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Abstract

The use of microfluidic electrochemical reactors has been introduced several decades ago, but their
application in the field of wastewater treatment is more recent (2010). The parallel development of
electrochemical advanced oxidation processes (EAOPs) as promising technologies for effluent
treatment make them good candidates to be implemented as thin film cells. This allows favoring the
mass transfer, which is particularly interesting for heterogenous electro-oxidation. Moreover, the
energy requirement is reduced, while there is possibility to treat low-conductivity solutions. This
review intends to provide instructions on the main operating parameters to be optimized during the
EAOPs treatment. Directions on engineering aspects have been given to overcome the main
drawbacks of microreactors such as fouling, scaling and low treatment capacity, based on recent
encouraging results given in literature. The promising development of hybrid processes that combine

electro-separation with electro-conversion would also benefit from such reactor designs.
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1. Introduction

Within the framework of water reuse as a countermeasure against water scarcity that might concern
a large number of countries across the globe, conventional biological and physicochemical treatments
applied in wastewater treatment plants (WWTPs) do not suffice [1, 2]. In response, a variety of
complementary treatments has been proposed across literature and some of them even have been
applied at industrial scale [3-6]. The majority of them are based on the fundamentals of chemical
oxidation, in which strong oxidants are involved in the degradation of pollutants [7, 8]. Classical
processes such as chlorination, ozonation and advanced oxidation processes (AOPs) are to an extent
well-established to be able to totally degrade organic contaminants present in aqueous media [3, 9].
Nevertheless, their efficiency comes first and foremost with high operational price [10]. Secondly,
the addition of chemicals into the media to be treated is a prerequisite, be it H>O», Clo, O3, acid/base
and/or ferrous sources. One might notice the contradictory practices between preserving the aquatic
ecosystem receiving the treated wastewater against the admittance of unnatural substances into it

when chemical reagents are introduced into the media to be treated [11].

AOP techniques have been doped by the introduction of electrochemical advanced oxidation
processes (EAOPs) [12-14]. The latter have been documented across literature to also be able to
degrade organic pollutants into simpler organic compounds which are easier to be biodegraded [15-
18]. A quasi-complete mineralization into CO; and inorganic species can even be obtained if required
[19, 20]. A huge boost to the limitation of AOPs is that EAOPs do not necessarily require the addition
of chemicals to electrogenerate strong, quasi non-selective oxidizing agent such as hydroxyl radicals

(*OH) as well as hydrogen peroxide (H20.) in-situ [21].

In addition to the advanced electro-oxidation by *OH mentioned above, other indirect electro-
oxidation (also called mediated electro-oxidation) can take place with active oxidants (HCIO/ClO",
Cl, O3, etc.) depending on the composition of electrolyte [22-25]. It exists other variants of EAOPs

such as those where photo-, solar photo- and sono- irradiation sources have been called upon in a way



to optimize the processes [14, 26-28]. The coupling between EAOPs have also been explored to

combine heterogeneous and homogeneous *OH production to improve treatment capacity [9, 29, 30].

In recent years, the application of submillimetric reactors within the framework of EAOPs has spurred
the capability of treatment of wastewater effluent using these techniques [29, 31, 32]. The
micrometric interelectrode distance (delec) significantly accommodates the limitation by mass transfer
often encountered in macro-reactors [33-35]. Furthermore, the redox reactions taking place on
electrodes are intensified by bringing them very close to each other [35, 36]. While treating urban
WWTPs effluents, their ionic conductivity (i.e., in average 1000 pS cm™) is apparently too low for
conventional undivided reactor (deciec between 1 and 4 cm) [37]. This low value of electrical
conductivity limits the efficiency and applicability of EAOPs in various terms; firstly, the huge ohmic
drop in-between electrodes requires an application of significantly larger operating currents thus
inducing a larger overall power consumption [34, 37]. Secondly, the oxidation of pollutants will
quickly be limited by mass transfer towards the electrodes, particularly for heterogeneous oxidation.
Thus, the efficiency of pollutant degradation is critically impacted [38]. Thirdly, supporting
electrolyte is added most of the time to promote the mass transfer of pollutants making the EAOPs
less attracting as environmental-friendly processes. Fortunately, the use of microfluidic reactors
would allow the treatment of reclaimed wastewater without the need for supporting electrolyte [37,
39]. As a consequence, microfluidic configuration would allow not only innate mass transfer
enhancement, but also cut in operation cost. This paper aims to review the main influencing operating
parameters responsible for the EAOPs efficiency, with an emphasis on engineering aspects for further

