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generation of permanganate oxidantf

Sean T. McBeath, @*2 David P. Wilkinson® and Nigel J. D. Graham?

Emerging electrochemical systems, such as advanced electro-oxidation, provide a potentially powerful
alternative to conventional oxidation processes which can often be unsuitable for small, remote and
decentralised system applications. The one electro-oxidation process, which may be well suited for these
applications, is the use of high oxygen overpotential boron-doped diamond (BDD) electrodes, as a pre-
oxidation step for the removal of various raw water contaminants. While BDD electro-oxidation has been
studied extensively for the abatement of organic micropollutants, its application as a pre-oxidation
technology for the removal of soluble manganese (Mn?*) in source waters for drinking water supply, has
not been reported to-date. In this study, we summarise the results of tests using a bench-scale electro-
oxidation system and synthetic Mn2* solutions in order to consider the simultaneous removal of
manganese and the generation of permanganate. The results showed that total manganese was reduced
by 9.1, 38.7 and 57.4% at current densities of 10, 40 and 80 mA cm™2, respectively, with an initial Mn?*
concentration of 39 uM. Increased Mn removal at higher current density was attributed to increased
generation of, and reaction with, hydroxyl radicals, indicated by a direct proportional relationship between
pseudo-first order reaction rate constants for methanol (OH radical scavenger) and current density. A
mathematical model was developed to describe Mn removal under mass transport limitations, and was
found to correlate well with experimental data. Finally, a completely novel synthesis pathway for the
generation of permanganate species (Mn’*) is presented, whereby concentrations up to 0.9 uM were
synthesised from Mn2* in circumneutral conditions.

Electrochemical water treatment technologies present a promising alternative to conventional processes, particularly for small, remote and/or decentralised

applications. Among these, advanced electro-oxidation processes using high oxygen overpotential electrodes like boron-doped diamond, already established

for the efficient removal of various organic micropollutants, may also be applied advantageously as a pre-oxidation technique for the abatement of

inorganic contaminants such as manganese.

1. Introduction

treatment processes through the electrochemical generation
of process chemicals, on-site and on-demand. While

Electrochemical water treatment technologies are garnering
much attention at present, as they provide a promising
alternative to conventional processes for various water and
wastewater applications. Much of this attention is in part due
to their potential suitability for applications in small, remote
and/or point-of-entry systems, as they can eliminate the
chemical supply chain associated with conventional

“ Department of Civil & Environmental Engineering, Imperial College London,
London SW7 2AZ, UK. E-mail: s.mcbeathl7@imperial.ac.uk

b Department of Chemical & Biological Engineering, University of British Columbia,
Vancouver V6T 1Z3, Canada

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
doew00261e

This journal is © The Royal Society of Chemistry 2020

technologies like electrocoagulation have been shown to be
promising for remote drinking water system applications for
both organic and inorganic contaminants,"* the process of
electrochemical oxidation (electro-oxidation) has not yet
received the same degree of attention. Furthermore, with the
advent of advanced materials which decrease the parasitic
oxygen evolution reaction (OER) potential, more
sophisticated electrochemical oxidation processes such as
advanced oxidation can proceed, as opposed to oxidation
being limited directly on the electrode surface. One particular
electrode material, which has been widely observed to treat
effectively a number of common raw water pollutants
through electro-oxidation, is boron-doped diamond (BDD).?
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BDD electro-oxidation can proceed via a number of
mechanisms including direct oxidation at the electrode
surface, although most published research has indicated that
the predominating mechanism is mediated through the
generation of hydroxyl radicals (R1):*°

BDD + H,0 — BDD('OH) + H" + e (R1)
At a lesser rate, it has also been shown that BDD electrodes
are capable of generating other reactive oxygen species such
as hydrogen peroxide (R2)>° and ozone (R3) and (R4):°®

2'0H — H,0, (R2)
'OH — O +H +e (R3)
.O + 02 - 03 (R4)

The most common and widely researched mechanism is the
"OH radical generation by the BDD anode (R1), which has
been shown to be an efficient process for the treatment of a
number of organic micro-pollutants.” Although effective
pollutant degradation and mineralization has been
demonstrated, the process is mass transfer limited due to the
highly unstable and non-selective nature of the ‘OH radicals,
which restricts the oxidation reactions to the proximity of the
electrode surface,” with no detectable residual oxidant
concentration in the bulk water solution.

