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HIGHLIGHTS

Local cathodic alkalization occurs predominantly due to H>O reduction not O
Electromigration does not influence electro-precipitation within the conditions
Mg(OH): electro-precipitation depends only on applied current density

Gas evolution and Mg?" ion decrease CaCOjs electro-precipitation

Models to predict electro-precipitation in thin-film cell have been proposed
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ABSTRACT

It is presented for the first time the occurrence and modelling of cathodic mineral electro-precipitation
in microfluidic thin-film configuration of electrochemical advanced oxidation process (EAOP), in
order to better understand and predict the cathode’s scaling when treating water containing Mg>* and
Ca?". Upon a systematic study, the main results show that when an inter-electrode distance of 500
um is used at 4 mA cm, local alkalization on cathode surface occurs despite the absence of dissolved
O2 suggesting that it takes place due predominantly to water reduction (current efficiency > 99%) and
not dissolved O> reduction. Moreover, electromigration phenomenon could be neglected when
varying ionic strength from 0.02 to 0.1 mol L}, while diffusion was the kinetic rate-limiting step. In
addition, Ca(OH), and MgCOs precipitates were not formed under all investigated conditions.
Mg(OH): electro-precipitation was found to be highly dependent on current density, but independent
of other ionic species jointly present in electrolyte. Mg(OH), precipitated once interfacial pH of 10.2
was reached. More CaCO3 was electro-precipitated at lower current density (ca. 7.2%) owing to more
vigorous gas evolution when higher current density was applied. 12% less CaCO; electro-
precipitation was found in the presence of Mg?" confirming its inhibiting effect towards CaCOs
scaling. The mathematical model proposed could fit well the experimental curves (Root mean square
error (RMSE) < 0.1163) and permit to predict the evolution of concentration of depositing species
(i.e. Mg?", Ca*" and COs*). Furthermore, the role of hydroxyl radicals (*OH) produced at boron-
doped diamond (BDD) anode could be neglected upon the applied conditions, meaning that the
outcome of this study is reliable across all types of water containing Mg?", Ca*" and/or CO3* in

compliance to their ubiquity when it is to be treated by electrolysis in general.

Keywords: advanced oxidation process, electro-oxidation, electro-precipitation, microfluidic,

scaling
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1. Introduction

Occurrence of bio-recalcitrant pollutants in the effluent of municipal or industrial wastewater
treatment plants (WWTPs) has been raising concerns amongst different stakeholders in the field of
environment and ecology. More and more organic pollutants traceable in the wastewater have been
categorized as emerging pollutants due to their recalcitrance property and potential toxicity to living
organisms [1, 2]. In the objective of elimination of persistent pollutants in aquatic environment and
for water reuse purpose, additional treatment to the effluent of WWTPs seems obligatory. A variety
of supplementary treatments has been proposed across literature and the majority of them are based
on the fundamentals of chemical oxidation where strong oxidants are involved in the degradation of
pollutants. Classical processes such as chlorination, ozonation and advanced oxidation processes
(AOPs) (e.g. ozonation, peroxonation, heterogeneous photocatalysis and (photo)-Fenton processes)
are to some extent well established to degrade effectively contaminants in aqueous media [3].
Nevertheless, their efficiency comes with firstly high price tag [4] and secondly the prerequisite of

adding chemical reagents into the media to be treated.

Electrochemical advanced oxidation processes (EAOPs) have also been reported to remove
recalcitrant organic pollutants [5, 6]. A huge boost to the AOPs is that EAOPs do not necessarily
require the addition of chemical reagents since strong hydroxyl radical oxidants (*OH) are
electrogenerated continuously in-situ [7]. Owing to the development of diamond-based anode, higher
degree of electrochemical oxidation of organic contaminants has been reached [8, 9]. Furthermore,
the application of microfluidic reactor within the framework of EAOPs has spurred the capability of
wastewater treatment [10-14]. It allows mineralization of organic pollutants without the addition of
supporting electrolyte. The micrometric inter-electrode distance vastly accommodates the
phenomenon of limitation by mass transfer and ohmic resistance [15] in the case of effluent having

relatively low ionic conductivity [16].
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In spite of that, there is a major drawback within the application of EAOPs and more generally
electrolysis to treat wastewater. While treating water of varying concentrations of calcium (Ca**) and
magnesium (Mg?*) ions), a layer of insulating deposit can be formed on the surface of cathode.
Despite low concentration of Ca>* and Mg?" in an effluent, in case of the operation of electrochemical
cells in continuous-mode such, most of the time, encountered in industrial applications, the deposit
progressively passivates the whole electrode surface. Sequencing polarity inversion might be applied
as counter-measure but it might take a toll on treatment efficacy, duration of operation and overall
operational cost. Furthermore, cathode in operation must be able to tolerate high anodic current during
the inverted polarization step given the fact that some cathode materials have been reported to be
corroded in such conditions [17]. Upon treating water with high Ca?>" and Mg?" content, sequencing
inversion of polarity might not be the best strategy since the passivation of electrode occurs anyhow.
Eventually, without regular intervention, electrochemical cells become very inefficient or probably

are no longer operational.

The mechanism of formation of deposits has been well established in the literature [18, 19]. When
the electrode is polarized at a sufficiently negative potential, dissolved oxygen (O2) is reduced to

hydroxide ions (OH") according to Eq. (1), resulting in an increase of local pH [20, 21].

0, + 2H,0 + 4e” - 40H" (1)

At a more cathodic potential, reduction of solvent (H>O) can take place according to Eq. (2) which

also produces hydroxide ions as well as hydrogen gas (H»).

2H,0 +2¢ = Hy + 20H- 2)

As shown in Eqs. (3)-(4), in the presence of Mg?" and Ca?", deposits of hydroxide can be produced.
Moreover, the pH increment also shifts thermodynamic ratio of carbonates/bicarbonates (Eq. (5))

favoring the production of carbonate scales as written in Eqs. (6)-(7).
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Mg?" + 20H" ¢> Mg(OH), 3)

Ca*" + 20H" ¢ Ca(OH), 4)
OH" + HCO5™ <> H,0 + COs* (5)
Ca%" + COs* ¢> CaCOs (6)
Mg?" + COs* <> MgCOs3 (7)

Different studies have already demonstrated the formation of aforementioned deposits in
electrochemical cell while operating with different types of water with varying contents of Ca*>" and
Mg?*. They are characterized by their source and application domain: synthetic water for cooling
system in cooling towers and oil refineries [22, 23], artificial [24, 25] and natural groundwater [26,
27], mineral potable water [28, 29], artificial [19, 30-32] and real seawater [33, 34]. Interestingly, the
reported works were all conducted on the classical rotating disk electrode (RDE) possessing effective
exposed surface area of 0.2 cm? [19, 24-28, 30, 33], 0.5 cm? [22, 23, 35], 1 cm? [32, 36,37] and 1.5
cm? [31]. Either carbon steel, gold or stainless steel was used as the working electrode playing the
role of cathode. To the best of authors’ knowledge, the study of electro-precipitation outside

aforementioned configuration is scarce.

Due to the omnipresence of calcium and magnesium in water, further study to understand and more
particularly to avoid the formation of insulating deposition at larger scale seems primordial. It is
within this context that a detailed investigation has been carried out to understand the influence of
electrolytic composition towards the formation of mineral deposits on electrode surface during
EAOQOP. The objective is to establish operating conditions in-which scaling does not occur, or, is
minimized owing to the benefits attributed by a microfluidic cell. Moreover, addition of chemical
reagents is no longer compulsory in micro-reactor; hence, interference possibly originating from the

supporting electrolyte is avoided. Magnesium hydroxide (Mg(OH)»), calcium carbonate (CaCQOs3) and
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magnesium carbonate (MgCO3) deposits are studied due to the ubiquity of Mg?", Ca®>" and HCO5"
/COs* ions in water sources. Results presented in this paper are the first to elucidate the phenomenon
of passivation in microfluidic reactor, a configuration very distinctive to those reported in the
literature where RDE were used as working electrode. The geometry and configuration of
microfluidic cell adopted in this work are closely representative to reactors used in industries.
Notably, the difference between electrode surface in this present study is 25 to 250 times bigger
compared to RDEs (0.2 to 2 cm?) used in the literature. The present design is more adapted for further
applications on a larger scale. Synthetic water is used in this work, but it closely mimics the average
characteristic of effluent of municipal WWTPs particularly the concentration of Ca**, Mg?>" and
carbonates as well as pH and ionic conductivity. Furthermore, it is the first time that the influence on
electro-precipitation of hydroxyl radicals produced at high O evolution overvoltage anode is studied.
Novel theoretical models are developed in this paper where the objectives are two-fold; first,
assumptions made to establish the models lead to a better understanding of the mechanism of mineral
electro-precipitation if they occur. Second, these models are the first to be reported to predict the
evolution of electro-precipitating ions, particularly under the configuration of thin-film microfluidic

reactor.

