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Hydraulic retention time (HRT) is one of the most important factors to be analyzed
and optimized in continuous flow operations such as the integrated process of
microbial electrosynthesis system (MES) and anaerobic digestion (AD). Highest methane
production rate of 12.2 & 0.1 mmMol/Leeq)-d was obtained at 18-h HRT with reject
water feed that was supplemented with acetic acid. Highest amount of COD removal
of 28.4% was obtained at 18-h HRT operation with the reject water feed that was
not supplemented with acetic acid. The pH of the effluent was 8.63 and 7.64 at
18-h HRT for both the feed types, respectively. This resulted in net alkalinity reduction
implying conversion of bicarbonate to methane at 90% of biogas. It was also observed
that the electrochemical methane production rates were higher in feeds that were
not supplemented with acetic acid along with additional COD degradation via direct
electro-oxidation of organics at anode.
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INTRODUCTION

Microbial electrosynthesis systems (MES) have long been discussed as a tool for sustainable
biochemical and biofuel production. One such application is to integrate MES with anaerobic
digestion (AD) systems as a post-treatment unit for enhanced biomethane production and organic
degradation (Nelabhotla and Dinamarca, 2019). One of most important aspects of a continuous
flow reactors is the organic loading rate (OLR) which increases with shorter hydraulic retention
time (HRT). These parameters have never been explored in the context of biomethane production
via MES and integration of MES with AD.

It is important to differentiate between hydraulic retention time and solid retention time (SRT)
in biochemical reactors when biofilm activity is an integral part of reactor design. HRT is defined
as the average length of time that a soluble compound remains in a constructed bioreactor which
in case of MES is the feed wastewater and its components. SRT on the other hand is defined as the
average time the active-sludge solids are in the system which mainly implies the micro-organisms
that carry out the metabolic activities in the bioreactor. In a continuous flow stirred tank reactor
(CSTR) the SRT is equal to HRT whereas the presence of a surface within the bioreactor that
is able to support biofilm growth the value of SRT can dramatically increase compared to HRT
(Metcalf Eddy et al., 2014).

HRT influences the flow of nutrients, products and unreacted chemicals through reactor,
whereas the SRT influences the rate of reactants converting into products. The biocathodes present
in the MES can maintain a constant and indefinite SRT. Therefore, there is a need to optimize
the HRT/OLR to exploit optimal and favorable productivity. HRT is a major factor to evaluate not
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only technical viability but most importantly economic viability.
HRT can also influence biofilm thickness and biofilm efficiency in
case of MES when strategized together with reactor design. The
feed flow pattern and shear force exerted on the biofilm surface
can impact biofilm structure and activity (Chang et al., 1991).

Previous articles have discussed other electrode material
selection, parameters optimization, biocathode adaptation using
control, and mass balance experiments and suggested a novel
method to integrate MES with existing AD plants. In this article,
two scenarios for optimizing HRT in MES are studied: (a) feed
simulating food waste reject water (high acetic acid in feed) and
(b) reject water from wastewater treatment plant (low acetic acid
in feed). This study shows how HRT influences the two main
pathways of methane production in MES i.e., the electrochemical
and the acetoclastic pathways.

MATERIALS AND METHODS

Reactor and Feed Preparation

The experiments were performed in a 135mL electrochemical
reactor designed according to materials and methods described
in Nelabhotla et al. (2019). The cathodic surface area was 8 cm? in
the 135 mL reactor that gives an electrode surface area to reactor
volume ratio of 6 m?/m>. The current density measured during
the experiment was at an average 2 A/m?. The CSTR was operated
in various conditions at 1-day hydraulic retention time (HRT)
prior to the current study and discussed in previous publications
(Nelabhotla and Dinamarca, 2019; Nelabhotla et al., 2019). The
same reactor setup (Figure 1) was duplicated and were used
to carry out HRT experiments with two different feed streams.
The feed was prepared using reject water from AD treated
sewage sludge and was obtained from Knarrdalstrand wastewater
treatment plant, Porsgrunn, Norway. The reject water has a total

solid concentration of 4,250 mg/L and volatile suspended solid
concentration of 2,640 mg/L.

