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Nomenclature

HER- Hydrogen Evolution Reaction

OER- Oxygen Evolution Reaction

CLER — Chlorine evolution Reaction
CLRR-Chlorate Reduction Reaction
COD-Chemical Oxygen Demand (mg O»/L)
DSA- Dimensionally Stable Anode

TOC- Total Organic Carbon (mg-C/L)

SHE — Standard Hydrogen Electrode (V)
HHYV - Higher Heating Value (Wh /mol)
WEC- Wastewater electrolysis Cell

PV- Photovoltaic cell

PTFE- Poly Tetra Fluoroethylene
VFA-Volatile Fatty Acids

F — Faradays Number (Coulomb/mole ¢)
km= Mass transport coefficient(m/s)

P — Pressure(bar)

R — Universal Gas constant (L-bar-K™'-mol ")
T - Temperature (K)

E°- Theoretical Decomposition Voltage (V)
Ecen- Cell Potential (V)

Jiim- Limiting Current Density (A/m?)

1— Current (A)

Na -anodic overpotential (V)

1¢ -cathodic overpotential (V)

Qr- Molar production rate of Gas species ( mol/s)

Qu- Hydrogen production rate ( mol Hy/s)



Abstract

This study aims to explore hydrogen production via alkaline water electrolysis using municipal
effluent. The experiments were conducted in a flow cell electrolyzer using carbon fibre and Ni-
foam as the anode, with another Ni-foam electrode employed as the cathode for all
experiments. Synthetically prepared effluent and real municipal effluent obtained from the
Harnaschpolder water treatment plant effluent was used with potassium hydroxide (KOH) as
the supporting electrolyte. The composition of the synthetic effluent was prepared with 23.0 +
2.1 mg O2/L humic acid (Sigma Aldrich) as the primary organic pollutant. Experiments were
conducted to investigate the effect of electrolyte concentration ranging from 0.01M -1M KOH
and the effect of applied current density ranging from 25 A/m?, 50 A/m?, 100 A/m? and 150
A/m? Further experiments were conducted to assess the effect of humic acid concentration
ranging from 23.0 £ 2.1 mg O2/L to 90.0 = 0.7 mg O2/L. This was subsequently investigated
under potentiostatic conditions at an applied cell voltage of 1.5V using the carbon fibre anode
and under galvanostatic conditions for the Ni-foam anode. Regarding the Ni-foam anode, the
current density was calculated based on the concentration using the relationship for limiting
current density of humic acid oxidation. The investigation focused on assessing the
performance of the electrolyzer in terms of volumetric hydrogen production rate and energy
efficiency of hydrogen production. The performance data was also compared with conventional
alkaline water electrolysis using Ni-foam as the anode and cathode in 1M KOH solution. In
addition, the extent of humic acid oxidation was also assessed in terms of COD removal
efficiency, TOC removal efficiency and changes in the spectral scans obtained via UV-Vis
spectrophotometry.

The performance data revealed that the energy efficiency of hydrogen production was lower
for both synthetic and municipal effluent compared to alkaline water electrolysis; this was
evident for both carbon fibre and Ni-foam anode. Further, the energy efficiency was also higher
when the Ni-foam anode was used compared to the carbon fibre anode. For the electrolysis of
municipal effluent, a maximum energy efficiency of 75 + 2.7% was obtained for the carbon
fibre electrode, whereas for the Ni-foam anode, the maximum energy efficiency obtained was
83 + 3.0% at an applied current density of 12.55 A/m? with 1M KOH as the electrolyte. Despite
this observation, the volumetric hydrogen production rates were not significantly affected
because the rates converged closely to their theoretical values; this was also evidenced by the
coulombic efficiency of hydrogen evolution reaction (HER), which exceeded 90% in all the

experiments.



Concerning the extent of humic acid degradation, the Ni-foam anode was able to oxidize some
of the humic acid molecules during electrolysis, and a maximum COD removal of 24.6 + 8 %
was observed after electrolysis of synthetic effluent at an applied current density of 100 A/m?
with IM KOH as the supporting electrolyte. In contrast, the carbon fibre anode was not able to
do so. Instead, the humic acid molecules tended to adsorb on the surface of the carbon fibre
anode, evidenced by the increase in COD and TOC after electrolysis. Similar behaviour was
also observed for the carbon fibre anode when the effect of humic acid was investigated under
potentiostatic conditions, whereas under galvanostatic conditions for the Ni-foam anode,
oxidation of humic acid was evident. The extent of oxidation was dependent on the duration of
electrolysis, i.e., humic acid concentrations of 49.8 + 0.98 mg O/L and 90.0 = 0.7 mg O2/L
required a duration of 6 hrs and 8 hrs to achieve a COD removal efficiency of 43.5 + 5.0 % and
60.4 + 4.2 %, respectively. Additionally, the possibility to integrate an electrolyzer with an
aerobic treatment plant to supply high purity oxygen was investigated. The comparison was
done using BioWin simulations with a standard aerobic bioreactor for a flow of 10,000 m?/day
under two conditions: 1) with atmospheric Oz(baseline) 2) with high purity O2(95% purity).
The investigation revealed that combining a 1 MW electrolyser with the aerobic wastewater
treatment plant would provide sufficient amount of oxygen for the proper functioning of the
high purity O; plant. In addition, the flow requirement to produce the required amount of
oxygen was only 0.03% of the discharged effluent( i.e., only 3.1 m>/day of the discharged 9708
m>/day).

Further, the use of high purity oxygen in the aerobic wastewater treatment plant was

accompanied by energy savings of 1.2 kWh(4320 kJ) due to reduced load on the air pumps.
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Background: Fundamentals of water electrolysis

Water electrolysis is a process in which the water molecule is split into its constituent gases via
the application of electrical energy. In general, a water electrolyzer is an electrochemical cell
consisting of an anode and a cathode; during the water-splitting process, oxygen is evolved at
the anode, which releases protons known as the Oxygen Evolution Reaction (OER). The
protons are then reduced at the cathode resulting in the evolution of hydrogen gas, also known
as the Hydrogen Evolution Reaction (HER)(Godula-Jopek, 2015). The corresponding half-cell

reactions are described in the following equations:-

Anode Half Reaction :  2H>Oq — Oz + 4H' + 4e E°(SHE)=1.229V  Eq 1
Cathode Half Reaction : 2H" + 2= — Hg) E(SHE)=0V Eq?2
Full reaction: H>O0) — Hog) + 72 Oz E'ccu(SHE)= -1.229V Eq 3

Thermodynamically, water splitting is a non-spontaneous process, i.e., the reaction given by
Eq 3 has a positive Gibbs free energy (237.19kJ / mol H>0). As a consequence, the forward
reaction requires an external driving force which is provided via an external power supply.
Based on the free energy, approximately 1.229 V is required for the electrolysis of water;
however, on applying this potential, the reactions will not be able to maintain isothermicity,
and the electrochemical cell will begin to cool. This occurs because the formation of gas
molecules O2 and H» have a higher entropy and extract heat from the HoO molecule. To
compensate for this energy loss, heat has to be supplied to the reaction; this is done via the
application of a thermoneutral voltage which is estimated based on the enthalpy of the reaction
(285.8 kJ/mol) and is approximately 1.48 V (Godula-Jopek, 2015). In practice, for industrial
water electrolysis, a voltage range between 1.8-2.0V is usually applied(Godula-Jopek, 2015).

The practical cell voltage is expressed as follows:-

Ecen = Eq — Ec+i-ZR =E°+ |rla| + Irlc|+ I.2XR Eq4

Where E, is the anode potential for the oxygen evolution reaction (V), E¢ is the cathode
potential for the hydrogen evolution reaction (V), i is the applied current (A), R is the total

ohmic resistance of the cell, E° is the theoretical decomposition voltage (1.23 V), na is the

anodic overpotential, and n is the cathodic overpotential.
11



In general, energy efficiency is related to the amount of hydrogen produced via electrolysis and
the voltage applied, i.e., it gives the ratio of the energy that can be potentially extracted to the
amount of energy applied. The expression for energy efficiency (EE) is as follows:-

__ HHV-Qy

EE Eq5

Ecel

Where EE is the energy efficiency, HHV is the higher heating value of H2(78 Wh/mol H>), Ecen
is the applied cell potential (V), 1 is the current (A), and Qu is the molar production rate of H».
Similarly, coulombic efficiency describes the efficiency with which charge is transferred with

the system facilitating the electrochemical reaction. This is expressed as shown below: -

CE =" Eq6

In the above equation, CE is the coulombic/current efficiency of the electrochemical reaction
of interest, n, is the number of electrons required for the reaction, F is Faraday's constant (96485
C/mol), and Q; is the observed molar production rate of the gaseous species. In both Eq 4 and
Eq 5, the molar production rate of a species can be calculated using the volume of a gas

produced (V) by applying the ideal gas equation Eq 7 by

MW,V,-P
Q=7 Eq7
Where MW; is the molecular weight of the gas(g)(hydrogen or oxygen), V; is the volume of
gas generated(H> or O2) via electrolysis (L), P is the pressure (1 atm or 0.99 bar), T is the

temperature (K), and R is the universal gas constant (0.0831 L-bar-K '-mol ™),

Theoretically, to produce 1 m* of hydrogen via water electrolysis at a potential of 2 V, the
energy efficiency is about 61.5% assuming the complete transfer of electrons (100 %
coulombic efficiency) (EI-Emam & Ozcan, 2019; Wang et al., 2014). The loss in energy
efficiency is attributed to the additional energy needed to overcome the ohmic voltage loss and
electrode overpotential. In addition, during water electrolysis, bubbles formed on the electrode
surface can disperse in the electrolyte leading to high overpotentials and larger ohmic voltage

drop within the cell. (El-Emam & Ozcan, 2019; Wang et al., 2014). Moreover, in an undivided
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cell crossover of gases can occur between the electrodes leading to the recombination of the
hydrogen and oxygen, which can result in a parasitic current within the cell and disrupt the gas
production rates, thereby reducing the energy efficiency of hydrogen production(Godula-
Jopek, 2015; Wang et al., 2014). To mitigate this, diaphragms or separators are usually
employed; the diaphragm must be porous and should have good chemical stability. Generally,
for an alkaline water electrolyzer, an anion exchange membrane is usually employed to
facilitate the transport of hydroxide ions, and in the case of a polymer electrolyte membrane
electrolyzer, a proton conducting membrane is used, that acts as a solid electrolyte and a

separator (Godula-Jopek, 2015; Holladay et al., 2009).

Moreover, the thermodynamic decomposition voltage is a function of the temperature and,
thus, the efficiency, i.e., at higher electrolyte temperatures, the decomposition voltage
decreases as the free energy decreases. Hence lower electrical energy is required to sustain the

process (Godula-Jopek, 2015). This is also illustrated in Figure 1.
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Figure 1: AG(T), AH(T) and TAS(T) of the water splitting reaction at P = 1 bar (Godula-

Jopek, 2015)
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The type of electrode is an important factor as the overpotential required to drive the OER
depends on the inherent properties of the anode; these include conductivity, chemical stability
in extreme conditions, and high activity(Marco Panizza & Cerisola, 2009; Wang et al., 2014).
Further, studies have been conducted to improve the efficiency of electrolytic hydrogen
production by employing electrode materials with lower overpotentials and also by increasing
the cell operating temperatures(Godula-Jopek, 2015; Grigoriev et al., 2006). For instance,
alkaline water electrolysis makes use of Ni-based alloys for both cathode and anode materials
as they are cost-effective, have relatively high stability in alkaline conditions, and they provide
active sites for the cathodic evolution of hydrogen(Khan et al., 2018; Zhou et al., 2020). At
present, the most dominant type of electrolysis technology is alkaline water(AWE) electrolysis,
with research and development being conducted on Polymer Electrolyte Membrane (PEM)
electrolyzers and Solid Oxide Electrolyzers (SOE) (Dincer & Acar, 2014; Ji & Wang, 2021).
In addition to the electrode material properties, the composition of the water source used for
electrolysis also affects the efficiency of hydrogen production. Generally, for PEM and AWE
electrolysis, deionized water is usually employed to ensure that there is no loss in the coulombic
efficiency of the HER as a result of side reactions that can occur due to the various anions and
cations present in potable water(Amikam et al., 2018; Cho & Hoffmann, 2017). Previously
conducted research on electrolysis of brine and seawater, which usually contain high chloride
ion concentrations, showed that the chloride ions lead to the formation of Cl; chlorine gas at
the anode(CLER); this competes for electrons with the OER as the CLER has faster kinetics
compared to the OER since a transfer of only 2e” are required(Bennett, 1980; Cho, Qu, et al.,
2014; Dresp et al., 2019).

Moreover, the free chlorine can get hydrolysed at pH < 7.42 resulting in the formation of
hypochlorous acid that dissociates to give chlorate ions at pH > 7.42(Cho, Qu, et al., 2014;
Dresp et al., 2019). The chlorate ions formed are then reduced to chloride ions via the chlorate
reduction reaction (CLRR) at the cathode; this is summarized in Eq 8 — Eq 11. Due to the
reaction pathways of the CLER and CLRR, both the anodic and cathodic reactions result in the
inhibition of the HER(Cho & Hoffmann, 2017). Because seawater is a potentially abundant
source of water electrolysis, studies have been conducted to inhibit the CLER by using OER
selective anode such as TiO2 doped with MnO; that acts as a diffusive barrier for chloride ions
on the electrode surface (Bennet, 1979). Amikam et al. 2018 investigated chlorine-free

seawater electrolysis by simply dosing NaOH as OH ions inhibit the CLER, which prevents
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the formation of hypochlorite ions; possibly due to the OH™ ions adsorbed on the surface of the
electrode, which limits the mass transfer of Cl ions on the anode surface. In addition, the
presence of divalent ions such as calcium (Ca?") and magnesium (Mg?*) can also lead to a
decrease in the production of hydrogen. Considering the cathodic reactions, the consumption
of protons to form hydrogen results in a localized increase in pH. The increase in pH can cause
the precipitation of Mg(OH), and Ca(OH) on the cathode surface; the surface precipitates form
an insulating layer which inhibits the transfer of electrons to the H' ions for H»
generation(Dresp et al., 2019).

Chlorine oxidation and chlorate reduction reaction

Anodic Reaction

2CI — Clh + 2¢ E’=-1.36 Eq 8
Cathodic Reaction
ClO + H,O+ 2¢ — CI+20H E’=0.81 Eq 9

Hyvdrolysis of Chlorine

Cl; + H:0 — HOCL + CI + H' Eq 10
HOCI — OCI + H* pH > 7.42 Eq 1l
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1. Literature Review

1.1 Existing research on hydrogen production wastewater/seawater as electrolyte

Concerning hydrogen production via wastewater electrolysis, research has been conducted
using industrial and municipal effluent as a water source. Treated wastewater effluents, in
general, have a low electrical conductivity of about 0.98-1 mS/cm(Rietveld et al., 2011) and a
high COD. To minimize the ohmic voltage drop within the electrochemical cell, a conductivity
of at least 20-30 mS/cm would be required. Thus, a supporting electrolyte is generally
employed to make wastewater suitable for electrolysis. These include NaCl, NaClO4, Na;SOs,
and H>SO4. NaCl is preferred because the free chlorine and corresponding chlorine radicals
generated can oxidize the organic pollutants and disinfect the water but can also generate
chlorinated organics, which are carcinogenic and toxic to human health (Huang et al., 2016).
In general, the electrochemical oxidation of organic pollutants at the anode can be explained
via direct and indirect pathways(Cho, Qu, et al., 2014; Marco Panizza & Cerisola, 2009). In
direct electrolysis, the pollutants are oxidized after adsorption on the surface of the anode, i.e.,
oxygen is transferred from water to the organic pollutant using electrical energy. In this
reaction, water is the source of oxygen atoms for oxidation, and the protons generated from the
pollutant oxidation are discharged at the cathode to produce hydrogen. This is better described
in (Eq 12-15), with a simple aromatic compound such as phenol as an example. This would

also apply to other organic molecules as well.

Direct pathway for oxidation of phenol

Anodic Reaction

CsHsOH + 11H>0 — 6CO; + 28H" + 28¢ (on surface of anode ) Eq 12
2H:Op + 2¢ -> QOxg + 4H' + 4 ( source of oxygen for pollutant oxidation) Eq 13
Cathodic Reaction

28H" + 28¢™— 14H; Eq 14
2H" + 2¢ — H; Eq 15

Now via the indirect pathway, surface-bound reactive oxygen species (ROS) such as *OH
radicals are formed on the anode as intermediates in the oxygen evolution reaction during water
splitting, these intermediates can themselves oxidize organic pollutants via direct oxidation of

pollutants(Eq 21-22), or the ROS can react with chloride in wastewater(if present naturally or
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added as electrolyte). This results in the formation of reactive chlorine species(RCS), such as
free chlorine(FC) and chlorine radicals, similar to that of brine electrolysis. The mechanism is

summarized in the following equations:-

Indirect Pathway for oxidation of pollutant ‘R’ on electrode surface S[](Marco Panizza &

Cerisola, 2009)

Discharge of water molecule at the anode; generation of surface-bound radical

S[] + H:0 — S[*OH] +H +e— Eq 16

Oxidation of pollutant R by surface-bound hydroxyl radical

S/[*OH] + R — S[] + RO+ H" + ¢~ Eq 17

OER on the anode surface

S[*OH] + H20 — S[] + 0> + 3H"+ 3¢ Eq 18

Cathodic reaction

nH'+ ne — n/2 H> Eq 19

Indirect Pathway for oxidation of pollutant ‘R’ on electrode surface S[] via chlorine

intermediates(Hyunwoong Park et al., 2009)

Anodic Reactions:
Discharge of water molecule at the anode; generation of surface-bound radical

S[] + H20 — S[*OH] +H +e& Eq 20

Reaction of surface-bound hydroxyl radical with chloride ions

S[*OH] + CI' — S[OH JCI* Eq 21

Generation of chlorine radical

S/OH JCI* + H:0 + H" — S[] + 2H,0 + CI’ Eq 22

Cathodic reaction

nH" + ne- — n/2 H> Eq 23
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The electrode material also influences the reaction mechanism of pollutant oxidation, i.e., some
favour partial oxidation of pollutants while others favour complete mineralization to CO». The
electrode selectivity depends on the oxygen evolution reaction (OER) overpotential. Electrodes
are active if they have a low OER potential, that is, they have high catalytic activity towards
the OER and allow for only partial oxidation of organics, whereas non-active anodes have a
high OER potential and low catalytic activity towards the OER; thus, these types of electrodes
can facilitate complete oxidation of organics under the water stability region (without water
splitting). Theoretically, it is possible to directly oxidize organics at low potentials before the
oxygen evolution reaction. However, the reaction usually proceeds at a lower rate and is also
usually accompanied by a reduction in the catalytic activity of the electrode due to the
formation of a polymer layer on the electrode surface; for instance, the oxidation of 4-
chlorophenol with BDD, the polymeric layer is believed to have hydroquinone and quinone
monomeric units mimicking the structure of synthetic humic acids(Cafiizares et al., 1999; Li et

al., 2005; Rodrigo et al., 2001).

To this end, electrochemical oxidation of organics in wastewater has been conducted using
various types of electrode materials. For instance, DSA(dimensionally stable anodes),
comprised of a titanium base covered with a thin metal oxide layer, includes TiO2/RuO2 and
Ti0,/IrO2 anodes as they have good conductivity and good catalytic activity towards the OER
and CLER, respectively. The general mechanism associated with this electrode is the indirect
oxidative pathway. Due to the low OER overpotential, these anodes are relatively active; hence
they favour the OER. As a consequence, the electro-combustion of organics usually has low
coulombic efficiency, and complete organics combustion is not observed(Cavaliere et al.,
2021). However, studies have reported that DSA anodes have the potential to be used for
organics oxidation via the generation of chlorine radicals, i.e., in chloride-rich wastewater or

chloride-containing electrolytes (Cho & Hoffmann, 2017).

