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Abstract

The influence of cathode materials including carbonaceous electrode on the cathodic mineral scaling
behavior in a context of wastewater treatment is investigated for the first time and particularly in thin
film microfluidic reactors. The kinetics of CaCOs; and Mg(OH); electro-precipitations were evaluated
with different cathode materials (with distinct porosities, electroactive surface area (Seiec) and
hydrogen (H») evolution overpotential (HEP)) and by varying the applied current densities and
interelectrode distances (delec). Three electrode materials were tested, carbon paper (porosity = 89%;
Setee = 175 ¢cm?), graphite (porosity = 15%; Sciec = 85 ¢cm?), stainless steel (porosity = 0%; Seicc = 80
cm?). An optimal condition to minimize the mineral deposition could be found in microfluidic
configuration (100 um deiec) and by using graphite material being able to increase cathodic potential
(Ec) so to decrease OH™ production. At higher deiec, stainless steel led to less electro-precipitation
compared with graphite. These results newly highlight that the electro-precipitation rate strongly
depends on Ec values, which vary with current density and deiec, as well as with the materials
properties (porosity, Seiec, HEP). A new criterion, namely Ec/HEP, has been introduced to assess the
interdependency of those parameters. Interestingly, a maximal electro-precipitation was noticed at
Ec/HEP = 1.3 for porous and non-porous materials. This further announces the possibility to predict
the range of required Ec according to the electro-precipitation objective, which is crucial in real

applications of electrolysis for wastewater treatment.

Keywords: Electro-oxidation; Impedance spectroscopy; Inter-electrode distance; Scaling issue;

Wastewater treatment



1. Introduction

Carbonaceous materials such as carbon felt, graphite felt and carbon sponge are well-known to inherit
high porosity features that can overcome mass transport limitation owing to their great specific
surface [1]. They have also been the subject of research due to their high electrocatalytic properties,
while offering low operating cost and environmentally-friendly properties compared to noble metals
[2]. This can benefit wide ranges of prospective applications [1, 3, 4], including water treatment
domain [5, 6]. Besides, another distinct characteristic of carbonaceous materials is that they possess
lower overpotential for water reduction [7]. Consequently, wider potential window under cathodic

range is achieved, prior to hydrogen evolution reaction (HER) (Eq. 1) [3]:

2H,0 + 2e~ — H, + 20H" (1)

This interesting feature permits the electrogeneration of hydrogen peroxide (H202) from 2-electron

oxygen (O) reduction reaction (ORR) (Eq. 2) [8-10]:

0, + 2H* + 2e™ > H,0, 2)

H>0; is the main reagent involved in the Fenton reaction that produces hydroxyl radical (*OH) in the
emerging electrochemical advanced oxidation processes (EAOPs), particularly in electro-Fenton
systems [11, 12]. *OH is then responsible for the high removal rates and yields obtained with
biorecalcitrant organic pollutants present in wastewater [13-15]. EAOPs have demonstrated to be
highly efficient to deal with large range of organic load in effluents to treat [16, 17]. However, calcium
(Ca?"), carbonates (HCO37/CO3%), and in a lesser extent magnesium (Mg?"), are frequently found in
real effluents [18-24]. They entail an additional treatment constraint (e.g., polarity reversal) which
has barely been taken into account in EAOPs applications until now. These ions precipitate on the
cathode surface due to local alkalization (Eqs. 1 and 3), a phenomenon involved during electrolysis

of aqueous solution [25-27].

0, + 2H,0 + 4e~ - 40H™ 3)



The accumulation of non-conducting precipitates induces a mineral scaling on the cathode that

passivates it over the course of electrolysis.

The use of microfluidic reactors in the field of water treatment has been proven promising owing to
mass transfer promotion, reduction in specific power consumption whilst allowing to treat waste
effluents possessing low electrical conductivity [28-35]. However, the influence of hydrogen
evolution potential and more generally of the carbon-based materials compared to metal cathode on

the cathodic scaling is still questioned in such microfluidic setup and has never been elucidated yet.

Therefore, this article investigates in detail for the first time the influence of the properties of
carbonaceous materials on the occurrence of cathodic passivation during the advanced electro-
oxidation treatment of simulated wastewater effluent. The cathode materials were firstly
characterized using an electrochemical method before being subjected to electrolysis at different
applied current densities. The role of electrode porosity was particularly explored and the amount of
mineral electro-precipitation produced was systematically quantified. The role of overpotential for
H> evolution on the kinetics of electro-precipitation was further examined. The synergistic effect of
HEP coupled with the electrochemical configuration was discussed. The comparison between the
occurrence of mineral scaling on different cathode materials inside submillimetric and millimetric
interelectrode distance (delec) Was also evaluated. Moreover, the new insights given by mechanistic
understanding towards the electrochemical and chemical processes taking place at the
electrode/electrolyte interface was substantiated with the in-situ electrochemical impedance analysis.
Finally, a new criterion is proposed to predict the optimal range of cathode potential (Ec) to apply as

a function of electro-precipitation goal and at a given material.



2. Experimental

2.1. Chemicals

Calcium sulfate dihydrate (> 90%), magnesium sulfate heptahydrate (> 98%), sodium
hydrogenocarbonate (> 99.5%) and sodium sulfate (> 97%) were provided by VWR International
(Fontenay-sous-Bois, France). Sulfuric acid (95-97%) was purchased from Sigma Aldrich (Saint-
Quentin-Fallavier, France). Sodium hydroxide (1 N) was obtained by Honeywell Fluka (Seelze,
Germany). These chemical reagents were used without further purification. A PureLab ELGA Classic
water purification system (Veolia Water, Antony, France) was used to provide ultrapure water (18.2

MQ cm).