development guidance at larger scales.



2. Influence of main operating parameters on EAOPs efficiency
2.1. Applied current density/electrode potential

Applied current density is a crucial parameter in the application of electrochemical process to degrade
organic pollutants. It is also closely related to the electrode potential through the Butler-Volmer
relation [40], which is the driving force for direct and indirect oxidation and reduction reactions [41].
An optimal range of j.pp was systematically noticed, depending on the type of EAOP [29, 33, 38, 42],
anode and cathode materials [29, 38], on operating conditions (Table 1) as well as on the
configuration mode of microfluidic reactors [34, 37, 38]. This apparent optimal value of jap, occurs
due to two main reasons; either the electrical current is too low to produce significant quantity of
oxidants or, on the contrary, too many electrical charges are given to the system till the redundant
charges are wasted to unwanted side-reactions. Hence, the current efficiency (7, in %) is commonly

written under the form given in Eq. (1) [38].

T’ — 100 neF.CSOLVFX (1)

JappS

where n, is the number of required electrons for pollutant conversion, F is the Faraday constant
(96,485 C mol™"), Vg is the flow rate (in m® s™), X is the conversion rate, japp in A m2, Csov is the

initial pollutant concentration (in mol m™) and S is the electrode surface area (in m?).

Figure 1 illustrates the percentages and # of chloroacetic acid removal by electro-oxidation (EO) at
different current densities and flow rates. From Fig. 1(a), it was observed that at low current density,
organic abatement increased with applied current. The degradation was kinetically controlled by
charge transfer and that was the reason why it increased with japp, Whereas in the region of high japp,
the percentage of abatement increased negligibly or remained constant with further increase in japp.
The degradation was kinetically controlled by organics mass transfer to the electrode. Excessive

charge would be used for parasitic reactions. As a result, the # plot depicted a maximum where it



increased with further increase in japp (Fig. 1(b)). Several other works have come up with similar

deduction [34, 37, 39, 43].

However, it is important to consider the matrices effects such as unwanted by-products formation as
well as scaling phenomena (Section 2.6), when optimizing japp. This has not been examined yet in

microreactors application for wastewater treatment.
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Fig. 1. (a) Percentage and (b) current efficiency (#) of degradation of chloroacetic acid during EO
process in microfluidic reactor as a function of japp at different flow rates. Initial pollutant
concentration: 5 mM, deiec: 50 pm, anode: BDD, cathode: stainless steel, surface area: 5 cm?

(Adapted with permission from [38]. Copyright 2014, Elsevier).

6



2.2. Flow rate

The flow rate is an important parameter because it determines the residence time (7) of the effluent to
be treated in the electrolytic reactive zone. Generally, the influence of the flow rate depends on the
electrochemical process occurring on electrode surfaces. According to Fig. 1, in the region where the
process was kinetically controlled by charge transfer (lower japp), organic removal was more efficient
with lower flow rate. It was due to higher 7, thus there was a longer treatment of pollutant per charge
applied. When the abatement of pollutant was controlled by mass transfer, the removal increased with
the flow rate as a result of mass transfer intensification. # was also improved due to similar reasons
(Fig. 1). Similar trend of conclusion has been documented in several works across literature [29, 30,

33, 37-39].