Boron Doped Diamond (BDD) is also extensively used as an anode for organics oxidation
mainly because it has a wide potential window because the OER begins at 2.3V; it is a non-
active anode hence it allows for indirect organics oxidation via hydroxyl radical generation,
which can non-selectively oxidize organics to CO». Studies have reported that BDD can be

used efficiently to mineralize a range of organic pollutants such as carboxylic acids, herbicides,
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phenolic compounds, pharmaceuticals, textile dyes, and wastewater organics with close to
100% coulombic efficiency (Panizza et al., 2001). Moreover, a study conducted by Jiang et al.,
2008 showed that it is possible to have simultaneous hydrogen production and organics
oxidation in a wastewater electrolysis cell with BDD as the anode and stainless steel cathode.
However, due to the high cost of BDD and the requirement of expensive metals such as
tantalum, niobium, and tungsten as a substrate for the deposition of the diamond layer, scale-

up operations become largely limited.

Carbon and graphite electrodes have also been studied for the anodic oxidation of organics
majorly because carbon-based electrodes are readily available, relatively cheap, and possess a
large surface area that can combine both adsorption of organic pollutants and degradation on
the electrode surface. Studies conducted by Fan et al., 2008 on the use of activated carbon
fibres for the degradation of amaranth showed that the electrode was able to cleave the azo
bond but was not able to completely mineralize the intermediates formed, i.e. COD and TOC
removal efficiencies were approximately 20% and 35%, respectively. Furthermore, a similar
study using activated carbon fibre anodes for the electrochemical degradation of alizarin red

also reported that the electrode was able to efficiently remove colour (98% removal) with only

76.5 % COD removal(Yi & Chen, 2008).

A drawback concerning carbon anodes is that they usually undergo surface corrosion at higher
potentials, thereby reducing the durability and increasing the electrode resistance. However,
studies conducted on the impact of corrosion conditions on carbon paper electrodes reported
that though surface corrosion occurs, the electrocatalytic activity of the electrode remains
largely unchanged or, in some conditions, increased the electrocatalytic activity of the anode
due to an increase in surface area of the anode as a result of corrosion(Nourani et al., 2019).
With respect to water electrolysis, the application of carbon fibre anodes could increase the
energy efficiency of hydrogen production as the electrodes exhibit an OER overpotential of 1.7
V similar to that of platinum(Fan et al., 2008; Panizza & Cerisola, 2009). Hence, lower input
energy is required for electrolytic hydrogen production, provided the hydrogen gas generated

is of sufficient purity.

Another inexpensive electrode that is employed for the oxidation of organics is lead dioxide (

Pb0O»). It is easy to prepare, has good conductivity, a large surface area, and good chemical
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stability. They have been extensively used to oxidize several kinds of organic compounds, such
as synthetic dyes, landfill leachates, anionic surfactants, tannery wastewater, phenolic
compounds, and organic acids. Similar to BDD, this electrode also favours the formation of
hydroxyl radicals due to its high OER potential of 1.8 -1.9V (Yeo et al., 2010). As a result,
PbO; can also non-selectively oxidize organics with relatively good TOC removal efficiencies
in the range of 75% - 83%(Panizza & Cerisola, 2009). Though very promising for organics
oxidation, studies have reported that PbO; is not very stable in alkaline conditions and can lead
to the release of toxic lead ions(Bock & MacDougall, 1999). This limits the applicability of the
electrode for simultaneous organics oxidation and hydrogen production under conditions of

alkaline water electrolysis.

Studies conducted on wastewater electrolysis showed that the presence of organic acids, such
as volatile fatty acids generated in fermented wastewater, can potentially enhance hydrogen
production and energy efficiency(Eker & Kargi, 2010; Kargi & Catalkaya, 2011b).In a study
conducted by using vinegar fermentation wastewater and olive mill wastewater, it was
observed that the VFA’s generated via fermentation dissociated to give H' ions while electrons
were provided by the anodic oxidation of the metal electrodes(Fe or Al ) upon application of
DC voltage(Kargi & Catalkaya, 2011b). The protons and electrons then combine at the cathode

to produce hydrogen. The reaction is summarized below:-

Anodic Reaction

Fe — Fe™ + 2¢ Eq 24

Dissociation of VFA

CH3;COOH — CH;COO + H* pH>3 Eq 25
Cathodic Reaction
nH™+ ne” — n/2 H> Eq 26
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1.2 Overview of existing research
An overview of literature pertaining to hydrogen production from various water sources is
shown in Table 1.

Table 1: Overview of literature concerning water and wastewater electrolysis cel(WEC) for

H> production
Author Water Type Electrochemical cell Electrolyte  Figures of Merit
specifications
(Amikam et Seawater Anode: Ti/TiO2-1rO»- NaOH/NaCl *Energy Efficiency = 53
al., 2018) RuO2(DSA) electrolyte *Coulombic Efficiency= 76%
Cathode: Ni200 Plate Applied Current =470 A/m®
(Cho & Municipal Anode: BiOx/TiO2 NaCl Energy Efficiency =23%
Hoffmann, wastewater Cathode: AISI 304 stainless Coulombic Efficiency=80%
2017) steel Applied Current = 200 A/m?
(Cho, Kwon,  Untreated Human Anode: BiOx/TiO2 NaCl Energy Efficiency = 15%
etal,2014)  Waste Cathode: AISI 304 stainless Coulombic Efficiency=50%
steel “H2 molar production rate = 15
pmol/min
Applied Current = 96 A/m?
(Cho, Qu, et Municipal WEC coupled PV cell NaCl Energy Efficiency = 18%
al., 2014) wastewater Anode: BiOx/TiO2 Coulombic Efficiency= 44.8%
Cathode: AISI 304 stainless H2 molar production rate = 5.02
steel pmol/min
Applied Current =66.7 A/m>
(Eker & Untreated Industrial WEC coupled PV cell NaCl Energy Efficiency = 92%
Kargi, 2010)  Wastewater Anode: Stainless Steel H2 molar production rate = 0.5
Cathode: stainless steel mmol/min.
(Grigoriev et Ultrapure Water PEM Electrolysis Solid Polymer  Energy Efficiency = 95.1%
al., 2006) Anode: Ir, RuOs, electrolyte H2 productivity = 1-2 m*/h (lab
Cathode: Pt/C or Pd/C Scale)
up to 100 m*h (R&D scale)
Applied Current = 1 A/m?
(Hyunwoong  Synthetic WEC coupled PV cell NaCl Energy Efficiency = 50 .5%
etal,2008)  Wastewater (Phenol  Anode: BiOx/TiO:> Coulombic Efficiency=86%
as a pollutant) Cathode: AISI 304 stainless H2 molar production rate = 86
steel pmol/min.
Applied Current=3.1 A
(Jiang et al., Synthetic wastewater =~ WEC-based cell Naz2S04 COD removal = 90%
2008) (Phenolic pollutants)  Anode: BDD (Boron Doped Coulombic Efficiency=90%
Diamond) H2 molar production rate (in
Cathode: stainless steel Na2504)=0.91 mmol/min
Applied Current =2.49 A
(Kargi & Vinegar WEC-based cell NaCl+ Al COD removal = 10.5%
Arikan, Fermentation Anode: Aluminium scrap Energy Efficiency = 74%
2013) Wastewater Cathode: Aluminium H2 molar production rate = 27.8
pmol/min
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Applied Current =0.1 A

(Kargi & Olive Mill WEC-based cell Olive Mill COD removal = 44%
Catalkaya, Wastewater Anode: Aluminium wWw Energy Efficiency = 65%
2011b) Cathode: Aluminium H2 molar production rate = 17.3
pmol/min
Applied Current = 0.06 A
(Kargietal.,  Anaerobic Waste WEC-based cell waste sludge COD removal = 84%
2011) Sludge Anode: Aluminium (VFA) Energy Efficiency =75%
Cathode: Aluminium H2 molar production rate = 19.4
pmol/min
(Kim et al., Synthetic WEC coupled PV cell NaCl Urea Degradation =80%
2013) Wastewater (Urea) Anode: BiOx/TiO2 Energy Efficiency = 8%
Human Urine Cathode: AISI 304 stainless Hydrogen Production rate = 1.75
steel pmol/min
Applied Current = 0.03 A
(Hana Park et Municipal WEC coupled PV cell NaCl COD Removal =>90%
al., 2013) Wastewater Anode: BiOx/TiO2 Energy Efficiency=64%
Cathode: AISI 304 stainless Coulombic Efficiency=87%
steel Hydrogen production rate= 83.3
pmol/min
Applied Current = 5 A/m?
(Hyunwoong  Synthetic Organic WEC (three Electrode Setup) ~ NaCl/NaxSOs4  Energy Efficiency = 45-50% (in
Park et al., Aqueous Pollutants Anode: BiOx/TiO> NaCl); 55-75%(Na2S04) only for
2009) (Phenolic Cathode: AISI 304 stainless Phenol
Compounds and steel X 2 Hydrogen Production Rate = 100
pmol/min (Na2S04)
Acids) Organics removal: Phenol >95%
Benzoic Acid 10%
Salicylic acid 40%
Applied Current = 147 A/m?
(Hyunwoong  Synthetic WEC coupled PV cell NaCl Phenol Degradation: 40%
Park et al., Wastewater (Phenol ~ Anode: BiOx/TiO2 Hydrogen Production rate: 0.25
2012) as a pollutant) Cathode: AISI 304 stainless mmol/min
steel
(Lu et al., Synthetic Industrial WEC based Cell H2SO4 Coulombic efficiency: > 95%
2020) Wastewater (Aniline  Anode: Carbon paper Hydrogen production: 6.7
as a pollutant) Cathode: Platinum (Pt foil) wmol/min
Applied Current = 300 A/m?
(Ma et al., Synthetic WEC based Cell NaxSO4 COD removal = 90%
2014) Wastewater (Phenol ~ Anode: Ti/IrO2— RuO2 Phenol Degradation =>95%
as a pollutant) Cathode: Platinum (Pt foil) Energy Efficiency = 50%
H2 molar production rate (in
Na2S04) = 84 mmol/min
Applied Current=0.5 A
(Pathak et al., Textile Industry WEC based Cell Wastewater COD Removal: Carbon (55%);
2020) Wastewater Anode: Carbon/SS/Pt (Dye polluted) ~ SS (80%); Pt (80%)

Cathode: Carbon

Energy Efficiency : Carbon anode
(49.6%) ; SS(67.8%) ;Pt(57.1 %)
Hydrogen Production rate:36
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pmol/min (Carbon) ;23

pmol/min(SS); 30pmol/min(Pt)

Applied Current =7.6 A

Cathode: Pt

Applied Curent = 101 A/m?

(Ojaomo et Brine WEC-based cell NaCl present Hydrogen Production rate: 3.75
al., 2020) Anode: Aluminium in Brine mmol/h
Cathode: Aluminium Energy Efficiency=12.7%
Applied Current =12 A

(Marzo etal., UF, UV disinfection, PEM Electrolysis Solid Polymer  Hydrogen production rate: 0. 52
2012) and Membrane Anode: Ir (Iridium) electrolyte mol/min

Distillation Treated Cathode: Pt (Platinum)

Wastewater
(Tufa et al., Reverse AWE-based cell NaxSO4 Hydrogen Production Rate: 0.75
2018) Electrodialysis Anode: Ni foam mol/min

Treated (SO%4 rich Cathode: Ni foam Applied Current =0.11 A/m*

Industrial

Wastewaters)
(Dubey et al., Distilled Water AWE Based Cell NaOH Hydrogen Production: 0.27
2010) Anode: Carbon Nanotube mol/min/m2

2Energy Efficiency is defined as per Eq 5
bCoulombic Efficiency is defined as per Eq 6

‘Hydrogen production rate calculated as per Eq 7

1.3 Discussion

From Table 1, it is evident that significant research has been conducted on the electrolytic

production of hydrogen using wastewater of different compositions. Hydrogen production

using wastewater electrolysis was focused more on pollutant oxidation rather than water

splitting for the generation of pure hydrogen. In addition, the energy efficiencies obtained for

wastewater electrolysis were lower than conventional alkaline water electrolysis(Cho &

Hoffmann, 2017). Considering the information provided in the literature, the requirements for

wastewater for hydrogen production are as follows:-
e Sufficient conductivity
e Easily available
e Organic matter ( only if the COD is high, at least 200 mg /L of COD should be present
if the hydrogen production is to be significantly affected )

With this criterion in mind, municipal effluent/sewerage (treated wastewater)is selected in this
study. The general composition of municipal effluent/sewerage obtained is summarized in

Table 2. Though the COD is much lower than previously discussed (range of 20 — 40 mg O2/L),
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the focus would be more on hydrogen production via water splitting rather than organics
oxidation. Moreover, it is hypothesized that hydroxyl radicals (OH") generated as a precursor
to the OER during water splitting could result in partial oxidation of the COD. Hence, high
COD though an advantage (if the oxidation of organics was the focus), may not be a major

requirement for the current investigation.

Table 2 Average Water Composition of Municipal Effluent in The Netherlands(Terneuzen
DECO Plant, Gkoutzamani, loanna, 2019)

Parameter Unit Value
Temperature °C 16
TOC(Total Organic Carbon) mg/L C 10
COD( Chemical Oxygen Demand ) mg/L O 28
BOD 5 (Biochemical oxygen Demand | mg/L O; 1.1
after S days)

DOC - Dissolved ug/L C 8972
DOC - HOC, hydrophobic ug/L C 1154
DOC - CDOC, hydrophilic pg/L C 7817
CDOC - Humic substances (HS) ng/L C 4256
Chloride mg/L Cl 300
Sulfate mg/L SO4 82
Calcium mg/L Ca 67
Magnesium mg/L Mg 21
Iron mg/L Fe 0.05

Municipal effluent/sewerage is a promising water type because, after treatment, this water
meets the above criteria (Table 2); it satisfies the requirements of freshwater and would
otherwise be discharged. Secondly, because it is discharged from wastewater treatment plants,
the water is easily accessible and sufficiently abundant. According to CBS, in the year 2019,
approximately 1700 million cubic meters of treated effluent was discharged into surface water
bodies from wastewater treatment plants(CBS, 2022). Moreover, from the literature survey, it
was observed that the majority of the studies on electrolytic hydrogen production employ either
synthetically produced wastewater or untreated wastewater directly(Table 1), i.e. the water
sources have a high COD in order of ( 100 — 800 mg/L), and a high biodegradability
(BOD/COD = 0.3 — 0.8) as the Hz production is dependent on the oxidation of organics(Marco
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Panizza & Cerisola, 2009). In contrast, municipal effluent has a low COD (20-40 mg/L), and
the composition of organics in municipal effluent is likely to contain recalcitrant organics such
as trinitrobenzene, chlorophenol, sodium benzyl sulfonate, humics, pharmaceuticals, and azo

dye molecules (Jiang et al., 2008; Yacouba et al., 2021).

Since an electrochemical technique is employed, biodegradability may not be an important
parameter as the reactive oxygen species, such as hydroxyl radicals or reactive chlorine species
generated during the electrolytic water splitting, can mineralize the recalcitrant organics(Jiang
et al., 2008; Ma et al., 2014). However, the mechanism and the oxidation of these organics are
dependent on the electrolyte and the type of anode used. Furthermore, based on the literature
survey, studies using municipal effluent for electrolytic hydrogen production are not
extensively available. The studies that do utilize municipal wastewater(influent) usually treat
the water using membrane filtration, electrodialysis, or membrane distillation before
electrolysis, and the treated water is then electrolyzed using PEM electrolysis or Alkaline
electrolysis(Marzo et al., 2012; Hana Park et al., 2013). The utilization of municipal effluent
could serve as a novel approach for electrolytic hydrogen production as both water reusability,
and energy storage needs can be addressed. The utilization of municipal effluent also
contributes to the circular economy, i.e., a resource of negative economic value (municipal
effluent) is being converted to a resource with a higher economic value i.e.an an energy carrier

(H2) 1s produced from wastewater.

It is also apparent from Table 1 that NaCl is used as an electrolyte for wastewater electrolysis
for the majority of studies because chlorine radical species can be generated at the anode due
to the presence of Cl" ions(Eq 21 and Eq 22), the generated chlorine radical species oxidize
organic substrates which in turn provide protons for HER(Kargi & Catalkaya, 2011b; Kim et
al., 2013; Hana Park et al., 2013). According to (Cho & Hoffmann, 2017), the coulombic
efficiency of HER is dependent on the current density applied in the cell and the conductivity
of the solution determined by the electrolyte concentration, in this case, NaCl. Though organics
degradation and hydrogen production are observed, the efficiency is much lower than
conventional alkaline water electrolysis. Also, there is a possibility of the formation of chlor-
organics in the WEC system, which is a drawback concerning water reusability(Huang et al.,

2016; Hana Park et al., 2013).
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In an effort to improve the efficiency of hydrogen production and also the conductivity of
wastewater KOH or NaOH could potentially be used as an electrolyte. Both KOH and NaOH
are used as an electrolyte that can inhibit the generation of free chlorine; however, the
conductivity of KOH solution is higher than NaOH as K* ions are less likely to form hydration
spheres compared to Na* ions, i.e. K" has higher activity in the solution hence higher
conductivity; thus KOH is preferred over NaOH(Ho et al., 2001). Moreover, wastewater
electrolysis for hydrogen production using KOH as an electrolyte is not extensively studied in
terms of organics removal, hydrogen production, and the composition of the spent water-
electrolyte solution after electrolysis. As mentioned previously, the type of electrode also
influences hydrogen production on the basis of electrode durability, conductivity, and, most
importantly, energy consumption in terms of the OER overpotential required. A variety of
electrodes have been studied for the purpose of pollutant oxidation, such as IrO2, RuO», PbO»,
Pt, and Pd. Though these electrodes can easily oxidize pollutants at low OER overpotentials,
they major issue arises with respect to scalability for commercial application(Cho, Kwon, et
al., 2014; Cho & Hoffmann, 2017), the fact that platinum group metals(Ru, Ir, Pd) are required

further limits commercial application as these materials have a low abundance and high costs.

Now concerning wastewater electrolysis, it is observed from Table 1 that TiO2/BiOx is widely
used as the anode and SS as the cathode coupled with NaCl as the electrolyte. The active surface
sites on the anode allow for CLER, which allows for mediated organics oxidation via RCS.
The corresponding protons are then reduced at the cathode for HER. Further, electrodes such
as boron-doped diamond (BDD) and carbon fibre have also been studied for the direct
oxidation of organics, i.e. on the surface of the electrode(Eql16 — Eq19), and have been shown
to completely mineralize recalcitrant organics at low overpotentials and provide high current
densities(Fan et al., 2008; Jiang et al., 2008; Marco Panizza & Cerisola, 2009). In addition, a
study by (Dubey et al., 2010)showed that carbon-based multiwalled nano tube anodes have the
potential to produce hydrogen at the cathode at a low overpotential comparable to Pt electrodes.
Moreover, for this study, hydrogen production using carbon fibre anodes electrodes seems to
be more promising as the OER overpotential of carbon fibre anode is 1.7V, and for BDD, it is
2.3V, also considering the composition of municipal effluent, the contribution of organics
oxidation to hydrogen production may not be significant due to low COD, thus the focus would
be more on hydrogen production via water splitting rather than only pollutant oxidation. The

low biodegradability indicates the presence of recalcitrant organics such as humics, phenols,
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pharmaceuticals (acetaminophen , diclofenac, or ibuprofen)(Yacouba et al., 2021). Carbon
fibre electrodes would satisfy the requirement of both pollutant oxidation(recalcitrant organics)
and hydrogen production due to low OER overpotential, good conductivity, and high surface
area. Furthermore, for Conventional alkaline water electrolysis, Ni-based alloys are generally
employed due to their good chemical stability in alkaline conditions, low cost, and high activity
towards the oxygen evolution reaction(Godula-Jopek, 2015; Khan et al., 2018; Zeng & Zhang,
2010). However, studies on the application of carbon fibre anodes or Ni-foam anodes for

wastewater electrolysis for H> production are very scarce.