The first MES, R1 was fed with reject water containing 17 mM
acetic acid and 85 mM sodium bicarbonate. The second reactor
setup, R2 was fed with reject water without any added acetic acid
but was supplemented with 85mM bicarbonate. 1M HCI was
used to adjust the pH of the feed to 7.0. Both R1 and R2 were
adapted to the electrochemical operation using the respective
feed conditions for 2 months at 24-h HRT before recording
data. All the other conditions such as temperature 35°C, cathode
potential —0.65V vs. Standard Hydrogen Electrode (SHE) was
kept same for both Rl and R2. The hydraulic retention time
was changed in steps of 24, 18, 12, 6, 3, 2, and 1h as soon as
8-10 samples were obtained during each experimental period.
The samples were collected at intervals of at least their respective
hydraulic retention time.

Analytical Methods and Calculations

All the analytical methods used to measure chemical oxygen
demand (COD), cathode potential, current, biogas composition
including the calculations for several parameters have been
previously described in Nelabhotla et al. (2019). Additionally, the
below mentioned parameters were also calculated:

mmol
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FIGURE 1 | Schematic diagram of the experimental setup.
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Where, Methanegjectrochem i the amount methane calculated by
converting 8 electrons transferred to 1 mole of methane.

ne (C) x 24,450(mL)

MethaneElectrochem (Il’lL) = 8 x F (C)

24,450 mL = standard volume of a gas at room temperature; eff =
effluent; n, is the amount electrons consumed; F is the Faradaic
constant 96,845 C/mol e™.

RESULTS AND DISCUSSION
HRT Experiments With Acetic Acid in Feed

Methane production in Figure 2A is measured in terms of
methane produced per day and per liter of reactor volume (MPR).
The HRT operations of 6 and 3 h produce methane at the highest
rate of 40.3 &= 0.4 and 40.2 £ 1.7 (mmol/Lyeactor)-d) respectively.
This is equivalent to a productivity of ~1.0 L/L(reactor)-d-
However, it is important to note that the methane production

rate [MPR(feq)] in terms of feed reduces by 50% (10.1-5.0
mmol/Lgeq)-d: Table 1, Supplementary Table 1) when the feed
rate is doubled from 6- to 3-h HRT. Optimum methane
production is obtained at 18-h HRT with highest feed based
MPR (feeqy 0of about 12.2 & 0.1 mmol/Lseeq)-d at 90% methane
concentration (Figures 2A,B). Other characteristics obtained at
18-h HRT operation that suggest optimum performance is the
amount of COD consumed that is ~40.6% of the fed COD
(Figure 2C). Other feed rate operations (at 24-, 12-, and 6-h
HRT) show COD consumption of (38.7, 41.7, and 36.5%) of the
fed quantity. Considering ~36-40% of fed COD is equivalent
to the amount of supplemented acetic acid, it can be said that
the lower HRT operations viz., 3-, 2-, and 1- h (25.6, 18.6,
and 8.6% of COD consumed) are limited to produce methane
from the available acetic acid. On the other hand, the higher
HRT operations can consume maximum of the available acetic
acid and produce methane at heterotrophic efficiencies of more
than 90%. The 12-h HRT operation shows consumption of
about 41.7% of fed COD which is marginally more than the
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FIGURE 2 | HRT experiments conducted with feed containing supplemented acetic acid. (A) Overall and electrochemical methane production rates, methane
percentage in the biogas, and current measured. (B) Average overall and electrochemical methane production rates, rates of changes in COD and alkalinity. (C)
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TABLE 1 | Characteristics of the feed for the reactors R1 and R2.

Reactor Initial COD (mg/L) Initial alkalinity (mg/L) Initial pH
R1 2,500-2,800* 5,000-6,000 7.0
R2 1,600-1,800 4,500-5,500 7.0

*1,000 mg/L equivalent COD (36-40%) is supplemented as acetic acid.

COD equivalent of supplemented acetic acid. This suggests that
electrochemical treatment of reject water could degrade COD
that was not acetic acid and that was not digested in the
AD reactor.