2.2. Electrolysis setup

Galvanostatic electrolysis using flow-by parallel-plate configuration was used to run the electrolysis
according to a setup detailed elsewhere [27, 36]. Two values of applied current were investigated: 20
(0.4 mA cm?) and 200 mA (4 mA cm™) using a HMP4040 power supply (Rohde & Schwarz,
Meudon-la-Forét, France). BDD served as anode, while 316L stainless steel (Gantois Industries,
Saint-Dié-des-Vosges, France), graphite plate (Final Advanced Materials, Didenheim, France) or
carbon paper GDL 39AA (Ion Power, Miinchen, Germany) (280 pm thickness, no
polytetrafluoroethylene (PTFE) treatment) was used as cathode. During the study of the role of
interelectrode gap, three deec were investigated: 100 and 500 pm, representing submillimetric
configurations, and 3000 um representing the millimetric scale. The electrolysis was carried out using
500 mL solution containing 150 mg L' Ca**, 5 mg L' Mg?" and 60 mg-C L! of total inorganic carbon
(TIC), which was representative of the properties of reclaimed municipal wastewater [27]. The
solutions were recirculated at flow rates of 20, 100 and 600 mL min™ using 100, 500 and 3000 pm
delec Tespectively, to ensure an equivalent residence time (0.025 min) under each condition, while

staying under similar hydrodynamic regime (laminar) [36].



2.3. Analytical and characterization methods

Cyclic voltammetry (CV) was performed in a three-electrode configuration [37] to estimate the Selec
of the different cathode materials under study using a potentiostat (Ametek, Massy, France) [38, 39].
500 mL of solution containing 50 mM of K4Fe(CN)s in 0.50 M of Na,CO3 was used [38, 39]. The
cathode material to be characterized was used as working electrode (WE), BDD was the counter
electrode (CE) and Ag-AgCl was the reference electrode (REF). The potential was swept between
0.6 and -0.8 V/Ag-AgCl with a scan rate of 10 mV s™'. Interelectrode gap of 500 um was implemented

during this characterization experiments. The electrolyte was circulated at 100 mL min™.

To determine the exchanged current (/p) of cathode materials, linear sweep voltammetry (LSV) was
performed using the electrolyte ascribed in Section 2.2 [40]. A potential sweep between 0.5 and -1.8
V/Ag-AgCl with 10 mV s’ scan rate was conducted. Stainless steel, graphite and carbon paper were

used as the WE, BDD as CE and Ag-AgCl as REF.

Electrochemical impedance spectroscopy (EIS) was conducted in galvanostatic mode in frequencies
ranging between 100 kHz to 100 mHz to characterize the electrochemical behavior of electrolyte at
the interface of the investigated cathodes during electrolysis (i.e., charge transfer resistance (Rcr),
double layer capacitance (Cpi), resistance of porous non-conductive precipitation film (Rf)), by

following the protocol and the equivalent electrical circuit model defined in a previous study [36].

Inductively coupled plasma optical emission spectroscopy ICP-OES (Thermo iCAP 6000, Thermo
Fisher, Noisy-Le-Grand, France) was used to quantify Mg and Ca concentrations, while the evolution
of TIC concentration was followed using a TOC-TN analyzer (Shimadzu Vcsu, Marne-La-Vallée,

France) as described previously [36].



3. Results and discussions

3.1. Influence of the porosity of cathode material on the formation of electro-

precipitate

3.1.1. Electroactivity of stainless steel, graphite and carbon paper characterized

by electrochemical method

Redox reactions of Fe(CNg)* and Fe(CNe)* were used to estimate the electroactivity of the three
investigated cathode surfaces. Figure 1 illustrates the CV obtained with stainless steel, graphite and
carbon paper. The peak current (/p in A) is correlated to the Seiec of an electrode by Randles-Sevcik

equation (Eq. 4) [38, 39, 41]:
Ip = 2.69 X 105 x AD}/*n3/?y1/2¢gq, (4)

where A4 is the Seiec (in cm?), Dy is the diffusion coefficient of Fe(CNg)®/Fe(CNe)* in solution (6.48

x 100 cm? s7! [42-44]), ne equals to 1, y is the scan rate (0.01 V s™!) and Csor is 5 x 10 mol cm™.

From the values of /p measured for the three cathode materials (Fig. 1), their corresponding values of
Selec Were determined. It was estimated that the stainless steel (Fig. 1(a)), graphite (Fig. 1(b)) and
carbon paper (Fig. 1(c)) possessed 80, 85 and 175 cm? of surface area, respectively. This trend is
coherent with the increase of electrode porosity from stainless steel to graphite (~15%, Final
Advanced Materials, Didenham, France) and carbon paper (~89%, lon Power, Miinchen, Germany).
There was only 6% difference between graphite and stainless steel despite the former being a
carbonaceous material. This slightly higher Sciec of graphite was due to the fact that both stainless
steel and graphite used in this work were solid plate electrodes. Porous properties of graphite gave
slight advantage compared to stainless steel plate. Significant increase of Seiec Was provided by the
carbon paper as expected. It was attributed to its high porosity which increased the number of

electroactive sites at the cathode interface.