1.4 Focus of this Study

In consideration of the knowledge gaps discussed previously, the aim of this study is to
investigate hydrogen production in a flow cell electrolyzer using municipal effluent as the
water source. Subsequently, based on the water quality data obtained for municipal effluent,
humic substances represent a significant amount of the chemical oxygen demand and the
dissolved organic carbon in the water. Hence, in this study, humic acid has been selected as the
model organic pollutant for anodic oxidation/degradation. Further, the electrolysis experiments
will be conducted using carbon fibre and Ni-foam as the anode. The following research

questions will be focused on during this study.

RQ1: How is hydrogen production affected in an STP effluent electrolysis cell if KOH is used
as a supporting electrolyte for the electrolysis of synthetic and real municipal effluent?

RQ2: What is the extent of humic acid oxidation at the carbon fibre and Ni-foam anode when
used in a wastewater electrolysis cell?

RQ3: What is the fate of the humic acid molecules in the solution after electrolysis?
RQ4:How does the electrolysis performance compare with conventional alkaline water
electrolysis with Ni-foam as both the anode and cathode in the electrolysis cell?

RQ5:How is the energy efficiency for hydrogen production affected when carbon fibre or Ni-
foam is used as the anode to electrolyze synthetic effluent and real municipal effluent?

RQ6: How can this electrolysis technique be integrated with existing wastewater treatment

plants?
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2. Introduction

The arrival of the industrial revolution in the 18" century paved the way for the development
and dissemination of a fossil fuel-based economy and energy sector. In recent years, the rising
human population has led to an unprecedented increase in anthropogenic greenhouse gas
(GHG) emissions (IPCC, 2022). Increased GHG emissions, mainly the increased CO- levels,
have driven world governments to shift from the current fossil-fuels-based economy to a more
sustainable and carbon-neutral economy. The subsequent mitigation strategies employed are
focused on reducing the current CO; emissions such that the global temperature increase is
limited to 2° Celsius relative to preindustrial levels (IPCC, 2022). One of these mitigation
strategies involves shifting the current fossil fuel-based energy sector to a more hydrogen-

oriented sector (IEA, 2021; Marzo et al., 2012; Muradov & Veziroglu, 2005).

Hydrogen is considered to be a versatile energy carrier and can potentially lead to the
decarbonization of various industrial sectors such as transport, chemical production, and steel
production (Bourne, 2012; Sharmila et al., 2020). Implementation of a hydrogen-based
economy can contribute to a resilient and sustainable future, provided the hydrogen is produced
via cleaner alternative renewable production methods; these include biohydrogen production
using MEC(Microbial electrolysis cell), electrolysis coupled with solar photovoltaics, and also
using dark fermentation and photo fermentation (Bourne, 2012; El-Emam & Ozcan, 2019). The
hydrogen produced via renewable energy sources is collectively termed green hydrogen
(Dincer & Acar, 2014). Furthermore, the produced green hydrogen can also be used as a
feedstock for the production of methane, ammonia, synthetic liquid fuels, and
methanol(Bourne, 2012; Dresp et al., 2019). According to the net zero emissions strategy
provided by the international energy association, it is estimated that by 2030 the number of
plug-in hybrids and Fuel Cell Electric Vehicles(FCEV) will reach 320 million, and this number
is expected to reach almost 2 billion by 2050 (IEA, 2021). In addition, this shift is also expected
to reduce the emissions in the transportation sector from 8.5 Gt CO> in 2019 (pre-Covid 19) to

5.5 Gt CO2 in 2030 and 0.7 Gt CO2 by 2050(IEA, 2021).

At present, it is estimated that 96% of the world's hydrogen demand is satisfied via fossil fuel
reforming, i.e., 48% of the hydrogen is produced from steam reforming, 30% from oil
reforming,18% from coal gasification, and the remaining 4 % is provided by water

electrolysis(Ji & Wang, 2021). However, a direct consequence of the fossil fuel-based
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production techniques is the emission of CO and CO> gases into the atmosphere;
stoichiometrically, steam methane reforming releases approximately 10 kg of CO» per kg of
hydrogen produced. To put in perspective, the combined CO> emissions of fossil fuel-based
hydrogen production techniques are about 830 Mt COx/year; this is equivalent to the combined
annual CO; emissions of The United Kingdom, The Netherlands, and Australia, (IEA, 2021;
Roser & Rosado, 2022). Moreover, due to diminishing fossil fuel reserves, ever-increasing
energy demand, and climate change, the current fossil-fuel-based hydrogen production
mechanism may not be feasible, taking into account the net zero emission strategy(Holladay et
al., 2009; IEA, 2021). This has led to renewed interest in hydrogen production by electrolysis,
majorly due to the fact that 99.9% pure hydrogen can be produced with a minimal carbon
footprint compared to the current fossil fuel-based techniques. Currently, the most mature type
of electrolysis technology is alkaline water electrolysis(AWE) which is used on the commercial

scale for hydrogen production(El-Emam & Ozcan, 2019; Holladay et al., 2009).

A possible solution to address the issue of CO> emissions, water reuse and clean hydrogen
production is to employ wastewater electrolysis. Municipal or industrial wastewaters of
sufficient conductivity (at least 20 mS/cm) could serve as an abundant electrolyte for the
production of hydrogen at reasonable rates and energy efficiencies in a wastewater electrolysis
cel(WEC)(Cho, Kwon, et al., 2014; Cho & Hoftmann, 2017). Further reduction in energy
requirements can be obtained if the WEC is integrated with renewable energy sources such as
solar photovoltaics and wind energy. A wastewater electrolysis cell( WEC), when implemented
correctly, has the capability to produce hydrogen via water splitting and also allows for the
anodic oxidation of organics in the wastewater via chlorine radicals or hydroxyl radicals (Cho
& Hoffmann, 2017; Hana Park et al., 2013). The oxidation of organic carbon innately present
in wastewater could also serve to enhance the hydrogen yield (Eker & Kargi, 2010; Kargi &
Catalkaya, 2011Db), for instance without water splitting, the oxidation of 500 mg/L COD could

theoretically produce 31 mol Hy/ m’

of wastewater electrolyzed. In general, the type of
oxidation mechanism is very much dependent on the type of anode and the composition of the
electrolyte(Marco Panizza & Cerisola, 2009). The two general mechanisms involved in the
oxidation organics are as follows:- 1) direct mechanism, in which the pollutants are oxidized
after adsorption on the surface of the anode, without the involvement of any substances other
than the electron 2) indirect mechanism, in which the pollutants are oxidized via the generation

of physisorbed, or chemisorbed radicals generated on the anode surface. The nature of the
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radicals formed is dependent on the anode; that is, anodes which have high catalytic
activity(active anodes) towards the oxygen evolution reaction will tend to form chemisorbed
radicals, for example, IrO>, RuO; ,NiFeOx(Ni-Foam) and carbon fibre. On the other hand, the
anodes with low catalytic activity towards the oxygen evolution reaction (non-active anodes )
tend to form physisorbed radicals, for example, Boron Doped Diamond (BDD).

Moreover, the type of radicals generated is dependent on the composition of the electrolyte,
i.e., if the dominant species in the electrolyte are chloride ions, the oxidation proceeds via
chlorine radicals (CI%), and if the hydroxide ions (OH") are the dominant species, hydroxyl
radicals would be the primary oxidant. It should be emphasized that though chlorine radicals
can oxidize and disinfect the wastewater, there is a high possibility of the formation of
chlorinated organics, which are carcinogenic. The application of NaOH or KOH can mitigate
the formation of chlorinated organics as the supporting electrolyte instead of NaCl which is

generally used in WEC’s.

In this study, the WEC employed has a similar configuration to an AWE cell, consisting of an
anode, cathode, and an anion exchange membrane, the water type employed for this study was
municipal effluent. Municipal effluent generally conforms to freshwater quality, with only
humic acid as the primary organic pollutant. Depending on the performance of the wastewater
treatment plant, the concentration of humic acid can range from 20 mg O>/L to 40 mgO,/L.
Herein, this research aims to investigate the electrolytic hydrogen production using municipal
effluent with KOH as the supporting electrolyte using carbon fibre and Ni-foam as the anode.
The volumetric hydrogen production rate, energy efficiency of hydrogen production and the
extent of humic acid oxidation in terms of COD removal efficiency and TOC removal
efficiency were assessed using synthetically prepared effluent containing 23.0 + 2.1 mg O»/L
of humic acid and real municipal effluent with humic acid concentration ranging from 25 to 34
mg O2/L of humic acid. The corresponding performance data pertaining to energy efficiency
and volumetric hydrogen production rate was also compared with conventional alkaline water

electrolysis.
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3. Methodology

3.1 Materials

Synthetic wastewater was produced for the electrolysis experiments. The synthetic wastewater
was produced using humic acid powder (Sigma Aldrich). A stock solution of 1 g/l HA was
prepared, and the corresponding COD was measured for dilution calculations. To ensure the
humic acid remains dissolved in the solution, the pH of the solution was maintained above 9
by dissolving the humic acid powder in 0.01M KOH (Sigma Aldrich) solution. Fresh solutions
of 20 mg/L. humic acids as COD were prepared for each experiment using the stock HA
solution. For the supporting electrolyte, KOH was used, and corresponding dilutions were
made for the experiments using a 5M stock solution. For the electrolyzer, one set of
experiments was conducted using carbon fibre as the anode and nickel foam as the cathode,
and in the second set of experiments, Ni-foam was used as both anode and cathode. The carbon
fibre electrode was sourced from the fuel cell store; specifically, the electrode was a carbon
fibre gas diffusion layer without a poly tetrafluoro ethylene (PTFE) coating manufactured by
Sigracet. The cathode Ni-foam was prepared via thermal deposition of nickel and iron on nickel
foam (Recemat BV, Netherlands) and was provided by the Applied Sciences Laboratory at TU
Delft.

3.2 Electrochemical Flow Cell Reactor Setup
The experiments were conducted in a laboratory-scale flow cell electrolyzer. The flow cell
consists of the following components: -

o Stainless Steel Back Plates

e Carbon Anode

e Ni-Foam Cathode

e Acrylic Spacers

e Selemion Anion Exchange Membrane

O electrode

i

Electrode

Hi electrode

| spacer | [Membrane| | spacer | + i Back
Electrode

Figure 2: Exploded view flow cell (M M Bakker, 2018)
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The flow cell components are illustrated in Figure 2, respectively. The acrylic spacers had a
thickness of 8 mm and a geometric are of 87.6 cm?, as depicted in Figure 2. The flow cell has
two acrylic spacers for the anode chamber and the cathode chamber, resulting in a total fluid
volume of 140 mL. The cathode and anode chambers of the cell were separated by an anion
exchange membrane whose sole function was to prevent gas crossover within the cell. The
corresponding stainless-steel plates in both the anode and cathode chambers consist of two

protruding connection points, which were connected via alligator cables to a DC power supply

Vent Excess Spacer « * Spacer

5 0, Gas
Cotecad

Gas .|—| :
I—,,‘—I Anodes

Water
Szmplmg Water Volume
P Sampling Measurement via

cob pH water displacement
TOC
o-. o0
o\’ 7 ™y TOC
o 0.0

Peristaltic ?I

Pump —
| Voltage and current Measurement

Figure 3: Overview of reactor setup a) Schematic,; b) Lab setup
(Tenma Digital Control DC power supply). The inlet ports of both the spacers were connected
via 1/8 inch OD tubing to a peristaltic pump (Watson Marlow 120U), whereas the outlets were
connected to a reservoir that contains synthetically prepared wastewater. The reservoirs also
functioned as gas separators; the collected gas within the reservoirs was then allowed to flow
to a water displacement apparatus for volume measurement. The overall configuration of the

electrolytic flow cell is shown in Figure 3
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3.3 Cyclic Voltammetry

Cyclic voltammetry is an electrochemical technique used to investigate the reduction and
oxidation of electrochemical species occurring on the electrodes in an electrochemical
cell(Elgrishi et al., 2018). In general, the cyclic voltammogram traces consist of the applied
potential on the x-axis and the corresponding current response on the y-axis. According to the
IUPAC convention, the potential is scanned from left to right in increasing increments of
potential. This is known as the forward scan, and the corresponding peaks in the voltammogram
indicate the oxidation of a species at the anode. The potential is also scanned backwards from
high potentials to low potentials( right to left) to complete the cycle, and the subsequent peaks
observed in the backward scan of the voltammogram indicate a reduction process at the
cathode. The rate at which the potential is scanned determines the thickness of the diffusion
layer on the electrode surface; generally, at faster scan rates, the smaller the thickness of the
diffusion layer, and, as a consequence, higher current responses are observed(Elgrishi et al.,
2018). For this study, a scan rate of 400 mV/s was used at 40 mV increments to understand the
redox mechanism of the humic acid molecule on the electrodes in the STP effluent electrolysis
cell. Further, the electrochemical response of the carbon fibre anode and the Ni-foam anode in
the presence of humic acid was investigated using cyclic voltammetry analysis. The analysis
was done with 20 mg/L humic acids as COD in the presence of 0.1M KOH as the supporting
electrolyte, and cell potential was scanned between OV to 2V. All measurements were
performed using an Ivium potentiostat controlled with the Iviumsoft software for a 2-electrode
setup. In one case, carbon fibre was used as the working electrode, and in the second case, Ni-
foam was used as the working electrode, whereas for the counter electrode, another Ni-foam

electrode was used.

3.4 Electrolysis Experiments

The electrolysis experiments were essentially conducted in batch mode for all experiment sets.
The experiments were divided into five sets. The first set of experiments was done for different
electrolyte concentrations varying from 0.01M — IM KOH at a limiting current density of 12.55
A/m? for 20 mg O, L humic acid. The second set of experiments was done at variable current
densities ranging from 25 A/m? to 150 A/m? in 1M KOH as the supporting electrolyte for 20
mg O>/L humic acid. The third set of experiments was conducted using real municipal effluent
obtained from the Harnaschpolder water treatment plant. The first three sets were done for both

carbon fibre as the anode as well as Ni-Foam as the anode; in addition, baseline experiments

33



were conducted to simulate conventional alkaline water electrolysis with Ni-foam as both
anode and cathode.

The fourth set of experiments was conducted under potentiostatic conditions with carbon fibre
anode for variable humic acid concentrations ranging from 20 mg O2/L, 50 mg O>/L, and 100
mg O2/L. For this set, the cell potential was selected based on the redox peaks obtained in the
cyclic voltammetry analysis. The fifth set was again conducted for humic acid concentrations
of 20 mg O2/L, 50 mg O»/L, and 100 mg O2/L using the Ni-foam anode under galvanostatic

conditions.

3.5 Analytical Control.

For the aqueous phase analysis, the degradation of humic acid in the system was assessed using
Chemical Oxygen Demand (COD) analysis and Total Organic Carbon (TOC) Analysis,
respectively. For the sampling, both the anolyte and catholyte chambers were decanted
completely, and 100 mL samples were extracted. COD analysis was performed on the samples
after filtration through a 0.45 pm disc filter, the analysis was based on the dichromate digestion
techniques using the Hach test kits (LCK 314), and the corresponding absorbance was scanned
at 448 nm. For the TOC analysis, the samples were first diluted accordingly with demi water,
the diluted samples were then filtered using a 0.45 um disc filter, and the samples were

analysed using the Shimadzu TOC-V CPH analyser.

Further, qualitative analysis of the samples was done using size-exclusion high-performance
liquid chromatography (SEC-HPLC). The samples for HPLC were prepared by first filtering 5
mL of a sample through a 0.2 pm disc filter, then neutralized with an equal amount of 1M HCL
solution; from the neutralized sample, 2 mL was taken for analysis. The SEC was conducted
using a Phenomenex column (Yarra™ 3 um SEC-2000, LC Column 300 x 7.8 mm), paired to
a Shimadzu ultra-fast liquid chromatography (UFLC) system. The eluent used was 25%
acetonitrile in ultrapure water with 10mM sodium phosphate buffer (pH 7). The flowrate of
eluent was 1 mL/min, and an injection volume of 10 uL was used. Polystyrene sulfonate
standards of molecular weights 3610Da, 1110Da, and 498Da, were used for calibrating the
column. Separation of molecules was obtained for a 20 min duration, and the humic substances
were identified using a UV detector at a wavelength of 254 nm. In addition, the samples were
also analysed using a UV-vis spectrophotometer to assess the degradation of the humics after

electrolysis. The samples were scanned from a wavelength of 190 — 500 nm. The pH and
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conductivity of the solutions were recorded before and after electrolysis using WTW pH and

conductivity probes.
For the gaseous products obtained, the volumetric production rate of oxygen and hydrogen was

measured via the water displacement method using two inverted graduated cylinders. Lastly,

the applied cell voltage and current were also recorded form the DC power supply.

