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ARTICLE INFO ABSTRACT

Keywords: Electrochemical systems are attracting increasing interest in environmental protection as relatively sustainable
Calcium carbonate processes, particularly in wastewater treatment and reuse. However, cathode scaling in electrochemical pro-
Electrooxidation cesses for wastewater treatment is a major issue that is often overlooked. It is proposed for the first time to
ﬂic:;girizzp:;z;t investigate the anodic contribution towards CaCOs electroprecipitation phenomena under the advanced elec-
Modelling trooxidation conditions applied to remove organic biorecalcitrant pollutants. The contribution of the reaction of

the hydroxyl radical ("OH) with carbonates, which reduces cathodic scaling at a micrometric interelectrode
distance (500 um) and at a high current density (16 mA cm’z), is described in detail. In addition, the anti-scaling
effect of local anodic acidification should be considered. A new kinetic model of electroprecipitation fits the
experimental curves well (root mean square error (RMSE) < 0.19 for Ca®") and confirms this anodic role,
combined with the gas hindrance and scale detachment induced by gas bubble electrogeneration at sufficiently

Wastewater treatment

high current intensities.

1. Introduction

As a result of more stringent regulations on the release of wastewater
into aquatic media which have been designed to preserve the natural
environment and to promote water reuse, the conventional biological
and physicochemical treatments used in wastewater treatment plants
(WWTPs) may soon no longer be sufficient [1-3]. Thus, a variety of
complementary treatments has been proposed in the literature, and
some have been applied at an industrial scale [4-7]. The majority of
these processes operate using chemical oxidation with strong oxidants to
eliminate pollutants [8-11]. These processes include classical oxidation
processes such as chlorination, ozonation and ultraviolet irradiation,
and, more recently, advanced oxidation processes (AOPs) designed to
degrade organic contaminants. However, this increased efficiency
comes with a high price tag: the requirement to use chemical reagents (e.
g., Ho0g, Cly, O3, acid/base, Fe?*, etc.) [12,13], which goes against the
environmentally friendly approach to wastewater treatment. One cate-
gory of AOPs is electrochemical advanced oxidation processes (EAOPs)
[3,5,12,14-18], in which potent, quasi non-selective oxidizing agents
such as hydroxyl radicals (*OH) and other mediated oxidants (e.g.,
hydrogen peroxide (H;07), HCIO/CIO~, Cl;, O3 etc.) are
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electrogenerated in situ [18-20].

In the last decade, the introduction of submillimetric reactors within
EAOPs has broadened the perspective of water treatment using elec-
trochemical techniques [21-28]. A micrometric interelectrode distance
could lift the mass transport limitation often encountered in macro-
metric electrochemical reactors [21,29]. Redox activities on each elec-
trode could also contribute and may result in changes to the overall
electrochemical/chemical reactions in the system [30]. This approach
also makes it possible to operate with low-conductivity solutions, while
minimizing the energy requirement [31-33].

However, electrolytic systems remain prone to electrode passivation,
even under microfluidic conditions [30,34]. Depending on the potential
applied to the cathode, the reduction of dissolved oxygen (O3) (Eq. (1))
and/or water (Eq. (2)) occurs [35,36]:

0O, +2H,0 +4e”—40H" (€8]

2H,0 +2e”—»H, +20H" (2)

These reactions lead to a gradient in the hydroxyl ion (OH") con-
centration near the cathode compared to that in bulk solution. A high
local pH [30,34,37] during electrolysis could easily convert CO3" into its
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predominant form, according to the acid-base constants given in Egs.
(3)-(4) [38,391:

_mj[ECco ] L
Kar = [H2C03] ,PKA1 = 6.3 3
_ [A][cos ] _
= [HCO, | . PKp2 =104 4

Thus, depending on the concentration of magnesium (Mg?") and
calcium (Ca") ions in the effluent to be treated, Mg- and Ca-based
passivating layers could be formed on the cathode surface, as shown
in Egs. (5)-(7):

Mg>" +20H —Mg(OH), 5)
OH™ 4 HCO; —»H,0 +CO0~ (6)
Ca** +C0%" —CaCo; )