The LSV and the respective Tafel slopes of the three investigated cathode materials in synthetic
effluent (150 mg L' Ca?*, 5 mg L' Mg?" and 60 mg-C L' of TIC) used to study the formation of
electro-precipitation are given in Fig. 2. From the Tafel slopes, the exchanged current (/o) on stainless
steel, graphite and carbon paper were estimated to be 1.2, 7.9 and 15.8 mA, respectively. /o indicated
the easiness of electrons transfer that could occur at the electrode/electrolyte interface. From the

values of /o, the charge transfer resistance (Rct) could hence be estimated using Eq. 5 [45, 46]:

RT
neFIO

©)

Rer =

where Rct is in €, R is the gas constant (8.314), T is the temperature (in K) and 7. is the number of
exchanged electrons for water reduction. Here, n. equals to 2, due to the fact that water reduction by

two electrons was the dominant faradaic reaction at the applied current investigated [27].

By intermediary of Eq. 5, Rct on stainless steel, graphite and carbon paper were estimated to be 10.2,
1.62 and 0.81 Q, respectively. These numbers foretell that electronic transfer is the easiest on carbon
paper, followed by graphite and finally on stainless steel cathode. It tallies with the respective order
of the above-mentioned surface of materials. The values of Rct are compared with those measured

with another technique (i.e., EIS) in Section 3.2.2.

In the meantime, the role of cathode material on the kinetics of electro-precipitation during the
electrolysis of solution containing 150 mg L' Ca*", 5 mg L' Mg?" and 60 mg-C L of TIC is

scrutinized in the next section.
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Fig. 1. CV on (a) carbon paper, (b) graphite and (c) stainless steel for the determination of Seiec.
Electrolyte: 500 mL of 50 mM of K4Fe(CN)g in 0.50 M of Na,COs; potential sweep between 0.6 to
-1.6 V/Ag-AgCl with a scan rate of 10 mV s!; CE: BDD, REF: Ag-AgCl and deiec: 500 pm.
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Fig. 2. LSV (a) and respective Tafel slopes (b) of stainless steel, graphite and carbon paper for the
estimation of Zo. 500 mL solution containing 150 mg L' Ca®", 5 mg L' Mg?" and 60 mg-C L™! of
TIC. Potential sweeps between 0.5 to -1.8 V/Ag-AgCl with a scan rate of 10 mV s™'; CE: BDD,

REF: Ag-AgCl and deiec: 500 um.
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3.1.2. Electro-precipitation on different cathode materials at various applied

current densities

In this section, the formation of electro-precipitate occurring on stainless steel, graphite and carbon
paper under the polarization of different applied currents was evaluated. Figure 3 illustrates some
photographs of mineral electro-precipitate that were formed on the investigated cathodes polarized at
200 mA. The scaling appeared whitish on stainless steel (Fig. 3(a)) and graphite (Fig. 3(b)), whereas
the white appearance was not seen on carbon paper (Figs. 3(c)-3(d)). Perhaps, the electro-
precipitation took place within the pores using carbon paper. With the occurrence of mineral scaling
being proven, its quantitative analysis on different cathode materials and applied current was
conducted. The evolution of Mg**, Ca®" and TIC concentrations during the 5 h of electrolysis at 20
and 200 mA are plotted in Fig. 4. In Fig. 4(a), Mg?" concentration decreased insignificantly for all
three investigated cathode materials when 20 mA was applied. Mg?* concentration decreased by 5.2
+ 0.1% using stainless steel and by 7% using graphite. Meanwhile, using carbon paper, Mg**
concentration dropped by 2.1% after 3 h electrolysis before it re-dissolved into the solution, which
could be in relation with the porous nature of the cathode, the microfluidic configuration and the pH
evolution as explained later in this sub-section. From these results, it could be deduced that little
Mg(OH), precipitation occurred on all cathode materials investigated at low applied current. With
respect to the evolution of Ca’?' concentration at 20 mA as shown in Fig. 4(c), it decreased
indifferently when stainless steel and graphite cathodes were used considering the standard
deviations. It decreased to 45.8 + 3.3% and to 47.8 £ 1.0% using stainless steel and graphite,
respectively. The evolution of Ca** followed a similar trend as the evolution of Mg?" in the case of
carbon paper. Ca®" concentration dropped by 11.2 + 0.8% after 3 h of electrolysis before dissolving
back into solution to yield only 1.3% of Ca precipitation on carbon paper at the end of electrolysis.
The evolution of TIC concentration is given in Fig. 4(e). Their evolutions followed those of Ca**
plotted in Fig. 4(c) with the exception of carbon paper. It was observed that TIC was depleted after 5

h of electrolysis: 90 + 18%, 94 + 14% and 94 + 7% of carbonates loss in the setup using stainless
11



steel, graphite and carbon paper, respectively. Using stainless steel and graphite, the decrease of
carbonates in conjunction with Ca?" concentration confirmed the CaCOjs electro-precipitation on both
cathodes. Contrastingly, using carbon paper polarized at 20 mA, the TIC in the solution was depleted
but Ca** only precipitated by 1.3% at the end of electrolysis. Therefore, HCO37/COs> might loss via

an additional route, which is discussed later in this sub-section.