35



4. Results and Discussion

4.1 Electrode Characterization

The electrochemical behaviour of the carbon fibre electrode and the Ni-foam electrode was
assessed under two situations. Under the first situation, the response of the electrode was
measured independently of the cell; electrode pieces were placed in 0.1M and 1M KOH
solutions with 20 mg O>/L humic acid as COD. The cyclic voltammograms for the same are
depicted in Figure 4 and Figure 5. In the second case, the analysis was performed using the
electrolyzer cell. The analysis was performed for IM KOH solution with 20 mg O»/L humic
acid as COD; this is shown in Figure 6. For all cases, the analysis was done via cyclic

voltammetry at a scan rate of 400 mV/s at 40 mV increments for a total of 3 scans.
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Figure 4 Cyclic Voltammogram 0.1M KOH 20 mg O/L humic acid a) Carbon Fibre b) Ni-Foam

0.025 -

a 0.050 - b
0.02 4 0.040 A
0.015 - ——Scan 1 0.030 +
E Scan 2 3 ——Scan 1
- =
é 0.01 ——5can3 @ 0.020 ——Scan 2
3 3 Scan 3
0.005 - 0.010 A /—-/
0 / 0.000 = ——
.
0 0% 0 15 2.0 25 O.JJO 0.50 1.00 1.50 2.00 2.50
-0.010
-0.005 Cell Voltage (V)

Cell Voltage (V)

Figure 5 Cyclic Voltammogram IM KOH 20 mg O2/L Humic Acid a) Carbon fibre b) Ni-Foam

It is observed from the batch cyclic voltammograms of the carbon fibre electrode (Figure 4a
and Figure 5a) that a peak occurs in the cyclic voltammograms between cell potential 1.55V

and 1.67V, i.e., for the 0.1M KOH solution, the peak is observed at 1.55V whereas the for the
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IM KOH solution the peak was observed at 1.6V. Similarly, when the Ni-foam anode was
used, the peaks were obtained at 1.6V for both the 0.1M KOH solution and the 1M KOH
solution(Figure 4b and Figure 5b). The sharp increase in the cell current observed after the
peaks for both electrodes corresponds to the beginning of the oxygen evolution reaction(OER),
i.e., under batch conditions, the OER potential for carbon fibre for 1M KOH was approximately
1.75 V, whereas the same for the Ni-foam electrode in 1M KOH was 1.72V.
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Figure 6 Cyclic Voltammogram IM KOH 20 mg O/L (Flow Cell) a) Carbon Fibre b) Ni-Foam

Figure 6a and Figure 6b represent the cyclic voltammograms of both the carbon fibre anode
and the Ni-foam anode when used directly in the flow cell electrolyzer. It is observed from
Figure 6a that a peak occurs at approximately 1.72 V though not quite as apparent as the peaks
obtained in Figure 4 and Figure 5a. In contrast, the peak obtained for the Ni-foam electrode
was quite pronounced and was observed at a cell voltage of 0.93V. In addition, the OER
potential recorded for the electrodes in the flow cell was approximately 1.82V for the carbon
fibre electrode and 1.4V for the Ni-foam electrode. Subsequent linear sweep analysis
conducted with a DC voltage supply in the flow cell with 1M KOH supporting electrolyte
containing 20 mg O/L of humic acid showed that the corresponding OER potential for the
carbon fibre anode was 1.7V and for the Ni-foam anode was 1.6V (Figure 7). The relatively
low OER potential for the electrodes indicates that they are both active anodes; that is, they

have high catalytic activity toward the oxygen evolution reaction.
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Figure 7 Linear Sweep DC Voltage Supply 1M KOH 20 mg O2/L for Carbon Fibre and
Ni-Foam Anodes

The nature of the cyclic voltammogram can be indicative of the oxidation mechanism of the
organic pollutant, in this case, humic acid. Considering the behaviour of the Ni-foam
electrode(Figure 6b), the pronounced peak could suggest that the humic acid molecule interacts
with the anode surface resulting in a direct electron transfer for the oxidation of the humic acid
molecules (Elgrishi et al., 2018; Marco Panizza & Cerisola, 2009). Though it is possible for
direct electron transfer to occur, the peak in CV scans for the Ni-foam anode could most
probably be attributed to the formation of nickel oxyhydroxide (NiOOH) as a result of anodic
oxidation of Ni; this phenomenon is observed under alkaline conditions(pH > 8.5) based on the
stability diagram of Ni-H>O system(Kartikaningsih et al., 2017; Marcel Pourbaix, 1974).
Further, because pronounced peaks were not obtained in the CV scans for the carbon fibre
anode,

the dominant oxidation mechanism for the oxidation of humic acid molecules on both the
anodes would likely be the indirect mechanism. i.e., reactive oxygen species(ROS) such as
hydroxyl radicals generated as a precursor to the OER are responsible for mediating the
electron transfer for the oxidation of the humic acid molecules(Fan et al., 2008; Vlaicu et al.,
2011).
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Figure 8 Model Structure of Humic Acid(De Melo et al., 2016)

Moreover, when assessing the anodic peaks in the voltammograms structure of humic acid
molecules (Figure 8), it is important to consider the electron-accepting and donating moieties
present. These include phenols, hydroquinones (electron-donating groups), and quinones (
electron-withdrawing group). It is possible that the applied potential leads to the activation of
the hydroquinone compounds in the humic acid molecules, which can lead to the formation of
radical intermediates such as semiquinones (De Melo et al., 2016; Struyk & Sposito, 2001);
this could also explain the presence of anodic peaks in the voltammograms represented in

Figure 4, Figure 5 and Figure 6, respectively.
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4.2 Effect of Electrolyte Concentration
4.2.1 Carbon Fibre Anode

The results for electrolysis of synthetic wastewater containing 20 mg O»/L of humic acid using
carbon fibre as the anode and Ni-foam as the cathode are represented in Figure 9 — Figure 14,
respectively. The experiments were performed for a duration of 3 hrs under galvanostatic
conditions at an applied current density of 12.55 A/m?. The current density was calculated

based on the equation for limiting current density given by Eq 27 and Eq 28.

Juim = 1. F. K. Corg Eq 27
Juim = 4.F.ky,. COD Eq 28

In the above equations, & is the mass transport coefficient taken as 5.2 10~ (m/s)(Liao et al.,
2008), n is the number of electrons transferred in the mineralization reaction of the organic
compound (mole €7), Cor is the concertation of the organic molecule (mole C/m?®), F is
Faraday’s constant (96500 C / mole e°), and COD is the chemical oxygen demand ( mole
02/m?), respectively. Both Eq 27 and Eq 28 are representative of the limiting current density,
the difference being that Eq 28 substitutes the concentration of the organic for the COD, and
the corresponding number of electrons is replaced by 4 (mole e/mole O>).

To serve as a baseline for comparison, conventional alkaline water electrolysis was also
performed under the same conditions with demi water using Ni-foam as both anode and
cathode within the flow cell. It is observed from Figure 9 that the energy efficiency of hydrogen

production for wastewater electrolysis using the carbon fibre anode is significantly lower

H Carbon Fibre Anode Wastewater Electrolysis cell % Ni-Foam Alkaline Water Electrolysis

100% 1

83% 82%

76% §

75% 4

59%

50% -

25% +

%o Energy Efficiency

0%
0.01 0.1 1
KOH(M)

Figure 9 Effect of Electrolyte Concentration: Energy Efficiency
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compared to conventional alkaline water electrolysis using Ni-foam electrodes. This can be
attributed to the fact that the cell potential required to initiate the oxygen evolution
reaction(OER) for the carbon fibre anode is 1.82 V, whereas, for the Ni-foam anode, the OER
cell potential required was 1.72 V. Moreover, from Figure 9, it can be seen that the energy
efficiency for both electrodes has an increasing trend with respect to the concentration of KOH
in the solution. For the carbon fibre anode, the efficiency increased from 58 + 1.2% for 0.01M
KOH to 82 + 1.2% for 1M KOH. Similarly, for the Ni-foam anode, the efficiency increased
from 65+ 6.5% at 0.01M KOH to 85 + 7 % at 1M KOH. This trend is likely as the conductivity
of the solution is dependent on the KOH concentration; the measured conductivity at 0.01M
KOH was approximately 2.64 mS/cm and increased to 211 mS/cm for IM KOH, i.e., the ohmic
losses within the flow cell would be higher for an electrolyte with a lower conductivity lower

for an electrolyte with higher conductivity.

The corresponding volumetric hydrogen production is represented in Figure 10. From the data,
it is observed that the hydrogen production for the carbon fibre anode was, on average,
approximately 0.81 £ 0.02 mL Hz/min for KOH concentrations varying from 0.01M to 1M.
Subsequently, the volumetric hydrogen production obtained for conventional alkaline water
electrolysis using Ni-Foam as the anode was, on average, 0.81 + 0.07 mL Hz/min; these rates
were compared with the amount of hydrogen that can be theoretically produced based on
faradays law and the applied current density (Japp=12.55 A/m?). The calculated volumetric

hydrogen production rate was approximately 0.83 mL Hz/min at 25 °C .

From Figure 10, it is evident that even though synthetic wastewater containing 20 mg/L of
humic acid was utilized, the hydrogen production was not significantly affected when
compared to conventional alkaline water electrolysis. This was corroborated by the
corresponding coulombic efficiencies obtained for the hydrogen evolution reaction (HER) for
both the carbon fibre anode under wastewater electrolysis and the Ni-foam electrode under
conventional water electrolysis were very close to unity, i.e., 98 = 0.07% for the carbon fibre
anode and 98 + 1 % for the Ni- foam anode(Appendix A.4). In addition, a literature survey
revealed that carbon-based electrodes can be employed to oxidize organic pollutants such as
dye pigments and phenolic compounds at the anode of an electrochemical cell (Canizares et

al., 1999; Fan et al., 2008; Polcaro & Palmas, 1997; Yi & Chen, 2008).
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Figure 10 Effect of Electrolyte Concentration: Volumetric Hydrogen Production Rate(ml

H>/min)

In light of this information, the ability of the carbon fibre electrode to oxidize the humic acid

molecules present in the synthetically produced wastewater was investigated

To assess the extent of degradation, the COD and TOC before and after electrolysis were

measured; the corresponding data is represented in Figure 11 and Figure 12, respectively. It

can be seen from Figure 11 that the COD of the electrolyte solution for all concentrations of

KOH is considerably higher after electrolysis than the COD prior to electrolysis. The trend was

also apparent in the TOC measurements.
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Figure 11 Effect of Electrolyte Concentration: Chemical Oxygen Demand (COD) mg O2/L
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Figure 12 Effect of Electrolyte Concentration: Total Organic Carbon ( TOC) mg-C/L

This increase in both the TOC and COD can be attributed to the adsorption of the conjugate
base of the humic acid molecules(humate) on the carbon fibre surface (Polcaro & Palmas,
1997). The adsorption may be enhanced further by the applied potential; the resulting electric
field generated causes a flow of anions (humate) towards the anode leading to electro-
sorption/adsorption on the carbon fibre surface(Ban et al., 1998). Additionally, because humic
acid 1s a weak acid, the activity of the dissociated humic acid (humate) would be enhanced at
a more alkaline pH, i.e., for the experiments conducted, the measured pH was greater than 10;
hence there would be a higher activity of the humate species in the flow cell. The
liberation/desorption of the humic acid was also evidenced by the change in colour of the
cleaning solutions (0.1M KOH) prior to changing the electrolyte for the experiment batch. This
serves to indicate that when the next batch of the solution is employed for electrolysis, it is
likely that humate desorption may occur from the carbon anode resulting in an increase in the

concentration of humics in the system and hence resulting in a higher measured COD and TOC.

To confirm this observation, the samples were analysed spectrophotometrically. The samples
were scanned from a wavelength of 190 nm to 600 nm, and the data obtained is represented in
Figure 13, Figure 14 and Figure 15, for 0.01M KOH, 0.1M KOH, and 1M KOH with 20 mg
O2/L humic acid COD, respectively. It is observed from Figure 13 — Figure 15 that the
excitation wavelength for the humic acid molecules is between 288-290 nm based on the

observed peak in the graph for the initial and final scans for all concentrations of KOH,
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respectively. It can be seen from the graphs that the absorbance of the peak obtained after
electrolysis is significantly higher than the initial solution, i.e., for 0.01M KOH solution, the
initial peak absorbance was approximately 0.449 and increased to 0.801 for the final solution
after electrolysis. The observations were similar for 0.1M KOH and 1M KOH solutions,
wherein the absorbance increased from 0.4 to 0.6 for the former and increased from 0.4 to 0.7
for the latter. These observations were also substantiated by images of the solutions taken
before and after electrolysis; this is represented in Figure 16; from the image cluster, the
increase in the colour saturation of the solutions after electrolysis in contrast to the solutions

before electrolysis is apparent.
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Figure 13 Spectrophotometric analysis before and after electrolysis 0.01M KOH
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Figure 14 Spectrophotometric analysis before and after electrolysis 0.IM KOH

44



= 1M KOH Initial = 1M KOH Final

0.8 -

°
[}
1

Absorbance
o
Y
1

190 240 290 340 390 440 490 540
Wavelength (nm)

Figure 15 Spectrophotometric analysis before and after electrolysis IM KOH

Figure 16 Effect of KOH: Images of the initial and final solutions a- 0.0IM KOH; b-0.0I1M KOH ; C-
0.0IM KOH

45



An interesting occurrence was detected during the electrolysis of the synthetic wastewater
containing humic acid. It was observed that as electrolysis proceeded, the catholyte solution
would turn lighter while the anolyte solution would become darker (Figure 17). This was
observed when the duration of electrolysis exceeded 3 hrs. This was subsequently investigated
by electrolyzing 25 + 1.2 mg O/L of humic acid in IM KOH for a duration of 6 hrs. In
accordance with the results discussed earlier, the final COD of the combined solution of equal
volumes of anolyte and catholyte after electrolysis was significantly higher than the initial
solution, i.e., the measured final COD was approximately 66 + 0.5 mg O»/L. This, once again,
can be ascribed to the adsorption and desorption of the humic acid molecules on the surface of
the carbon fibre anode. When the COD of the anolyte and the catholyte were measured
separately, the COD of the anolyte was considerably higher than the measured COD of the
catholyte, i.e., the measured COD of the anolyte chamber was 91+ 0.6 mg O/L while the
measured COD of the catholyte chamber was 41+ 0.4 mg O2/L.

Figure 17 a) Anolyte and b) Catholyte solution after 6hrs of electrolysis.
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This phenomenon can be attributed to the presence of an electric field and an anionic exchange
membrane, similar to how the electrodialysis process works. Since both the anolyte and
catholyte used in this experiment were the synthetic wastewater containing humic acid, it
would seem that due to the presence of the anionic membrane, the conjugate base of humic
acid ( humate) would permeate through the membrane from the catholyte chamber to anolyte
chamber. The samples were also scanned spectrophotometrically and are subsequently
represented in Figure 18. From Figure 18, the increase in absorbance of the anolyte after 6 hrs
of electrolysis with respect to both the initial solution at T= 0 and the catholyte at T= 6 hrs is
apparent. It can be seen that the peak absorbance decreases for the catholyte solution from the
initial 0.40 to 0.21, indicating a decrease in the humic acid concentration in the catholyte. In
contrast, the absorbance increases for the anolyte chamber to 0.91 with respect to the initial

solution indicating an increase in the concentration of humic acid.
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Figure 18 Spectrophotometric Analysis: Initial Solution, Anolyte and Catholyte

To further understand what was happening with the humic acid molecules after electrolysis,
the samples were analysed using size exclusion chromatography high-performance liquid
chromatograph (SEC-HPLC). When performing SEC-HPLC analysis, the molecules are
separated based on the size within the column; that is, the larger molecules have a short
retention time compared to smaller size molecules which would consequently have a longer
retention time. The size of the molecule can be correlated with the molecular weight, i.e., larger
molecules will have a higher molecular weight, while smaller molecules will have a lower

weight.
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To understand the molecular weight distribution of the sample, standards were prepared for
3610 Da, 1100 Da, and 498 Da, and their retention times were noted. The comparison between
the solutions was made based on the area under the chromatogram integrated over the time
intervals based on the retention times of the standards, i.e., for a molecular weight of 3610 Da,
the corresponding retention time was 6.2 mins, similarly for 1100 Da and 498 Da where the
corresponding retention times 8.7 mins and 12 mins. The time intervals were divided into two
categories: high molecular weight ranging between 3610 Da — 1100 Da and low molecular
weights ranging from 1100 Da — 498 Da. The general chromatogram of the humic acid
molecules marked with corresponding standards is illustrated in Figure 19, and the subsequent

results for the sample analysis are shown in Figure 20.
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Figure 19 General chromatogram of humic acid molecules obtained from SEC-

HPLC
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An intriguing observation was noticed from Figure 20, i.e., the final solution after electrolysis
exhibited an increase in the area for higher molecular weights( 3610 Da — 1100 Da ) and a
subsequent decrease in the area for lower molecular weights( 1100 Da — 498 Da ) when
compared with the initial solutions. Though the phenomenon was observed for all
concentrations of electrolyte, the change was quite apparent for 0.1M KOH and 1M KOH. For
instance, if we consider the 0.1M KOH solution, the contribution of high molecular weights to
the total area increased from the initial 47% to 54% after electrolysis, and for the low molecular
weights, the area decreased from 52% at the initial to 45% after electrolysis.

The increase in the contribution of higher molecular weights to the total area indicates that
there is an increase in the size of the molecules after electrolysis; it could be suggested that
there is a polymerization reaction occurring on the surface of the electrode due to the activation
of the moieties (phenols and quinones) present in the molecules of the humic acid(Figure 8).
Similar observations were reported by Cafiizares et al. 1999 when they employed the carbon
fibre anode for the electrochemical oxidation phenol and also by Li et al.,, 2005 while

investigating the degradation of phenol using Ti/RuO> DSA anode(Figure 21).
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Figure 21 Reaction pathway for polymerization of phenols and quinones(Li et al., 2005)
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4.2.2 Nickel Foam Anode
Electrolysis experiments with synthetic wastewater containing 20 mg O»/L of humic acid with
KOH as the supporting electrolyte were also conducted with Ni-foam as both the anode and
cathode. The configuration of the electrolysis cell is similar to that of conventional alkaline
water electrolysis, with the difference being the composition of the electrolyte solution, which
in the case of conventional alkaline water electrolysis is a KOH solution. The following results
are illustrated in Figure 22 to Figure 30, respectively. The experiment was conducted for a
duration of 3hrs under galvanostatic conditions at a current density of 12.55 A/m?. The graph
depicted in Figure 22 represents the energy efficiency of hydrogen production of the Ni-foam
electrode when used for both synthetic wastewater and alkaline water electrolysis. It is evident
from Figure 22 that the energy of efficiency of the hydrogen production is slightly lower when
using synthetic wastewater compared to conventional alkaline water electrolysis, i.e., for the
IM KOH electrolyte solution prepared with the synthetic wastewater, the energy efficiency
was 83 + 3.40%. In contrast, the same for alkaline water electrolysis was 85 + 7.0%. This trend
was apparent for 0.1M KOH and 1M KOH solutions as well. The decrease in energy efficiency
could be associated with the extra energy required to maintain a constant current density while
allowing for the simultaneous oxidation of the humics and water splitting at the anode (Eq 17

and Eq 18).
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Figure 22 Effect of Electrolyte Concentration- Ni-Foam Anode: Energy Efficiency

Additionally, continuous experiments with humic acid in the flow cell electrolyzer resulted in

fouling of the anion exchange membrane. Fouling of the membrane can lead to an increase in
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cell resistance, and as a consequence, higher ohmic losses occur in the cell resulting in a higher
energy requirement to maintain galvanostatic conditions(Rijnaarts et al., 2019).

An increasing trend in energy efficiency is also observed for both wastewater electrolysis and
alkaline water electrolysis, similar to Figure 9. This trend is again to be expected due to an

increase in solution conductivity as the concentration of electrolyte (KOH) increases.