2. Experimental

2.1 Chemicals

Calcium sulfate dihydrate (>90%), magnesium sulfate heptahydrate (>98%), sodium
hydrogenocarbonate (>99.5%) and sodium sulfate (>97%) were purchased from VWR International
(Fontenay-sous-Bois, France). Sulfuric acid (95-97%) was obtained from Sigma Aldrich (Saint-
Quentin-Fallavier, France). Sodium hydroxide (I N) was provided by Honeywell Fluka (Seelze,
Germany). Titanium (IV) oxysulfate-sulfuric acid (27-31%) solution for hydrogen peroxide (H202)
detection was purchased from Sigma Aldrich (Saint-Quentin-Fallavier, France). These chemical

reagents were used as purchased without further treatment.

7



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

2.2 Preparation of electrolyte

Electrolyte with and without carbonates contained sources of Ca** (150 mg L!) and Mg** (5 mg L)
dissolved in ultrapure water (18.2 MQ cm) provided by PureLab ELGA Classic water purification
system (Veolia Water, Antony, France). Electrolyte with carbonates contained a concentration of 60
mg-C L. Initial values of pH and ionic conductivity were always adjusted to 7.6 and 1000 uS cm™
respectively. A small quantity of sodium sulfate (1.4 to 5 mmol L!) was added when required in order
to reach a constant ionic conductivity and strength (0.02 mol L) for suitable comparison. The
artificial WWTP effluent properties are representative to the average characteristics of effluent from

the outlet of municipal WWTPs.

2.3 Electrochemical system

The effluent (0.5 L) to be treated was stored in a double-jacket stainless steel reservoir connected to
a thermostatic bath in order to ensure a working temperature of 25°C (Bioblock Scientific,
PolyScience, Niles, IL, USA). A peristaltic pump (Masterflex, Cole-Parmer, Vernon Hills, IL, USA)
was used to circulate the solution. pH (Mettler Toledo InPro 42601) and conductivity (Mettler Toledo
InPro 71001) were measured at regular time. The electrochemical cell was similar to the one described
in previous work [16]. It consisted of a planar-electrodes filter-press type cell. Its body was made on-
site and made of poly(methyl methacrylate) (PMMA). The material is chemically and thermally
resistant in the applied operating conditions. Rubber seals were designed, built-in, to provide tightness
and avoid leakage. Planar electrodes were used as anode and cathode. Double-sided boron-doped
diamond (BDD) coated on Niobium (Nb) substrate (DiaCCon, Fiirth, Germany) or Platinum plate
(Ogussa, Vienna, Austria) with 50 cm? effective surface area each were used as anode. Stainless steel
(Gantois Industries, Saint-Dié-des-Vosges, France) with the same effective surface area (50 cm?) was
used as cathode. Prior to utilization, stainless steel was preconditioned chemically by soaking it in
sulfuric acid solution of 0.25 M. Non-conducting spacer made of polytetrafluoroethylene (PTFE)

(Bohlender, Griinsfeld, Germany) was placed in-between to avoid contact between anode and

8
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cathode. This spacer with micrometric thickness of 500 um was used across this work, hence defining
inter-electrode distance of electrochemical cell. Electrolysis was carried out using a power supply
HMP4040 (Rohde & Schwarz, Meudon-la-Forét, France). The influence of two sufficiently different
regions of current density were investigated in this work, i.e. 0.4 and 4 mA cm™. The latter was
selected because it has been defined as optimal current density from previous work where similar
reactor setting was used to degrade pharmaceutical pollutants [16]. All experiments were carried out

at least in duplicate to ensure reproducibility.

In preliminary experiments, two blank solutions were used. One composed of only sulfates (6.65
mmol L) and another one containing carbonates at 60 mg-C L' with Na,SO4 (5 mmol L) as
supporting electrolyte. Both blank electrolytes possessed similar initial pH value (7.6) and ionic
strength of 0.02 mol L!. Under another preliminary study where an absence of dissolved O, was
sought for the entire experiment, effluent in reservoir was bubbled with nitrogen gas (N2) while it
was recirculating through the pilot initiating from 30 min before electrolysis until the end of
experiment. 500 pm inter-electrode distance and the highest current density condition (4 mA cm™)

were implemented for preliminary experiments.

2.4 Analytical methods

Evolutions of Ca and Mg elements concentration were monitored, after filtering the samples using
Phenex 0.45 pum filter (Phenomenex, Le Pecq, France), via inductively coupled plasma optical
emission spectroscopy (ICP-OES) Thermo iCAP 6000 (Thermo Fisher, Illkirch-Graffenstaden,
France). The calibration was performed according to PlasmaCAL Custom Standard method (SCP
Sciences) using a certified multi-element solution (1000 mg L', SCP Sciences, Villebon-sur-Yvette,
France). Ca and Mg elements measured by ICP-OES were assimilated to Ca’" and Mg?" when

dissolved in solution.
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The concentration of sulfate (SO4>") was measured using ionic chromatography Dionex ICS 6000
(Thermo Fisher, Noisy-Le-Grand, France). Its calibration curve was obtained from a series of
different known concentration of SO4>" prepared from a standard solution of 1000 pg mL!. The anion
exchange column IC Dionex™ IonPac™ AS18 (Thermo Fisher, Noisy-Le-Grand, France) equipped
with a column guard was used. The column was kept at 23°C. An aliquot of 15 pL of sample was
injected passing through the column. The temperature of samples tray was maintained at 20°C. The
ICS 6000 was equipped with a conductivity detector for detection system and it was kept constant at

35°C. The mobile phase rate was set at | mL min™.

Total inorganic carbon (TIC) was measured using a TOC-meter Vcsu TC/TN (Shimadzu, Marne-La-
Vallée, France). A TIC standard solution of 1000 ug mL™! (TechLab, Metz, France) was used for

calibration and control.

Hydrogen peroxide (H202) concentration was measured via complexing H,0>-Ti*" method [38]. UV-
2600 spectrophotometer (Shimadzu, Marne-La-Vallée, France) was used to detect maximum
absorbance of the complex at 410 nm wavelength. H>O> concentration was deduced according to the

Beer-Lambert law from a calibration curve established with the use of standard H,O; solutions.

Linear scan voltammetry (LSV), chrono-amperometry and chrono-potentiometry were performed
using a potentiostat (Ametek, Massy, France) connected to the designed electrochemical cell. The
electrode potential was reported against saturated silver chloride reference electrode (V/SSCE) in this

work.

2.5 Recovery step of Ca and Mg elements

The purpose of this step was to support the monitoring of the evolution of Ca and Mg concentrations
in the electrolyte using ICP-OES. It was assumed that if they decreased in solution over time, they
partook in deposition reactions and took solid form. The recovery of Ca and Mg from the solid form
could assert where the majority of the deposition reactions took place, if they occurred. The recovery

10
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process was carried out using a solution of sulfuric acid at 0.25 M. The objective was to decrease the
pH to re-dissolve the deposits into ionic form. Once completely dissolved, the acid solution was
filtered through Phenex 0.45 pum filter (Phenomenex, Le Pecq, France) and was analyzed by ICP-
OES to determine the Ca and Mg concentrations. To ensure a thorough recovery of cations that might
undergo scaling in different compartment of experimental pilot, the recovery step was performed on
cathode, anode as well as pilot tubing. Hence, knowing the initial and final concentration of cations
in the electrolyte, mass balance of cations could be performed to observe the distribution of deposition
formed in and out of the electrochemical reactor in addition to attesting a quasi-complete recovery of

cations.