One area that has not been thoroughly investigated is the
application of BDD electro-oxidation for the abatement of
inorganic contaminants, particularly that of manganese.
Manganese, a naturally occurring metal found in rocks and
mineral deposits, has a provisional maximum recommended
concentration of 0.1 mg L™ as defined by the World Health
Organization (WHO) guidelines for drinking water quality.'’
At circumneutral pH, Mn** can have a high solubility and is
therefore frequently required to be converted to the higher
valence state of Mn®" by pre-oxidation, which has a
significantly decreased solubility. Several studies have
reported the use of conventional chemical oxidants for this
purpose, such as chlorine,"*™*3 ozone,'*1?
permanganate,'™'*'® ferrate’” and by biological processes
such as manganese-oxidising bacteria.’® In addition to the
aforementioned abatement methods, various manganese
dioxide coated filter media, such as GreensandPlus™
(Inversand Company) and AD26 (AdEdge), are commercially
available and used for removal of manganese, in addition to
other contaminant species such as iron, hydrogen sulfide
and radium from groundwater supplies. It is generally
accepted that manganese dioxide deposits on sand media
surfaces act as a catalyst in the oxidation-reduction reaction
of manganese and require constant regeneration. While some
electrochemical methods of manganese removal have been
reported previously, these were limited to
electrocoagulation.’®" Although effective for conventional
applications, these treatment options can be impractical and
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uneconomic for small, remote and decentralised treatment
systems, as they all require the constant supply of process
chemicals. The wuse of electro-oxidation for manganese
removal may present a more favourable option that
eliminates the chemical supply requirement associated with
the conventional treatment processes.

While advanced electrochemical oxidation of manganese
may be a novel technique for the removal of total manganese,
through the conversion of soluble Mn** to insoluble Mn**
(MnO,), an additional complementary phenomena may
occur, this being the electro-synthesis of highly oxidative
manganese species, specifically permanganate (Mn”/MnO,").
Permanganate is conventionally synthesised in a two stage
process: (i) the oxidation of manganese dioxide to potassium
manganate (Mn®) by oxygen in highly concentrated
potassium hydroxide solutions, and (ii) electrochemical
oxidation of potassium manganate to potassium
permanganate in a highly alkaline electrolyte.*
Permanganate, dosed primarily in the salt form of potassium
permanganate (KMnO,), is a widely used chemical in the
water treatment industry for several applications including
the oxidation of various contaminants, such as taste and
odour compounds,> phenolic compounds,** pesticide and
antibiotic organic micropollutants,*™>” algal toxins®® and
heavy metals.”® Permanganate is also widely used as a pre-
oxidant for the management and removal of soluble
manganese(n)"*** and iron(u).>° Because of its non-toxic
reduction  product (insoluble = manganese dioxide),
permanganate is known to be a “green oxidant”.>> Unlike
highly transient hydroxyl radicals (self-decay koy = 5 x 10°
M s (ref. 31)), which are confined to the electrode
surface,’ synthesised permanganate is sufficiently stable to
diffuse from the electrode surface into the bulk solution to
interact with contaminant species (including Mn**), while
still possessing a high redox potential (E° = +1.51 Vgyg). This
characteristic differentiates permanganate from advanced
electrochemical oxidation, as MnO, concentrations can
potentially function as a residual oxidant species in the water
treatment-distribution system.

This paper summarises an investigation of the advanced
electro-oxidation of solutions containing Mn** ions, whereby
hydroxyl radicals generated at the electrode surface facilitate
the oxidation of the manganese to higher valence state
species for two purposes: (i) the formation of insoluble Mn
oxides such as MnO, (Mn*"), Mn,0; (Mn*") and
Mn;0,(Mn**"), for Mn removal; (ii) the synthesis of highly
oxidative permanganate species for contaminant degradation
in the bulk water solution and/or distribution system. The
research highlights a novel permanganate synthesis pathway
and the first example of in situ permanganate production in
circumneutral pH conditions, as well as a novel
electrochemical pre-oxidation process for total manganese
removal. In addition to providing a comprehensive
experimental study of BDD advanced electrochemical
oxidation for simultaneous total manganese removal and
permanganate oxidant synthesis, the paper presents a

This journal is © The Royal Society of Chemistry 2020
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mathematical model that describes the manganese removal
process and supports the experimental findings.

