carbon particles,
moderately water soluble compounds (e.g., phenols), and water soluble compounds (e.g., furfurals,
acids, and aldehydes) (Kruse and Gawlik, 2003). The organic compounds in the HTC-PW may
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contain more than 15% of the initial chemical energy of the
feedstock with a comparable high chemical oxygen demand
(COD) of up to 30g L~! (Kambo et al, 2017). Due to its
high organic load and the presence of toxic compounds, like
phenol or p-cresol, HTC-PW needs to be treated before being
released into the environment (Weiner et al, 2014). As the
treatment is very energy-demanding and cost-intensive, different
approaches for turning HTC-PW into a resource are followed
(Merzari et al., 2019). The most advanced approach is anaerobic
digestion (AD) partially harvesting the chemical energy of HTC-
PW as biogas (mainly CH4) (Kim et al, 2015; Passos and
Ferrer, 2015). Currently, AD is used for treating various HTC-
PW because of its low operational expenditures and capacity
for treating high quantities of HTC-PW of different quality
(Wirth and Mumme, 2014; Marin-Batista et al., 2020). However,
AD removes only around 44-61% of the initial COD from
HTC-PW (De La Rubia et al., 2018), and thus the AD effluent
usually still exhibits a high COD of more than 10g L~ (Wirth
et al.,, 2015). Moreover, AD effluents from HTC-PW also contain
higher concentrations of ammonia, nitrogen, and phosphorus
underlining the requirement of further treatment (Zhu et al,
2017; Marin-Batista et al,, 2020). Several methods allowing
COD removal from AD effluents have been reported, such as
microalgae remediation (Cheng et al., 2015; Chuka-Ogwude
et al., 2020), phytoremediation (Hu et al., 2019; Pincam et al.,
2020), photosynthetic bacterial remediation (Wen et al., 2016),
and use of abiotic electrochemical technologies (Goncalves et al.,
2012).

Microbial electrochemical technologies (MET) are promising
for treating different types of waste and recovering energy
therefrom (Logan and Rabaey, 2012). The reactors of MET
are termed bioelectrochemical systems (BES) and are based
on the use of electroactive microorganisms (EAM) (Lovley,
2012). EAM are capable of extracellular electron transfer (EET)
that allows EAM to couple their metabolism with electric
current flow at electrodes. Apart from model substrates,
different types of wastewater were treated with MET (Sun
et al, 2016). Thereby, increasingly complex wastewaters
that are comparable to AD effluent and that can only be
treated with high efforts by conventional technologies attract
increasing attention. For instance, Zhang and colleagues
studied electricity generation from wheat straw hydrolysate
with an initial COD of 1g L™! reaching a power density
of 123mWm™2 and associated coulombic efficiencies (CE)
ranging from 15.5 to 37.1% in microbial fuel cells (MFC)
(Zhang et al., 2009). Further, Wang and colleagues reported the
use of rice straw hydrolysate in MFC reaching a maximum
power density of 137.6 & 155 mW m~2 at an initial
COD concentration of 0.4g L' (Wang et al., 2020). The
treatment of AD effluent from HTC-PW in BES has yet
not been demonstrated to our knowledge. Consequently,
here we assessed its treatment with dual-chamber BES in
potentiostatically controlled experiments and analyzed COD
degradation (ACOD), electrochemical performance parameters
[CE, maximum current density (jmax)], and the associated
microbial communities.

MATERIALS AND METHODS

Chemicals and Reference Electrode

All chemicals were of analytical or biochemical grade. If not
stated otherwise, all provided potentials refer to the standard
hydrogen electrode (SHE) by conversion from Ag/AgCl sat. KCI
reference electrodes (+0.197 V vs. SHE).

AD Effluent Treating HTC-PW

AD effluent from treating HTC-PW that is denominated as raw
waste water (WW) was used as sole feed for the BES experiments
representing sole carbon and electron source as well as inoculum.
In the HTC process, acidified sludge of a wastewater treatment
plant with >100,000 population equivalents was carbonized.
The produced PW was used as feed for a mesophilic AD. The
AD effluent was stored in the dark at 4°C for 4 days for the
first batch experiments (WW, SN1) and for 40 days for the
second batch experiments (SN2) (Supplementary Figure 2)—
see Table 1 for abbreviations of experiments. The AD effluent
possessed a dissolved COD of 14.7 g L™! and a total COD of 22.6
+47g L' (n = 9) with a pH of 7.7 £ 0.1 and an ammonia
concentration (N—NHI) of 3.6¢g L7!. The AD effluent was
divided into two fractions: untreated AD effluent (that is WW)
and AD effluent supernatant (obtained by physical precipitation
for 48 h at 4°C, that is SN1 and SN2).