Theorem of conservation of mass tells that the sum of mass i element (Ca and Mg) recovered at
different compartment of experimental pilot at the end of experiment should be equal to the initial
mass of i present in electrolyte before the electrolysis, if there is no loss in the closed system. Mass

balance and percentage recovery of i are then defined in Eq. (8) and Eq. (9), respectively:
Myecovered = mf,elec + Manode + Meathode + Meype (8)
(mrecovered / mi,elec) X 100 = % recovery )

where My ecopereq 15 the total mass (in mg) of i recovered from different compartment, m; ;0. the
initial mass of i element in electrolyte before electrolysis, my ¢, the mass of i that remains in

electrolyte at the end of electrolysis, mgp040 the mass of i recovered from the surface of anode,
Meathode the mass of i recovered from the surface of cathode and m;,;, the mass of i recovered from

the surface of tubing of pilot.
3. Modelling

3.1 Electrolyte containing Mg?* and Ca?*

11
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Mg?* and Ca** react with OH™ to produce precipitates of Mg(OH), and Ca(OH). when the product of
concentrations of both cations with OH™ exceeds the constants of solubility of Mg(OH):2 (Ks mg(on),)
(Ks mg(omy, = 561 % 10712 [39, 40]) and of Ca(OH), (Ks,cacomy,) Kscacony, = 5-00 x 107 [39, 40])
respectively. Knowing Mg?" and Ca** concentrations in the system, the concentration of OH™ at which
its product reaches the Kg ygomy, and Ks cqom), values, respectively, can be calculated. It is noted

as critical OH™ concentration (OH ;).

During the electrolysis, OH™ ions are produced on cathode by reduction of either dissolved O, via 4-
electrons reaction (Eq. (1)) and/or water via 2-electrons reaction (Eq. (2)). Since both reactions took
place in parallel on cathode in our system under the applied current densities, they have been
considered as competing reactions. CEy, and CEy,, terms were used to proportionate the current
efficiency as a result of the reduction of O, and H>O respectively. The rate of production of OH

(ron-) on cathode in batch mode can thus be written as in Eq. (10):

d[OH] Vo, Japp @ VH,0 Japp
Tog- = = CE —=———CE 1
OH T no, F 0, T 0 F H,0 (10)

where v, and vy, are the stoichiometry coefficient of OH" via reaction of reduction of Oz (Eq. (1))
and H>0 (Eq. (2)) respectively, while ny, and ny,, are their number of electrons involved in those
faradaic reactions, j,,p is the applied current density in mA cm and F is the Faraday constant (96,485
C mol). a is a corrective term (o < 1) assigned to the faradaic production of OH™ which occurs
concomitantly with physical evolution of gas bubbles on cathode surface at high applied current
density. In accordance to Eq. (2), H2 gas also evolves when H>O is reduced to OH". H» gas evolution
is more intense when higher current density value is used, according to the Faraday’s law. Gas
evolution on cathode surface contributes to two major consequences; firstly, less surface area could
be available for mineral deposition on cathode surface [41]. Secondly, it could promote detachment

of deposits occurring on the electrode [42, 43].

12
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On the surface of cathode, OH" ions are produced abundantly and continuously. Water is the solvent
of electrolyte thus its electrochemical reduction is limitless. Meanwhile, dissolved O; are not only
consumed on cathode (Eq. (1)), but it is also concomitantly produced on anode through water

oxidation (Eq. (11)).
2H,0 — 0, + 4H* + 4e~ (11)

In microfluidic configuration, the distance between cathode and anode is very small thus the
replenishment of dissolved Oz could take place continuously [44]. As aresult, once OH,;; 1s reached,
OH- concentration is considered constant and it does not vary whilst reacting with Mg?* and Ca?*
because the concentration of OH is significantly larger and in excess compared to the cations
concentrations. In addition, it is assumed that Mg?" and Ca?" were not reduced or oxidized by direct
electrochemical reduction or oxidation, so that their oxidation state remained constant all along the

electrolysis [45].

Hence, according to Eqs. (3)-(4), the rate of reaction of Mg?* and Ca*" can be written according to

Eq. (12) and Eq. (13) respectively:
Tmg?+ = —Tmg(oH), = — kmgom, [Mg**1[OH™]* (12)
Tcazt = = Tca(om), = — Kcaom),[Ca**1[OH™]? (13)

where kygom), and kcqon), are the third order rate constants regarding the reaction of precipitation
of Mg(OH), and Ca(OH), respectively in L? mol? s’!, while [Mg?'], [Ca®'] and [OH] are the molar

concentration (in mol L) of Mg?*, Ca?" and OH ions, respectively.
3.2 Electrolyte containing Ca?* and CO3*

Ca”' reacts with CO3* to form CaCOs precipitates when the product of concentrations of both ions

exceeds the constant of solubility of CaCOs (Kscqco,) (Kscaco, = 3.36 X 10° [40, 46-48]).

13
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Supersaturation degree (S) of CaCOs is defined in Eq. (14) and follows by its supersaturation index

in Eq. (15) [49, 50].

g = lea®icosT] (14)
Ksp,CaCO3

Thermodynamically, CaCOs can precipitate when S > 1 (or SI > 0). Carbonates concentration can be

estimated from TIC measurement that corresponds to the sum of all forms of inorganic carbon (Eq.

(16)):

TIC = [H,CO4] + [HCO3] + [CO3] (16)

where H,CO5 is carbonic acid and HCO3 is bicarbonate ion.

The inorganic carbon species are linked together by acidity constants K,;; and K, given in Eqs. (17)—

(18), respectively.

[H*][HCOS]

_ [H*][codT]

Their ratios are therefore governed by the solution pH. pK,; and pK,, values are 6.3 and 10.4 [51],
respectively. Under the range of our pH operating conditions and at the proximity of cathode surface,

the quantity of H>COs is negligible and the expression of TIC can be simplified into Eq. (19).
TIC =[HCO3]+[CO%7] (19)
CO3? concentration is related to the concentration of OH™ produced on cathode surface by its

equilibrium with HCOj3™ in agreement with Eq. (5) and Eq. (18). Hence, the evolution of interfacial

14
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COs* concentration ([CO5 ™ ]ine ) can be estimated from TIC values by combining Egs. (10), (18)

and (19) giving out an expression in Eq. (20).

2— _ Kg2 X TICt
[COS™ liner = ®——— (20)
for—7; + Kaz

where K, and the concentration of interfacial CO3*, OH™ and TIC are expressed in mol L' while the

equilibrium constant of auto-ionization of water (Ky;) is considered equaled to 107'* at 25°C.

According to Eq. (6), the rate of reaction of Ca** and COs* producing CaCOs can be defined as

indicated in Eq. (21):
Tca2t = Teo2- = —Tcacos = — kcaco, [Ca®*1[CO5 Nine (21)

where K¢qco, 18 the second order rate constant (in L mol! s7) regarding the reaction of precipitation

of CaCOs. Identically to the Mg?*/Ca®" system (section 3.1), OH™ accumulates at the vicinity of

cathode during the electrolysis.
3.3 Electrolyte containing Mg?** and CO3*

In absence of Ca?*, Mg?" can precipitate in the form of Mg(OH), upon reaching OH_,;, as well as
MgCO; when the product of concentrations of Mg?" and COs> exceeds thermodynamic solubility
constant of MgCO3 (K mgco,) (Ksmgco, = 1.59 % 1078 [52]). Local alkalization remains valid at the

surface of cathode. Knowing the fact that Mg?* could participate in the precipitation reactions of
Mg(OH), and MgCOs, on top of kinetic law defined in Eq. (12), the rate of reaction of Mg?" can be

rewritten in Eq. (22) as follow:
Tmg2t = — TMmg(oH), — TMgcos = — kMg(OH)Z[Mgz+][0H_]2 - kMgCO3 [M92+][CO§_] (22)

where kyg¢o, is the second order rate constant (in L mol! s!) regarding the reaction of precipitation
of MgCO:s.
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3.4 Electrolyte containing Mg?*, Ca?* and CO3*

In the matrix of electrolyte containing Mg?*, Ca*" and COs;*, both Mg?" and Ca*" can undergo
precipitation in accordance to Eqs. (3)-(4) and Eqs. (6)-(7). The phenomenon of local alkalization

remains accurate in this system.