The subsequent hydrogen production rate measured using Ni-foam anode for the electrolysis
of synthetic effluent and alkaline water is represented in Figure 23; similar to the results
obtained with the carbon fibre anode, it is observed that the hydrogen production rate is not
substantially affected. The average hydrogen production rate for the Ni-foam anode used for
the electrolysis of synthetic wastewater was approximately 0.80 = 0.05 mL Hz/min for KOH
concentrations ranging from 0.1M to 1M, respectively. Further, the hydrogen production rate
for synthetic wastewater and for alkaline water the hydrogen production rate was
approximately 0.81 + 0.07 mL Ho/min. When compared to the theoretically calculated rate of
0.83 mL Hx/min for a current density of 12.55 A/m?, the rates are quite similar. Moreover,
because a decrease in COD was observed in the solution after electrolysis(Figure 24), it would

be expected to be reflected as an increase in hydrogen production based on a previously
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Figure 23 Effect of Electrolyte Concentration- Ni-Foam Anode: Volumetric Hydrogen
Production Rate ( mL H>/min)

conducted study by Eker & Kargi, 2010. However, this was not observed in this study mainly
because the amount of hydrogen produced would depend on the strength of COD in the

wastewater and the extent of COD removal and TOC removal. Since the synthetic effluent used
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in this investigation only contained 20 mg O/L of COD compared to 10,000 mg O2/L in the

study by Eker & Kargi, 2010, the contribution to the hydrogen production rate would not be

that significant. Furthermore, experimental observations showed that the COD removal was a

maximum of 50.9 + 9.0 % for 0.01M KOH(Figure 24) solution but was only 21 + 10% and

24.6 £ 8 % for 0.1M and 1M KOH solutions, respectively. This was also observed in Figure

25, wherein the TOC removal efficiencies calculated were not that substantial; with a

maximum removal of 14.1 £ 0.2% for 0.01M KOH, 2.4 + 0.7 % for 0.1M KOH solution, and

6.2 £ 0.3% for IM KOH solutions.
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Figure 24 Effect of Electrolyte Concentration- Ni-Foam Anode: COD removal efficiency
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Regarding the COD and TOC removal efficiencies, it was observed that for the 0.01M KOH
solution, the efficiency was relatively higher compared to the removal efficiencies for the 0.1M
KOH and 1M KOH solutions. It could be suggested that at higher KOH concentrations, the
mass transfer of humic acid molecules on the active sites of the Ni-foam anode could be limited,
resulting in a lower oxidation efficiency of the humics. It is possible that the higher activity of
the OH ions in the system could out-compete the humic acid molecules to favour the oxidation
evolution reaction rather than the anodic oxidation of humics. The formation of higher oxides
via chemisorbed hydroxyl anode surface radicals which can indirectly oxidize the humics is
better described in Eq 29, Eq 30, Eq 31 and Eq 32 (Becker et al., 2010; Marco Panizza &
Cerisola, 2009). Note in the following equations MOy represents metal oxide which in case of
Ni-foam anode would be NiFeOx or NiOx (Mischa M. Bakker & Vermaas, 2019; Diaz-Morales
et al., 2016; Kartikaningsih et al., 2017)

Discharge of water molecules to form adsorbed hydroxyl radicals
MO, + OH — MO,[*OH] +e Eq 29

Formation of chemisorbed hydroxyl radicals on the anode surface
MO.[*OH] — MOy+; + H + & Eq 30

Oxidation of organics “R” on the anode surface
M0x+] +R—>MOx+RO Eq 31

Oxygen Evolution Reaction
MOy+; + OH — MO + O + H + 2¢ Eq 32

Moreover, because the Ni-foam electrode has a relatively low OER potential(1.6 V), the
electrode is more active toward the oxygen evolution reaction as opposed to the oxidation of
humics ( Panizza et al., 2001). This was also evident from the coulombic efficiencies for the
oxygen evolution reaction(Eq 6 ) and organics oxidation. The coulombic efficiency for the
oxidation of humics was calculated based on the following equation(Marco Panizza & Cerisola,

2009):-

F.V.[CODnitiqi—CODFinall
cEo Eq 33
oxidation 8.1.t.1000 !

where CODinital and CODsinal are the chemical oxygen demands before and after electrolysis(g

O2/L), F is Faraday’s constant ( 96500 C/ mole ¢°), V is the volume of the sample treated ( L),
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I is the applied current (A) and t is the duration(s), and 8 is the equivalent mass of oxygen in
(g/eq).

The average coulombic efficiency for the OER for all concentrations of electrolyte was 96 +
1%, and the coulombic efficiency for organics oxidation was 5 + 0.3% for 0.01M KOH, 2 +
0.2 % for 0.1M KOH and 4 + 0.5% for IM KOH solutions, considerably lower(Appendix A.4).
Furthermore, this also can explain why the coulombic efficiencies for the OER are lower
compared to that of conventional alkaline water electrolysis, which had an average efficiency
of 98 + 0.8%(Appendix A.4). Generally, it would be anticipated that if the coulombic
efficiency of the organics oxidation increases, there would be a corresponding decrease in the
coulombic efficiency of the oxygen evolution reaction since the total current/coulombic

efficiency cannot exceed unity(Cho, Kwon, et al., 2014; Cho & Hoffmann, 2017).
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Figure 26 Spectrophotometric Analysis- Ni-Foam anode before and after Electrolysis 0.0IM KOH
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Figure 27 Spectrophotometric Analysis- Ni-Foam anode before and after Electrolysis 0.0IM KOH
54



Final 1M KOH Catholyte

Initial 1M KOH Final 1M KOH Anolyte

0.5

0.4
3

2 03
[+
2
2

o 0.2
<<

0.1

0

190 240 290 340 390 440 490

Wavelength(nm)

Figure 28 Spectrophotometric Analysis- Ni-Foam anode Before and After Electrolysis IM KOH

Figure 29 Effect of KOH: Images of the initial and final solutions a- 0.0IM KOH; b-0.1M
KOH ; C-IM KOH
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It is observed from the spectrophotometric scans that there is a decrease in the humic acid
concentration after electrolysis. For 0.01M KOH solution, it can be seen that the absorbance of
the anolyte solution is considerably lower compared to the initial solution, i.e., the absorbance
decreased from the initial 0.43 to 0.10 for the anolyte solution for 0.01M KOH. This trend was
apparent for the 0.1M KOH and 1M KOH solutions, wherein the absorbance decreased from
the initial 0.40 to 0.09 in the anolyte for 0.1M KOH and a decrease from the initial 0.38 to 0.17
in the anolyte for IM KOH. Moreover, it is also evident from Figure 26 - Figure 28 that there
is a decrease in the absorbance of the catholyte solution with respect to the initial solution,
though not as significant. This observation is similar to that obtained in Figure 18, i.e., there is
a transfer of some of the humic acid molecules from the catholyte chamber to the anolyte
chamber attributed to the presence of an electric field and the anion exchange membrane similar
to how the electrodialysis process works. Additionally, it was observed that after electrolysis,
the colour of the solution used in the anolyte chamber is much lighter compared to the catholyte
solution and the initial solution. This was subsequently verified via spectrophotometric analysis
and is depicted in Figure 26, Figure 27 and Figure 28 for 0.01M KOH, 0.1M KOH, and 1M
KOH solutions, respectively. The difference in colour was also evident from the images of the
solutions taken before and after electrolysis. This is illustrated in Figure 29.

To compare with the results obtained with the carbon fibre anode, samples were also analysed
using size exclusion high-performance liquid chromatography (SEC-HPLC); the results for the

same are described in Figure 30.
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It is observed that after electrolysis with the Ni-Foam anode, the final solutions had a lower
distribution of high molecular weight molecules compared to the initial solution and was
followed by an increase in the distribution of low molecular weight molecules. This was
apparent for the 0.01M and 0.1M KOH solutions; for instance, the % high Molecular weights
decreased from 53% in the initial solution to 47% in the final solution, similarly for the 0.1M
solution where the decrease was observed from 46 % at the initial to 45% in the final solution.
Further, the % low Molecular weight increased from 47% at the initial to 53% in the final
solution for 0.01M KOH, and for 0.1M KOH, the distribution of the lower molecular weight
compounds increased from 53% in the initial to 55% in the final solution. However, the final
solution after electrolysis for the 1M KOH solution exhibited an opposite trend wherein there
was an increase in the distribution of higher molecular weight molecules with respect to the
initial similar to what was observed in Figure 20 when the carbon fibre anode was used.

In general, the trend agrees with the COD and TOC removal efficiencies, i.e., the high COD
removal accompanied by the low TOC removal efficiency in the final solutions indicates the
formation of intermediates as the humic acid molecules undergo oxidation; this is supported
by the subsequent increase in the % low molecular weight and decrease in the % high
molecular weight contributions for the final solutions for 0.01M KOH and 0.1M KOH

solutions.
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4.3 Effect of Current Density
4.3.1 Carbon Fibre Anode

The experiments were conducted using synthetic wastewater containing 20 mg O2/L humic
acid as COD with 1M KOH as the electrolyte using the carbon fibre anode at constant current
densities ranging from 25 A/m? to 150 A/m?. The electrolysis experiments were conducted for
a duration of 3hrs; the results are consequently represented in Figure 31 to Figure 37. Figure
31 illustrates the energy efficiency of hydrogen production for the carbon fibre anode using
wastewater electrolysis and subsequently compared with conventional alkaline water
electrolysis using the Ni-foam anode with IM KOH as the electrolyte. It is observed from
Figure 31 that the energy efficiency of H» production is relatively lower for synthetic
wastewater with the carbon fibre anode compared to alkaline water electrolysis using the Ni-
Foam anode. This can be explained by the fact that the Ni-foam electrode has a lower OER
overpotential compared to the carbon fibre anode, i.c., 1.6V for the Ni-foam and 1.7V for the
carbon fibre anode. In addition, prolonged electrolysis experiments with the carbon fibre anode
resulted in its disintegration; further, the disintegration of the carbon electrode was exacerbated
for current densities higher than 25 A/m?. The loss of electrode material could potentially
increase the contact resistance at the electrode/current collector interface resulting in higher
ohmic losses.(Nourani et al., 2019). This is visually illustrated from the images of the electrode

taken before and after electrolysis and is subsequently shown in Figure 32.
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Figure 31 Effect of Current Density — Carbon Fibre Anode-Energy Efficiency

Moreover, in both cases, the energy efficiency follows a decreasing trend as the current

densities are increased. This can be attributed to increased ohmic heating losses at higher
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current densities and higher bubble formation on the surface of the anode and cathode, which

can lead to increased resistance of the flow cell (Godula-Jopek, 2015; Wang et al., 2014).

Magnification, b — After Electrolysis 200X Magnification; ¢ — Electrode in flow cell before

Electrolysis ; d- Electrode in Flow Cell After Electrolysis at 100 A/m?; e- Disintegrated
electrode particles in the reservoir after electrolysis
The corresponding volumetric hydrogen production rate for the carbon fibre anode using
synthetic wastewater and the Ni-foam electrode using alkaline water and compared with the

theoretically calculated hydrogen production is depicted in Figure 33. It is observed that the
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volumetric hydrogen production rate with the carbon fibre anode using the wastewater is
comparable to that of the Ni-foam anode with alkaline water (1M KOH). Moreover, for both
cases, the volumetric hydrogen production rate was more or less equal to the theoretically
calculated rate based on faradays law. It can be seen that at a current density of 25 A/m? the H»
production rate was approximately 1.60 £ 0.02 mL H> / min for both wastewater electrolysis
using the carbon fibre anode and for alkaline water electrolysis using the Ni-foam anode,
whereas the theoretically calculated rate was 1.53 mL Hz/min. This was also apparent for a
current density of 50 A/m? but at higher current densities of 100 A/m? and 150 A/m? the
hydrogen production rate of wastewater with the carbon fibre anode was slightly lower than
the hydrogen production rate of the Ni-foam anode in alkaline water but still comparable to the
theoretically calculated rate, i.e., for 100 A/m? the hydrogen production rate was 6.0 + 0.19
mL H/min for the carbon fibre anode and 6.4 £ 0.08 mL Hz/min for the Ni-foam anode and
the theoretical rate was 6.10 mL Hz/min.

The volumetric hydrogen production rate for wastewater did not appear to be impacted despite

the disintegration of the carbon fibre anode. Nourani et al., 2019 also reported a similar
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Figure 33 Effect of Current Density-Carbon Fibre Anode-Volumetric Hydrogen
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observation, wherein the disintegration of the carbon fibre anode did not negatively impact the
performance vanadium redox flow battery in which the electrode was employed. Bulk samples
of the synthetic wastewater were collected after electrolysis from both anode and cathode

chambers then equal volumes of the samples were taken and combined into a single solution.
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Subsequently, COD and TOC analysis were conducted on the sample, and the results are

illustrated in Figure 34 and Figure 35, respectively.
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Figure 34 Effect of Current Density — Carbon Fibre Anode — Chemical Oxygen Demand (mg O2/L)
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Similar to the results discussed in section 4.2.1 (Figure 11 and Figure 12), Again, it is observed
that the final COD values were greater than the COD values of the initial solution. This was
evident in the TOC results as well. This behaviour can again be explained by the adsorption of
humics on the anode surface from the solution of the previous electrolysis batch and subsequent

desorption when the electrolyte solutions are decanted and refilled with the next batch. Further,
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the breakdown of electrode material into the solution could also result in an increase in the
measured COD and TOC despite being filtered with a 0.45 um filter, as the carbon particle size
can range from 0.1 um to 7 um(Holt & Horne, 1978; Ramulu & Kramlich, 2004).

It can be seen that the COD and TOC readings were maximum for 50 A/m?i.e., 111.8 £ 15.25
mg O2/L and 83.0 + 0.08 mg C/L. At higher current densities, for 100 A/m? and 150 A/m?, it
was observed that COD and TOC measurements after electrolysis were relatively lower
compared to the values reported for 50 A/m2. The exact reason for this behaviour is difficult to
justify without knowing the rate of adsorption and desorption or the conditions under which
the adsorption rate is maximum; this would require further research. Furthermore, this
behaviour was also evident from both the spectrophotometric (Figure 36) analysis of the
samples and images of the solutions taken after electrolysis(Figure 37). From Figure 36, it can
be seen from the final absorbance peaks that after electrolysis, the peaks are much greater than
the initial solution, i.e., the absorbance of the initial solution was approximately 0.42 at a
wavelength of 288 nm, for 25 A/m?, the absorbance at the peak was relatively similar at around
0.4, whereas the absorbance peak was much higher after electrolysis at 50 A/m?, 100 A/m? and

150 A/m?, with peak absorbances measured to be 2.3, 1.6 and 0.7, respectively.
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Figure 36 Effect of Current Density-Carbon Fibre Spectrophotometric Analysis
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The variation in the colour of the solutions after electrolysis at various current densities is also
clear from Figure 37. Evidence of electrode disintegration can also be seen in the final solution
after electrolysis at a current density of 150 A/m? (black precipitate at the bottom of the

container).

Final Solution Final Solution i Final Solution Final Solution
25 A/m? 50 A/m? ’ 100 A/m?2 150 M—n;2

Figure 37 Effect of Current density — Carbon Fibre- Images of the Solutions After Electrolysis

63



4.3.2 Nickel Foam Anode
In light of the results obtained in section 4.2.2 using the Ni-foam as the anode, experiments
were conducted to investigate the effect of increasing current density on the performance of
the flow cell electrolyzer with synthetic wastewater and later compared with conventional
alkaline water electrolysis with Ni-foam as the anode. The results are illustrated in Figure 38
to Figure 43. The experiments were conducted for a duration of 3 hrs. at applied current
densities varying from 25 A/m*to 150 A/m? with IM KOH as the supporting electrolyte. The
corresponding energy efficiencies of hydrogen production for the Ni-foam electrode used for
both the electrolysis of synthetic wastewater and alkaline water(only 1M KOH) are represented

in Figure 38. It is observed from Figure 38 that the energy efficiency of hydrogen production
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Figure 38 Effect of Current Density — Ni-Foam Anode- Energy Efficiency of Hydrogen

Production

for wastewater electrolysis is relatively lower compared to the electrolysis of alkaline water
(IM KOH), i.e., for a current density of 25 A/m?, the efficiency was 77 + 9.6 % for wastewater
electrolysis and for alkaline water electrolysis the efficiency was 85 + 3.53%. This was evident
for higher applied current densities as well, that is, at 50 A/m?, 100 A/m?* and 150 A/m?,
respectively. The decrease in efficiency can once again be explained by the fact that in addition
to water splitting, there is also anodic oxidation of the humic acid in the flow cell(Figure 40).
Furthermore, because the experiments were conducted at a constant current density, it would
seem that additional energy is required to maintain a constant current density while both water

splitting and oxidation of humics occur at the anode(Cho, Kwon, et al., 2014; Cho & Hoffmann,
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2017; Kargi & Arikan, 2013). This result agrees with the results described in Figure 22. Also,
as mentioned previously in section 4.2.2, it is possible the that the fouling of the anion exchange
membrane due to ongoing experiments with humic acid solutions could result in an increase in

the membrane resistance, leading to higher ohmic losses in the cell.

In addition, the decreasing trend in the energy efficiency of hydrogen production is also
noticeable as the current density is increased from 25 A/m? — 150 A/m?; this can be attributed
to two possible reasons. The first is due to increased ohmic losses as the current density is
increased(Godula-Jopek, 2015), and the second can be linked to increased bubble formation
and dispersion in the anolyte and catholyte chambers as a result of the increased rate of oxygen
evolution reaction( OER) and hydrogen evolution reaction(HER). The bubbles can form both
on the electrode surface and can disperse in the solution, which increases the resistance
resulting in additional ohmic losses, which in turn translates to an increase in the cell potential

for a given current density(Wang et al., 2014).

The resultant volumetric hydrogen production for wastewater electrolysis using Ni-foam anode

compared with the conventional alkaline water electrolysis also using Ni-foam anode is

depicted in Figure 39.
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It can be seen from Figure 39 that the volumetric hydrogen production rates for wastewater
electrolysis are quite similar to the volumetric production rate of conventional water
electrolysis, similar to the experiments in which carbon fibre was used as the anode(Fig 28).
The major difference between the experiments conducted with carbon fibre as an anode and
with Ni-foam as the anode is the fact that the energy efficiency is slightly lower for the carbon
fibre compared to the Ni-foam anode(Figure 38). In addition, the durability of the Ni-foam
anode was much better when used at higher current densities( 100 A/m? and 150 A/m?),

whereas the carbon fibre anode exhibited material loss under these conditions.

The volumetric hydrogen production rate is comparable for synthetic wastewater and alkaline
water at applied current densities of 25 A/m? and 50 A/m? i.e., 1.6 = 0.02 mL Hy/min for both
synthetic wastewater and alkaline water and 3.20 £+ 0.03 mL Hz/min for synthetic wastewater
and 3.24 + 0.03 mL H>/min for alkaline water. At higher applied current densities, that is, for
100 A/m? and 150 A/m?, it was observed that the volumetric hydrogen production rate when
synthetic wastewater was used was slightly higher than when conventional alkaline water was
used. It is possible that the oxidation of humics at the anode could potentially enhance the
hydrogen production rate(Eker & Kargi, 2010; Kargi et al., 2011). Further, the oxidation of
humics was also evident from the COD and TOC removal efficiencies, which are represented

in Figure 40 and Figure 41, respectively.
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Figure 41 Effect of Current Density — Ni Foam Anode- TOC Removal Efficiency

However, based on the COD removal efficiency, it could be that the contribution of organics
oxidation to the hydrogen production rate may not be that substantial since the maximum COD
removal obtained was 26 + 2.7% and 26.1 + 6.6% at applied current densities of 100 A/m?* and
150 A/m?. This was also evident from the coulombic efficiencies obtained for the oxidation of
humics(Eq 33), i.e., for applied current densities of 100 A/m? and 150 A/m? the coulombic
efficiencies were 0.5 + 0.15% and 0.4 = 0.01 %, respectively. Based on the COD and TOC
removal efficiencies, it is evident that the TOC removal efficiencies were noticeably lower than
the COD removal efficiencies; for example, for applied current densities of 100 A/m?and 150
A/m? the corresponding TOC removal efficiencies were only 14.2 + 1.4% and 10.6 £1.5%,
respectively. This indicates that the oxidation of humic acid molecules at the anode is
accompanied by the formation of intermediates as a result of ring breakage due to the complex
structure of the molecule(Chiang et al., 2000; Tang et al., 2014; Vlaicu et al., 2011). The
formation of intermediates by an was also evident in the HPLC analysis discussed in section
4.2.2 as an increase in the distribution of % low molecular weights was observed compared to
the contribution of % high molecular weights(Figure 30). Moreover, It is observed that as the
applied current density is increased, there is also an increasing trend observed in the COD
removal efficiencies; similar results were also reported by Chiang et al., 2000 and Vlaicu et al.,

2011.
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Figure 42 Effect of Current Density-Ni-Foam-Spectrophotometric Analysis

Furthermore, changes in the effluent colour were also noticeable after electrolysis; this could
indicate that there could be a decrease in the concentration of humics in the synthetic
wastewater after electrolysis. This was observable visually from the photographs of the
solutions taken after electrolysis(Figure 43) and was also via spectrophotometric analysis; the
corresponding scans are illustrated in Figure 42. The scan was performed for solutions from
both the anolyte and catholyte chambers. It can be seen from the anolyte scans in Figure 42a
that there is a decrease in the intensity of the absorbance of the solutions after electrolysis with
respect to the initial, i.e., the intensity of absorbance at 290 nm decreases from the initial 0.37
to 0.10 after electrolysis. At an applied current density of 25 A/m?, whereas for applied current

densities of 50 A/m?, 100A/m?> and 150 A/m? the intensity of absorbance decreased to 0.17,
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0.16 and 0.18, respectively. Moreover, scans of the catholyte solutions(Figure 42b) after
electrolysis also show a decrease in the concentration of humic. A decrease in the intensity of
absorbance at 290nm was observed with respect to the initial solution, i.e., the absorbance
decreased from the initial 0.39 to 0.28 for a current density of 25 A/m? and at an applied current
density of 50 A/m?, 100 A/m? and 150 A/m? the absorbance decreased to 0.32. This agrees
with the results obtained in Figure 17 and Figure 18, i.e., there is the transport of humate

molecules from the anolyte chamber to the catholyte chamber.