The evolution of Mg?*, Ca?" and TIC concentrations on stainless steel, graphite and carbon paper at
higher applied current (200 mA) are shown in Figs. 4(b), 4(d) and 4(f), respectively. From Fig. 4(b),
it was observed that a similar degree of precipitation of Mg>* was achieved on the surface of stainless
steel and graphite (91.0 4 1.8% and 89.1 + 2.2%, respectively). In contrast, lower Mg*" precipitation
was observed on carbon paper (i.e. 20.2 + 1.1%). With regard to the evolution of Ca*" concentration
at 200 mA (Fig. 4(d)), Ca®" precipitated by 43.2 + 5.6% and 46.7 + 1.2% after 5 h of electrolysis
when stainless steel and graphite were used as cathode, respectively. Thus, 3.5% more CaCOs3
precipitated on graphite in comparison to stainless steel. When carbon paper was adopted as cathode,
Ca’" precipitated by 48.2 + 1.3% after just only 1 h of electrolysis. However, the precipitate re-
dissolved into the bulk after 1 h of treatment and it ended with 40.0 + 1.5% of Ca*" precipitation,
which was less than on stainless steel and graphite. Figure 4(f) plots the evolution of TIC using the
three cathode materials under the polarization of 200 mA. Comparable trends seen in the cases with
20 mA were observed. More precipitation of carbonates occurred using the graphite cathode setup
(95.8 + 5.4%) versus the stainless steel (89.4 + 0.2%). This corroborated with the evolution of Ca**
concentration where slightly more Ca®" precipitated on graphite relatively to stainless steel.
Regarding the TIC evolution under the carbon paper setup, as it was the case with Ca?", TIC depleted
quickly down to 94.6 £ 0.9% just after 1 h of electrolysis. TIC decreased significantly faster at higher
applied current in comparison to the case where 20 mA was applied (i.e., 4 h to deplete the TIC by

94% (Fig. 4(e))).

12



The peculiarity of the results obtained when carbon paper was used as cathode at both applied currents
could be justified by the trend of electrolytic solution pH over the course of electrolysis. Figure 5
plots the variation of electrolyte pH in the bulk at both applied current investigated. It was observed
that the bulk pH decreased the most using carbon paper as cathode regardless of applied current.
Under the polarization of 20 mA using carbon paper (Fig. 5(a)), the bulk pH decreased to an average
pH value of 5.12 before it dropped to 3.38 after 4 h and further down to 3.12 after 5 h of electrolysis.
This explained why there was a re-dissolution of Mg and Ca precipitates starting from 3 h of
electrolysis onwards in the case of 20 mA. Regarding the pH evolution at higher applied current (Fig.
5(b)), it dropped rapidly to 3.76 after just 1 h of electrolysis, before settling at 3.56 at the end of the
process. Similarly, this could explain the re-dissolution of Ca as well as the quicker depletion of TIC
after 1 h of electrolysis when 200 mA was applied. From these trends of bulk pH, it could be
summarized that the carbonate loss in case of carbon paper was principally due to the conversion of
HCOj5 to HoCO3 (pKa=6.3 [47]) and then to CO; given the low pH environment (pH = 3.56) obtained
using carbon paper. This was particularly true in the case of 20 mA where TIC was depleted by 94%
but Ca*" only precipitated by 11% (before re-dissolution). While applying 200 mA, Ca*" quickly
precipitated with COs>" during the first hour of electrolysis before the pH environment got too low

that it induced re-dissolution of CaCOs after 1 h electrolysis.

Moreover, the bulk pH tends to stabilize towards the end of electrolysis with carbon paper (Fig. 5),
and quicker stabilization was observed with higher current density (Fig. S(b)). This could be
explained by the progressive accumulation of H" from the anode in the porous cathode due to
microfluidic configuration (500 um), which then redissolve the precipitates into the bulk as noticed
in Figs. 4. This phenomenon of redissolution starts earlier at higher current density (after 60 min at
200 mA against 240 min at 20 mA), due to higher accumulation of H" at anode, which agreed with
the stabilization of pH in the bulk after 240 min at 20 mA and 60 min at 200 mA (Fig. 5). The re-
dissolution mechanisms were not observed with graphite and stainless steel cathodes, because it was

assumed that the H" did not have time to accumulate at the cathode surface in order to compensate

13



the OH™ production, due to their too low porosity. Furthermore, a fluctuation of results with higher
standard deviation during electrolysis with carbon paper was evidenced. It could be attributed to the
changes of electro-precipitation kinetics with the anodic contribution in microfluidic design that

decrease the reproducibility.

The evolution of bulk pH when stainless steel and graphite were used as cathode are also depicted in
Fig. 5. It can be observed that, regardless of the value of applied current, the electrolytic bulk pH
decreased in the increasing order of stainless steel > graphite > carbon paper. Comparing the porosity
of the three cathode materials, it increased in the increasing order of stainless steel < graphite < carbon
paper. This observation concludes the effect of porosity on the formation of cathodic deposition.
Porous nature of the electrode would induce a retardation of OH™ diffusion flux from the pores into
the solution bulk [48]. As a consequence, more accumulation of OH™ occurred in the pores due to the
slower OH™ diffusion which led to higher local pH on porous cathode. In the same time, the
precipitation reactions near the cathode surface consumed OH™ [49, 50]. This consumption of OH"
combined with its slower diffusion into the bulk could have led to higher uncombined H"
concentration in the bulk, which resulted in lower bulk pH value. This could be the reason why lower
bulk pH was obtained using carbon paper as cathode, followed by graphite and stainless steel.
Therefore, carbon paper which had highest porosity could have led to the highest accumulation of
OH-, which could then rapidly convert HCO3™ into COs* for its reaction with Ca** to form CaCOs
(Fig. 4(d)). Following similar principles, the porous nature of graphite plate led to slightly higher
local OH™ concentration on graphite cathode relatively to the stainless steel plate which resulted in

slightly higher CaCOs electro-precipitation on graphite as compared to stainless steel (Figs. 4(d) and

4(h)).