In the presence of Mg?*, depositing MgOH: consumes OH™ over time. The cathodic production of

OH in Eq. (10) is modified taking into account this event as indicated in Eq. (23):

d[OH™ Vo, Ja av Ja -
rou- = + Hod = TN g, g THOSR CEL b — 2 kg om, [MgPIOHT? (23)

dt no, F ng,o F
3.5. Modelling software and fitting evaluation

Aquasim [53] was used to model the evolution of Mg?*, Ca** and CO;*. The fitting between
experimental data and theoretical model was evaluated using root mean square error (RMSE), model
efficiency (ME) and index of agreement (IOA) according to Eq. (24), Eq. (25) and Eq. (26),

respectively [54]:

K _ 2
RMSE = Zie: (- vi)” (24)
K

_ . Koy
ME =1 2, 0i- ym)? ()
K )2
104 =1— — Li=mbiz) (26)

X (vl- ym| +lyi- yml)®

where K is the number of steps of checked values, y; is the experimental value, y; is the corresponding

simulated value and y,, is the average of simulated value.

4. Results and discussion

4.1 Stability of anions in blank solutions using BDD or Pt anode
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Preliminary experiments were conducted in the microfluidic reactor to check on the behavior of
anions (SO4>" and HCO57/CO;3%) during electro-oxidation in the absence of depositing elements. BDD
and Pt anodes were used to verify the involvement of *OH towards any oxidation of anions. The
former is well-known for its high overpotential for oxygen evolution reaction (OER). Consequently,
physi-sorbed *OH are produced at anode vicinity [55, 56]. Contrastingly, the overpotential for OER
with Pt anode is low. Thus *OH is chemi-sorbed on the anode surface, making the radical not available

[57].

The evolution of concentration of SO4>" and TIC are depicted in Fig. 1. It has been noticed that the
concentration of both anions remained constant throughout the entire electro-oxidation experiments
whether BDD or Pt was used as anode. First deduction that can be made is that SO4> and HCO3"
/COs* anions were stable during the electro-oxidation process whatever the anode employed. It
means that they will not interfere if there is occurrence of electro-precipitation on cathode surface.
Secondly, under these applied conditions, the formation of oxidizing agent of *OH did not inflict
towards the degradation of SO4> and HCO37/COs? anions. Anode potential was measured to be +2.40
V/SSCE (or +2.60 V/SHE), which already hit the standard potential of formation of *OH when 4 mA
cm? is applied. The oxidation conditions were not strong enough to oxidize SO4> into
peroxydisulfates (S20s>") [58] and COs* into peroxydicarbonates (C206%) [59, 60] with SO+ and
COs*" as intermediates, respectively. Moreover, anion of strong acid such as SO4* is very unlikely to
form complex with alkaline-earth cations such as Ca?* and Mg?" [61]. In overall, *OH involvement
in microfluidic reactor set-up did not lead to the oxidation of SO4* and HCO37/COs? anions in blank
electrolytes during electro-oxidation experiments. In overall, the presence of *OH in our applied
microfluidic reactor conditions could thus be omitted from the developed theoretical models and was

confirmed further in the next sections.
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Fig. 1. Evolution of concentration of (a) SO4> (in blank solution containing sulfates only) and (b)
TIC (in blank solution containing carbonates only) during the electrolysis of blank solutions using
BDD (O) or Pt (X) as anode. Cathode: stainless steel, ionic strength of both blank solutions: 0.02

mol L', applied current density: 4 mA ¢cm and inter-electrode distance: 500 pm.

4.2 Local alkalization on cathode surface: reactions’ selectivity between reduction of dissolved

02 and water

According to Eq. (1) and Eq. (2) respectively, both dissolved O2 and H>O can undergo faradaic
reduction generating OH™ (Eq. (10)). To identify the weight of contribution of dissolved O to produce
OH" with respect to local alkalization phenomenon, tests in presence and absence of dissolved O2
were conducted. Under the investigated micrometric distance, anodic activity might be involved in

this selectivity, since H20 could be also oxidized to O».

Fig. 2 plots the evolution of concentration of Mg?*, Ca?* and TIC in the experiments with and without
dissolved Oz. In both cases, the concentration of all species decreased regardless of presence of
dissolved O». This indicates that the initial presence of dissolved O2 was insignificant towards the
phenomenon of local alkalization, and consequently towards the formation of deposits on cathode
surface. Notably from Fig. 2(a) and Fig. 2(b), it has been deduced that the source of OH™ ions came

mainly from reduction of water and not from dissolved O>. A slight decrease in the electro-
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precipitation of Ca*" in absence of dissolved O was due to slightly lesser amount of OH" participating
in thermodynamic shift of HCO3;/COs* towards the formation of CO3* (Fig. 2(b)). Thus, lesser

extent of CaCOj electro-precipitation was observed.

Under theses setups, the concentration of electrogenerated HoO> was measured to further study the

contribution of dissolved O, reduction producing OH" ions in accordance with Eq. (27).

0, + 2H,0 + 2e~ & H,0, + 20H" (27)

The H,0; production was found to be very small (maximum concentration went up to 1.8 pmol L™,
data not shown), whatever the applied current density. Most of H2O2 concentration values fell below
the limit of quantification of the method, determined to be 0.8 pmol L. This observation was
attributed to the low Hz evolution overvoltage on stainless steel cathode [62]. Similar poor production
of H202 on stainless steel cathode was reported by Sopaj et al. [38]. They measured approximately
40 umol L' of H>O; under their experimental setup when 4.8 mA c¢cm™ was applied [38]. Unlike the
configuration presented in our work, compressed air was continuously bubbled under their
experimental setup to supply dissolved Oz to promote the Fenton reaction, which explains the

difference in measured H>O» concentration.

CEy, and CEy,( in Eq. (10) and Eq. (23) were estimated via Eqs. (28)-(29) at each value of current

density investigated in this work. Their values are tabulated in Table 1. The calculations are attached

as Text S1 in supplementary materials.

Nne— FN
CE,y, = Wt"z (28)
CEHZO =1- CEOZ (29)

where n,- is the number of electron exchanged in Eq. (27), Ny, is the quantity of dissolved O: (in

mol) reduced to H>O: in Eq. (27), /4y 1s the applied current (in A) and ¢ is the electrolysis time.
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Table 1. Estimation of CEy, and CEy,  in faradaic production of OH" on cathode.