2.3. Interelectrode distance

Despite being in micrometric conditions, the interelectrode distance (deiec) between anode and cathode
still plays a determining role towards the reaction mechanism occurring inside the microfluidic
reactor. Figure 2 plots the percentage of color and chemical oxygen demand (COD) removal during
an electro-Fenton (EF) process to oxidize acid orange dye pollutant. The highest color (100%) (Fig.
2(b)) and COD (80%) (Fig. 2(c)) removals were achieved at lower deiec (120 vs. 240 um) at 20 A m’
2 (2 mA cm™) [42]. It was attributed to higher H>O, production (Fig. 2(a)) with smaller deiec [42].
Lower distance resulted in a higher contribution of dissolved oxygen (O) formed on anode via Eq.
(2) to produce H>O> via Eq. (3). Furthermore, the lower distance also led to a more uniform
distribution of dissolved O> thus favoring H>O, formation [42]. Adversely, further decreasing in deiec
led to lower residence time in the reactor. Thus, it led to lower accumulation of H>O» and faster mass

transfer of H,O» towards the anode, before being oxidized back to dissolved O> (Eq. (4)).
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Fig. 2. (a) Hydrogen peroxide (H20>), percentage of (a) color removal and (b) COD removal of
organic dye using EF inside microfluidic reactor with different deiec of 75, 120 and 240 pm at
different japp. Anode: IrO»-Ta>Os/Ti, cathode: graphite. Initial dye concentration: 0.43 mM, Fe?*:

0.5 mM (Adapted with permission from [42]. Copyright 2013, Elsevier).

When the interelectrode gap decreases, redox reactions on both anode and cathode are intensified.

Mass transfer towards both electrodes is also significantly improved. This has been demonstrated



during the electro-oxidation of tetrachloroethane inside a microfluidic reactor operating using 50 and
75 um deiec [44]. Better abatement and # were noticed using lower delec and it was due to a better mass

transfer of the pollutant towards the electrodes.

While progressively transitioning into the micrometric scale by reducing the interelectrode gap, the
electrochemical cell voltage is reduced [37]. It occurs owing to the reduction of ohmic drop in-
between electrodes. This phenomenon has clearly been presented in Fig. 3. It illustrates the variation
of ohmic resistance (D RI) happening inside electrochemical reactors with large range of deiec at
different possible supporting electrolyte concentrations [34]. Considering for example the lowest
supporting electrolyte (0.5 g L), the YR/ measured inside stirred tank reactor with 25000 pm (2.5
cm) delec Was 346 Q. The resistance was reduced to 6 Q inside a microfluidic reactor operating using

similar 0.5 g L! supporting electrolyte.
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Fig. 3. Variation of ohmic resistance as a function of deiec and different concentrations of supporting

electrolyte (Adapted with permission from [34]. Copyright 2018, Elsevier).

In addition, there has been a study conducted by Khongton et al. in which the EO experiments were
performed at different deiec (250 to 750 um), while keeping the 7 constant [39]. For that, the flow rate

was adjusted according to the deiec to keep the residence time identical. This important feature should



be taken into account in articles, in order to have comparable hydrodynamics while varying deiec. A
similar approach has been adopted more recently with the investigation of larger range of deiec (50 to

3000 um) [36, 45].

24. Electrode material

Depending upon the type of EAOP intended, electrode materials are selected accordingly. Advanced
EO normally operates with anode possessing high overpotential for O> evolution such as lead oxide

(Pb0y), tin oxide (SnO7) and BDD (boron doped diamond), which possesses Eﬁzo /0, 0f 1.8-2.0, 1.9-

2.2 and 2.2-2.6 V/SHE respectively [16]. It allows the generation of potent oxidant such as *OH on

its surface via Eq. (5).
M+ H,0 »> M(*OH)+ H" + e~ (25)

BDD has received great attention due to its efficiency, stability, better life-span and high E,(_’IZO /0,

These anodes are called non-active anodes, because the produced *OH are loosely attached on anode
surface by physisorption [46]. Hence, they can react quasi non-selectively with organic pollutants to
oxidize them into simpler forms. When EO mode is solely intended, electrodes possessing high
hydrogen (H>2) evolution potential (close to 0 V/SHE) such as stainless steel, platinum (Pt), titanium
(Ti), nickel (Ni) or other metals are used [22]. Thus, H>O> generation, which is as well an oxidant, is

avoided.