It is also interesting to link the hydrophobicity of the cathode material with the occurring electro-
precipitation. The increase of contact angles values from stainless steel (73°; [S1]) to graphite (78°;

[39]) and carbon paper (~150°, according to a similar carbon paper characteristic (280 um, no PTFE

14



treatment, 80% of porosity; [52]), highlights the increase of hydrophobicity with the increasing
cathodic electro-precipitation. This could be explained by the increase of O, gas affinity towards the
most hydrophobic material (i.e., carbon paper), which then increases the possibility of its subsequent
reduction that lead to higher OH™ generation. This O» is preferentially transferred from anode to

cathode in microfluidic device.

The only exception on the kinetics trend of electro-precipitation was the case when carbon paper was
used as cathode under the polarization of 20 mA. The sluggish kinetics of CaCOj3 precipitation were
attributed to the high applied Ec on carbon paper. It was measured at -0.35 V/Ag-AgCl using 20 mA
and this potential was too high for the either reduction of O> or water to occur [25, 26, 36]. As aresult,
OH" was not yet produced. Slow electro-precipitation of Mg(OH) on carbon paper in comparison to
graphite and stainless steel using 200 mA current was also due to similar reason. It has been shown
in literature that the precipitation of Mg(OH), was highly dependent on applied current [21, 53-55],
or more precisely to the Ec [27]. When 200 mA was applied, Ec of -1.54 V/Ag-AgCl was measured
on stainless steel, -1.72 V/Ag-AgCl was measured on graphite, whilst relatively higher -1.40 V/Ag-
AgCl was measured on carbon paper (Fig. 2). This higher applied Ec led to lower intensity of OH"
production from the reduction reactions of water (Eq. (1)) and dissolved O2 (Eq. (3)). Hence, slower

Mg(OH): electro-precipitation was apparent with carbon paper.

Due to the difference of electro-precipitation behavior obtained with regard to cathode materials, the

influence of H; evolution potential was further scrutinized in the next section.
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() (b)

(c) (d)

Fig. 3. Photographs of mineral electro-precipitation occurring on (a) stainless steel, (b) graphite and

(c, d) carbon paper cathodes after 5 h electrolysis. detec: 500 pm. Zapp: 200 mA.
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3.2. Role of H: evolution overpotential: synergistic effect of interelectrode

distance and cathode material to reduce electro-precipitation

It has been demonstrated across Section 3.1 that by using more porous cathodes, it works in favor of
mineral electro-precipitation. It corroborates the fact that a porous cathode offers high Seiec, which
enhances chemical and electrochemical reactions. As a consequence, if the formation of electro-
precipitation is intended, porous cathode is the go-to option. Contrastingly, if the depreciation of
mineral electro-precipitation is sought after, which is rather the case with the EAOPs in order to

increase their life span, using cathodes with high porosity might yield antagonistic consequences.

In this section, another property of carbonaceous material has been explored. Carbonaceous material
such as carbon felt, graphite felt, vitreous carbon and graphite rod are known to possess higher
overpotential for water reduction [39]. Consequently, a wider potential window under cathodic range
prior to H> evolution is achieved. That is the reason why carbonaceous materials have been receiving
specific attention for a variety of applications (e.g. Fenton-based technology [56-60], non-Fenton

catalytic degradation of organics [61, 62], electrosorption [63] as well as fuel cells and batteries [3,
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64, 65]) benefiting both their lower cost and environmentally-friendly properties. Moreover, it has
been previously shown that the electro-precipitation occurs with concomitant HER [53, 55, 66-68]
which results in deposit detachment from cathode surface [55, 67, 69, 70]. In that regards,
carbonaceous cathode is of no exemption. Due to the determinant role of concurrent gas evolution on
electro-precipitation formation, the overpotential of H> evolution offered by a carbonaceous material
was further explored (Section 3.2.1). Graphite plate, a low porosity carbonaceous electrode (~15%)
was used as cathode to meet the objective. The kinetics of electro-precipitation taking place on
graphite together with stainless steel plate were compared under both submillimetric and millimetric
configurations to inspect the inter-relation between interelectrode gap and H> overpotential. The
mechanistic understanding at the cathode/electrolyte interface is further deepened through
electrochemical impedance analysis presented in Section 3.2.2. The introduction of a new criterion
assessing electro-precipitation efficiency considering Ec and HEP as a function of material porosity

is exposed in Section 3.2.3.

3.2.1. Electro-precipitation on stainless steel and graphite at different

interelectrode distances

Figure 6 shows the evolution of Mg?", Ca®" and TIC deposited during the electrolysis at 200 mA,
when either graphite or stainless steel plates were used as cathode. From the plot of Mg?*
concentration evolution in Fig. 6(a), it was observed that more Mg?* electro-precipitated using 500
um delec in comparison with 3000 um setup. Using 500 pm, comparable Mg?" electro-precipitation
was noticed between stainless steel (91.0 + 1.8%) and graphite (89.1 + 2.2%). When deiec = 3000
um, Mg?* precipitated by 81.1 4 0.2% and 82.6 + 2.8% on stainless steel and graphite, respectively.
Under the 100 pm setup, a different behavior was noticed. 85.6 + 2.6% of Mg>" precipitated on
stainless steel which was comparable to the percentage evaluated using 500 um setup considering the
standard deviations. Contrastingly, only 6.3 + 0.1% of Mg?" was deposited on graphite cathode. In