2. Methods and materials
2.1 Electrochemical reactor setup

Experiments were conducted in a batch-recycle configuration,
with the anolyte and catholyte separated by a Nafion-324
perfluorinated proton exchange membrane (Sigma-Aldrich)
(Fig. 1). Water temperature was held constant using a
thermo-regulated glass beaker and an applied thermal
control (ATC) Kt recirculating chiller at 21.8 + 0.8 °C. A
single-drive Watson-Marlow 505S peristaltic pump, outfitted
with two heads was used for the anolyte and catholyte flow,
which was held constant at 355 mL min~". The anolyte and
catholyte solutions were stirred using magnetic stir bars. The
thin-film (2-3 pm) monocrystalline BDD anode was
commercially purchased (NeoCoat®) and prepared through
the chemical vapour deposition method, on a 1 mm silicon
substrate. The cathode material was austenitic, face centred
cubic crystal stainless steel 304 (SS304) alloy. Both the anode
and cathode had dimensions of 50 x 50 x 1 mm, and were
separated by a 10 mm inter-electrode gap. The custom-made
electrochemical cell was fabricated with electrically inert
polyvinyl chloride and stainless steel hardware and braces for
assembly. Inert rubber was used for the o-ring and gaskets in
the assembled cell. All experiments were performed using a
Keithley 2460-EC electrochemistry lab system potentiostat.

2.2 Preparation of synthetic water (Mn>* solution)

The water matrix used for all experiments was a phosphate
buffer (pH = 7.1, 0.1 M), composed of ultrapure reverse
osmosis water, NaH,PO, and Na,HPO, (Fisher Scientific). The
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desired Mn>" concentration was attained by addition of
MnCl, (Acros Organics). Initial manganese concentrations of
175 and 39 uM (anolyte solution) were used. For all
manganese removal and permanganate generation
experiments, 900 mL of the synthetic water (phosphate buffer
and Mn) and phosphate buffer were used for the anolyte and
catholyte, respectively. Methanol degradation experiments
(for hydroxyl radical quantification) used the same
conditions, with the anolyte solutions containing methanol
instead of manganese. During hydroxyl radical scavenger
tests, HPLC grade (>99.9) methanol (Sigma-Aldrich) was used
at a concentration of either 2 mg mL™" or 6 mg mL™.

2.3 Analytical methods

2.3.1 Permanganate quantification. The ABTS (Sigma-
Aldrich) indirect method of analysis previously used for
ferrate quantification®?® was chosen because of its
sensitivity and accuracy in determining low concentrations of
the highly oxidative permanganate ion (MnO, ). This method
for permanganate quantification has been described in detail
elsewhere.®® In a 25 mL volumetric flask, 5 mL of acetate
buffer (pH = 4.1) and 1 mL of ABTS reagent (1 g L") were
added, in preparation for the addition of test samples, which
were added to each flask throughout the electrolysis
experiments. The indirect colorimetric method utilized a
Shimadzu UV-4201PC spectrophotometer. Permanganate
standards were prepared using potassium permanganate
(>99%) (Alfa Aesar) in a concentration range of 0-4 mg L.
During spectrophotometric analysis (380-500 nm), a visible
maxima was yielded at 415 nm, characteristic of the
generated ABTS™ species. Permanganate concentrations were
determined from experimental measurements as follows:

Potentiostat

Thermoregulation
Water Streams

BDD Anode

& . Catholyte
=

SS Cathode

=

Pump

Fig. 1 Schematic diagram of electrochemical reactor apparatus for Mn reactions and permanganate generation.

This journal is © The Royal Society of Chemistry 2020

Environ. Sci.: Water Res. Technol., 2020, 6, 2405-2415 | 2407


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ew00261e

Open Access Article. Published on 10 Qado Dirri 2020. Downloaded on 26/07/2025 6:22:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

[Mn(VII)] = Ai;;vs:/f 1

In eqn (1), Adyys, Vs, & [ and V; represent the UV-absorbance at
415 nm (corrected with a blank), the final sample volume, the
absorption coefficient as determined by the standards (140 030
M em™), the cell path length (1 ¢cm), and the volume of the
sample extracted from the anolyte (5-15 mL), respectively.