When EF process is applied, cathode with low overpotential for H> evolution (towards negative
potential values) is used. The most common cathodes are carbonaceous-based materials such as

graphite, carbon sponge, activated carbon fiber, graphite felt and carbon felt [16, 23]. The purpose is



to generate HxO; in-situ from O, reduction via Eq. (3), H2O2 being one of the reagents (with Fe?*) of

Fenton process provided in Eq. (6).

Fe?* 4+ H,0, » Fe3* + «OH + OH~ (6)

Furthermore, carbonaceous gas diffusion electrode has also been used to even improve H»O>
production by maximizing the contact between cathode, O> (by supplying air flow) and electrolyte
[16]. An anode possessing low overpotential for O, evolution is used for EF, e.g., Pt, RuO, and/or
IrO;. These anodes are called active anodes, because *OH are strongly abided to the metal by
chemisorption [22]. The metal M may form higher oxide MO and its decomposition releases O2. On
an active anode, water oxidation produces dissolved O2 which is the precursor of H>O, following Eq.
(2). Thus, the EF reagents are electrocatalytically regenerated (Eqs. (3) and (7)) in the electrolytic

cell.

Fe3* + e~ - Fe?t (7)

A coupling of EAOP can be done in a single electrochemical cell simply by changing the electrode
material. Successive attempts have been made in submillimetric reactor configuration for example
during the degradation of chloroacetic acid [38] and Acid Orange 7 dye [29] by coupled EO-EF using
BDD and compact graphite as anode and cathode respectively. A summary of different electrode
materials used in EAOPs operated in microfluidic condition is given in Table 1. Changing the
electrode material could give notable impact especially on overall operational cost, stability — thus
durability of an EAOP and porosity — thus feasibility of the electrodes to adapt to a chosen reactor
design. Overpotential of a specific electrochemical reaction might differ from one material to another,
hence this phenomenon shall not be overlooked. Nonetheless, the simplicity to operate coupled
electrochemical processes within a single reactor should further be exploited by researchers so that
more advantages of EAOP could be unveiled: perhaps it could compete with other established

technologies to treat wastewater.



2.5. Initial concentration of pollutant

The concentration of pollutant to be treated in the effluent can have an impact on the kinetics and
efficiency of its degradation [33]. The results of EO of formic acid in a microfluidic reactor at varying
formic acid concentrations, as plotted in Fig. 4, could explain the mechanism [33]. In the lower range
of concentrations (< 5 mmol L), high pollutant oxidation was achieved and it was independent of
applied current. The degradation process was supposed to be controlled by mass transfer.
Contrastingly, using higher formic acid concentration (= 15 mmol L), a decrease of the degradation
yield was noted but # increased (Eq. (1)). It suggested that the availability of pollutant near the anode
surface was no longer the limiting factor, meaning that the kinetics was therefore limited by the charge
transfer. Elsewhere, the degradation efficiency of organic dye was evaluated by either EO or EF
process in microfluidic configurations [30]. Once again, lower organic abatement at higher
concentration was observed but with drastic decrease in energy consumption (Fig. 4(c)). The latter

was attributed to lower impact of parasitic oxidation reactions and therefore to the higher 7.
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acid concentrations using 50 pm deiec (adapted from Scialdone et al. [33]). (@): 6.7 and ([1): 10 mA
cm. (¢) Variation of specific power consumption during organic dye (acid orange 7 (AO7))
degradation at different dye concentrations and japp using deiec 0f 50 pm (Adapted from Sabatino et

al. [30]. Copyright 2016, Wiley).