addition, the evolution of Ca®" concentration is depicted in Fig. 6(b). Reproducible trends of Ca**
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deposition, relatively to the aforementioned Mg?" deposition, were observed for the reactor
configurations involving both 500 pm and 3000 um interelectrode gaps. More Ca®" precipitation
occurred under the configuration of 500 um compared to that of 3000 um. Under the 500 pm
configuration, Ca** deposited by 43.2 + 5.6% on stainless steel, whereas it precipitated slightly more
on graphite cathode (i.e., by 46.7 £+ 1.2%). In comparison with the 3000 um deiec, Ca>" precipitated
by 36.2 + 1.6% on stainless steel versus 40.0 + 3.3% on graphite. Surprisingly, when 100 um deiec
was used, a conflicting behavior was noticed again. It corresponded to the configuration in which
CaCO:s electro-precipitation occurred the most at the stainless steel cathode (55.1 £ 2.2%), compared
with the graphite electrode (9.0 £ 1.2%). The evolution of TIC concentrations illustrated in Fig. 6(c)
followed similar deduction drawn for the fate of Ca?*. TIC decreased the most at deiec = 100 pm with
stainless steel as cathode. Comparatively, more carbonate deposition occurred under deiec = 500 pm
setup as compared to deiec = 3000 um, with marginally more electro-precipitation evaluated on

graphite cathode in comparison to stainless steel for both deiec.

To summarize, more electro-precipitation was formed under the 500 pm configuration (microfluidic)
in comparison to that of 3000 um (millimetric) and slightly more electro-precipitation took place on
graphite cathode relatively to the stainless steel. The worst electro-precipitation occurred using 100
um (microfluidic) deec but only when stainless steel was used as cathode. Contrastingly, the slowest
electro-precipitation was found also using the 100 um deiec but with graphite on cathode. Upon these
results, two general conclusions could be assumed: (1) interelectrode distance played a determining
role towards the formation of electro-precipitation and (2) under very particular operating conditions
(i.e., submillimetric deiec €quals or lower than 100 pm), graphite properties could help to reduce the

kinetics of deposition unlike any other experimental conditions.

To further understand this disparity of electro-precipitation in function of cathode material as well as
delec, the polarization curves in cathodic region on stainless steel and graphite at 100, 500 and 3000

um gaps were performed (Fig. 7). According to Fig. 7(a), it was observed that the HEP was lower
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using a graphite cathode in comparison to stainless steel at 500 um deiec. As a result, when 200 mA
current was applied (i.e., 4 mA cm), approximately -1.54 V/Ag-AgCl was measured on stainless
steel, whilst -1.72 V/Ag-AgCl was recorded on graphite. Similarly, according to Fig. 7(b), when the
cell was used with 3000 pm deiec, the HEP was also lower at 200 mA on graphite (-1.97 V/Ag-AgCl)
than on the stainless steel (-1.91 V/Ag-AgCl) cathodes. Significantly lower applied Ec (into the water
reduction region) measured under the macrometric reactor setup (3000 um) could explain the lesser
degree of electro-precipitation under this configuration. Intense competitive H» evolution on cathode
surface reduced the reactive site for precipitating reactions and in the same time induced partial
deposit detachment from the cathode surface. This observation follows the deduction made in a
previous study [36], where the role of deiec Was thoroughly discussed and modeled. The difference in
electro-precipitation formation on both cathode materials at a given deiec reciprocates the deduction
drawn in Section 3.1.2. Higher porosity on graphite led to slightly higher local alkalization on
graphite. As a consequence, there was a marginally higher driving force of thermodynamic shift of

Eqgs. (6)-(8) to the right, in the direction of mineral scaling production.

Mg?* + 20H- < Mg(OH), (6)
OH™ + HCO; < H,0 + CO%™ 7
Ca** 4+ C0%~ & CaC0, (8)

This conclusion was supported by higher Seiec for electronic transfers (85 vs. 80 cm? of stainless steel
(Section 3.1.1)), which led to better electrochemical and/or chemical reactions. On the contrary, a
reversal trend was noticed in the case where the microfluidic cell was used with deiec = 100 pm. In
accordance with Fig. 7(¢), it was observed that the HEP was higher on graphite rather than on stainless
steel cathode. Consequently, the Ec was measured at -1.33 V/Ag-AgCl on graphite against -1.45
V/Ag-AgCl on stainless steel when 200 mA was applied. Visually, no gas bubble was produced under
this configuration. Thus, the little precipitation observed was not induced by scaling detachment. At

this higher measured Ec, less OH™ ions were produced on graphite, which lowered the kinetics of
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Mg(OH)> and CaCOs3 deposition. Therefore, this finding might explain the contrasting observation
made between the two cathode materials when 100 pm deiec was adopted. This was the only condition

where the carbonaceous graphite would substantially minimize the formation of mineral scaling.

The difference in the occurrence of mineral scaling on graphite and stainless steel inside microfluidic
and millimetric reactors could be further emphasized by the evolution of bulk pH during the
electrolysis (Fig. 6(d)). The decreasing pH value correlated with the OH™ ion consumption shown in
Eqgs. (6) and (7) to form mineral precipitates. The more pH decreased, the more electro-precipitate
formed on cathode surface, which was in agreement with the curves depicted in Figs. 6(b) and 6(c).
Only bulk pH corresponding to the microfluidic setup (100 pm) using graphite cathode increased
over time. It corroborated with the fact that this was the only configuration where sluggish mineral
scaling was spotted (Fig. 6). The pH evolution depicted in Fig. 6(d) again confirmed the accumulation
of OH" near porous cathode when graphite was used, which resulted in an increasing H" accumulation

in the bulk [48]. Thus, the pH dropped.
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Fig. 6. Concentrations of (a) Mg?", (b) Ca?", (¢) TIC and (d) bulk pH during the electrolysis of
solution initially containing 150 mg L' Ca**, 5 mg L'! Mg?* and 60 mg-C L' of TIC at 200 mA.
detec of (£, A): 100, (O, @): 500 and (1, M): 3000 pm were evaluated using (A, @, l): graphite