New ABTS solutions were made prior to each electrolysis
experiment with pure (reverse osmosis treated) water and
stored in the refrigerator at 4 °C, to avoid degradation due to
increased temperature and light exposure. Samples taken
during permanganate generation experiments were added to
the ABTS solution immediately, to avoid both the
degradation of permanganate (prior to a subsequent addition
to ABTS) and self-decay of ABTS. Immediately after sampling
and addition to the ABTS solution, spectrophotometric
analysis was conducted, once again to avoid the decay of
ABTS™" which could contribute to ultraviolet absorbance.

2.3.2 Inductively coupled plasma atomic emission
spectroscopy (ICP-OES). Total dissolved manganese was
quantified using ICP-OES (PerkinElmer - Avio 500). Samples
were filtered prior to analysis using 0.45 pm syringe filter
papers (GE Whatman cellulose nitrate membrane filter) and
acidified with nitric acid (Sigma-Aldrich) to a 1 M final
concentration. Manganese calibration was performed using an
ICP 23 multi-element standard solution diluted in nitric acid
(Merck) and all samples were measured in both the axial and
radial direction. Quality control checks were performed every
ten or fifteen samples. All glassware and syringe filters were
soaked in 10% v/v nitric acid for at least 24 hours prior to being
used and rinsed with ultrapure reverse osmosis water.

2.3.3 Cyclic voltammetry. Cyclic voltammetry (CV) analysis
was conducted using a Solartron 1470E potentiostat in the
aforementioned water matrix, with a 45 x 24 mm BDD thin
film monocrystalline anode on a silicon substrate
(NeoCoat®), a Ag/AgCl reference electrode (=0.197 Vgyg) and
a Pt cathode, to inhibit electrochemical current limitations
(decreasing the flow of charge) to the working electrode by
minimising the overpotential of the hydrogen evolution
reaction. A scan rate of 10 mV s™* was used to yield well-
defined voltammograms and was determined through a trial
and error process. CVs were conducted over an oxidation
potential range of 1.4-2.8 Vjg/agci-

3. Results and discussion
3.1 Manganese removal

3.1.1 Effect of current density. Prior to manganese
electro-oxidation experiments, computational fluid dynamic
(CFD) modelling and Raman micro-spectroscopy were
conducted to understand the electrochemical cell water
velocity distribution and evaluate anode quality, respectively.
The CFD models demonstrated evenly distributed water flow
across the electrode surfaces, consequently minimising any
current density distribution variations that may exist due to

2408 | Environ. Sci.: Water Res. Technol., 2020, 6, 2405-2415
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local velocity variations.*® This evaluation was important in
order to understand and ensure that the calculated current
densities (absolute current over the entire electrode surface
area) were achieved during the electrolysis experiments.
Variations in current distribution on the electrode surface
would result in reaction kinetic variations and consequently
uneven hydroxyl radical formation (or direct oxidation
variations at the electrode surface), which could significantly
impact both soluble manganese removal and permanganate
synthesis. Raman micro-spectroscopic analysis yielded a
distinct Raman shift peak at 1332 cm™', which is
characteristic of diamond.*® Although high quality BDD
electrodes have been found to have one of the greatest
electrical potential ranges of water stability (-1.25 to 2.3
Vsue),”” any graphite impurities can narrow this potential
range, resulting in the occurrence of the OER at lower
operating potentials. If any graphite impurities existed, a
peak would have been observed at 1580 ¢cm™ ', however, due
the absence of this peak, it can be concluded that the
anode has a high sp’sp® (diamond:graphite) carbon
structure ratio and consequently a high diamond purity.
Further analysis and description of the electrochemical cell's
transport phenomena and BDD electrode quality have been
described elsewhere®® and included in the supplemental
materials.

The electrochemical pre-oxidation and removal of total
manganese were initially investigated at three current densities
(10, 40 and 80 mA cm ) and an initial Mn>" concentration of
175 + 4 uM (9.6 mg L™"); the higher than typical Mn
concentration was used in order to facilitate greater accuracy in
the analysis of reactions. Total manganese concentration was
monitored throughout 120 minutes of electrolysis at regular
intervals (5, 10, 15, 30, 45, 60, 90 and 120 min) for all current
densities. In general, aqueous manganese (Mn>")
concentrations were observed to decrease with electrolysis
time, as well as with the increase of current density (see Fig. 2).
At 10, 40 and 80 mA cm > operations, final (120 min)
manganese concentrations of 161, 121 and 87 pM were
achieved, respectively. Operating cell voltages were relatively
steady throughout electrolysis, typically observed in ranges of
6.0-6.6, 14.1-14.7 and 18.0-18.6 V. Operating voltages are
highly dependent on several parameters, including solution
conductivity, inter-electrode gap and electrode surface area, all
of which affect the electrochemical cell resistance.