Experimental Setup

All experiments were carried out in dual-chamber BES
composed of a 250mL laboratory glass bottle (SCHOTT
DURAN®, Labware SCHOTT AG, Germany) closed with a
butyl rubber stopper with pierced holes for cathode chamber
and reference electrode (Ag/AgCl sat. KCI, 40.197V vs.
standard hydrogen electrode, SE11, Xylem Analytics Germany
Sales GmbH & Co. KG Sensortechnik Meinsberg, Germany)
Both anode and cathode were graphite rods (length: 4cm,
diameter: 0.5cm, surface area: 6.48 cm?, quality CP-2200, CP-
Graphitprodukte GmbH, Germany) electrically connected via
stainless steel wire (Goodfellow GmbH, Germany) covered
by a polytetrafluoroethylene tube (Shrink-Kon PLG-HSB,
elektroTECHNIK GmbH, Germany) and fixed with epoxy resin
(HT2, R&G Faserverbundwerkstoffe, Germany). The anode
chamber was filled with 250 mL mineral salt medium (MSM)
as previously described by Dorer and colleagues leaving a
headspace of about 30mL (Dorer et al., 2016). The cathode
chamber was a 15 mL round glass tube (1 cm diameter) ionically
connected to the anode chamber via a cation exchange membrane
(CEM, fumasep®FKE, FuMA-Tech GmbH, Germany) fixed by
using an O-ring and aluminum cap and filled with 10mL
of MSM. Identical reactors that were not connected to the
potentiostat served as biotic open circuit potential (OCP)
controls (WW_OCP and SN_OCP). A potentiostatic controlled
BES, but without addition of AD effluent served as a further
control experiment (abiotic control). All BES were operated
at 30°C and stirred at 400 rpm using a magnetic stirrer.
Anodes were poised at +0.397V and current was recorded
every 600 s using a multipotentiostat (MPG-2, Bio-Logic Science
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Instruments, France). Cyclic voltammetry was performed with
a scan rate of 1mV s~! from —0.303 to 0.497V for three
consecutive scans (the 3rd scan was used for analysis).

Chemical and Microbial Analysis

COD measurements were performed using cuvette tests
(NANOCOLOR tube tests, COD 60-150 and COD 100-1,500,
MACHEREY-NAGEL GmbH & Co. KG) according to the
manufacturer’s instruction. GC-MS analyses were performed
with original AD effluent samples that is WW, which served as
feed and inoculum. Details about GC-MS analysis are given in
the Supplementary Section 1.2. Details of microbial analysis are
given in the Supplementary Section 1.3.

RESULTS AND DISCUSSION

Current Production and COD Removal in

Bioelectrochemical Systems

The anode chambers of bioelectrochemical systems (BES) were
fed with AD effluent from treatment of HTC-PW representing
inoculum and substrate. Experiments were conducted by feeding
ImL of WW per BES with 250mL liquid volume leading
to an initial COD of 2474 4+ 189mg L~!. BES started
to produce substantial current after a lag phase of about
4 days and reached jmax of 0.11 £ 0.01mA cm™?2 after
around 1 week (Figure 1A). Subsequently, current production
decreased, although COD removal (ACOD) amounted to only
11.7 £ 10.6% at the end of the experiment (Table 1). This suggests
a fast removal of biodegradable compounds present in the
AD effluent (e.g., acetic acid, propanoic acid, and n-butanoic
acid; see Supplementary Table 1) by EAM and the persistence
of a large fraction of material that is not bioavailable (e.g.,
enclosed in the solid particles) or not biodegradable. With
only 4.2 £ 1.8%, ACOD of a non-polarized control reactor
(WW_OCP) was apparently lower (Table 1). Noteworthy, solid
particles that were presumably hardly biodegradable represent a
main share of total COD in the WW. To study the contribution
of solid particles to COD and its role for COD removal,
particles were removed from the feed of BES by physical
precipitation (Supplementary Figure 2). The reactors fed by
supernatant of the raw waste water without solid particles
(SN1) possessed a COD of 157.1 + 16.9mg L~!. The BES
amended with SN1 (Figure 1B) performed similarly as the
BES fed with WW. Current production increased after 4 days
and decreased after 10 days resulting in a ACOD of 25.0 +
11.4% (Table 1).The maximum current density was slightly lower
(jmax = 0.08 = 0.01 mA cm™?2) compared to BES fed with WW
and the total charge was produced in two consecutive peaks.
Possible reasons are the commencing formation of food webs
(e.g., including fermentation) (Koch et al., 2019) after first
consumption of easy biodegradable substrates, the presence of
different EAM metabolizing different substrates (Zhang et al,,
2011) or even diauxie of EAM. This is in line with observations
made by Zang and colleagues, who reported that two current
peaks were present in a MFC using canna biomass that is a
substrate with a similar complexity like AD effluent (Zang et al.,
2010). Furthermore, Thygesen and colleagues demonstrated that