Japp / MA cm™ No, / pmol CEq, | % CEp,o ! %
0.4 0.6 0.16 99.84
4 0.9 0.02 99.98

To conclude, local alkalization on cathode surface principally occurred due to the reduction of H,O
with only slight involvement of dissolved O, under our experimental setup. The latter was
electrocatalytically reduced to OH™ with negligible production of H>O> on stainless steel. Our
proposed model takes into consideration this observed selectivity given by higher faradaic yield of

CEy,o in producing OH" as deduced in Table 1 when applied to Eq. (10) and Eq. (23).
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418 Fig. 2. Evolution of concentration of (a) Mg?*, (b) Ca?" and (¢) TIC during the electrolysis of

419  artificial effluent containing 150 mg L' of Ca**, 5 mg L! of Mg?" and 60 mg-C L' of HCO3/COs*
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21



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

experiment. Anode: BDD, cathode: stainless steel, applied current density: 4 mA cm™ and inter-

electrode distance: 500 pm.
4.3 Influence of electromigration of ionic species

Although calcium and magnesium deposits are formed on the surface of cathode during electrolysis,
Ca?" and Mg*" do not participate in direct electron transfer to yield Ca metal (Ca(s)) and Mg metal
(Mg(s)) respectively. The reduction of Ca?" and Mg** each by two electrons need to overcome a

strong thermodynamic barrier (E ga2+ =-2.84 V/SHE and E 1?4 g2+ =-2.356 V/SHE [63]), and
Cags) Mgs)

these strong reduction conditions are not involved in the present study (cathode potential determined
to be -1.34 V/SHE). Instead, they reacted chemically with respective counter-ions on the surface of
cathode, producing scaling when solubility constant of precipitates was achieved. Despite not being
electroactive elements in regard to driving force of potential difference across electrochemical
reactor, Ca’" and Mg?" mobility towards cathode surface might be involved in the displacement of
ionic species jointly present in the bulk. In agreement with the Nernst-Planck equation, Ca** and Mg?*
were transported by forced convection thanks to electrolyte flow in-between electrodes. Under
stationary conditions, they underwent diffusion from electrolyte bulk through finite boundary layer
(i.e. diffusion layer), towards reactive zone at the proximity of cathode surface. Then through
migration, they were mobilized to fulfill electro-neutrality on cathode surface as the consequence of
local alkalization [64-66]. The two current densities investigated in this study were both above the
initial limiting current density (determined to be 0.25 mA cm™ using jim calculation [67, 68] (Text
S2), which was then confirmed with limiting current density plateau on linear scan voltammogram
(Fig. S1)) for aforementioned electrochemical cell setup while producing OH™. Hence,
electrochemical reactions taking place on the surface of cathode were considered limited by the mass

transport.
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Therefore, in this section, under constant hydrodynamic parameters, the influence of electromigration
of ionic species was investigated by varying the ionic strength of artificial effluent using Na,SOj4 as
supporting electrolyte. Table 2 summarizes the values of ionic transference number for the different
cases. They were calculated using Eqs. (30)-(31) [69] under the assumption that our electrolytic

system complied with the restriction of infinite dilution where interaction between ions was not

occurring.
Zi Ciu;
"7 S (0
with
A
W= (31)

where t; is the transference number, z; the ionic charges, u; the ionic mobility (in m? s V1), ¢; the

molar concentrations of ionic species (in mol L") and A; the ionic molar conductivity (in S m? mol

1).

Table 2. Ionic transference number for artificial effluent containing 150 mg L' of Ca**, 5 mg L' of

Mg** and 60 mg-C L' of TIC without and with addition of Na>SOj4 at different concentrations.

Ionic Ionic transference number
strength / Ca?t Mg?* Na*t HCO3 S0;~
mol L!
0.02
(without 0.218 0.011 0.123 0.339 0.309
NazS04)
0.04 0.120 0.006 0.241 0.187 0.447
0.10 0.050 0.002 0.325 0.077 0.545
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As can be seen from Table 2, the more Na>xSO4 was added to increase the ionic strength of artificial
effluent, the more ionic mobility of Ca?*, Mg®" and HCOs7/ COs* were minimized by increasing

transport activity of Na?" and SO4>".

Fig. 3 depicts the trend of evolution of concentration of Mg?*, Ca?" and TIC when the investigated
artificial effluent had different ionic strengths. The concentration of each ion decreased over time
regardless of value of ionic strength. It seemed to have very little impact on the variation of the
concentration of Ca** and TIC as previously suggested by Tlili et al., where migration might play
some role with respect to only more concentrated species in the system [64]. Standard deviations
were calculated between results obtained with the electrolytes with enhanced ionic mobility in
comparison to the one without supporting electrolyte. The average values are listed in Table S1. The
two highest deviation were obtained in Mg?" and TIC concentration with evaluated deviation as low
as 0.049 and 0.042, respectively. Therefore, the ionic strength of electrolyte had minor effect within
the range of studied electrolyte concentrations towards the occurring mineral deposition on cathode
surface. Electromigration of ionic species other than Ca?*, Mg?" and HCO3/CO3* did not influence
the mobility of the precipitating elements in-between electrodes inside microfluidic electrochemical
reactor. Mass transport by diffusion was then the rate-limiting factor. Based on these results, the effect
of electromigration could be omitted from the theoretical model proposed in section 3. The addition
of small quantity of supporting electrolyte (from 1.4 to 5 mmol L) to achieve constant ionic strength
across different investigated matrices of electrolyte will not influence the kinetics of mineral electro-

precipitation in experimental results presented onwards.
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480 artificial effluents bearing different ionic strengths of 0.02 (O) (without the addition of supporting
481 electrolyte), 0.04 (O) and 0.10 (&) mol L. Anode: BDD, cathode: stainless steel, applied current

482 density: 4 mA cm™ and inter-electrode distance: 500 pm.
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4.4 Influence of matrix of electrolyte

4.4.1 Influence of CO3* towards the mineral electro-precipitation

Electrolysis of electrolyte containing Mg®" and Ca?*, in presence and absence of CO3%, in the
microfluidic flow-by reactor were carried out by applying 0.4 and 4 mA c¢cm™ and the results are
plotted in Fig. 4 and Fig. 5. From Fig. 4, it could firstly be observed that Ca** did not precipitate in
the electrolyte without carbonate at both current densities. It precipitated only in presence of
carbonate. Thus, it has been concluded that Ca(OH)> was not produced throughout these series of
experiment and Ca?* only electro-precipitated to form CaCO;. This observation can be supported by
the value of thermodynamic constant of solubility of Ca(OH), that is high (5.00 x 10 [39, 40]) - thus
highly soluble -, hence the interfacial pH never reached the OH it (i.e. 36.6 mol m™, pH = 12.6) to
precipitate with Ca®>". Secondly, according to Fig. 5, Mg®" only precipitated at 4 mA cm™ and no
Mg?*-based deposition occurred at 0.4 mA cm™. At low current density, since no decrease of Mg>*
was observed, it can be concluded that Mg(OH), was not electro-precipitated. Same remark was given
by Deslouis et al. [30] where they did not observe precipitation of Mg(OH), when interfacial pH of
9.3 was not yet reached. Our result tells that there was a plateau at 4 mA cm™ at the very beginning
of electrolysis up to 7 min before Mg>" started to deposit forming Mg(OH)», as soon as OH_,.;, (0.16
mol m?, interfacial pH = 10.2) was reached (Fig. 5). Then, during the first hour of electrolysis at 4
mA cm, a slightly higher kinetics of Mg(OH)> deposition was observed in the electrolyte without
carbonate. In the presence of COs*, there was perhaps a weak competition between Mg(OH), and
CaCO:s for active site on the surface of cathode [36, 70]. However, it was not accounted for MgCOs,
otherwise the kinetics of precipitation with the electrolyte containing CO3* would be faster and not
slower than the one without COs*. To conclude, Mg?" electro-precipitated independently with regard

to carbonate ions.

Moreover, it can be seen in Fig. 4 that CaCO3 was already deposited at low current density, unlike

Mg(OH), even though the thermodynamic constant of solubility of Mg(OH), is lower than that of

26



508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

CaCOs. Similar observation was reported by Okstad et al. [71]. The higher initial concentration of
Ca?" - implemented to simulate the composition of reclaimed wastewater from urban WWTPs - can
be one of the reasons of this observation, whereby supersaturation degree was already high. On top
of that, experimental results showed that 7.2% more CaCOj3 deposition occurred at 0.4 mA ¢cm™ in
comparison to higher applied current density of 4 mA cm™. To our understanding, once CaCO;
electro-precipitation started to occur, it took place regardless of applied current density as long as the
current density was equal or higher than the starting point of the nucleation of CaCOs crystal. In case
of low and high applied current densities investigated in this work, CaCOj already formed at the low
current density (0.4 mA cm™). It would behave similarly at higher applied current density except that
within the latter, oxidation and reduction of solvent on the surface of electrodes were occurring at
higher rates leading to higher amount of electro-generated gas. Given the fact that at 0.4 mA cm™ it
was already exceeding the limiting current density (0.25 mA cm™, see section 4.3), gas production
was therefore occurring at both applied conditions. It means that the influence of gas evolution was
taking place concomitantly with the electro-precipitation on cathode surface [72], but in an antagonist
way according to the level of gas production. At 0.4 mA cm?, the lower evolution of gas on the
surface of electrode could enhance the mass transfer of reactive towards the electrodes [73-76]. This
enhancement would be attributed to firstly micro-convection, even at small value of current density
[73], due to evolving and departing gas bubbles from the electrode surface. Secondly, forced
convection or macro-convection owing to movement and displacement of bubbles over the electrode
surface could also occur [74-76]. Therefore, transport of Ca®" and Mg?* towards cathode surface for
precipitation reaction were enhanced at the low current density condition. This could explain why
slightly more CaCOs3; was obtained at lower current density. Contrastingly, higher intensity of gas
evolution is expected over the surface of cathode at high applied current density (4 mA cm™).
Therefore, bubble coverage at the electrode surface should have increased as described by Vogt et al.