In general, pollutant degradation via BDD electro-
oxidation is a mass transport limited process, whereby the
transport of pollutant species through the Nernst diffusion
layer from the bulk water solution to the electrode surface
(where either direct oxidation or hydroxyl radical mediated
oxidation is limited) is the rate limiting step.® While in the
case of iron, the oxidation of Fe** to the higher oxidation state
species of ferrate under similar conditions was found also to
be diffusion limited, with no differences in ferrate generation
observed over the same current density range,®® the
generation of non-aqueous manganese species (MnO,/Mn*',
Mn,0;/Mn”") was highly dependent on current density. The

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Removal of aqueous manganese (Mn?*) with electrolysis time
and current densities of 10, 40 and 80 mA cm™2 (pH = 7, [Mn®*]y = 175
uM, T = 21.0 £ 0.8 °C).

varying removal of manganese with respect to current density
is likely due to one or both of the following mechanisms:
(1) Direct oxidation at the electrode surface:

BDD(Mn>") + 2H,0 — MnO, + 4H" + 2e~ (R5)
BDD(4Mn*") + 6H,O — 2Mn,0; + 12H" + 4e” (R6)

(2) Advanced oxidation at the electrode surface:
BDD(2'0OH) + Mn*" — MnO, + 2H" (R7)
BDD(2'OH) + 2Mn*" + H,O — Mn,O; + 4H" (RS)

Using cyclic voltammetry, the presence of direct electron
transfer mechanisms (R5) and (R6) was observed by the
presence of a small shoulder in the voltammogram between
2.0-2.2 Vjgagcr (see Fig. 3), highlighting an oxidation
mechanism by both direct and advanced oxidation processes.
The steep increase in the voltammogram as the CV
approaches 2.8 Vag/aqci is characteristic of the OER.

At higher current density operations, a greater rate of
hydroxyl radical production is expected and therefore a
greater rate of manganese removal. The determination of
hydroxyl radical production was conducted indirectly using a
strong "OH scavenger, namely, methanol (MeOH). MeOH was
chosen as a suitable hydroxyl radical scavenger as it has been
previously demonstrated to be oxidized solely via hydroxyl
radicals (koy ~ 9.7 x 10° M™* s (ref. 31)) and not by direct
oxidation during BDD electro-oxidation.*>*® The pseudo-
steady-state MeOH degradation was first determined using
an initial concentration of 62.5 mM in the same phosphate
buffer water matrix used during manganese experiments.
MeOH was quantified at regular intervals throughout
electrolysis, in the same batch-recycle configuration used for

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Cyclic voltammogram of MnCl, at pH = 7 (phosphate buffer)
and 10 mV s scan rate.

all other experiments, using the nitroprusside indirect
spectrophotometric method.*" From the results, the apparent
pseudo-first-order reaction rate constant (k) for MeOH
degradation by hydroxyl radical reaction was yielded, giving
the following values of k' = 2.77 x 1072, 7.31 x 10> and 1.72 x
10! s, for current densities of 10, 40 and 80 mA cm 2,
respectively (Fig. 4). The values indicated significantly greater
hydroxyl radical formation at higher current densities (as
would be predicted by Faraday's law).

Since hydroxyl radicals are continuously generated at the
electrode surface, MeOH degradation is described well by
pseudo-first order kinetics (Fig. 4), as the concentration of
hydroxyl radicals remains relatively unchanged and is
continuously replenished throughout electrolysis. Since the
second-order rate constant (kop) of hydroxyl radicals and
MeOH is known to be ~9.7 x 10* M™* s*,*' the concentration

4.0
A ©10 mA/cm2
35 | y=0.1715 040 mA/cm2
R*=0.9545 .
A 80 mA/cm2
3.0 e
i < y=0.0731x
2.5 2_
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S 20 ‘o . L
15 : L y=0.0277x
N Qo R?=0.9868
e e
05 | /A0 "
O
0.0 8§
0 10 20 30 40 50 60 70 80
Time, min
Fig. 4 Indirect quantification of hydroxyl radical formation (methanol

degradation) with current densities of 10, 40 and 80 mA cm™ (pH = 7,
T=21.0%0.8°C).
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of hydroxyl radicals at the various current density conditions
can be calculated using the observed pseudo-first-order
reaction rate constants (k). As expected, the yielded k' values
(and corresponding hydroxyl radical concentrations) increase
linearly with current density (Fig. 5).