One of the primary reasons behind the HRT optimization
experiments is the effect on effluent pH and on the concentration
of alkalinity. It is clearly observed in Figure 2A that as HRT
is decreased the pH decreases gradually. Most importantly,
it is observed that when pH is close to and below 8.0
the concentration of alkalinity in the reactor/effluent is
negatively affected. This implies that a lower pH in the reactor
positively affects bicarbonate consumption. The negative signs
in Figure 2A and represents “consumption” and positive sign
represents “production,” the same applied to Figure 3A that
is referred in the following section. It was not possible to
obtain 100% COD to methane conversion efficiencies for
many HRT operations except 18 and 6-h, which implies
incomplete conversion of degraded COD to methane at other
HRT operations.

HRT Experiments Without Acetic Acid in

Feed

The MPR depicted in Figure 3A shows that highest rate of
methane production of about 19.6 £ 0.2 mmol/Lgeactor)-d
occurs at 3-h HRT operation. However, at 3-h HRT, MPR geeq)
is as low as 2.5 mmol/Lfq)-d. Twelve- and six-hours HRT
operations show MPRs of about 12.6 £+ 0.2 and 14.7 £ 0.1
mmol/Lreactor)-d, respectively but the MPR (eeqy of about 6.3 £
0.1 and 3.7 & 0.0 mmol/Lfeq)-d were obtained, respectively.
However, the methane percentages obtained are 90 and 87% for
12 and 6-h HRT operations, respectively (Figure 3B). Therefore,
it can be said that the 18-h HRT operation that produces
highest feed based MPR of about 7.4 £ 0.1 mmol/Lfeq)-d
at methane concentration of 90% shows optimum HRT for
MES operation (Figures 3A,B). Further observing the amount
of COD consumed i.e., 23.4% of fed COD shows highest COD
degradation at 18-h HRT operation (Figure 3C). It is important
to note that the feed in these experiments was not supplemented
with additional acetic acid, which implies that a large portion of
23.4% of COD consumed belongs to undigested COD from the
AD. It can be speculated that this non-acetic COD was degraded
via anodic oxidation of organics. It can also be observed that a
mass balance is achieved between COD and electrons consumed
with total methane production at 18-h HRT operation. This
implies that the additional degraded COD was also converted to
methane. However, this was not the case at lower HRTs where the
flow rate was too high to convert degraded COD to methane. The

multiple pathways involved in COD degradation and methane
production is explained in the following section.

The pH of effluent in these experiments reduced below 8.00
at 18-h and all lower HRT operations. At 6-h HRT operation the
effluent pH was around 7.74 and the alkalinity was reduced at a
rate of —22.1 £ 3.3 mmol/Lreactor)-d implying high bicarbonate
conversion to methane and CO;. Even higher reductions in
alkalinity were observed at lower HRT operations but resulted
in unreacted CO; gas and lower methane percentages in biogas
(Figure 3B; 12h = 87%, 6h = 85%, 3h = 80%, 2h = 70%,
and 1h = 60%). While, higher methane production rates imply
that bicarbonate was converted to methane, the lower COD to
methane conversion efficiencies imply that anodic oxidation of
organics lead to release of unreacted CO; gas and is explained
in the section Electro-Oxidation of Organics. It is speculated that
the high flow rates at lower HRT operations could damage the
cathodic biofilm resulting in decreased CO; reduction rates. This
can be avoided by adapting the biofilms for higher flow rates and
by designing a reactor with high cathodic surface area to reactor
volume ratio.

Electro-Oxidation of Organics

Typically, two pathways are described for anodic oxidation
of organics: (a) direct and (b) indirect. The direct anodic
oxidation depends on direct contact between the organics and
electrode surface and the final product released is CO, and
protons (Ghimire et al, 2019). The indirect organic anodic-
oxidation is possible in the presence of large concentrations
of chloride ions (>3 g/L) (Chen, 2004). Both the methods
for anodic oxidation are possible in the MES experiments
discussed in the current article. A recent publication states that
direct oxidation of COD is characterized by the generation
of hydroxide radical (OH*) that is capable destroying wide
range of pollutants (Ghanim and Hamza, 2018). The authors
demonstrated 86-87% of COD removal with two different
electrode materials at high temperatures of 50-55°C. The current
article demonstrates 23.5% COD removal at 18-h HRT combined
with methane percentage of 90% albeit at low production rates of
10.0 mmol/L(yeqctor)-d-