[41]. Therefore, the more intense gas evolution at higher applied current density could have disturbed
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the layer of CaCOs nuclei and in-parallel promoted the detachment of CaCOs3 deposit [42, 43, 62].

Consequently, less electro-precipitation of CaCO3 was observed at higher applied current density.

Furthermore, in presence of Ca?" (150 mg L") and carbonates (TIC of 60 mg-C L), supersaturation
index (SI) defined in Eq. (15) equaled to 0.89 in the initial electrolyte. It means that Ca®>* and COs*
concentrations in the bulk were already above their equilibrium state in water (where SI = 0) initially
[49]. From the thermodynamic point of view, CaCOj3 precipitation in the bulk and scaling on metal
substrate could occur. However, the induction time for homogenous and heterogeneous CaCOs
nucleation varies in function of physico-chemical component of bulk liquid as well as metal substrate
[29, 50, 77]. According to Gabrielli et al., thermodynamics requires a 40-fold supersaturation before
the precipitation in the bulk can be observed, i.e. equivalent to SI value around 1.6 [18, 77, 78]. It has
also been demonstrated that under low supersaturation conditions, very long induction time (12 h)
was required before observing scaling on metal substrate [79]. This might be one of the reasons
sluggish kinetics of electro-precipitation of CaCO3 was observed at the very beginning of electrolysis
in Fig. 4. With respect to the evolution of experimental TIC concentrations (Fig. S2 (a-d)) as well as
to the modeled interfacial CO3>" concentrations illustrated in Fig. 6, this slow initial kinetics were
also noticed. From Fig. 6, it can be noticed that on cathode surface, COs> departed from its initial
bulk concentration and rapidly increased owing to electrogenerated OH™ once the electrolysis started.
With increasing quantity of interfacial COs*, more CO3?> was readily available to react with Ca*" to
form CaCOj3 scaling. The supersaturation degree quickly increased, thus promoting the deposition of
CaCOs. The concentration of interfacial COs* kept increasing as long as the rate of production of
OH" was superior to the rate of production of CaCOs (or CO3>* consumption at the interface). During
this period, more CO3% was shifted from HCOs™ form since the OH™ concentration also increased, the
phenomenon that contributed towards local alkalization. A peak was attained when the rate of OH"
production equaled that of CO3> consumed. Beyond this peak, the rate of electro-precipitation of
CaCOs declined due to decreasing concentration of both Ca?>" and COs* in the electrolyte at later

stage of electrolysis as can be observed in Fig. 4. When comparing the evolution of interfacial CO3*
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concentration modeled at 4 mA cm™ (Fig. 6(a)) against 0.4 mA cm™ (Fig. 6(b)), three remarks can

be made; firstly, longer time was needed to reach the peak at 1oy~ = 7¢qco,- Secondly, smaller

concentration of interfacial CO3%" was produced at higher current density and thirdly, CaCOj electro-
precipitation occurred at relatively slower rate after the peak of equivalence. The involvement of gas
evolution might explain the described behaviors. As above-mentioned, intensified evolving H» gas
on cathode surface at higher applied current density decreased significantly the effective surface area
of cathode even though the OH™ production was enhanced in the meantime. Consequently, longer
buffer time was observed in Fig. 4(a) (inset curve) at the beginning of electrolysis in comparison to
Fig. 4(b). Lesser amount of interfacial CO3>" was also expected at the proximity of cathode surface
due to the intervention of evolving gas. This disturbance on cathode took place throughout the
electrolysis and consequently, plausible detachment of CaCOs scaling occurred along the way. In
overall, slower kinetics of CaCOs deposition was observed under high current density, affirmed by

the trend depicted in Fig. 4.
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Fig. 4. Evolution of concentration of Ca** during the electrolysis of different matrices of electrolyte
(®, 0: Ca?" and Mg?* without CO3*, m, 0: Ca*", Mg?>* and COs* and 4, 4: Ca®" and CO;?* without
Mg>") at (a) 4 mA cm™ (e, m, &) and (b) 0.4 mA cm™ (0, O, &) applied current density. (- - -):
model curve for Ca?" and Mg?" electrolyte without CO3>, (—— ): model curve for Ca**, Mg** and
COs* electrolyte and (- ): model curve for Ca?" and COs>" without Mg?" electrolyte. Inset:
zoom of the initial kinetic evolution of Ca®>*. Anode: BDD, cathode: stainless steel and inter-

electrode distance: 500 pm.
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Fig. 5. Evolution of concentration of Mg?* during the electrolysis of different matrices of electrolyte
(®, 0: Ca?" and Mg?" without COs>" and m, O: Ca**, Mg** and COs*) at (a) 4 mA cm™ (e, ®) and
(b) 0.4 mA cm (0, 0) applied current density. (- - =): model curve for Ca®" and Mg?" electrolyte
without CO3* and (—— ): model curve for Ca?", Mg?" and CO;* electrolyte. Inset: zoom of the

initial kinetic evolution of Mg?*. Anode: BDD, cathode: stainless steel and inter-electrode distance:

500 pm.
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Fig. 6. Modeled concentration of interfacial COs* during the electrolysis of electrolyte containing

Ca?*, Mg?" and COs*" ( ) and electrolyte containing: Ca*" and COs* without Mg?" (-----.. )
under the polarization of (a) 4 mA cm™ and (b) 0.4 mA cm™ applied current density. Anode: BDD,

cathode: stainless steel and inter-electrode distance: 500 um.

4.4.2 Influence of Mg?* towards the mineral electro-precipitation

To investigate the role of Mg?" towards CaCOj3 deposition in microfluidic reactor, two electrolytes,
both consisting of Ca?>" and CO3* but only one contained Mg?*, were compared. According to Fig. 4,
at both applied current densities, concentrations of Ca?" decreased over time. In both cases, higher

degree of CaCOs electro-precipitation (12%) was observed in the system in absence of Mg?". This
33



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

difference was even more significant when the electrochemical cell was polarized with lower current
density where the interface was less perturbed by evolving gas (Fig. 4(b)). This finding can be
attributed to the inhibition effect of Mg?* during CaCOs deposition [25, 30, 34, 42, 49]. Mg*>* can
either incorporate into the CaCOj lattices lowering their growth kinetics on cathode surface [25, 49,
80], or, a thin layer of magnesian gel-like film [42, 70, 81] - which was formed prior to the CaCO3
deposition [37, 81] - partially limited the surface reactivity of cathode towards the scaling of CaCOs.
Nonetheless, it has been reported that CaCOs3 crystal can still develop and grow on the layer of
Mg(OH): as confirmed by mixture of brucite and aragonite crystals from microscopic techniques [42,
81-83]. With regard to the competing reaction of gas evolution on the surface of cathode at higher
current density, it remained true while working with electrolyte without Mg?*. More intense Hz gas
evolution led to less CaCOs electro-precipitation (Fig. 4) as previously described. A slight difference
was found in terms of CaCOs crystallography according to literature. When cathode potential was
relatively low in the region of solvent reduction, CaCO3 deposit has been reported to crystallize under
cubic calcite allotropy. Whilst in presence of Mg?*, CaCOj takes aragonite form [18, 23, 37, 42, 62].
Under strong evolving gas activity, porous structure of CaCO3 deposit has been reported [35-37, 43,

84].