3.1.2 Effect of initial [Mn>*]. +The electrolysis experiments
were conducted at a lower initial manganese concentration of
Mn*" =39 + 2 uM (2.2 mg L") under the same conditions as
those for the Mn>" = 175 uM tests. As expected, very similar
results were observed, with the manganese removal
increasing with both electrolysis time and current density.
Since the hydroxyl radical formation rate is constant at each
current density, the reduction in Mn*' concentration was
expected to be independent of its initial concentration, in
accordance with a pseudo-first order reaction (k' = kop [[OH]);
confirmation of this for the initial period of electrolysis (<60
min) is shown in Fig. 6 for a current density of 40 mA cm>.
However, some small differences in the removal of
manganese (Mn>") were evident at the end of the electrolysis
time (120 min) for the different initial concentrations. Thus,
for the current densities of 10, 40 and 80 mA cm™2, the
corresponding Mn** reduction was 7.2, 28.6 and 49.3% for
Mn3" = 175 uM, and 9.0, 38.7 and 57.4% for Mng" = 39 uM,
respectively (Fig. 6). While it would be expected that
manganese diffusion to the electrode surface at a higher
concentration would be increased, only very little differences
in removal were observed, indicating that the limited role of
diffusion on oxidation process. However, these differences in
removal may be due to hydroxyl radical consumption by
chloride, the counter ion of manganese (dosed as MnCl,),
which will be present at a much higher concentration during
Mn>" =175 uM tests. Some researchers have previously found
chloride to be readily reacted at the BDD electrode surface
via advanced oxidation.*>** Furthermore, at a constant
current density and therefore constant hydroxyl radical
generation, there will be a higher ‘OH to Mn>" ratio at lower

0.20
o

0.16

0.12

‘_‘:h
0.08
0.04 R (TO56
Q.'-' = V.
0.00
0 20 40 60 80 100

Current Density, mA/cm?

Fig. 5 Pseudo-first-order rate constant (k) of MeOH degradation via
hydroxyl radical oxidation at various current density conditions (10, 40
and 80 mA cm™).
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Fig. 6 Removal of aqueous manganese (Mn?*) with electrolysis time at
40 mA cm™2 with [Mn®*]y = 175 and 39 uM, (pH = 7, T = 21.0 + 0.8 °C).

initial manganese concentrations, which could also explain
the greater total manganese removal observed in Fig. 6.

3.1.3 Mathematical model. A mathematical model was
developed to understand and compare the experimentally
observed results for electro-oxidation and removal of
manganese, to those predicted by the theory. The simple model
describes the oxidation of Mn** to higher valence state Mn
species, under idealised conditions and assumptions. The
model considers the time variation of manganese in two forms:
dissolved manganese (Mn**) and oxidised insoluble forms of
manganese (Mn**°"), as indicated by the subscripts “SOL” and
“INS”, respectively. The model was derived through a mole
balance of the electrochemical reactor and the anolyte vessel
(Fig. 1). Two important assumptions made during the model
development were: (i) plug flow mass transport through the
electro-active volume of the reactor (i.e. no water flow velocity
variations and perfect mixing), and (ii) the system and kinetics
are completely mass transfer limited. The complete model
development is described in the accompanying ESL} The final
expressions (eqn (2)—-(4)) describe the generated concentration
of insoluble manganese species (Cins) exiting the
electrochemical reactor (and/or entering the anolyte reservoir),
as a function of time during electrolysis (¢), the mass transport
coefficient (k,,) and degradation coefficient (kg). Other variables
included in the final model expression are the inter-electrode
gap (d), the reactor residence time (¢z) and anolyte reservoir
residence time (ty).

Cins(IN, t) = A(1 - exp(-Bt))Csoro (2)
where,
k_m 1—exp{— (ka—i-kd)tR}
A=+ ] . 3)
7m+kd 1 +kdtv—exp{—(7m+kd) tR]
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1+ kdtv —exp{—(%n + kd) tR:|

ty

B—

4

Using the curve fitting tool (MATLAB 2019b), the mass transfer
coefficient (k, m s™*) and degradation coefficient (kg, s *) for
80 and 40 mA cm™> electrolysis were determined to be 0.532 x
10 and 2.445 x 10 ° m s ', and 1.687 x 10 % and 1.939 x 10"
s, respectively. The model and experimental data for
manganese removal were found to be in good agreement, with
coefficients of determination of R* = 0.97 and 0.98, for 80 and
40 mA cm™ operations, respectively (Fig. 7), indicating that
experimentally observed insoluble manganese generation
results behave in a manner predictable by theory.