Such passivation layers can strongly impact the durability of EAOPs
under continuous operation if regular and costly maintenance is not
foreseen. Mechanical clean-in-place (CIP) techniques have demon-
strated high descaling efficiency with smooth materials [40]. However,
such methods are likely to be less useful for porous materials, bearing in
mind that the electro-precipitates are located within the internal pores
[41]. Most EAOPs require the use of porous material electrodes,
particularly to implement flow-through design to increase mass trans-
port [22,27,31,42]. Periodic polarity reversal is another successful
descaling technique, which has been applied at industrial scale to pro-
long the electrodialysis process [43-46]. However, this technique may
not be suitable for most EAOPs. Efficient descaling using this technique
could only be obtained using a high applied current (Ipp) [43,44,47,48],
which translates into an elevated overall operational cost. Also, only
stable electrodes, such as several mixed metal oxides (MMO) (e.g.
IrO>-RuOy/Ti, IrO,-Ru02-Sn0,/Ti), Pt-coated Ti or boron-doped dia-
mond (BDD), which are capable of resisting high current polarization in
both cathode and anode configurations. Other common electrode ma-
terials (e.g., most steels and less noble metals) become corroded via
anodic polarization at high I, releasing ions into the solution.
Carbonaceous materials can even be burnt when they are used as anodes
under medium and high current densities [49]. Thus, reducing the fre-
quency of polarity reversal or even proposing an alternative to avoid this
technique by a self-cleaning mechanism would challenge the current
practice and enlarge the application field of applied electrochemistry,
including EAOPs.

Surprisingly, the role of *OH in mineral scale formation has never
been studied and is thus the goal of this study. Moreover, the involve-
ment of anodic activity is typically stronger under microfluidic condi-
tions and may play a role in the mechanism of electroprecipitation on
the cathode and on pollutant degradation via *OH generated at the
anode or mediated oxidants in the bulk. HCO3/CO% is a "OH scavenger
via the formation of carbonate radicals [50,51], which could reduce the
carbonate concentration available near the cathode, possibly resulting
in less calcareous scaling. This hypothesis is studied for the first time in
this paper using a systematic investigation using synthetic wastewater
while progressively increasing the applied current density to assess the
influence of anodic *OH on cathodic mineral scaling.

2. Materials and methods
2.1. Chemicals

Information about the chemicals used in this study is given in the
Supplementary Information (Text S1).
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2.2. Preparation of effluent

Experiments were performed using a synthetic effluent containing
3.75mmol L1 (150 mg of L™1) Ca?*, 0.21 mmol L™} (5 mg of L™1) Mg?*
and 5 mmol L™! (60 mg of C L™}) bicarbonates by dissolving 1.2887 g of
CaS04-2H50, 0.1014 g of MgS0O4-7H20 and 0.8400 g of NaHCOg in 2 L of
ultrapure water (18.2 MQ cm) provided by a PureLab ELGA water pu-
rification dispenser (Veolia Water, Antony, France). No additional sup-
porting electrolyte was used. The initial pH was adjusted to 7.6 by
adding 650 pL of 1 mol L™! sulfuric acid. The eventual electrical con-
ductivity of the synthetic effluent was approximately 1000 uS cm™},
with the ionic strength estimated to be 0.02 mol L1, These properties
were selected to emulate the characteristics of municipal wastewater
plant effluent [30,34].

2.3. Electrochemical setup

The electrochemical setup consisted of a vertical parallel-plate filter
press reactor, composed of a stainless steel cathode and a BDD anode
separated by a spacer of 500 um thick. The setup is described elsewhere
[29,30,34,41] and more details are given in the Supplementary Text S3.

2.4. Analytical methods

Details of the analytical methods used in this study are given in the
Supplementary Text S2.

2.5. Development of the electroprecipitation model

Our model of electroprecipitation kinetics is based on recent studies
in which the electroprecipitations occurring within submillimetric to
millimetric interelectrode distances were modeled [30,34]. Continuous
reduction of dissolved Oz (Eq. (1)) and H30 (Eq. (2)) to OH™ could be
modeled via a modified Faraday’s law as shown in Egs. (8)-(9):

dOH™]  vo, jupp Japp
- = D2 E Z2PP
row =+ s CBoy + 0 ®)
CE CE
a = Un,o B0 _ IJ]—IZ—HZ 9
nyu,0 Ny,