Higher feed flow rates during the lower HRT might wash
away weaker biofilm networks on the anode that bring direct
contact between the feed and the electrode allowing direct
electro-oxidation. Since, the pH of the feed in R2 was adjusted
using diluted 1M HCI solution, indirect electro-oxidation is also
a possibility. These pathways have not been quantified in this
study. However, the results show increase in CO, percentage
(Figure 3A; decrease in methane percentage from 87 to 52%) in
the biogas against decreasing HRT suggests the dominance of
direct electro-oxidation of organics in MES. Although HRT does
not directly improve methane production, it is revealed that HRT
can affect COD degradation, which can also be beneficial in terms
of lower discharge concentrations.

A study conducted by Sangeetha et al. (2017) discusses the
influence of HRT on an integrated ME-AD system. It reports
COD removal rates of about 92% at 36 h HRT from the whole
reactor compared to 20-25% COD removal in the current
study from only MES reactor placed post-AD. Furthermore,
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the MPRs achieved in the Sangeetha et al, study report
304.5 mLCH4/Lyeactor/day which is comparable to the MPR
from MES operation of feeds F1 and F2 (396.1 and 244.5
mLCHy4/Lyeactor/day equivalent to 16.2 and 10 mmol/Lreactor)-
d, respectively at 18h HRT) in the current study. Some
studies on MFCs have reflected higher coulombic efficiencies
achieved in relation to oxidation of simpler substrates (Thygesen
et al.,, 2009; Velasquez-Orta et al., 2011). On the other hand,
oxidation of complex organics at anode reduce the overall
coulombic efficiencies. This hypothesis also can be used to
deduce anodic oxidation of highly complex residual COD
as the current production obtained in the current study
(2mA with feed F2) are lower than current densities in
Sangeetha et al. (2017) ~10 mA.

It is important to consider that the CO,/HCO; required
for electrochemical methane production can be obtained from
four sources. (1) Heterotrophic conversion of residual acetic
acid to methane and CO,/HCO; (2) CO,/HCO3 dissolved
in the feed (3) CO,/HCO; produced via electro-oxidation

of COD and (4) CO; supplied as biogas for upgrading. The
third pathway although results in COD consumption for
methane production, cannot be accounted for heterotrophic
methane production pathway. The COD degradation in
this case is as a result of electrochemical activity and
thus contributes to electrochemical methane production
pathway. This residual COD degradation at anode would
also account for proton source required for electrochemical
activity. Thus, the process avoids splitting of water that
produces oxygen along with protons which would hinder
methanogenic activity.

CONCLUSION

The article studies the impact of hydraulic retention time
(HRT) on MES operation as a post-AD treatment integration
with anaerobic digestion systems. It can be concluded that
HRT can be used as a tool to affect the final outcome of an
integrated AD-MES system. An HRT of 18-h operation offers
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optimized methane production rates [12.2 &+ 0.1, 7.4 £ 0.1
mmol/Lfeeq)-d] and COD reductions (40.6 and 23.4%) with
both feed types that mimic reject water from food waste and
wastewater treatments, respectively. pH of the effluent was
8.63 and 7.64 for feed with and without acetic acid, implying
low reductions in alkalinity, which in turn could be due to
conversion of autotrophic CO, to bicarbonate. HRTs lower than
6h decrease in both COD removal and methane production
efficiencies. The MES is able to degrade an additional 20-25%
of COD when there is no freely available acetic acid in the
feed at HRTs maintained above 3-h. It was identified that the
additional COD degradation was possible via direct electro-
oxidation of organics at anode and contributed indirectly to
electrochemical methane production. It is also to be noted that
placement of cathode with respect to the inlet feed flow will
influence methane/biogas generation. This is due to difference
in electron transfer via diffusion with change in flow profile
across cathode. Although, conclusive evidence could not be
drawn in these set of experiments; still, future experimental
studies can also focus on this aspect of reactor configuration and
electrode design.
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