In addition to confirming the validity of the experimental
results compared to those predicted by theory, the model
may also be useful in predicting and describing manganese
removal in similar systems. The mass transport and reactor
design variables governing the model, such as inter-electrode
gap and electrode dimensions (and the resulting reactor
residence time, fg), can be inputted to predict the resulting
manganese removal. For example, if the current BDD
electrode dimensions were changed from 50 x 50 mm with a
10 mm inter-electrode gap, to 100 x 300 mm and a 5 mm
inter-electrode gap, the model predicted manganese removal
would increase by two, in half of the time.

3.2 Permanganate synthesis

3.2.1 Effect of current density. While the oxidation of
Mn>" was observed to progress principally to an intermediate
oxidation state in the form of insoluble manganese (Mn**°"),
such as thermodynamically stable species MnO,, Mn,0; and/
or Mn;O,, there exists in theory an additional manganese
species of higher redox potential that can be synthesised, this
being MnO, (permanganate). Under the high potential
conditions investigated, the generation of permanganate can
occur provided two phenomena are minimised: (i) the
parasitic OER, which increases as electrical potential
increases, and (ii) the parasitic reaction of insoluble

This journal is © The Royal Society of Chemistry 2020

manganese species formation. Although it was evident from
the CV and ICP-OES analyses described in section 3.1 that
both of these reactions were present, it was still considered
likely that permanganate would be produced.

The electrochemical generation of permanganate was
investigated under the same conditions used for the Mn*"
pre-oxidation experiments (10, 40 and 80 mA cm *) with an
initial Mn>" concentration of 175(+4) uM (9.8 mg L™'). As was
found in the investigation of manganese removal, only minor
effects were evident at the lowest current density investigated
(10 mA ecm ™), and a maximum permanganate concentration
of 0.05(+0.01) uM was yielded. Under the same conditions,
the total manganese concentration decreased by only 7.2%,
with 161.22 uM of Mn”>" remaining unreacted in solution.
When the current density was increased to 40 and 80 mA
cm™?, maximum permanganate concentrations of 0.921(=0.09)
and 0.930(+0.12) uM were generated after 150 and 90 min of
electrolysis, respectively (Fig. 8). In the latter case (80 mA
cm™?), permanganate levels were observed to decrease after
reaching a maximum, likely due to chemical reduction via

1.2

040 mA/cm2

1.0 | *80mA/cm2

08

[MnO,] pM

0.2 f * =]

pEE ® g, O .

0 50 100
Electrolysis Time, min

0.0

150

Fig. 8 Production of permanganate at 40 and 80 mA cm™2 over 120
min of electrolysis (pH = 7, [Mn®*]y = 175 uM, T = 21.0 * 0.8 °C).
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oxidation reactions with other manganese species (Mn>~"), as

permanganate is an efficient chemical used for the oxidation
and removal of dissolved manganese."""**®

After an initial lag period of minimal permanganate
generation, a sharp increase in synthesis occurs after 30 and
60 min of electrolysis for the 80 and 40 mA cm™ conditions,
respectively. The same lag period prior to significant
reductions of soluble manganese was also observed (Fig. 2),
indicating the possibility of a similar mechanism responsible
for the production of both permanganate and insoluble
manganese species. This may be explained by the initial
production of manganate (Mn®/MnO,>’), as it has been
previously shown in a drinking water treatment context that
manganate is thermodynamically unstable in circumneutral
conditions, leading via disproportionation to MnO, and
permanganate.’* Though ICP-OES analysis demonstrated that
MnO, was predominantly generated, it was evident that
disproportionation of manganate to the permanganate ion
was also occurring. As demonstrated previously with respect
to the lag period prior to rapid decrease in soluble
manganese, the mathematical model (presented in section
3.1.3) is able to show that the lag period prior to rapid
permanganate generation may also be decreased by altering
several reactor design variables, such as the inter-electrode
gap distance and the electrode dimensions, assuming a
common mechanism is shared between the two processes.