where 7oy is the heterogeneous production rate of OH™ (mol m 2
min~1) (the concentration is expressed in mol m~2 due to negligible
thickness of the reaction zone with respect to the electrode surface [30]);
a is the gas hindrance factor related to Hy bubble production on the
cathode originating from the H,O reduction reaction shown in Eq. (2)
[30]; jupp is the applied current density (A m~2); Fis the Faraday constant
(96,485 C mol’l); no, (=4) and ny,o (=2) are the numbers of electrons
participating in Eq. (1) and Eq. (2), respectively [30,34]; ny, (=2)
reacted to produce Hy with respect to the stoichiometry of OH™ pro-
duction from Eq. (2); vo, (=4) and vy, (=2) are the stoichiometric co-
efficients of OH™ produced by Eq. (1) and Eq. (2), respectively; vy, (=1)
is the stoichiometry of Hy production with respect to that of OH™ in Eq.
(2); CEo, and CEy,, are the current efficiencies attributed to the Faradaic
reactions in Eq. (1) and Eq. (2); and CEy, is the proportion of Faradaic
current spent due to the concomitant H, evolution in Eq. (2). CEo, and
CEy,o were determined experimentally at different applied currents
using the Ti(IV)-H302 complexation method described elsewhere
[30,52]. Because CEy,o and CEy, appear in the same half equation of Eq.
(2) whereby the reduction of H20 and the evolution of H; take place on
the same cathodic surface, it has been hypothesized that the current
efficiency CEy, equals CEy,o [30]. Thus, a (Eq. (9)) can also be deduced.
The current efficiencies and the value of a as a function of the applied
current are summarized in Table S1. Detailed explanations and calcu-
lations are given in the Supplementary Text S4.

The rate of CaCOj3 electroprecipitation (rcico,) was modeled using
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the kinetic laws given in Egs. (10)-(11):

Fear = = reaco; = — (keaco, — kaercaco, ) [Ca?F] [COTT] (10)
. K x[TIC)

[co3 Lm :Wfk.OH.[TIC].t an
[OH™] A2

where re,2: is the rate of heterogeneous Ca?* precipitation (mol m~2
min’l); kcaco, is the second-order rate constant of heterogeneous elec-
troprecipitation of CaCOs3 (3.6 x 103 m* mol ! min~! [30,34]; Kget.cacos
(m* mol™! min™!) is the CaCO3 detachment rate constant due to
concomitant evolving gas, which is dependent on the applied current;
[Ca?*] is the molar concentration of Ca%" (mol m~3); K, is the acidity
constant of the HCO§/CO§' acid-base couple (Eq. (4)) (pK,, = 10.4
[38]); and [CO3|
bonates on the cathode (mol m’3), which is modeled using Eq. (11). Eq.
(11) is a function of (1) the concentration (mol m~) of total inorganic
carbon ([TIC], defined as [HCO3] + [CO3 D, ignoring carbonic acid
given the range of investigated pH values in the bulk and (2) the con-
centration of OH™ produced via Egs. (8)-(9). k-oy is newly introduced
and represents the pseudo first-order rate constant for conversion of
carbonates into carbonate radicals (CO; ) by the intermediary *OH
(min~1) under conditions where the latter is present.

The modeling of Ca?* concentration evolution was performed using
Aquasim® software [53]. The root mean square error (RMSE) (Eq. (12))
[54] was used to determine the fit between experimental and modeled
points:

is the theoretical interfacial concentration of car-

int

Sl =)’ 12)

RMSE =
K

where y, is the experimental value, y; is the model value and K is the
number of iteration.

3. Results and discussion
3.1. Kinetics of electroprecipitation of CaCOs at different applied currents

Fig. 1 shows the evolution of the experimental and modeled Ca%* and
total inorganic carbon (TIC) concentrations during electrolysis at 40,
200 and 800 mA. Ca?" precipitated at 54.4 + 1.9%, 49.8 + 5.6% and
46.9 + 1.2% at 40, 200 and 800 mA, respectively, while TIC precipitated
at 92.4 & 3.9%, 87.6 + 1.7% and 84.4 + 4.8% with increasing I,,p. A rise
in CaCO3 electroprecipitation was noted as I,pp was increased. The
associated changes in bulk pH and ionic conductivity are displayed in
Fig. S1 and discussed in the Supplementary Text S5.
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Fig. 2 shows the molar ratio of Ca?* concentration with respect to
TIC concentration over the course of a 5 h electrolysis as well as the
molar ratio of precipitated Ca%* compared to precipitated carbonates. In
Fig. 2a, the ratio [Ca2+] /[TIC] was less than one (0.64 to 0.77) because
there were more moles of carbonate than of Ca?t, meaning that the
concentration of Ca?" was the limiting factor. As the electrolysis time
increased, the ratio [Ca®*1/[TIC] increased due to a decrease in both
Ca?" and carbonate concentrations, which suggests that the consump-
tion of the latter was quicker than that of the former. This result is
supported by the TIC plot in Fig. 1b. The quicker decrease in carbonate
compared to Ca®", whatever the applied current, could be due to their
protonation into carbonic acid and then into COj, caused by the local
acidification at the anode surface through H,0 oxidation. The deduction
made from Fig. 1 was replicated in this study (see Fig. 2b). The molar
ratio of precipitated A[Ca®*] over A[TIC] at the end of electrolysis was
determined to be 0.39 + 0.02, 0.40 + 0.04 and 0.35 + 0.02 for 40, 200
and 800 mA current, respectively. The ratio A[Ca®t]/A[TIC] was the
lowest at the highest I, (800 mA). This lower ratio was the outcome of
lower precipitation of Ca®* (i.e., higher Ca*" content in the bulk) and
could also be due to the reaction of carbonates with other compounds,
which is discussed in Sections 3.3 and 3.4.