In addition, the trends of modeled interfacial COs* depicted on Fig. 6 complement the deduction
made on the inhibiting role of Mg?" towards CaCOj electro-precipitation. At higher applied current
density (4 mA cm?, Fig. 6(a)), Mg(OH), deposit was formed in the electrolyte containing Mg?". The
formation of Mg(OH), deposit partly consumed interfacial OH". As a result, r,y- decreased as
accounted in the model (Eq. (23)). Together with H> gas evolution at higher current polarization, the
increment of interfacial COs> concentration was slower in the electrolyte in presence of Mg?"
relatively to the one without Mg?*. Smaller interfacial CO3* concentration was expected at cathode
surface therefore lowering kinetic rate of CaCOs electro-precipitation. Contrastingly, Mg(OH)
electro-precipitation did not take place at lower current density. Gas evolution was significantly lower

at 0.4 mA cm™. Consequently, the evolution of modeled interfacial CO3> concentrations (Fig. 6(b))
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for both electrolytes in absence and presence of Mg?* were quite similar. It means that the availability
of interfacial CO3% on cathode surface was about the same for either electrolyte. Hence, it was then
confirmed from Fig. 4(b) that the lower growth rate of CaCO3 deposition obtained in the presence of
Mg?* at lower current density was due to the decrease of supersaturation degree of CaCOj in the
presence of Mg?* [85]. As previously discussed, it can adsorb or incorporate into CaCOs crystal lattice

inhibiting its growth during the electrolysis [49, 80].

4.4.3 Influence of Ca** towards the mineral electro-precipitation

Fig. 7 illustrates the behavior of mineral deposition during electrolysis in the presence or absence of
Ca?" at 4 and 0.4 mA cm™. From Fig. 7(a), it was observed that Mg?" underwent electro-precipitation
independently of Ca**. The evolution of concentration of Mg?" in presence of Ca>" followed exactly
the trend given in absence of Ca?*. This observation indicated indifferent role of Ca*" towards the
deposition of Mg?". From Fig. 7(b), it was noticed that Mg?" did not precipitate at lower applied
current density (0.4 mA cm™) in both matrices of electrolyte. The evolution of TIC in Fig. S2(e-f)
suggested that the concentration of CO3? declined negligibly over time in the matrix without Ca**
relatively to the behavior in the presence of Ca*". This tendency coupled with the observation made
in Fig. 7(a) allowed deducing on the absence of electro-precipitation of MgCO3 in our operated
microfluidic cell configuration. In addition, considering the fact that CO3?> did not precipitate in the
absence of Ca®", the results in this section corroborated with those in section 4.4.1 in which COs*
only underwent precipitation with Ca?* to form CaCOs deposit. The evolution of modeled interfacial
COs* concentration in the case without Ca** plotted in Figs. 7(c) and 7(d) might as well come into
similar conclusion. Interfacial CO3%* concentration increased in conjunction to OH™ production on
electrode surface. No CO3>" was consumed at the vicinity of cathode in the absence of Ca?" allowing
a continuous and quicker shift into CO3* form at cathode interface. The interfacial COs*

concentration arrived at a quasi-plateau at the end of electrolysis when the majority of carbon was
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converted into CO3* form. Slower rate of OH™ production at higher applied current was due to

involvement of H> evolution activity.

To summarize, Mg?" deposited under the form of Mg(OH). and it was not influenced by the presence
of Ca** nor COs*. Only applied current density influenced the electro-precipitation of Mg(OH): as
already described in section 4.4.1. According to Bénézeth et al. [52], MgCO3 or commonly known as
magnesite, possesses very slow kinetics of crystallization. Other hydrated Mg-carbonates forms are
plausible owing to slow precipitation kinetics of the former, but they are rather unstable due to strong
hydrated character of Mg?* [52, 86, 87]. As a result, direct electro-precipitation of MgCO3 would be
realizable but only under stringent conditions, i.e. elevated departing supersaturated solution, elevated
temperature and very high CO, partial pressure [88]. Hence, based on our experimental results

supported by the work of other authors, MgCOs3; was not formed under our experimental conditions.
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4.4.4 Evolution of pH and conductivity

In Fig. S3 are plotted the graphs of variation of bulk solution pH and ionic conductivity throughout
the electrolysis of all investigated matrices of electrolyte at both high and low applied current
densities. Few general trends can be drawn from these curves. Firstly, solution pH and ionic
conductivity tended to decrease in the bulk during the electro-precipitation process. The decrease in
pH was the most remarkable in the electrolyte without carbonates since no buffer effect of HCO3
/COs* was present in this matrix. Similar remark was also made by other authors, Tlili et al. [64] and
Piri et al. [43], when they checked upon the variation of pH in bulk solution during the formation of
CaCOs. This drop of pH value was ascribed to the consumption of OH™ that partake in the reaction of
Mg(OH)> deposition according to Eq. (3). It could also be attributed to the pH participation towards
the thermodynamic equilibrium shift of HCO3/COs* in favor of CO3% formation in Eq. (5), while
consuming OH". Net concentration of OH in the bulk therefore declined, indicated by the decrease
of measured bulk pH. The only case where bulk pH did not decrease was during the electrolysis of
electrolyte in absence of Ca’’. At both applied current densities, CaCO;3 deposit was not formed.
Meanwhile, OH™ was continuously electro-generated on the surface of cathode. OH™ diffusing from
cathode surface to the bulk only reacted with existing HCOj3™ until complete conversion into the basic
form, i.e. CO3*(Eq. (5)). Then, the accumulation of OH" in the bulk yielded in an increase of pH
value. Moreover, the only electro-precipitation that occurred in the electrolyte in absence of Ca*" was
Mg(OH). and it was only seen at higher range of applied current density. However, as demonstrated
in Fig. S3(a), OH consumed for the deposition of Mg(OH)> on cathode surface contributed trivially

towards the diminishing pattern of pH in the bulk unlike during the deposition of CaCOs.

Similar argument can be done towards the trend of ionic conductivity in the bulk. Knowing the fact
that OH™ possesses high value of ionic conductivity despite not being the highest relatively to H', its
consumption throughout the electro-precipitation event of CaCO3z manifested a decline in overall bulk

ionic conductivity as shown in Fig. S3(¢) and Fig. S3(d).
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4.4.5 Mass balance and elements recovery

Fig. 8 depicts the recovery of Mg and Ca from the different electrochemical reactor compartments at
the end of experiment for different matrices of electrolyte at both current densities investigated. Very
high percentage of Mg and Ca recovery across all experiments was verified with the lowest being
90%. The percentage of recovery across all electrolysis took an average value of 95%. From Fig. 8,
in the case where electro-precipitation occurred, high percentage of Mg and Ca were recovered from
cathode while negligible quantity was found in tubing and from anode surface. It is important to note
that high Mg and Ca recovery means negligible loss of the elements was ensured. Mass balance of
Mg and Ca from different compartment was conserved. Consequently, the trends of cation
concentrations depicted in previous figures were reliable. Their decay from electrolyte bulk, coupled
to high mass recovery from cathode surface was indicative of mineral precipitations occurring on the

cathode.

Looking at Fig. 8(b), percentages of mass of Ca recovered from cathode in both matrices of
electrolyte were higher at 0.4 mA cm™ as compared to 4 mA cm™, confirming the relative influence
of evolving gas activity on cathode surface. Moreover, the percentage of Ca recovery from cathode
was always lower in the matrix in presence of Mg?", whatever the current density applied. It is in
agreement with the fact that less Ca** was electro-precipitated in presence of Mg?>* demonstrating the

inhibition effect of the latter towards CaCOj3 co-precipitation with Mg(OH)..