Although only a small concentration of permanganate was
quantified (~1 puM) in the bulk water solution, additional
permanganate may have been generated and rapidly reduced
at the electrode surface when interacting with, and oxidising
Mn*", as it is known to do efficiently."""*'® Moreover, some
evidence exists which would suggest that the permanganate
concentration observed may be adequate in a water treatment
process to serve as a useful pre-oxidant or residual
disinfectant. Previous researchers have shown that significant
degradation (>50%) of bisphenol A could be achieved by

2412 | Environ. Sci.: Water Res. Technol., 2020, 6, 2405-2415

permanganate concentrations as low as 5 pM.*> Other
phenol-type contaminants have been found to be
significantly reduced when treated with a potassium
permanganate concentration of 10 puM.>* Turbidity has also
been shown to be effectively reduced by 34% using 1.7 uM
permanganate as a pre-oxidant.*®

When the initial soluble manganese concentration was
decreased to 39 uM (2.2 mg L7'), significantly decreased
permanganate generation was observed (Fig. 9). Electrolysis
under 40 and 80 mA cm> conditions generated very similar
permanganate concentrations indicating a diffusion limited
process, while 10 mA cm™> operations produced slightly less
permanganate. Although synthesised at reliably quantifiable
concentrations, a permanganate dose of ~0.1 uM may be too
low to provide any significant benefit as an oxidant chemical.

4. Conclusion

In summary, a novel electrochemical process for the
simultaneous removal of dissolved manganese and
generation of useful permanganate oxidant for drinking

water treatment, in neutral pH conditions, has been
presented for the first time. While electrochemical
techniques like electrocoagulation have been shown

previously to remove manganese from groundwater, this
study presents an effective electrochemical pre-oxidation
technique suitable for small, remote and decentralised
systems, as it completely eliminates the chemical supply
chain associated with conventional pre-oxidation processes.
At initial dissolved manganese concentrations of 175 and
39 uM, reductions in total manganese were observed to be as
high as approximately 50% in both cases. While dissolved
manganese reduced with electrolysis time, an increased
reduction was observed as the operating current density
increased. For current densities of 10, 40 and 80 mA cm 2,
the total manganese reduced by 7.2, 28.6 and 49.3% for an

This journal is © The Royal Society of Chemistry 2020
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initial Mn®" concentration of 175 uM, and 9.1, 38.7 and
57.4% for an initial Mn®" concentration of 39 uM,
respectively. At both initial Mn>" concentrations, soluble
manganese was observed to be removed at a similar rate.
Furthermore, greater manganese removal at increased
current densities is attributed to the increased hydroxyl
radical formation, as indicated indirectly by the pseudo-first-
order decay constants for methanol ("OH radical scavenger):
kK =2.77 x 1072, 7.31 x 10 % and 1.72 x 10* s%, at 10, 40 and
80 mA cm™ electrolysis, respectively.

A mathematical model was developed to describe the
manganese removal, under mass transport limitations, and
was used to compare the experimental results with those
predicted by theory. The model assumed manganese to be in
either a soluble (Mn*") or insoluble (Mn®®") form and was
developed through a mole balance of both the
electrochemical reactor and the anolyte vessel (for the batch
recycle system). Experimental and model results correlated
well, with a coefficient of determination of R* = 0.97 and 0.98
for the 80 and 40 mA cm™> operations, respectively.
Additionally, the model can provide the basis for increasing
manganese removal with respect to reactor design
considerations, such as electrode dimensions and inter-
electrode gap.

Finally, the generation of permanganate from dissolved
manganese (Mn>") was explored at two Mn concentrations.
Through cyclic voltammetric analysis, a mechanism via both
direct and advanced oxidation was established. At the higher
initial Mn®" concentration (175 pM), greater permanganate
formation was observed, particularly during 40 and 80 mA
cm 2 electrolysis, whereby 0.921 and 0.930 uM MnO,  were
generated after 120 and 90 min of electrolysis, respectively.
Although relatively low MnO,  concentrations were generated
under the test conditions, the work presented provides a
completely novel synthesis pathway for permanganate
generation. Compared to the conventional method of
producing potassium permanganate via an energy intensive,
two-step process, this work has demonstrated a potentially
important in situ synthesis process, which exploits the
presence of dissolved, low valence, ambient manganese in
raw waters.
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