and (/\, O, [): stainless steel cathode. Anode: BDD.
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3.2.2. Cathode/electrolyte interface study of electro-precipitation on graphite

and stainless steel by electrochemical impedance technique

EIS analysis was performed on graphite and compared to stainless steel in order to characterize
mineral electro-precipitation during the electrolysis at 100, 500 and 3000 pm interelectrode gaps. The
evolutions of Rcr and Cpr using graphite cathode are plotted in Fig. 8. It can be noticed that the values
of Rct appeared constant during the electrolysis for all three deiec (Figs. 8(a), 8(c) and 8(e)). Rcr
measured on graphite took the average values of 0.42 + 0.10, 0.88 + 0.05 and 2.96 + 0.10 Q
respectively, when 100, 500 and 3000 um deec Were used. Despite the formation of electro-
precipitation in the configurations of 500 and 3000 um, the graphite surface was also not fully
passivated. This was in-trend with the conclusion obtained in a previous study [36], using stainless
steel as cathode. As for the evolution of Cpy illustrated in Figs. 8(b), 8(d) and 8(f), it was noticed that
they rather increased during the electrolysis unlike the evolution of Cpr on stainless steel cathode. It
increased by 58, 76 and 37% in the respective order of 100, 500 and 3000 pm reactor configurations.
This increase of Cpr values had no significant relation with the formation of electro-precipitate since
it also increased when 100 pm deiec Was used (a condition where the least mineral scaling took place).
Instead, it has something to do with the porosity of graphite and will be discussed shortly when it is
compared to stainless steel cathode. With respect to the evolution of film resistance (Rr) formed on
graphite during the electrolysis plotted in Fig. 9, it was observed that Rr increased during the first 2
h of electrolysis to 0.29 £ 0.01 and 0.43 £ 0.15 Q for 500 and 3000 um setup, respectively. It was
expected to measure higher Rr value using 500 pm delec since marginally more scaling occurred at
this distance, but the opposite trend was obtained. Nonetheless, after 2 h electrolysis, reproducible
trend was noticed on both interelectrode gaps in line with the kinetics of precipitation previously
discussed in Section 3.1.2 and Section 3.2.1. R values in both conditions decreased and it could be
ascribed to the evolution of bulk pH in reference to Fig. 6(d). The fact that the electro-precipitate had

the possibility to re-dissolve into the solution apparently decreased the resistance related to the
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precipitated film. This might be the reason why Rr values decreased using both deiec after 2 h of

electrolysis as depicted in Fig. 9.

Upon comparing the interfacial activities between graphite and stainless steel, some differences could
be highlighted. The ratio of Rcr and Cpr values between graphite and stainless steel for all
investigated delec configurations are illustrated in Fig. 8. It can be observed that Rct values on graphite
were lower than those on stainless steel, i.e., averagely by 0.6-fold, 0.8-fold and 0.7-fold using 100,
500 and 3000 pum, respectively in all conditions. This lower Rcr value characterized by EIS on
graphite versus stainless steel corroborates the corresponding Rct values determined using /o method
in Section 3.1.1. Lower Rct measured on graphite correlates with the finding that more electro-
precipitation took place on porous graphite (except 100 um). Easier electronic exchanges would favor
a higher OH™ production and subsequently a better precipitation reaction of CaCO3; and Mg(OH)>. On
the contrary, Cpr values were higher on graphite in comparison to the values measured on stainless
steel by an average factor of 2.7, 1.1 and 1.5 using 100, 500 and 3000 um, respectively. These
differences were accounted for the porous properties of graphite. Higher Seiec offered by porous
cathode would allow higher distribution of electronic double layer. This finding was in agreement
with the results documented by Da Silva et al. [71]. They found that Cpr value measured on porous

metal oxide electrode was significantly reduced when the porosity of the electrode was decreased.
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3.2.3. Interdependence of cathode potential, H> evolution overpotential and

cathode porosity on electro-precipitation

Previous results in Section 3.1 and Section 3.2 emphasized interdependence of Ec with HEP, cathode
porosity and hydrophobicity on the evolution of electro-precipitation. Figure 10 displays a flow chart
summarizing the influence of Ec and therefore of deec and the current density, on the kinetics of
CaCO;s electro-precipitation depending on the porosity and hydrophobicity of the cathode material. It
emphasizes the fact that higher deiec led to lower electro-precipitation with low porosity material and
inversely. It is additionally proposed to introduce a new empirical criterion (i.e., Ec/HEP) that
consider both operating condition (delec) and cathode material property (HEP). Ec depends on the cell
voltage, which also depends on deiec [36]. Moreover, by assimilating the overpotential to HEP, then
Ec is equal to the sum of HEP and the cathode potential at equilibrium (Eoc), which highlights the

direct link between Ec and HEP.
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Table 1 regroups the values of HEP, the ratio between Ec over HEP and the percentage of CaCOs
precipitation as a function of deiec at 200 mA for stainless steel and graphite cathodes. The ratio of
Ec/HEP for different cathode porosities and deiec Were then calculated with regard to the resulting
CaCOs electro-precipitation and they are illustrated in Fig. 11. Only CaCO3 was chosen because (1)
it represents the predominant mineral scaling occurring under the applied operating conditions and
(2) to simplify the plot of the inter-relation mechanistic scheme. For the values of Ec/HEP inferior to
~1.3 for porous graphite and stainless steel, the percentage of CaCOs precipitation increased against
Ec/HEP (Fig. 11). Interestingly, the ratio of 1.3 represented the maximal point for mineral scaling
formation for graphite and stainless steel respectively. As the ratio Ec/HEP was displaced beyond
these points, the percentage of CaCOj3 deposition decreased as a result of antagonism effect of H» gas
evolution that promoted detachment of precipitates. In the aim to compare with Ec/HEP ratio obtained
from a previous study dealing on electro-precipitation, a Ec/HEP ratio of 0.02 at deiec = 50 um leading
to the absence of electro-precipitation with stainless steel cathode was found [36]. This point has been

added to Fig. 11 and seems to be consistent with the trend obtained with the present data.