lignocellulosic hydrolysate can be used for co-treatment with
domestic wastewater for power generation by MFC and also
reported more than one peak in the voltage output (Thygesen
et al, 2011). Using WW and SNI as feed yielded a CE of
145.4 £+ 117.6% and 75.7 £ 56.3%, respectively (Table 1). The
high standard deviations can thereby be attributed to the COD
measurement being influenced by the presence of particles for
WW and lower weight particles for SNI, as the latter was
measured only 48 h after physical separation.

Interestingly, the second set of batch experiments using the
same supernatant of raw waste water, but after storing it for
40 days (SN2) behaved differently. Here, current production
started to increase around 4 days after incubation (similar to
SN1) but declined after 8 days (Figure 1C). For feeding SN2,
only one current peak with jnax of 0.18 + 0.04mA cm™2
was detected and 65.4 + 4.4% COD was removed (Table 1).
This amount is significantly higher than the ACOD of SN1
(see Table1). We reason that the storage probably leads to
increased availability of COD for EAM and hence higher current
production, which is in accordance with Pant and colleagues
(Pant et al, 2013). The achieved current densities of BES
oxidizing SN2 are even comparable for glucose as substrate
[e.g., of 0.12mA cm™2, (Zhao et al, 2020)]. Further, the
achieved CE of 355 £ 1.5% with SN2 is very decent, when
being compared with the microbial electrochemical oxidation
of wheat straw hydrolysate. For this substrate that possesses
a similar complexity like AD effluent, CE ranging from 15.5
to 37.1% were reported (Zhang et al, 2009). Among all
experiments, feeding BES with SN2 resulted in the highest
average COD degradation rate with 11.6 + 0.8 mg L™! d™! (see
Supplementary Section 1.1). This average COD degradation
rate was far lower than for BES treating equally complex feeds
like straw hydrolysate (Wang et al., 2014), corn stover biomass
(Nam et al., 2010), or real field chemical wastewater (Velvizhi
etal., 2014) with maximum COD degradation rates of 144, 3,500,
and 3,570 mgL~!d~!, respectively. This might be due to the
complex organic composition of the waste water, the low initial
COD concentrations compared to these studies, but especially
the fact that in this proof-of-concept study batch operation was
used. Further, the here used reactors also limited the treatment
rate as they were developed for fundamental studies, but not
designed for high volume related performances as the anode
surface area-to-volume ratio of 25.9 cm? L™! is comparable low
when being compared with more application-oriented studies
treating complex feeds, in which surface area-to-volume ratios
such as 140 cm? L™! (Zhang et al., 2009) and 333.3 cm? L}
(Cerrillo et al., 2016) were applied.

The anode biofilms were characterized using cyclic
voltammetry (CV, Supplementary Figure 1). Different redox
systems were depicted for anodic biofilm, with formal potentials
of —0.15 and —0.05V. In line with microbial community
analysis (vide infra) both redox systems could be clearly assigned
to Geobacter spp. (Patil et al., 2012; Yang et al., 2017). Further
smaller peaks were detected in the different experiments
indicating the contribution of other EAM than Geobacteraceae
to the electroactive food web. Deciphering these, however, is far
beyond the scope of this Brief Research Report.
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FIGURE 1 | Chronoamperometric current densities of bioelectrochemical systems fed with different fractions of anaerobic digestion effluent treating hydrothermal
carbonization process water polarized at +0.397 V vs. SHE (30°C and 150 rpm). With (A) untreated AD effluent (WW), (B) supernatant obtained from WW by physical
precipitation for 48 h at 4°C (SN1), (C) supernatant obtained by physical precipitation from WW for 48 h at 4°C and after 40 days of storing (SN2). Green solid line:
abiotic control. Black, blue, and red solid line: experimental replicates.