When high japp was used to treat highly concentrated wastewater particularly using BDD as anode,
the organic oxidation would be limited by mass transfer [46]. It is because sufficient electrical charge
was supplied, which provided sufficient amount of *OH to quickly and efficiently degrade the
organics. Figure 5 gives an example of such case where landfill leachate waste was electro-oxidized
using different anodes at 2 A [47]. Consequently, organic degradation could be modeled using a

pseudo first-order kinetic rate, when its oxidation was independent of initial organic content.



In real field applications, since the type of pollutant and its concentration vary correspondingly with
the origin of waste effluent, attention should be given to the value of current intensity to be applied
so that minimal charge would be gone to the targeted waste to minimize unnecessary energy
consumption.
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Fig. 5. (a) COD abatement and (b) pseudo first-order kinetic plot during the EO of landfill leachate
wastewater using (A): TiRuSnO,, (LJ): PbO; and (O): BDD anodes. I: 2 A and deiec: 5000 pm

(Adapted with permission from [47]. Copyright 2013, Elsevier).

2.6. Effluent matrices

To date, most of the investigations dealing with water treatment using microfluidic electrochemical
cells reported in literature were carried out using synthetic solutions containing targeted pollutants to
be treated (Table 1), such as organic acids [33, 48], organochloride compounds [38, 44, 49], organic

dyes [29, 30, 42, 50] and herbicides [32, 51, 52].

Amongst those published in literature, only few studies were done using real wastewater effluents
[37, 39, 43, 53]. A real wastewater effluent, depending on its origin, is well known to contain complex
matrix components. It is rich with organic matter be it volatile or not [54, 55], cyclic and aromatic

compounds [56], unrecovered nutrients [57, 58] as well as organo-halogenic compounds [59, 60].



It has also been widely known throughout literature that halogenic byproducts (particularly chlorine-
based, due to its prevalence) were amongst the limiting factor for the EAOP at industrial scale. While
applying a typical value of current density for an EAOP using a current generator, the subsequent
applied potential on anode very often surpasses the standard potential of oxidation of chlorate (C1O3
) and perchlorate (ClO4) [59, 61, 62]. They are the most stable oxidized forms of chlorinated
byproducts whilst unfortunately being categorized as harmful byproducts [62, 63]. Knowing this fact,
surprisingly enough, no attempt has yet been made to study the fate of halogenic byproducts during

advanced electro-oxidation process performed using microfluidic reactor.

Apart from plausible evolution of noxious byproducts during the process, real effluents often contain
suspended solids. Implementing thin film electrochemical reactors implies micrometric distances in-
between electrodes. Thus, filtration would perhaps be necessary as pretreatment. Next, mineral
scaling could present another issue during the application of EAOP. It could occur in the presence of
magnesium (Mg?") and/or calcium (Ca?") and carbonates (HCO3/COs%) in the effluent, which are
omnipresent in various water and wastewater. The local alkalization on cathode originating from the
reduction of dissolved oxygen (O2) (Eq. (8)) and/or water (H20) (Eq. (9)) [64-66], induces the
electro-precipitation of deposits (e.g., Mg(OH). (Eq. (10)), CaCOs (Eq. (11))) that progressively

passivate the electrode [67-69].

0, + 2H,0 + 4e~ — 40H" (8)
2H,0 + 2e~ — 20H™ + H, 9)
Mg?** + 20H™ & Mg(OH), (10)
Ca?* + C0% & CaCO, (11)

The role of deiec 0n the formation of electro-precipitation taking place inside microreactors and in the
presence of BDD anode has been investigated recently in details [36, 45]. Higher CaCOs electro-

precipitation was found using shorted deiec when similar current density was applied (4 mA cm?)
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(Figs. 6(a)-6(b)). It could be explained by the fact that when d.iec decreases at constant current density,
the cathode potential increases and the anode potential diminishes along with the cell potential. Thus,
at larger de.iec the lower cathode potential (into water reduction region) led to higher H> gas evolution

that detached the precipitates on the cathode as schematized in Fig. 7.
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Mineral electro-precipitation
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Table 1. Literature review on the application of microfluidic reactors to treat wastewater.