Figure 43 Effect of Current density — Ni-foam - Images of the Solutions After Electrolysis
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4.4 Effect of Humic Acid Concentration
4.4.1 Carbon Fibre Anode

In an effort to oxidize the humics at the anode, experiments were conducted using synthetic
wastewater with 1M KOH as the supporting electrolyte for 20 mgO»/L, 50 mgO»/L, and 100
mg O2/L HA concentration. In this experiment, the synthetic wastewater was used only in the
anolyte chamber, and in the catholyte chamber, only 1M KOH solution was used. The
experiments were conducted under potentiostatic conditions for a duration of 24 hrs at an
applied voltage of 1.5V and a corresponding current density of 0.46 A/m?. The corresponding
results are depicted in Figure 44 — Figure 49. The potential was selected such that the water
splitting at the anode is minimized, i.e., the OER potential of the carbon fibre anode is between
1.7-1.78 V based on the cyclic voltammetry and linear sweep analysis discussed(Figure 4,
Figure 5, Figure 6 and Figure 7). The applied potential of 1.5 V was within the water stability
region and ensured that water splitting was minimized.

The results of the COD analysis after electrolysis are shown in Figure 44. In accordance with
previously reported data for the electrolysis of synthetic wastewater using the carbon fibre
anode(sections 4.2.1 and 4.2.2), it is observed that the COD of the solution is once again
considerably higher after electrolysis with respect to the initial solution. This was also apparent
from the corresponding TOC results in Figure 45. It is observed that for an initial COD of 30.5
+ 1.2 mg O/L of humic acid, the final COD was approximately 125.7 = 1.15 mg Oo/L.
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Figure 44 Effect of Humic Acid Concentration- Carbon Fibre Anode — Chemical Oxygen
Demand mg O2/L
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similarly, for an initial COD of 49.9 + 1 mg O»/L; the COD after electrolysis was 110.0 = 1.0
mg O»/L. Regarding TOC results, it was observed that the TOC also increased considerably
after electrolysis, i.e., the TOC increased from 21.3 £ 0.2 mg-C/L to 111.70 £ 0.1 mg-C/L for
synthetic wastewater prepared with 20 mg O»/L humic acid, in the same way, the TOC after
electrolysis increased to 161.4 = 0.3 mg-C/L from the initial 52.1 &+ 0.15 mg-C/L for synthetic

wastewater prepared with 50 mg O»/L of humic acid.
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Figure 45 Effect of Humic Acid Concentration-Carbon Fibre Anode — TOC mg-C/L

These observations can be related to the electro-sorption/adsorption of humic acid molecules
on the surface of the carbon fibre anode from previous experiment batches and subsequent
desorption after the solutions were decanted (Ban et al., 1998). moreover, since there was
considerable loss of the electrode material due to electrode disintegration. It is possible that
some of these carbon particles may be interfering with the COD and TOC measurements; this
could be likely because the carbon particles can range in size from 0.1 pum to 7 um while the
samples were filtered using 0.45 um filters. Despite this interference, spectrophotometric
analysis of the anolyte samples revealed an increase in the intensities of absorbance after
electrolysis (Figure 46, Figure 47 and Figure 48). This indicates that the anolyte samples have
an increase in the concentration of humic acid. This was also observed visually from the
photographs of the anolyte solutions taken after electrolysis. It would seem that under both
potentiostatic and galvanostatic conditions (4.3.1 and 4.2.1), the carbon electrode was unable

to oxidize the humic acid molecules effectively.
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Figure 47 Effect of Humic Acid Concentration — Carbon Fibre Anode- Spectrophotometric
Analysis- 50 mg O»/L Humic Acid
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Figure 49 Effect of Humic Acid Concentration — Carbon Fibre Anode- Photographs of
the solutions before and after electrolysis ; a) 20 mg Ox/L ; b) 50 mg O2/L ; ¢) 100 mg
O2/L
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4.4.2 Nickel Foam Anode
For the Ni-foam anode, the effect of humic acid concentration was investigated under
galvanostatic conditions for synthetic wastewater containing humic acid concentrations of 20
mg O2/L, 50 mg O/L, and 100 mg O»/L with 1M KOH as the supporting electrolyte. The
current density was selected based on the calculated limiting current density(Eq 28) for the
respective concentrations of humic acid, i.e., for 20 mg O»/L, 50 mg O»/L and 100 mg O2/L;
the applied current density was 12.55 A/m?, 31.39 A/m? and 62.90 A/m?. Similar to the
experiments conducted with the carbon fibre anode(4.4.1), the synthetic wastewater was only
used as the anolyte, whereas 1M KOH was used as the catholyte. The results of this experiment

are illustrated in Figure 50- Figure 57.

The corresponding energy efficiency of hydrogen production for the experiments with different
humic acid concentrations is represented in Figure 50. The observations agree with the results
described in 4.2.2 and 4.3.2; it is observed that the energy efficiency of H> production is
relatively lower compared to conventional water electrolysis, which can once again be linked
to the additional energy required for the side reaction, i.e., oxidation of humics occurs in
addition water splitting at the anode and also due to increased resistance of the anionic
exchange membrane due to fouling. The oxidation of humics was evident from the COD
removal efficiencies as well (Figure 51), in which there was a considerable reduction in the
chemical oxygen demand of the anolyte after electrolysis. In addition, a decreasing trend in
energy efficiency is observed as the concentration of the humic acid was increased. This can
be linked to higher ohmic heating losses as a result of higher applied current densities for the

50 mg O/L and 100 mg O»/L. The colour of the anolyte served as an indicator of COD removal,
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i.e., the duration that the anolyte was selected such that when the electrolysis was complete,
the colour of the solution turned colourless to very light brown from the initial dark brown. For
this to happen, the 50 mg O2/L solution had to be electrolysed for 6 hrs, and the 100 mgO./L
solutions had to be electrolysed for 8 hrs.

It is also observed from the COD removal efficiencies that there seems to be an increasing
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Figure 51 Effect of Humic Acid Concentration- Ni-Foam- COD Removal Efficiency

trend in the removal efficiency as the humic acid concentration is increased. The increase is
due to the longer duration of electrolysis required for higher concentrations of humic acid, i.e.,
an increase in the removal efficiency was observed from 25.8 + 9% for 20 mg O2/L to 43.6 +
5% for 50 mg O2/L to 60.5 4.2 % for 100 mg O2/L. Furthermore, the applied current densities
were also higher for 50 mg O2/L and 100 mg O2/L, based on the results obtained in section
4.3.2(Figure 40) and also from literature (Vlaicu et al., 2011); higher current densities

generally result in better removal efficiencies.
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Due to the oxidation of humic acid, an increase in the volumetric hydrogen production rate
would be expected. However, the measured volumetric hydrogen production rates were very
close to the theoretically calculated rate (Figure 52). This can be further elaborated by
considering the TOC results(Figure 53) in which it is observed that compared to the COD
removal efficiency, the TOC removal efficiencies were not that considerable, i.e., for synthetic
wastewater prepared with 20 mg O2/L, the TOC removal efficiency was only 17 + 0.3%
whereas for the 50 mg O2/L and 100 mg O2/L solutions the removal efficiencies were 11.8 +
0.2% and 27.3 + 0.5 %, respectively. This indicates that there is only partial oxidation of
humics, which is further accompanied by the formation of intermediates resulting in lower

TOC removal efficiencies. Thus, the contribution of organics oxidation to the hydrogen may
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Figure 53 Effect of Humic Acid Concentration- Ni-Foam- TOC Removal Efficiency

not be that significant. This was also clear from the calculated coulombic efficiencies for the
oxidation of humics over the duration of electrolysis, i.e., for the oxidation of 20 mg O2/L the
coulombic efficiency was 4.0 + 0.5%, similarly for 50 mg O2/L and 100 mg O2/L, the
calculated current efficiencies were 1.2 + 0.04% and 0.9 + 0.02%, respectively. In comparison,
the corresponding coulombic efficiencies for the oxygen evolution reaction at the anode for the
solutions containing 20 mg O2/L, 50 mg O./L, and 100 mg O/L averaged 97.5 +
3.3%(Appendix A.4).

Even though the electrolysis of synthetic wastewater resulted in low TOC removal efficiencies,
the spectrophotometric analysis revealed that there was still some reduction in the humic acid
concentrations after electrolysis. This is better illustrated in Figure 54 - Figure 57. It can be
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seen from the scans that there is a decrease in the intensity of absorbance at 290 nm for all the
tested concentrations of humic acid. For instance, when considering the scans for the solution
containing 20 mg O»/L of humic acid, the intensity of absorbance decreases from 0.395 to
0.195 after electrolysis. Similarly, for the solutions containing 50 mg O2/L and 100 mg O2/L
of humic acid wherein the intensity of absorbance decreased from 0.97 to 0.39 and from 1.80
to 0.52, respectively. The change in colour of the solutions after electrolysis was also apparent
from the photographs of the solutions (Figure 57). This observation is also in accordance with
the spectral scans described in section 4.2.2 ( Figure 26 - Figure 28 ) and section 4.3.2(Figure
42).
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Figure 54 Effect of Humic Acid Concentration — Ni-Foam Anode- Spectrophotometric Analysis-
20 mg Ox/L Humic Acid
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Figure 55 Effect of Humic Acid Concentration — Ni-Foam Anode- Spectrophotometric
Analysis- 50 mg O»/L Humic Acid
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Figure 56 Effect of Humic Acid Concentration — Ni-Foam Anode- Spectrophotometric
Analysis- 100 mg O2/L Humic Acid
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Figure 57 Effect of Humic Acid Concentration — Ni-Foam Anode- Photographs of the
solutions before and after electrolysis ; a) 20 mg Ox/L ; b) 50 mg Ox/L ; c) 100 mg O»/L
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4.5 Experiments with Real Municipal Effluent

Based on the results discussed in the previous sections with synthetically prepared. Further
experiments were conducted with real municipal effluent obtained from the Harnaschpolder
water treatment plant. The corresponding water quality of municipal effluent is represented in
Table 3, respectively. The experiments were conducted to investigate the effects of electrolyte
concentration (KOH) and applied current density on the volumetric hydrogen production,
energy efficiency of hydrogen production, and COD removal efficiency. For all experiments,

municipal effluent was employed as the anolyte, and the catholyte used was only a KOH

Table 3 Quality of Effluent at Harnaschpolder Wastewater Treatment Plant(Rietveld et al., 2011).

Parameter unit Average
C uSsem 959
TSS mg/L 738
TEM mg/L 213
NH,-MN mg N/L 0.58
BOD. mg Oa/L 328
COD mg Oz/L 36.89
NOs-N mg N/L 4.7
POF mg/L 0.49
Total P mg/L 0.8
Total N mg/L 0.83
Fb ug/L 248
Zn ug/L 2375
Cr pg/L 1.1
As pg/L 123
Cu pg/L 0.83
Cd ug/L 0.05
Hg pg/L 0.03
Cl mg/L 133.7
Ca mg/L 63.6
S0 mg/L 62.5
Na mg/L 96.9
Mg mg/L 8.56
K mg/L 23
Hardness mmaol/L 212

solution prepared in demi water. This was done firstly to prevent the cathodic deposition of
Ca?" and Mg** species, which is present in the municipal effluent(Table 2), and secondly to
prevent crossover of anions, more specifically the humate anions from the catholyte chamber
to the anolyte chamber. Moreover, prior to solution preparation, the municipal effluent was
filtered with 0.45 pm filter paper to remove suspended and large particulate matter. The
experiments were conducted for both the carbon fibre and the Ni-foam anode and are discussed

in the subsequent sections.
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4.5.1 Effect of Electrolyte Concentration
Analogous to the experiments conducted in section 4.3, electrolysis of municipal effluent was
conducted for KOH concentrations ranging from 0.01M to 1M. The experiments were
conducted at an applied current density of 12.55 A/m? for a duration of 3hrs. Figure 59
represents the energy efficiency of hydrogen production and represents the corresponding

volumetric hydrogen production rate; the results are compared for both Ni-foam and carbon

fibre anodes.
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Figure 58 Effect of KOH Concentration -Municipal Effluent — Energy Efficiency of Hydrogen
Production- Carbon Fibre and Ni- Foam Anode
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In accordance with the results discussed in section 4.3, it is observed that the energy efficiency
of hydrogen production using municipal effluent is higher for the Ni-Foam electrode compared
to the Carbon fibre anode. For instance, if we consider the municipal effluent solution with 1M
KOH as the supporting electrolyte, the corresponding energy efficiency for the carbon fibre
anode is 75 + 3%, and for the Ni-foam anode, the energy efficiency was 83 + 3%. This can be

related to the higher overpotential of the carbon-fibre anode compared to the Ni-foam

anode(Figure 7).
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Moreover, the energy efficiencies of hydrogen production via electrolysis of municipal effluent
were also lower versus conventional alkaline water electrolysis, i.e., For the Ni-foam anode in
IM KOH solution, a maximum efficiency of 85 + 7% was recorded. When considering the
municipal effluent electrolysis using the Ni-foam anode, the drop in the energy efficiency can
be explained by other side reactions that can occur on the anode in addition to water splitting.
Based on the water quality for municipal effluent (Table 3), the possible side reactions that can
occur could be due to the oxidation of chloride ions (chlorine evolution reaction, CLER), the
oxidation of sulfate ions(Dresp et al., 2019) and also because of the oxidation of organics in
the solution, which was evidenced by the decrease in the COD after electrolysis(Cho, Kwon,
et al., 2014; Cho & Hoffmann, 2017). The same can be expected to occur for the carbon fibre
anode; however, the contribution of organics oxidation may not be that considerable due to the

low COD removal efficiencies.

The volumetric hydrogen production rates of municipal effluent electrolysis for both the Ni-
foam anode and the carbon fibre anode are represented in Figure 59. It is observed that despite
the use of municipal effluent, the hydrogen production for both the Ni-foam and the carbon
fibre anode were similar; that is, the measured volumetric hydrogen production rates for
municipal effluent for all concentrations of electrolyte(KOH) for both the electrodes was
approximately 0.800 = 0.13 mL H>/ min comparable to the theoretical rate of 0.83 mL Hz/min

all be it at lower energy efficiency.

It is observed from Figure 60a that the electrolysis of the municipal effluent using Ni-Foam
anode can lead to considerable removal of COD after electrolysis for all concentrations of KOH
ranging from 0.1 - IM KOH, respectively. Furthermore, it can be seen that as the concentration
of KOH increases, the corresponding COD removal decreases, i.e., the COD removal
efficiency for 0.01M KOH solution is 43.4 + 3% and decreases to 38.1 + 7.0% and 20.9 + 5%
for the 0.1M KOH and 1M KOH solutions, respectively. This is similar to the observations
obtained for synthetically produced wastewater described in section 4.3.2 (Figure 22).
Moreover, the spectrophotometric scans represented in Figure 61 also agreed with this, where
the intensity of absorbance of the solution after electrolysis was higher for 0.1M and 1M KOH
compared to 0.01M KOH, i.e., the absorbance for the 0.01M KOH solution after electrolysis
was 0.03, for the 0.1M KOH solution the absorbance was 0.04 and for 1M KOH solution the
absorbance was 0.065(Figure 61a, Figure 61b, and Figure 61c¢).
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In contrast, the carbon fibre anode only showed a decrease in the COD for 0.01M KOH

solution, but for 0.1M and 1M KOH solutions, a subsequent increase in the COD concentration

was observed after electrolysis for 0.1M and 1M KOH solutions(Figure 61d, Figure 61and

Figure 61f). There could likely be a reduction in COD after electrolysis using the carbon fibre

anode in light of the reduction of COD observed in the 0.01M KOH solution; however, due to

the electro-sorption/adsorption of humics during electrolysis and the subsequent desorption

after electrolysis the, change in COD can be difficult assess for the subsequent solutions.

Moreover, the spectrophotometric scans also conform to the pattern of the final COD measured,

where it can be seen that for the 0.01M KOH solution, the intensity of absorbance at 290 nm
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decreased from 0.18to 0.15 after electrolysis, whereas the intensity absorbance at 290 nm
increased at higher concentrations of KOH, i.e., the absorbance at 290 nm increased from 0.16
to 0.43 for the 0.1M KOH solution and an increase from 0.19 to 1.54 for 1M KOH solution.
This is also evident from the photographs of the solutions taken before and after electrolysis

and is illustrated in Figure 62.

Initial 0.01M KOH Final 0.01M KOH
Solution Solution

Initial 1M KOH Final 1M KOH
Solution Solution

Figure 62 Effect of KOH-Municipal Effluent-Carbon Fibre Anode - Initial and Final
solutions a- 0.0IM KOH; b-0.0IM KOH ; c-0.0I1M KOH
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4.5.2 Effect of Current Density
The effect of applied current density was also investigated using municipal effluent for both
the Ni-Foam and the carbon fibre anode. Based on the results described in section 4.6.1, the
municipal effluent was used with 1M KOH as the supporting electrolyte. Experiments were
conducted for applied current densities ranging from 25 A/m? to 150 A/m? for a duration of
3hrs, similar to previously conducted experiments described in section 4.3. The corresponding
energy efficiencies of hydrogen production are illustrated in Figure 63.
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Figure 63 Effect of Current Density -Municipal Effluent — Energy Efficiency of Hydrogen
Production- Carbon Fibre and Ni- Foam Anode

From Figure 63, it is evident that the energy efficiency of hydrogen production is slightly
higher for the Ni-foam electrode compared to the carbon fibre electrode; this is to be expected
owing to the lower OER overpotential of Ni-Foam compared to the carbon fibre electrode, i.e.,

1.6V for Ni-foam and 1.7V for Carbon Fibre(Figure 7).

Moreover, similar to the observations described in section 4.3, it is observed that the energy
efficiency progressively decreases as the current density is increased; as previously discussed,
this is linked to ohmic losses at higher current densities, increased resistance due to bubble
formation at the electrode surface and bubble dispersion in the solution which is enhanced at
higher current densities(Holladay et al., 2009; Zeng & Zhang, 2010). When compared to the
energy efficiency of hydrogen production using synthetic effluent, it is observed that the energy
efficiency of hydrogen production using municipal effluent is relatively lower for both the Ni-
foam and the carbon fibre anode; further, the efficiency was also lower compared to

conventional water electrolysis. For instance, if we consider an applied current density of 25
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A/m?, it can be seen that the energy efficiency of hydrogen production using synthetic
wastewater for the Ni-foam and carbon fibre anode was 77 + 10% and 75 + 2.3%,
respectively(Figure 38 and Figure 31). In contrast, the energy efficiency of hydrogen
production using municipal effluent for the Ni-foam and the carbon Fibre anodes were 68 +
8% and 63 + 7.3%, respectively(Figure 63), and for conventional alkaline water electrolysis

using Ni-foam anode, the energy efficiency was close to 85 + 6.9%.