TABLE 1 | List of performed potentiostatically controlled and open circuit potential (OCP) experiments with determined COD removal (ACOD), charge, and coulombic

efficiency.

Experiment Feed Replicates Denomination ACOD (mgL~") COD removal efficiency (%) Charge (C) Coulombic efficiency (%)
12 Raw waste water 3 WW 29.0 £+ 26.3° 11.7 £ 10.6° 127.1£16 145.4 £ 117.6°

28 Supernatant 2 SN1 39.2+17.9 260+ 114 94.7 £6.0 75.7 £56.3

32 Supernatant 3 SN2 116.2+£7.8 65.4+4.4 1245+£76 35.5+15

48 None 1 Abiotic - - - -

50 Raw waste water 1 WW_OCP 11.5+4.9 42 +1.8 - -

6° Supernatant 1 SN_OCP 8.3+6.7 4.6+ 4.3 - -

aQperated using chronoamperometry using 0.397 V vs. SHE.
bOperated using open circuit potential.

©The high standard deviation can be assigned to the fact that particles were included in the COD measurement.

Microbial Community Analysis

According to the TRFLP (terminal restriction fragment length
polymorphism) analysis, both biofilm and planktonic cells of all
BES reactors fed with raw waste water (WW) and supernatant
(SN1 and SN2) were dominated by the genus Geobacter [TRF
213 base pairs (bp)] (Figure 2) (Korth et al., 2020). Noteworthy,
no DNA could be extracted neither from biofilm nor liquid
phase of the OCP control indicating no substantial biomass
growth associated to COD removal by the use of alternative
electron acceptors (e.g., nitrate and sulfate). The high abundance
of Geobacter in liquid phase (40.3 = 4.1% and 78.0 & 4.0%
for WW and SN1 combined with SN2, respectively), might
be due to the presence of iron and humic substances in the
WW, which could serve as electron shuttles or solid terminal
electron acceptors (Roden et al., 2010). The high abundance of
Geobacter in biofilm (64.7 + 20.8% and 76.7 + 20.7% for WW
and SN1 combined with SN2, respectively) of all experiments
is probably due to the occurrence of acetate in the AD effluent
(Supplementary Table 1). It represents the favored substrate of
Geobacter and leads to a high enrichment thereof especially
in biofilm anodes as it was already shown numerous times
(Chaudhuri and Lovley, 2003; Harnisch et al., 2011; Miceli et al.,
2012; Logan et al.,, 2019). Yet, it is in contrast to one of our
recent studies showing that also high performance anodes can
be formed by microbiomes not including Geobacteraceae (Koch

et al., 2019). The here obtained results support the phenomenon
that Geobacter is widely observed and playing a central role in
bioelectrochemical reactors as the main EET performer (Zhao
et al., 2020).

CONCLUSIONS

In this study, the proof-of-concept of using BES for the
subsequent treatment of effluent from anaerobically digested
HTC-PW resulting in further removal of COD and current
production was demonstrated. The treatment technology
was principally applicable for the three tested HTC-PW
fractions (raw waste water, fresh supernatant, and stored
supernatant). Thereby, reactors fed with stored and thus
aged supernatant (SN2) reached the highest COD removal
efficiency of 654 4 4.4% and maximum current density
of 024mA cm 2. Starting from a diverse inoculum,
electrochemically driven selection took place, with the genus
Geobacter being highly enriched in biofilm and liquid phase
probably due to the high presence of acetic acid in the raw
waste water.

Based on the here achieved proof-of-concept, follow up
studies addressing microbial structure-function relationships
and process engineering [e.g., reactor engineering, different
operational modes, pre-treatment of feed by, e.g., filtering as
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FIGURE 2 | Microbial community analysis of anode biofiims and liquid phase of bioelectrochemical systems sampled at the end of batch cultivation and of original
waste water used as inoculum. 16S rRNA genes were analyzed via TRFLP using the restriction enzyme Haelll. WW and SN indicate experiments using raw waste
water and supernatant, respectively, as inoculum and feed. WW: n = 3, SN that is pooled samples of SN 1 and SN2: n = 5, Inoculum: n = 1, error bars represent
standard deviations.

well as developing adaptation measures for biofilm electrodes
(Chen et al, 2019)] are required to further assess the
technological potential of BES for treatment of AD effluent
from HTC-PW.
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