Pollutant/matrix

composition EAOP Mode Electrode materials delec / pm Operating conditions Ref
Oxalic acid: 0.36 - 0.9 g L"!
L Anode: BDD (9 cm?) 50, 360 and japp: 4.44 — 1.67 mA cm™? (40 — 150 mA)
Oxalic acid EO Flow-by  athode: Nickel (9 cm?) 750 Flow rate: 0.5 mL min™', Na,SO4: 0 or 5 (48]
gL' pH:2
_ 5 Formic acid: 0.069 —2.3 g L'!
Formic acid EO Flow-by “node:BDD (2.7 cm’) 50and 75  jap: 2.2 — 40 mA cm? (6 108 mA) 33]
Cathode: Nickel (2.7 cm?)
' ' Flow rate: 0.05 — 0.30 mL min’!, pH: 2
- : T
Anode: Ti/Ir0>-Taz0s (5 cm’) 7, 120 and fc{dlorallgg;;/gﬁzs(% Fos mA)
. _ . . 2 ) app. - -
Acid Orange 7 EF Flow-by gziﬁgiefeﬁ()(rsligagtci?);) hite (5 cm’) or 240 Flow rate: 0.1 mL min!, Na;SO4: 5 g L- [42]
!, Fe’":0.076 g L'!, volume: 50 mL
EO: Anode: BDD, Cathode: Stainless
EO steel L 1
EF: Anode: Ti/IrO,-TaxOs, Cathode: Chl.olr (fczﬁgﬁ::ﬁn%g i% 540 mA)
Chloroacetic acid EF Flow-by Compact graphite 50 and 100 alpp ) . A [38]
EO-EF: Anode: BDD, Cathode: Flow rate_.10.12+— 0.6 mL min~, EF: 0 or
EO-EF Compact graphite 0.076 g L™ Fe™, pH: 3 (EF)
All electrode surface area: 5 cm?
EO
EF EO: Anode: BDD, Cathode: Nickel ) ) 1
Indirect EF: Anode: Ti/IrO>-Ta>0s, Cathode: ].AC{dzorallzg;Z ((:)H}g (gi(I)“ 70 mA)
. . . app- — -
Acid Orange 7 oxidatio 4, Compact graphite . 30, 75, 120 "B rate: 0.1 — 0.4 mL min”!, EF: 0,034 [29]
n by I0AC: Anode: Ti/IrO,-Ta20s, and 240 1 oo ) 1
active Cathode: Nickel &e?(ﬁszHg' ,;J (E(F)e I(,)i%;“gn d03.9(%3F)g L
chlorine All electrode surface area: 5 cm? - P ’
(I0AC)
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Pollutant/matrix