When considering the Ni-foam anode, the decrease in energy efficiency with respect to
conventional alkaline can be explained by the additional side reaction, that is, the oxidation of
humics in the system during electrolysis. This is also evidenced by the decrease in the COD
measured after electrolysis compared to the initial (Figure 64a). This behaviour was also
observed for the electrolysis of synthetic wastewater using the Ni-foam anode described
previously in section 4.3.2. When considering the carbon fibre anode, it is difficult to say
whether the oxidation of organics actually occurs because the measured COD after electrolysis
was always greater than the initial (Figure 64b) owing to the adsorption of humate on the

surface of the carbon fibre electrode.

Moreover, it was observed that the carbon fibre electrode would tend to disintegrate during the
electrolysis process, and at current densities greater than 25 A/m? the surface disintegration of
the electrode was accelerated. The loss of material can increase the contact resistance between
the current collector and the electrode, thereby decreasing the overall energy efficiency of
hydrogen production(Nourani et al., 2019). Further, the energy efficiency was still lower for
both the Ni-foam and the carbon fibre anode for the electrolysis of municipal effluent compared
to the electrolysis of synthetic wastewater; this behaviour may be attributed to an increase in
the resistance of the anion exchange membrane due to increased fouling by the humic acid

molecules.

It can be seen that the electrolysis of municipal effluent using the Ni-foam anode resulted in a
decrease in the COD of the solution after electrolysis (Figure 64). Based on the COD removal
efficiencies, an increasing trend is observed as the applied current density is increased, i.e., the
COD removal efficiency increased from 17.5 £ 9% at an applied current density of 25 A/m?to
19.1 £ 4 % at an applied current density of 100 A/m? with a slight decrease to 18.4 + 4 % at

150 A/m?. The calculated coulombic efficiency also indicated that during the electrolysis
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process, not much current is diverted towards the oxidation of organics, i.e., for the applied
current densities of 25 A/m?, 50 A/m?, 100 A/m> and 150 A/m? the corresponding coulombic
efficiencies for organics oxidation were 0.9 = 0.7%, 0.51 + 0.4 %, 0.3 + 0.2%, and 0.17 = 0.2
%, respectively whereas the coulombic efficiency for the OER was on average 91 + 5% for all
the applied current densities(Appendix A.4).

In contrast, the electrolysis of the municipal effluent using the carbon fibre anode showed only
an increase in the COD of the solution after electrolysis; moreover, compared to the
experiments conducted with carbon fibre anode described in the previous sections the
disintegration of the electrode was observably higher; during the electrolysis, the colour of the

solution would change from light brown to dark brownish/black(Figure 65).
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As a result of the increased carbon concentration in the solution, it is likely that some of these
particles could be oxidized in accordance with Eq 46, Eq 47, and Eq 48, respectively(Nourani
et al., 2019).

C+ 20H — CO;+2H +2¢ Eq 34
C+OH — CO +H" + 2¢ Eq 35
CO+OH — CO; +H" + 2¢ Eq 36

Figure 65 Image of The Final Solution Just After Electrolysis of The Municipal Effluent at
an Applied Current Density Of 100 A/m’

This is also evident from the coulombic efficiency for the OER using the carbon fibre anode,
1.e., the OER coulombic efficiency averaged 69 + 7.4%, which is significantly lower than the
coulombic efficiencies obtained in section 4.3.1 using just synthetic wastewater wherein the
coulombic efficiency averaged 96 + 3.0%. Based on the volumetric hydrogen production rates
(Figure 66), it is observed that the hydrogen production rates for municipal effluent using both
the Ni-foam and carbon fibre anodes are very close to the theoretical production. This
behaviour is logical based on the HER coulombic efficiencies, which averaged 91 + 3.5% for
both the Ni-foam and carbon fibre anode(Appendix A.4). Despite the carbon fibre anode
exhibiting lower OER coulombic efficiencies, there is still a generation of H as a result of

carbon oxidation (Eq 46-48) which would satisfy the H" requirement at the cathode.
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Further, based on the results reported by Kargi & Arikan, 2013. it would be expected that
hydrogen production would be enhanced. However, this was not observed mainly due to the
fact that the COD removal efficiencies were not that considerable(Figure 64a) and also
compared to the study conducted by Eker & Kargi, 2010; Kargi & Arikan, 2013; Kargi &
Catalkaya, 2011; the initial COD was much lower since their study employed the use of raw
wastewater with COD in the range 5000 to 25000 mg/L and in this study treated

wastewater(Municipal effluent) was used with a residual COD in the range 28- 58 mg/L.
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Figure 66 Effect of Current Density — Municipal Effluent — Volumetric Hydrogen
Production Rates — Ni-Foam and Carbon Fibre Anode

Samples after electrolysis were also scanned spectrophotometrically to assess the extent of
humic acid removal after electrolysis. The spectral scans and photos taken after electrolysis of
Municipal effluent using Ni-foam anode are represented in Figure 67, whereas the same for the
carbon fibre anode is represented in Figure 68.

It is observed from Figure 67a that there is a reduction in the intensity of absorbance at 290 nm
after electrolysis of municipal effluent for all applied current densities, i.e., the absorbance
decreased from the initial 0.157 to 0.101 for 25 A/m?, 0.09 for 50 A/m? and 0.08 for applied
current densities 100 A/m? and 150 A/m?, respectively. The decrease in the intensity of
absorbance is indicative of oxidation of the humic acid after electrolysis. Moreover, from
Figure 67b, the change in colour of the solution was also apparent; the solution colour changed
from the initial light brown to colourless for all applied current densities. This trend was also

observed when synthetic wastewater was electrolysed with Ni-foam(section 4.3.2, Figure 43).
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Figure 67 Effect of Current Density — Municipal Effluent - Ni-Foam, a) Spectral Scans ;
b) Photographs of Solutions After Electrolysis

In contrast, the increase in the intensity of absorbance at 290 nm was apparent after electrolysis
using the carbon fibre anode. It can be seen from Figure 68a that the absorbance increased from
the initial 0.17 to 1.02 after electrolysis at 25 A/m?% similarly, the intensity absorbance increased
to 0.85, 0.33, and 1.16 for applied current densities of 50 A/m? 100 A/m?* and 150 A/m?,
respectively. It is observed that the absorbance increases after electrolysis at 25 A/m? then
decreases at 50 A/m? and 100 A/m> then increases again after electrolysis at 150 A/m?. This is

suggestive of the adsorption/electro-sorption and desorption of humic acid molecules on the
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Figure 68 Effect of Current Density — Municipal Effluent - Carbon Fibre; a) Spectral
Scans ; b) Photographs of Solutions After Electrolysis

surface of the carbon anode. This was also observed as a change in the colour of the solutions
after electrolysis, as depicted in Figure 68b, respectively.

Figure 68b also shows the effect of current density on the stability of the carbon electrode; it
can be seen that for current densities greater than 25 A/m?, the disintegration of the electrode
was apparent. This is clear from the black precipitate (carbon particles) observed after

electrolysis at 50 A/m?, 100 A/m? and 150 A/m?, respectively.
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4.6 Discussion
In light of the results described previously, it is apparent that the electrolysis of synthetic
effluent and real effluent can result in hydrogen production with reasonable energy efficiency
(Figure 9, Figure 22, Figure 31, Figure 38, Figure 58 and Figure 63). The electrolysis
experiments revealed that the energy efficiency was most satisfactory for IM KOH
concentration due to its high conductivity (208-211 mS/cm). For instance, for the electrolysis
of synthetic effluent, the energy efficiency was 82 + 1.2% and 83 + 3.40% at an applied current
density of 12.55 A/m? for the carbon fibre anode and Ni-foam anode, respectively(Figure 9).
The energy efficiency was also comparable to that of conventional alkaline water electrolysis
under the same conditions with Ni-foam as both the anode and cathode, wherein the energy
efficiency was 85 + 6.9%. The trend was similar for municipal effluent electrolysis as well
wherein the energy efficiency was 75 + 3.0 % for the 83 + 3.0% carbon fibre and Ni-foam
anode, respectively(Figure 58). In addition, when investigating the effect of increasing the
current density, a decreasing trend in the energy efficiency for electrolysis of synthetic effluent,
real municipal effluent and conventional alkaline water electrolysis was observed due to
increased ohmic heating losses, mass transport resistance and bubble dispersion(Godula-Jopek,

2015; Wang et al., 2014).

Cho & Hoffmann, 2017 reported a maximum energy efficiency of hydrogen production of 23%
at an applied current density of 200 A/m? for the electrolysis of real wastewater samples with
NaCl as the supporting electrolyte using a BiOx/TiO2 anode. In comparison, the energy
efficiency observed in this investigation with 1M KOH solution at an applied current density
of 150 A/m? for electrolysis of synthetic effluent and real municipal effluent was 60 + 2.8%
and 51 £ 5.0% for the carbon fibre anode and 54 + 3.2% and 53 £ 5.1% for the Ni-foam anode,
respectively. It is apparent that considerable improvements in energy efficiency were obtained
from the current investigation in comparison to Cho & Hoffmann, 2017. The difference in the
energy can be primarily attributed to the fact that they employed an undivided cell with NaCl
as the electrolyte, which can promote the CLER at the anode and subsequent CLRR at the
cathode( Eq 8 — Eq 10), thereby inhibiting the hydrogen evolution reaction; further, the CLER
tends to have faster electrode kinetics since only 2e” are involved in comparison to the OER
which involves 4e’(Amikam et al., 2018; Dresp et al., 2019). Further, the consumption of
protons at the cathode for the HER can lead to a localised pH increase promoting the formation

of hypochlorite ions.
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Consequently, HER and CLRR occur at the cathode; this is clear from coulombic efficiency
for the HER and CLRR reported by Cho & Hoffmann, 2017 which was 41% and 29%,
respectively. Moreover, when Ma et al. 2014, investigated hydrogen gas production due to
electrochemical oxidation of phenol, they also reported a similar observation in which the
hydrogen production rate was lower with NaCl as the electrolyte compared to Na,SO4 despite
having better COD removal efficiencies. The coulombic efficiency for the HER in the current
study was in the range 91 - 97% and 92 - 98% for municipal and synthetic effluent electrolysis,
respectively(Appendix A.4). This was primarily due to the use of KOH as the supporting
electrolyte. Even though chloride was present in the municipal effluent (Table 3), the presence
of oxyanions such as OH™ impede the mass transfer of Cl ions on the anode surface, thereby
inhibiting the CLER (Amikam et al., 2018); as a result the HER and OER would not be
influenced the CLRR and the CLER at the cathode and anode respectively.

Table 4 Summary of Research on Hydrogen Production by Wastewater Electrolysis

Type of Voltage Current | Time Vol. H: % COD | % Energy
Wastewater W) (A) (h) H2(L) | Rate | Removal | Efficiency
Ref.
(mL/
min)
(Kargi &
Olive Mill Catalkaya,
WW 3 0.06 96 3.02 0.52 44 65 2011b)
(Kargi &
Landfill Catalkaya,
Leachate 4 0.18 96 5 0.87 77 26 2011a)
(Kargi &
Cheese Whey Uzunc,
WW 5 0.05 158 5.5 0.59 22 67 2012)
Vinegar (Kargi &
Fermentation Arikan,
WW 4 0.10 72 2.8 0.67 10.5 74 2013)
Phenol
(synthetic (Ma et al.,
wastewater) 3 0.5 504 35 1.17 100 50 2014)

Previously researched electrolysis of various types of industrial wastewater by Kargi and co-
researchers are represented in Table 4.

The studies described in Table 4 show that the energy efficiencies are relatively improved
compared to the study conducted by Cho & Hoffman., 2017 and more comparable to the
efficiencies reported in this investigation. Note that the studies described in Table 4 were more
focused on the oxidation of organics under potentiostatic conditions rather than water splitting;
as a result, the energy efficiencies reported were based on the average current intensities and

cumulative hydrogen production due to the decomposition of organics throughout the
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experiment. With respect to the applied voltages in the studies by Kargi et al. and Ma et al.,
2014, the voltages were significantly higher (> 3 V), whereas the voltages rarely exceeded 2.6
V for the electrolysis of synthetic and municipal effluent conducted in this investigation. This
could be explained by taking into account the solution conductivities; in the studies described
in Table 4, the conductivities of the raw wastewaters ranged from 1.60 — 5.60 mS/cm; in
contrast, the conductivities in this investigation was a minimum of 2.77 mS/cm for 0.01M KOH
and a maximum of 211 mS/cm for 1M KOH. Moreover, for the 1M KOH solutions, the voltage
exceeded 2.6 V when the applied current density was 150A/m*(approx. 1.314A for an anode
area of 87.6 cm?), whereas, from Table 4, it can be seen that the maximum current obtained
was only 0.18 A. at an applied voltage of 5V. Moreover, when comparing the rates of H»
production , the rates in general were higher in the current investigation when compared to
Table 4. For instance, at an applied current of 0.1 A , Kargi & Arikan, 2013 reported a H»
production rate of 0.67 mL/min whereas in the current investigation the corresponding rate was
0.8 mL/min for an applied current of density of 12.55 A/m?(0.1A for an anode area of 87.6
cm? ) similarly, when compared to Ma et al., 2014 at an applied current of 0.5 A the H
production rate was 1.17 mL/min and in this investigation for an applied current 50
A/m?(approx. 0.44 A for an anode area of 87.6 cm?) the H, production rate was 3.20
mL/min(Figure 10, Figure 23, Figure 33 and Figure 39). This was the case since water splitting
was dominant compared to oxidation of organics.

Further, regarding the volumetric hydrogen production rates, the data showed that the hydrogen
production rates converged closely with the theoretical values(Figure 10, Figure 23, Figure 33
and Figure 39 ); this would be expected for the electrolysis experiments with carbon fibre
anodes because no COD degradation was observed. Nevertheless, for electrolysis of synthetic
effluent using the Ni-foam, because there was COD removal, it would be anticipated to be
reflected in the volumetric hydrogen production (Eq 37). Note that MOx in Eq 37 is a metal
oxide anode which is generally used to represent DSA anodes such as IrO>, RuO», BiOx and
TiO2; considering Ni-foam whose chemical formula NiFeOx or NiOx the ‘M’ indicates the
NiFe/Ni metal segment of the molecule(Mischa M. Bakker & Vermaas, 2019; Diaz-Morales
et al., 2016).

From Eq 37, the additional electrons produced due to the oxidation of organics can result in an
can result in the cathodic evolution of hydrogen in the flow cell electrolyzer(Ma et al., 2014);

this can be better visualized by Figure 69.
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Oxidation of organics on the Ni-foam anode ( alkaline conditions )

MOx+1 + R > MO« + CO:+0OH + ¢ Eq 37
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Figure 69 Mechanism of organic oxidation and water splitting for H> production on Ni-

foam anode

In addition, according to Table 4, their research hypothesized the potential of hydrogen
production due to the oxidation of organics present in wastewater. Furthermore, investigations
by Eker & Kargi, 2010 reported that the hydrogen production due to the wastewater electrolysis
was greater than conventional water splitting, and the extent of hydrogen production would
depend on the concentration of organics in the wastewater, that is a higher COD would result
in higher hydrogen production. Eker & Kargi, 2010 reported that for conventional water
electrolysis the hydrogen production rate of 0.37 mL/min whereas for the electrolysis of
industrial wastewater the rate was 3 mL/min (Eker & Kargi, 2010). In the investigation by Eker
& Kargi, 2010 they employed industrial wastewater with a COD of 10000 mg/L, after
electrolysis the final COD was 9333 mg/L, i.e., approximately 667 mg/L of COD was oxidized,
and the corresponding protons generated resulted in a higher hydrogen production rate. In
contrast, the synthetic effluent prepared in this investigation had a COD concentration of only
26.7 mg /L. Considering the electrolysis experiments with the Ni-foam anode, even though the

COD removal efficiency of 24.6 = 8 % was obtained at a current density of 150 A/m? with 1M
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KOH as the supporting electrolyte only 6.92 mg/LL was oxidized to produce electrons for
hydrogen evolution at the cathode. Based on stoichiometric calculations, 6.92 mg/L of COD
could theoretically give 8.7mL of H; after electrolysis. This would again be dependent on the
volume of wastewater electrolysed; in this investigation the total volume of wastewater
electrolysed was 0.5 L and the corresponding stoichiometric calculations were done for the
same, in contrast the experiments by Kargi et al. (Table 4) electrolysed 1L of wastewater.

Additionally, since the TOC removal obtained was at maximum only 6.2 + 0.3% the actual
contribution of the organics degradation to the hydrogen production may not be that substantial
as intermediates are formed due aromatic ring cleavage(Dong et al., 2016; Guo et al., 2018)

and also demonstrated by the HPLC-SEC analysis conducted.

Considering the variation in the energy efficiency between the Ni-foam anode and the carbon
fibre anode, the contrast can be associated with the lower OER potential for the Ni-foam anode
compared to the carbon fibre anode(Figure 8). Additionally, the difference in the energy
efficiency with respect to alkaline water electrolysis could be linked to side reactions occurring
on the anode in addition to water splitting. Considering the carbon fibre anode, HPLC analysis
of the synthetic effluent after electrolysis showed an increase in the distribution of high
molecular weight compounds of the humic acid molecule indicating the occurrence of a
polymerisation reaction(Figure 20). A similar observation was reported by Cozzolino &
Piccolo, 2002 and Piccolo et al., 2000, wherein they reported that the polymerization of humic
structures was stabilized by the formation of C-O-C and C-C covalent bonds catalysed by
peroxidase enzyme. On account of this, a similar explanation can be suggested for the
electrochemically catalysed polymerisation of humic acid observed in this research. In addition
to the polymerization reaction occurring on the carbon fibre anode, the conjugate base of the
humic acid ( humate ) would tend to adsorb on the surface of the anode, followed by subsequent
desorption when the flow cell was decanted for the next batch. A direct consequence of this
phenomenon is that the solution after electrolysis with the carbon fibre anode would exhibit a
higher COD compared to the initially prepared solution. This was also clear from the spectral
scans of the solutions before and after electrolysis(Figure 15 and Figure 36). Further, the carbon
fibre anode would tend to disintegrate at current densities greater than 25 A/m?, even though
the solutions were filtered with 0.45 pum filters; it is also likely that the carbon particles less

than 0.45 um size could interfere with the COD analysis resulting in a higher measured value
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compared to the initial since their size can range from 0.1 pm to 7 um(Holt & Horne, 1978;
Ramulu & Kramlich, 2004).