It is further important to note that this interdependence behavior at cathode surface could interfere
the EAOPs efficiency in presence of real matrices that particularly contains Mg?* and/or Ca?* and
HCO;/COs*. For example, porous carbon materials are preferentially used for electro-Fenton system
for their ability to electrogenerate more H>O> and to promote the subsequent Fenton reaction. Only
few previous studies investigated the influence of water hardness on electro-Fenton efficiency [72,
73]. They attributed the decrease of organic pollutant removal to the formation of complexes with
calcium and magnesium in the bulk. However, they did not consider the cathodic electro-precipitation
phenomenon that should preferentially occur and could progressively passivate the cathode.
Moreover, the present criterion could be used in EAOPs optimization in order to limit the electro-

precipitation issues.
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Fig. 10. Flow chart taking into account Ec, deiec, current density, H, gas evolution

porosity/hydrophobicity on global CaCOs electro-precipitation (EP) efficiency, with the following
general order of electro-precipitation yield (from the lowest to the highest): EP(1) < EP) < EP3) <

EP ).

Table 1. Values of HEP, ratio of E;/HEP and percentage of CaCOs3 electro-precipitation (after 5 h
of electrolysis) as a function of deiec under the polarization of 200 mA for stainless steel and

graphite cathode.

Stainless steel Graphite

HEP

delec (um) HEP E E
C/HEP % Precip. C/HEP % Precip.

(V/Ag-AgCl) (V/Ag-AgCl)
100 -1.1 1.32 551122 -1.1 1.21 90+12
500 -1.1 1.40 432+ 5.6 -1.3 1.32 46.7+ 1.2
3000 -0.9 2.12 362+ 1.6 -1.0 1.97 40.0+33
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Fig. 11. Mechanistic scheme giving general trends of inter-relation between Ec, HEP and porosity

towards CaCOs electro-precipitation on graphite and stainless steel cathodes.

4. Conclusions

The role of cathode materials on cathodic electro-precipitation was newly investigated in this article
and particularly under submillimetric configuration compared with more conventional millimetric
interelectrode gaps. Non-porous and non-carbonaceous stainless steel as well as carbonaceous
graphite plate and carbon paper which possessed different porosities were compared. Electroactive
surface area of stainless steel, graphite and carbon paper were determined via electrochemical
method. Values of 80, 85 and 175 cm? were obtained for stainless steel, graphite and carbon paper,
respectively. It indicated that different cathode materials offered different number of sites for
electronic exchanges on top of having different porosities. The main new insights given by this study

are summarized as follows:
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e Mg(OH): precipitated little on stainless steel, graphite and carbon paper at low applied current (20
mA), whilst CaCOs electro-precipitation was formed only on stainless steel and graphite cathode
but not on carbon paper.

e Using higher applied current (200 mA), a significant precipitation of Mg(OH), was observed on
stainless steel and graphite, but a low precipitation on carbon paper. However, quick CaCOs
deposition was noted on carbon paper. Meanwhile, slightly favored CaCOj3 electro-precipitation
on graphite in comparison to stainless steel was observed and it was ascribed to higher local pH
due to porous characteristic of graphite.

e Lower HEP would only lead to more formation of electro-precipitates. It was due to enhanced OH"
production that would consequently favor the mineral scaling. Slightly less mineral scaling could
be achieved if the HER overpotential was very low into the water reduction region (where the
competing H> evolution rigorously evolved on cathode surface).

e The role of HEP was overshadowed by an additional rate limiting parameter, i.e., Ec that need to
be also considered. When stainless steel was used as cathode under the 100 um deiec setup, the
most electro-precipitation took place. Contrastingly, by replacing stainless steel with graphite, the
slowest mineral scaling was noticed. It was due to the alteration in the cathode potential value
where the OH™ production was less favorable.

e The introduction of a new criterion, i.e., Ec/HEP ratio, permit to consider the interdependency of
operating conditions (delec) With the cathode material characteristics. A maximal CaCOs electro-
precipitation was noticed at an optimal Ec/HEP ratio ~ 1.3 porous and nonporous cathodes. This
should help to predict the range of Ec to apply for either maximal or minimal scaling at a given
cathode material.

e Using electrochemical impedance analysis, the porosity of graphite was evidenced. Higher CpL
was determined on graphite compared to stainless steel. Lower Rct measured on graphite proved

that better electronic transfers take place on graphite in comparison with stainless steel cathode.
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In overall, due to rapid CaCOs3 deposition as well as acidic post-treatment condition, porous carbon
paper was not a suitable cathode to be chosen if the minimization of electro-precipitation is sought.
Nonetheless, it has been proven herein that slow kinetic growth of deposit could however be devised
using graphite or other materials under the condition where the applied cathode potential does not
favor the OH™ production. Meanwhile, carbonaceous materials would suit the purpose of the recovery
of waste containing added-value compound via an electrochemical precipitation technique. They are
relatively cheaper than other materials hence offering an economical advantage for the
electrochemical process to be implemented. Finally, the electro-precipitation phenomena should be
considered in EAOPs with real matrices and the new criterion developed could be used to improve

the optimization.
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