On the other hand, the recovery of Mg in all electrolytes under study illustrated in Fig. 8(a) confirmed
that the Mg?*-based deposit only took place under high current density. It further corroborated the
fact that the formation of Mg(OH), deposit was not influenced by other ionic species co-present in

the electrolyte.
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Fig. 8. Percentages (w/w) of (a) Mg and (b) Ca recovered from different parts of experimental pilot
(O: electrolyte, Z: cathode, B: anode and &: tube) after 300 min-electrolysis at 0.4 and 4 mA cm™
of different matrices of electrolyte (( - - - - - ): Ca** and Mg?" without COs*, (———): Ca?*, Mg?*

and CO57, ( ): Ca** and CO3% without Mg?*, and ( ): Mg?" and COs* without Ca?").

4.4.6 Theoretical evolution of Ca?*, Mg?* and interfacial CO3? during electrolysis in different

matrices

Simulations of evolution of Mg** concentration during the electrolysis of all matrices of electrolyte
depicted in Fig. 5(a), Fig. 5(b), Fig. 7(a) and Fig. 7(b) fitted very well with their corresponding
experimental curves. Their RMSE values stayed underneath 0.0078 as summarized in Table S2 whilst
ME and IOA values remained above 0.9849 and 0.9956 respectively under all case study. The
modelling indicated that under the polarization of 4 mA cm™, it took approximately 7 min for the
electrochemical system to reach interfacial OH crit (0.16 mol m™, interfacial pHerit = 10.2) before Mg**
starting to precipitate. This lag time was also observed experimentally as illustrated in inset of Fig.
5(a) and Fig. 7(a). The model of Mg?" concentrations decreased over time following the calibrated

empirical value of kygon), of 0.330 m® mol? min™!. Exactly same trend was observed across all

matrices of electrolyte containing Mg?* since Mg(OH). deposition was independent of CO3*" and Ca"
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ions. Accordingly, similar procedures were carried out for Ca(OH), deposit. However, due to high
solubility of Ca(OH)2, the OH_,.;; concentration that needed to be reached was as high as 36.6 mol m-
3 (pH = 12.6). Under our investigated experimental setup, this OH_,.;, value was not achieved by either
applied current density. Maximum theoretical interfacial OH™ concentration was obtained under 4 mA

cm? at 7.43 mol m (pH = 11.8). As a consequence, no precipitation of Ca(OH), was observed.

The modelling of interfacial COs* concentration at cathode surface was rather accurate as extensively
discussed in section 4.4.1 to 4.4.3. In agreement to Eq. (20) and Eq. (23), interfacial CO3> was proven
to be dependent on applied current density; hence H> gas evolution activity on cathode. Its
concentration was as well influenced by the consumption of interfacial OH". Taking into account
these matters, Eq. (21) yields reliable models of evolution of Ca®" concentration across multiple
matrices of electrolyte investigated. The calibrated empirical value of constant rate of CaCOj electro-
precipitation (Kcqco,) Was 3.6 x 107 m® mol” min™'. Ca>" model curves fitted their experimental
counterparts well. In agreement to listed values in Table S2, the lowest RMSE was 0.0761 in the
system containing Mg?*, Ca®>" and COs> at low applied current density. Other RMSE values ranged
from 0.0828 to 0.1163 and the Ca®>" model fitting remained reliable in accordance to other model
fitting criteria such as ME and IOA. Their respective values obtained for the case with worst RMSE

fitting (i.e. matrix containing Ca®" and COs* without Mg?* at 0.4 mA cm?) were 0.9758 and 0.9934.

In order to account for intensive concomitant H> gas evolution at high applied current density, the
corrective term o introduced in Eq. (10) and Eq. (23) was taken at 7.5% to fit experimental results.
This tells that approximately only 7.5% of cathode surface was effective for mineral electro-
precipitation including the detachment of deposits already formed by the evolving gas. The a value
was found to approximately match the observed experimental decrease of CaCOs3 scaling (7.2%)
between the two regions of applied current densities investigated. In addition, it has also been
observed that at lower applied current, the applied current density already surpassed limiting current

density (section 4.3). This means that secondary reaction like concurrent gas evolution was already
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present but it did not influence on the availability of interfacial CO3% on cathode (Fig. 6(b)) but rather
improving the mass transport of Ca?>" and Mg?* towards cathode surface (section 4.4.1). The
hindrance of CaCO; growth kinetics in this case was purely attributed to steric inhibition of Mg?" in
solution since no Mg(OH)> was produced under this condition [81]. Therefore, the kinetic law of

depositing CaCOs3 was slightly modified taking into account this effect as defined in Eq. (32):
Tca2t = —Tcaco; = — (kCaCO3 — Kinniv) [Ca2+][CO32_]int,t (32)

where ki,pip (in m® mol! min) is the steric inhibition of Mg?" ion either by adsorption or
incorporation into CaCQOs lattices as previously discussed in section 4.4.2. By fitting the modeled
Ca”' concentration with its experimental data (the matrix in presence of Mg?") at low applied current
density, k;,pip Was evaluated to be 9.0 x 10 m® mol™! min™!. This value is about 25% of the empirical
CaCOs electro-precipitation constant of k¢qco,. It suggests that in the presence of 5 mg L't of Mg*
(in the system containing 150 mg L™ of Ca®"), 25% less CaCOs electro-precipitation should have
been observed due to the inhibition effect. However, experimental results indicated only 12% less
CaCO;s scaling after 5 hours of electrolysis, which is about half the theoretical value. This discrepancy
was attributed to the enhancement of Ca?", CO3* and Mg?" transport by micro- and macro-convection

towards cathode interface [73-76] which could favor the electro-precipitation reactions.

5. Conclusions

The occurrence of mineral electro-precipitation inside a microfluidic reactor was newly investigated
in this work. Due to the existence of precipitating agents in water resources of natural or
anthropogenic origin, electro-precipitates can be formed during advanced electro-oxidation processes
and they might compromise the efficiency of such processes. Inside a scalable microfluidic reactor
equipped with BDD, the phenomenon of local alkalization on cathode surface originated principally
from reduction of water and not dissolved O under investigated conditions. The reaction kinetics at

the proximity of cathode surface were limited by mass transport. Upon further investigation, the
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influence of electromigration towards the occurrence of electro-precipitation was negligible, meaning

that diffusion was the main limiting factor.

MgCOs3 deposit was not observed throughout this work, while Mg(OH), precipitate was highly
dependent on applied current density, because the local pH value was the decisive parameter upon its
formation. Thus Mg(OH), was hardly formed at low applied current density. In addition, Mg(OH)
deposition was independent of ionic species jointly present in the electrolyte bulk. Regarding Ca-
based precipitates, Ca(OH), was not formed under our investigated configuration, while CaCO3 was
easily deposited on the surface of cathode even under small current polarization. More electro-
precipitation of CaCOj3 was recovered at lower current density (0.4 mA cm™) owing to vigorous gas
evolution at higher applied current density (4 mA cm™). CaCOj scaling was proven to be impeded by
the presence of Mg?" ion. A novel mathematical model was proposed to simulate and predict the
evolution of depositing species of Mg?*, Ca®" and interfacial COs> in presence or absence of co-
deposition within the microfluidic reactor. The models fitted well with experimental data given the

RMSE, ME and IOA values.

It could be deduced eventually that *OH continuously produced on BDD anode did not influence
towards the electro-precipitation occurring on cathode counterpart in the applied condition despite
micrometric distance separating them. In order to minimize scaling formation, a compromise with
respect to degradation efficiency of pollutant needs to be accommodated for upcoming research.
Lower applied current density could be used, but lower degradation of pollutant via direct electron
transfer or indirect oxidation would be consequently expected due to lower overpotential.
Alternatively, mineral electro-precipitation could be minimized by applying high current density,
benefiting the intensified evolving gas on cathode surface to un-do the deposits. However, energy
consumption would be deemed deal-breaker for its application at industrial scale. Nonetheless, since
micrometric range of inter-electrode distance extensively cut down the internal resistance of

electrochemical cells, cell voltage would not be eventually so high at such high current densities.
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Further studies are required to test microfluidic configuration in order to concomitantly yield high

degradation efficiency while minimizing the resulting mineral electro-precipitation.
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