3.2. Role of measured electrode potentials on CaCOs electroprecipitation
at different applied currents

When an electrochemical cell is polarized at a given I, using a
current generator, a specific potential will eventually be applied to both
the anode and the cathode. The applied potentials depend on the applied
current and on the configuration of the electrochemical reactor [29,30].
Fig. 3 shows the cathode potential (E¢) as a function of the percentage of
CaCOj3 deposited, together with the anode potential (Ea), cell voltage
(AU) and ohmic drop (3_RI) at all investigated I, values. In agreement
with Fig. 3a, E¢ was found to be —1.40, —1.54 and —2.30 V/Ag-AgCl
when the current was 40, 200 and 800 mA, respectively. A previous
study showed that as E( falls deeper into the water reduction region
[30], Ec moves further away from the standard potential of O, reduction
into OH™ via four electrons (Eq. (1)), which occurs with minimum
parasitic hydrogen gas (Hy) formation [55,56]. The importance of gas
evolution on cathode scaling was emphasized in a recent article dealing
with the effect of dejec [30]. The increase in dejec decreased Ec and thus
increased scale detachment. Similarly, as a higher I,p, is applied in this
study, a lower percentage of cathodic CaCO3 deposition was observed,
partly due to the detachment associated with intense Hy evolution.

Also, as I, increased, the measured Ex and AU also increased. Ex
was experimentally determined to be 2.19, 2.50 and 2.78 V/Ag-AgCl,

(b)
1.0 040 mA
| X200 mA
= 087 5 800 mA
— A m
E 4
E 06
G 4
Jo—
= 0.4 4
0.2
0.0 . . ; . .
0 60 120 180 240 300
Time / min

g. 1. Experimental and modeled kinetics of the concentration of (a) Ca®* and (b) TIC at 40, 200 and 800 mA.
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Fig. 2. Molar ratio of (a) Ca%" concentration with respect to that of TIC and (b) precipitated Ca?* with respect to precipitated carbonates.
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Fig. 3. Relationship between (a) measured E¢ with the percentage of electro-
precipitation and (b) measured Ea, AU and the corresponding > RI as a function
of applied current.

while AU was measured to be 3.07, 4.03 and 4.90 V at currents of 40,
200 and 800 mA, respectively. This increase in cell voltage was expected
because a higher I,p, was applied. As I, increased, overpotentials on
both the anode and cathode also increased with respect to the equilib-
rium potentials [57]. Hy and O gas bubbles produced on the cathode
and anode, respectively, were insulating in nature [58]. Thus, the

internal resistance of the cell [30] also increased from 2.28 to 4.42 Q as
Lypp increased from 40 to 800 mA (Fig. 3b). Elsewhere, the measured Ex
has a fundamental impact on the presence of radical species, as pre-
sented in the next section.

3.3. Validity of carbonate reactivity under advanced electrooxidation

The possible parallel reactions of sulfates and carbonates have also
been investigated. A synthetic solution containing only HCO3/CO3 at 5
mmol L1 (60 mg-C L Y and SO%’ at 5 mmol L~ ! was studied at 40, 200
and 800 mA (Fig. 4). The evolution of sulfate concentration remained
constant regardless of the applied current (Fig. 4a). This demonstrates
the lack of reactivity of sulfates during electrolysis over this range of
current densities with an interelectrode gap of 500 um, while stronger
operating conditions are known to form the sulfate radical at BDD anode
surfaces [59]. In contrast, the evolution of TIC (i.e., carbonates) differed
according to the applied current, see Fig. 4b. The carbonate concen-
tration remained constant throughout electrolysis at 40 and 200 mA.
However, at a higher current (800 mA), their concentration decreased
exponentially with time (R%? = 0.91) (Fig. 4c). At this intensity, Ep is
around 3.0 V/Normal hydrogen electrode (NHE) (Fig. 3b). This is suf-
ficient to generate physically sorbed *OH at the BDD anode surface from
H20 oxidation (Eq. (13)), given its high Oy evolution overvoltage
(2.2-2.8 V/NHE) as well as the standard potential of the *OH/H50 redox
couple, which is equal to 2.8 V/NHE [4-7]:

BDD + H,0—BDD( e OH) +¢~ +H" 13)

*OH radicals are known to react with HCO3 and CO%™ to form car-
bonate radicals (CO37), via a pseudo first-order reaction assuming a
quasi steady-state approximation toward *OH [50,51,60]. Thus, none of
the carbonates was available to react with Ca%* when the local pH was
sufficiently high. This result could explain the lower A[Ca®]/A[TIC]
molar ratio at 800 mA, as shown in Fig. 2b. Additionally, the micro-
distance (500 um) used in the cell could favor the transport of carbon-
ates towards the *OH present in the vicinity of the anode surface,
because such a small distance enhances mass transfer, as reported pre-
viously with a cell of the same design [21,29].

This result also highlighted the unprecedented anodic contribution
to the limitation of cathodic CaCOj3 electroprecipitation at the current
density leading to the formation of *OH. The contribution of radicals has
been considered in a new mathematical model described in the
following section and in the Supplementary Information.
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3.4. Kinetics modeling and mechanistic scheme of CaCO3
electroprecipitation

Considering the results presented in the previous sections, a novel
kinetic model was developed for CaCOj electroprecipitation in a
microfluidic thin film reactor under different current intensity condi-
tions. This model is described in detail in the Methods section, the
associated curves are plotted in Fig. 2 against experimental data, and
Table S2 shows the primary constants involved in the model. Table S3
summarizes the data (initial conditions, variables and processes)
computed using the Aquasim® software assuming a mixed reactor
compartment type as well as a constant volume (5 x 10~ m®) with zero
input (batch system). The difference in the kinetics of electro-
precipitation depending on the applied current was modeled by
considering (i) the gas hindrance factor (a) [30]; (ii) scale detachment
(kqger) at the cathode due to high Hj gas evolution at sufficiently low E¢
values (200 and 800 mA conditions) [30]; and (iii) carbonate reactions
with *OH (k.on) at higher currents (800 mA) when E, was sufficiently
high to produce *OH (newly introduced in this study). k.ou was deter-
mined experimentally by considering the slope in Fig. 4c (i.e., 3.83 x
10~* min™1).

RMSE values indicated good fits, particularly with the kinetics of
Ca?* concentration (RMSE < 0.19), while RMSE values were below 0.42
for TIC evolution. These results confirmed the critical role of current
density in scale detachment and carbonate reactivity. A mechanistic
scheme illustrating the different factors that affect CaCO3 electro-
precipitation is shown in Fig. S2.

4. Conclusions

The present work was stimulated by an interest in developing
microreactors that not only allow electrical energy consumption to be
minimized, but also operate with low-salinity effluents while decreasing
electroprecipitation phenomena at a sufficiently high current density.
The results demonstrate the possibility of limiting the frequency of po-
larity reversal at an industrial scale, though the anodic role (accumu-
lation of *OH and H™) could be minimized depending on the operating
conditions and the characteristics of the solution being treated. More-
over, this study highlights an additional feature to consider: the kinetics
of *OH reactivity in the degradation of organic pollutants during
advanced electro-oxidation treatment in the presence of hard water.

There is still a need to carry out studies in presence of more complex
matrices, whilst the generation of unwanted byproducts under various
applied currents should be monitored and controlled. Other radical
scavengers (nitrate, organic matter, etc.) could be in competition with
carbonates and therefore limit the anti-scaling role of *OH. Moreover,
the lower treatment capacity and higher clogging issues of microreactors
encourages researchers to consider innovative designs [25,27,61]. A
reactive electro-mixing reactor that combines both micro- and macro-
reactors could be one possibility [25,27,61]. Finally, further studies
are required to compare the cost efficiency of the anti-scaling effect
demonstrated in this paper with other conventional descaling technol-
ogies (e.g. mechanical techniques).
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