Concerning the Ni-foam anode, it was observed that the humic acid was degraded to some
extent, though complete mineralization was not observed. This is evidenced by the COD and
TOC removal efficiencies for the electrolysis of synthetic effluent after electrolysis( Figure 24,
Figure 25, Figure 40, Figure 41 and Figure 64). For 1M KOH solution at an applied current
density of 12.55 A/m?, a COD removal of 24.6 + 8 % and a corresponding TOC removal of
6.2 £ 0.3% were detected. The low TOC removal, in contrast to the higher COD removal, is
linked to the formation of intermediates as a result of the breakdown of the aromatic rings on
the humic acid molecules. This observation was also evidenced by the HPLC analysis, where
the chromatogram indicated an increase in the fraction of the low molecular weight compounds

followed by a decrease in the high molecular weight compounds(Figure 30).
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S. Integration of Water Electrolysis with Aerobic Wastewater

Treatment Plant

Based on the results obtained for the electrolysis of domestic effluent, it is possible to use
wastewater (in this case, municipal effluent) as a water source for the production of hydrogen
via alkaline water electrolysis. A possible scenario would be to have an electrolyzer installed
within the wastewater treatment plant and allow some of the treated water to be diverted for
the generation of hydrogen and oxygen. The produced hydrogen can have many applications,
these include the generation of electricity via a fuel cell or gas turbine, and the hydrogen can
be used as a chemical feedstock for the production of ammonia and can also be used to reduce
the CO2 to CHs in anaerobic digestion plants further increasing the biogenic methane
production. The oxygen produced can be used within the wastewater treatment plant for the
aeration of the bioreactors. To gain an advantage of the high purity O», the aeration tanks should
be modified to have a closed configuration which can allow for an O»-rich atmosphere. In
addition, the solubility of the O> gas in the reactor is determined by its partial pressure and to
maximize the solubility, the partial pressure has to be increased. The modified aeration tanks
should also be able to accommodate the higher pressures in their design for efficient
functioning. Moreover, because traditional aerobic wastewater treatment plants require
oxygen, which is provided by the atmosphere using air pumps and diffusers, the maximum
purity of oxygen that can be obtained is only 21%. Replacing this with high-purity oxygen can
potentially reduce the energy consumption of the wastewater treatment plant because the flow
rate of air required would be significantly lower as less volume of gas would be pumped to

supply the same amount of oxygen, provided the relevant modifications are incorporated into

Influent Aerobic Bioreactor Effluent

|

T
Wastage

> &

Figure 70 BioWin Plant Schematic
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the design. To give a better perspective, basic plant simulations were conducted using BioWin
6.2. Two simulations were conducted; The first simulation was conducted using conventional
aeration with atmospheric oxygen and was used as a baseline for comparison, and the second
simulation was conducted using 95% pure oxygen with a surface pressure of 200 kPa(1.9 atm).
The basic schematic of the plants is shown in Figure 70. The plant was designed for a flow of
10,000 m*/day with a reactor volume of 5000 m?. The influent and effluent water quality values

are described in Table 5.

Table 5 Water Quality Parameters used in the BioWin Simulations

Parameter Influent Effluent
COD (mg O2/L) 500 33
Total Nitrogen (mg N/L) 40 24
Phosphorous (mg P/L) 10 5
Sulfur (mg S/L) 0

Nitrate (mg N/L) 0 0
pH 7.3 6.8
Alkalinity mmol/L 6 -
ISS (mgISS/L) 45 0.7
Ca (mg/L) 80 80
Mg (mg/L) 15 14

The results of the steady-state simulations are shown in Table 6. It can be seen from table 5
that there is a substantial difference with respect to the amount of energy used by the air pumps.
Further, the reduction in the air flow requirement is also clear, i.e., with respect to the energy
requirement, there is a reduction of 1.2 kWh(4320 kJ), and with respect to the air flow
requirements, a reduction of 2156 m/hr.

Table 6 Biowin Simulation Results

High Purity O> Plant
Parameters (95% 0O2)
HRT (h) 10.5 10.5
DO set point (mg O2/1) 2.1 2.1
Oxygen Uptake Rate (mgO2/1/hr) 23.6 234
Oxygen Transfer Rate(kg O2/hr) 119 116
Air Flow Rate (m*/hr) 3706 1550
Total Plant Power Requirement (W) 88 40
Daily Energy Requirement (kWh) 2.1 0.9
Daily Energy Requirement (kJ) 7680 3494
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Based on the Oxygen Transfer Rate(OTR), an estimate can be made for the amount of water
needed to be electrolyzed to meet the oxygen demand of the wastewater treatment plant. From
Table 6, the OTR for the high-purity oxygen plant was 116 kg Oz/hr; from the stoichiometry
of water splitting, it is known that 0.89 kg O is produced per litre of water electrolysed, this
gives a water requirement of approximately 3.1 m*/day. The BioWin simulation showed that
approximately 9708 m?®/day of treated water is discharged. The amount of water that is needed
for electrolysis is only about 0.03% of the discharged effluent, which indicates that water
availability may not be an issue for electrolysis in wastewater treatments if the production of
pure O> to meet the oxygen requirement is the objective. The overall design of the electrolyzer
is given in Table 7. For the electrolyzer design, the water conversion efficiency is selected
based on the average coulombic efficiency of the oxygen evolution reaction obtained for the

electrolysis of municipal effluent using Ni-foam as the anode (section 4.5).

Table 7 Design Parameters Electrolyser

Parameter Value
Oxygen Transfer Rate (OTR) WWTP (kg

0O2/h) 116
Oxygen To be Supplied (kg O2/day) 2784
Amount of Water Required (m?/day) 3.1
WWTP Effluent Flow (m3/day) 9708
Fraction of water Needed 0.03%
Water Conversion Efficiency 91%
Water flow into electrolyser (m>/h) 0.14
Volumetric Hz Production (m3h) 162
H: production( kg H>/day) 348
Volumetric Oz Production (m?3h) 81

02 production ( kg O2/day) 2784
Energy requirement electrolysis (MW) 0.7
Current Requirement (A) 389
Applied Current Density (A/cm?) 0.10
Electrode area Requirement (m?) 0.4

From Table 7, it can be seen that the electrolyzer needs about 0.7 MW of energy to produce
sufficient oxygen for the bioreactor. Further, for practicality purposes, it would be better to
install a IMW electrolyzer due to its commercial availability. A likely candidate would be the
McPhy 200-30 electrolyzer. This electrolyzer is rated at IMW and can produce approximately

200 m® Ho/h at a pressure of 30 bar. A typical representation is given in Figure 71. Moreover,
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based on the effluent water quality, sufficient preliminary treatment may be required to remove
the Ca*" and Mg®" ions. The treatment technologies that can be employed can include pellet
softening, Nanofiltration or Ultrafiltration. This should be done to prevent the deposition of
Ca(OH)> or Mg(OH); on the cathode surfaces of the electrolyzer, as this can lead to poor
efficiency of hydrogen production and, eventually failure of the electrochemical cell due to

excessive scale formation.

Figure 71 McPhy 200-30 Alkaline Water Electrolyser
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6. Conclusions

In this study, the possibility of hydrogen production using municipal effluent using two
different anodes, carbon fibre and Ni-foam, was investigated. The experiments were conducted
in a two-compartment electrolyzer flow cell with another Ni-foam electrode used as the
cathode. The electrolysis experiments were conducted with synthetically prepared effluent
containing 20 mg O»/L humic acid and with real municipal effluent. For each experiment, the
corresponding energy efficiency of hydrogen production, volumetric hydrogen production rate,
COD, and TOC removal efficiencies were determined. The experiments were conducted to
investigate the effects of electrolyte(KOH) concentration and applied current density and are

subsequently summarized in relation to the research questions discussed in section 2.3

RQ1: How is hydrogen production affected in a KOH electrolysis cell if synthetic and real
municipal effluent are used?

e The volumetric hydrogen production rates obtained using synthetic and municipal effluent did
not appear to be significantly affected. In all experiment sets investigating the effect of
electrolyte concentration and the effect of applied current density, the volumetric hydrogen
production rate obtained was very close to the theoretically calculated value; moreover, the
coulombic efficiencies for the hydrogen evolution reaction exceeded 90% for all these

experiments. (RQ1)

RQ2: What is the extent of humic acid oxidation at the carbon fibre and Ni-foam anode when
used in an STP effluent electrolysis cell?

o The initial hypothesis suggested that the increased activity of the hydroxide ions would generate
hydroxyl radicals on the anode surface as a precursor to the oxygen evolution reaction, which
could oxidize the humic acid molecules in the effluent. However, the results for experiments
with the Ni-foam anode indicated otherwise because increasing the electrolyte concentration
resulted in a decrease in the COD removal efficiencies. For the experiments with the carbon
fibre anode, it was observed that the COD of the solutions after electrolysis was significantly
higher than the COD in the initially prepared solutions. This was thought to occur due to the
adsorption/electro-sorption of the humic acid molecules on the surface of the carbon
electrode(RQ?2).

e Considering the effect of COD and TOC removal efficiencies for increasing applied current
densities, an increase in the overall removal efficiencies was observed for the Ni-foam anode

for both synthetic effluent and real municipal effluent. When the carbon fibre anode was used,
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the COD of the solution after electrolysis was greater than the COD of the initially prepared
solution. In addition, the disintegration of the carbon fibre anode was also evident as the applied
current density exceeded 25 A/m?. Moreover, since both the carbon fibre anode and the Ni-
foam anode have relatively low OER overpotentials, they are active toward oxygen evolution
rather than the oxidation of organics in the solution. This was evidenced by the low coulombic
efficiencies obtained for the oxidation of organics, i.e., a coulombic efficiency of organics
oxidation obtained was 1.8 = 0.2% at 25 A/m?, whereas the coulombic efficiency for the oxygen

evolution reaction was on average 96 + 2.8%. (RQ2)

RQ3: What is the fate of the humic acid molecules in the solution after electrolysis?

e HPLC analysis of the final solutions after electrolysis using the carbon fibre anode revealed an
interesting occurrence. The chromatograms showed that there was a subsequent increase in the
contribution of high molecular weight molecules(1100 Da -3610 Da) after electrolysis
compared to the initial solution. This suggests that a polymerization reaction may have occurred
on the electrode surface. In contrast, the chromatograms of the solutions electrolyzed with the
Ni-foam anode showed a decrease in the contribution of high molecular weight molecules and
an increase in lower molecular weight molecules indicating that the humic acid molecules were

broken down into smaller fragments during electrolysis.

RQ4:How does the electrolysis performance compare with conventional alkaline water
electrolysis with Ni-foam as both the anode and cathode in the electrolysis cell?

RQ5:How is the energy efficiency for hydrogen production affected when carbon fibre or Ni-
foam is used as the anode to electrolyze synthetic effluent and real municipal effluent?

e For the experiments that involved investigating the effect of electrolyte concentration ranging
from 0.1-1M KOH, an increase in energy efficiency was observed for experiments with both
the carbon fibre anode and the Ni-foam anode. This is to be expected as the solution
conductivity is subsequently increased. For the 1M KOH solutions, the energy efficiency using
synthetic effluent for the carbon fibre anode was approximately 82 + 1.2% and for the Ni-foam
anode was 83 + 3.4%. When municipal effluent was employed, the energy efficiency was 74 +
2.7% for the carbon fibre anode and 82 + 2.8% for the Ni-Foam anode at an applied current
density of 12.55 A/m?.(RQ4 And RQ5)

o The effect of increasing the applied current density revealed a decreasing trend in the energy
efficiency observed for both the carbon fibre anode and the Ni-foam anode. The trend was
apparent when for the synthetic effluent as well as the real municipal effluent. For the synthetic
effluent, the energy efficiency was slightly higher for the Ni-foam anode compared to the

carbon fibre anode, i.e., for an applied current density of 25 A/m? the energy efficiency for the
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carbon fibre anode, and the Ni-foam was 75 £ 2.8% and 77 = 9.6%, respectively. In comparison,
the energy efficiency for conventional alkaline water electrolysis using the Ni-foam anode was
85 + 3.5 %. When municipal effluent was employed, the decrease in the energy efficiency was
much more substantial; for an applied current density of 25 A/m?* the energy efficiency was 63

+ 7.3% for the carbon fibre anode and 68 + 7.9% for the Ni-foam(RQ4 and RQ5).

RQ6: How can this electrolysis technique be integrated with existing wastewater treatment

plants?

As discussed in Section 5, it is possible to divert some of the treated effluents from a wastewater
treatment plant for the production of hydrogen and oxygen via electrolysis. Moreover, the
results indicated that only 0.03% of effluent was needed to produce enough O, to meet the
treatment plant requirements. This was also followed by energy savings of approximatelyl.2
kWh(4320 kJ) due to reduced load on the air pumps as pure oxygen is supplied instead of
atmospheric oxygen. It should also be noted that the energy savings can change depending on

the size of the water treatment plant and its subsequent oxygen requirements.

To conclude, the use of municipal effluent as a source of wastewater is a viable alternative for

the production of hydrogen. With regards to the anode that can be used, Ni-Foam seems to be

the best candidate due to its high durability. Carbon fibre, on the other hand, exhibited

disintegration during the electrolysis experiments and could not effectively oxidize the humic

acid molecules in both synthetic and municipal effluent.
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7. Recommendations

Further studies can be conducted to improve our understanding of the electrolysis of

wastewater. A few recommendations for further research are described below.

This study revealed that the carbon fibre anode was not very durable under the conditions of
alkaline water electrolysis; additionally, the electrode was not able to effectively oxidize the
humic acid molecules in both synthetic effluent and real municipal effluent. Future research
can be conducted to improve the durability of the carbon electrode and also to develop a hybrid
electrode with catalysts that favour the oxygen evolution reaction and allow for the efficient
oxidation of pollutants. For instance, combining an active and non-active anode, i.e., BDD(non-
active) and Ni-foam(Active).

Throughout the study, the adsorption/electro-sorption of the humic acid molecules on the
surface of the carbon fibre anode was prevalent. Moreover, for the experiments involving the
carbon fibre anode, HPLC analysis indicated a possible polymerization reaction. Further
research may be required to understand the mechanism of the adsorption and polymerization
reactions taking place at the carbon fibre anode.

Regarding the composition of the spent electrolyte, further research can be done to investigate
the reason behind the colour change of the solution and the effect of the carbon particles on the
humic acid molecules in the solution.

Concerning the incorporation of an electrolyser into an existing wastewater treatment plant for
the generation of pure oxygen, additional investigations can be conducted using Aspen plus to
understand the overall energy balance and feasibility of the process. In addition, lab-scale
investigations can also be conducted to investigate techniques to integrate and manage the

tandem functioning of an electrolyser and an aerobic bioreactor.
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A. Appendix

A.1 Arduino Sensor Components
For safety reasons, a DIY Arduino sensor was constructed to measure the hydrogen
concentration in the workspace. The components required to construct the sensor are as
follows:-

o  MQ-8 Gas Sensor

e Arduino UNO microcontroller

e Jumper cables

The circuit diagram is shown in Figure 73a and Figure 73b

a

OO __

rxmm Arduino”

Figure 72 Arduino Sensor Circuit Diagram
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A.2 Arduino Sensor Code

#define MQ_PIN (0) //define which analog input channel you are going to use
#define RL_VALUE (10) //define the load resistance on the board, in kilo ohms
#define RO_CLEAN_AIR_FACTOR (70) //RO_CLEAR_AIR FACTOR=(Sensor resistance in

clean air)/RO,
//which is derived from the chart in datasheet

/ ............ Software Related Macros R R e R /

#define CALIBARAION_SAMPLE TIMES (50) //define how many samples you are going to
take in the calibration phase

#define CALIBRATION_SAMPLE_INTERVAL (500) //define the time interal(in milisecond)

between each samples in the
/ /cablibration phase

#define READ_SAMPLE INTERVAL (50) //define how many samples you are going to take
in normal operation
#define READ_SAMPLE TIMES (5) //define the time interal(in milisecond) between

each samples in
/ /normal operation

Rk Application Related Macros* itk [
#define GAS_H2 (0)
float H2Curve[3] = {2.3, 0.93,-1.44}; //two points are taken from the curve in datasheet.
/ /with these two points, a line is formed which is "approximately
equivalent"
/ /to the original curve.
/ /data format:{ x, y, slope}; pointl: (1g200, 1g8.5), point2: (1g10000,
120.03)
float Ro = 10; / /Ro is initialized to 10 kilo ohms
void setup()
Serial.begin(9600); / /UART setup, baudrate = 9600bps
Serial.print('Calibrating...\n");
Ro = MQCalibration(MQ_PIN); //Calibrating the sensor. Please make sure the sensor

is in clean air
/ /when you perform the calibration
Serial.print("Calibration is done...\n");
Serial.print("Ro=");
Serial.print(Ro);
Serial.print("kohm");
Serial.print('\n");

Serial.print("Sensor analog output:");
Serial.print(analogRead(MQ_PIN));
Serial.print("\n");

}

void loop()

Serial.print("H2:");
Serial.print(MQGetGasPercentage(MQRead(MQ_PIN)/Ro,GAS_H?2) );
Serial.print( "ppm" );

Serial.print("\n");

Serial.print("Sensor analog output: ");
Serial.print(analogRead(MQ_PIN));
Serial.print("\n");

Serial.print("Rs Value: ");
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Serial.print(MQRead(MQ_PIN));
Serial.print("kohm");
Serial.print("\n");
Serial.print("\n");

delay(200);
H

[ FEFERRkceeek MQResistanceCalculation
Input: raw_adc - raw value read from adc, which represents the voltage
Output: the calculated sensor resistance
Remarks: The sensor and the load resistor forms a voltage divider. Given the voltage
across the load resistor and its resistance, the resistance of the sensor
could be derived.

/

float MQResistanceCalculation(int raw_adc)

return ( ((float)RL_VALUE*(1023-raw_adc)/raw_adc));

/ MQCalibration

Input: mgqg_pin - analog channel

Output: Ro of the sensor

Remarks: This function assumes that the sensor is in clean air. It use
MQResistanceCalculation to calculates the sensor resistance in clean air
and then divides it with RO_CLEAN_AIR_FACTOR. RO_CLEAN_AIR_FACTOR is about
10, which differs slightly between different sensors.

/
float MQCalibration(int mq_pin)
{
int i;
float val=0;
for (i=0;i<CALIBARAION_SAMPLE_TIMES;i++) { / /take multiple samples
val += MQResistanceCalculation(analogRead(mq_pin));
delay(CALIBRATION_SAMPLE_INTERVAL);
}
val = val/CALIBARAION_SAMPLE_TIMES; / /calculate the average value
val = val/RO_CLEAN_AIR_FACTOR; / /divided by RO_CLEAN_AIR_FACTOR yields the
Ro
/ /according to the chart in the datasheet
return val;
}
/ MQRead

Input: mq_pin - analog channel
Output: Rs of the sensor
Remarks: This function use MQResistanceCalculation to caculate the sensor resistenc (Rs).
The Rs changes as the sensor is in the different consentration of the target
gas. The sample times and the time interval between samples could be configured
by changing the definition of the macros.
/

float MQRead(int mq_pin)
{
int i
float rs=0;
for (i=0;i<READ_SAMPLE_TIMES;i++) {

rs += MQResistanceCalculation(analogRead(mq_pin));
delay(READ_SAMPLE_INTERVAL);

}

rs = rs/READ_SAMPLE_TIMES;
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return rs;

}
/ MQGetGasPercentage
Input: rs_ro_ratio - Rs divided by Ro

gas_id - target gas type
Output: ppm of the target gas
Remarks: This function passes different curves to the MQGetPercentage function which
calculates the ppm (parts per million) of the target gas.
/

int MQGetGasPercentage(float rs_ro_ratio, int gas_id)

if (gas_id == GAS_H2) {
return MQGetPercentage(rs_ro_ratio,H2Curve);

}

return 0;
}
/ MQGetPercentage
Input: rs_ro_ratio - Rs divided by Ro

pcurve - pointer to the curve of the target gas
Output: ppm of the target gas
Remarks: By using the slope and a point of the line. The x(logarithmic value of ppm)
of the line could be derived if y(rs_ro_ratio) is provided. As it is a
logarithmic coordinate, power of 10 is used to convert the result to non-logarithmic
value.

/

int MQGetPercentage(float rs_ro_ratio, float *pcurve)

{

return (pow(10,( ((log(rs_ro_ratio)-pcurve[1])/pcurve[2]) + pcurve[0])));

}
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3 Images of the Flow Cell and Setup

A
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A.4 Coulombic Efficiency
Effect of KOH- Electrolysis of Synthetic Effluent
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Effect of Current Density-Electrolysis of Synthetic Effluent

Carbon Fibre
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Effect of Humic Acid Concentration -Electrolysis of Synthetic Effluent
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Effect of KOH — Ni-Foam
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Effect of Current Density — Ni-Foam
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