.o EAOP Mode Electrode materials delec / pm Operating conditions Ref
composition
EO: Anode: BDD, Cathode: Nickel
EO ER: Anode: DSA, Cathode: Silver Tetrachloroethane: 0.151 — 0.285 g L™!
Tetrachloroethane ER Flow-by EO-ER: Anode: BDD, Cathode: 50 and 75 Japp: 3 — 15 mA cm? (9 — 45 mA) [44]
EO-ER Silver Flow rate: 0.1 — 0.4 mL min’!, pH: 2
All electrode surface area: 3-4 cm?
Anode: Ti/IrO»-Taz0s,
Cathode: Compact graphite Dichloroacetic acid: 0.013 —0.0645 g L™
Dichloroacetic acid ER Flow-by g ) ) ) 100 Japp: 10 — 48 mA cm™ [49]
Surface area: 4 cm”~ (each electrode) ] 1
. . Flow rate: 0.05, 0.1 and 0.2 mL min
Configuration in stack:
Surface area: 6 cm? (each chamber)
: . 1
EO EO: Anode: BDD, Cathode: Nickel ggd .Orfn;g_e 270 (r)nf :;%0'5 gl
EF: Anode: DSA, Cathode: Graphite ~ EO: 50 - Japp- £ .
. . . . . . Flow rate: 0.1 — 0.3 mL min
Acid Orange 7 EF Flow-by  Configuration: single, 3 in series or in L 2 [30]
. . EF: japp: 1 —20 mA cm
series with between 2 EAOPs EF: 120 Flow rate: 0.1 mL min-. Fe2* 0.076 o L-
EF-EO All electrode surface area: 4 cm? L bH: 3 T ’ Y &
Total organic carbon TOCo: 0.21 g L™
: 2 Cgaq_ 290 _
in reclaimed industrial EO Flow-by Anode: BDD (3.75 cm’) 5 50 Japp? 3.3 .53'3 mA cm™ (20 _1200 H'IA) [37]
Cathode: Nickel (3.75 cm®) Flow rate: 0.1 — 0.5 mL min™, pH: 6.2,
WWTP effluent
volume: 0.05 L
Diuron: 0.01 g L!
. . Anode: Graphite sheet (3 cm?) B Japp: 0.16 — 0.64 mA cm? (0.5 — 2 mA)
Diuron herbicide EO Flow-by " athode: Stainless steel (3 cm?) 250-750 pH: 3 — 10, conductivity: 6.7 — 1000 uS 391
-1
cm
Paracetamol: 0.015 g L™!
Paracetamol in Japp: 2 t0 12 mA cm™
. . : 2 : .
synthetic solution and EO Flow-by Anode: BDD (50 cm?) 50— 1000 pH: 3 or neutral, Na;SO4: 0.14, 0.57 and 53]

reclaimed municipal
WWTP effluent

Cathode: Carbon felt (50 cm?)

1.42 g L', conductivity: 230 — 2000 uS
cm’!, flow rate: 430 mL min™!, volume:
0.20r0.5L
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Pollutant/matrix

.o EAOP Mode Electrode materials delec / pm Operating conditions Ref
composition
C— T C—
Synthetic solution Mflgn651qm. 0.0QS g L, calcium: O.lig
. ) L™, total inorganic carbon: 0.06 g-C L
containing Anode: BDD (50 cm?) . 2
. . EO Flow-by e ) 500 Japp: 0.4 to 4 mA cm [45]
magnesium, calcium, Cathode: Stainless steel (50 cm”) : ductivity: 1
bonates pH: 7.6, conductivity: 1000 uS cm™, flow
car rate: 100 mL min™', volume: 0.5 L
Magnesium: 0.005 g L', calcium: 0.15 g
Synthetic  solution L, total inorganic carbon: 0.06 g-C L™!
containing Anode: BDD (50 cm?) Japp: 4 MA cm™
magnesium, calcium, EO Flow-by  athode: Stainless steel (50 cm?) >0-3000 pH: 7.6, conductivity: 1000 uS cm!, flow 361
carbonates rate: 10 - 600 mL min™' (adapted to deiec),
volume: 0.5 L
Dye: 0.1 gL, japp: 10 —40 mA cm™ (250
— 1000 mA), pH: 6.2 — 6.6, conductivity:
. 2 s s
Mordant Orange dye ~ EO fhlfovlvl N é:&i%f?&rﬁghni:hcg 6) o) 150 11 uS em™ — 108 mS cm! (inNa;SOsand  [50]
& ' 2 NaCl), rotation speed: 200 — 1000 rpm,
volume: 0.3 L
Paracetamol: 0.015 g L™!
Paracetamol in EO Flow- Anode: Perforated BDD (14 cm?) 500 Japp: 4 MA cm™ [70]
synthetic solution through  Cathode: Carbon felt (14 cm?) NaSO4: 0.57 g L', pH: neutral,
conductivity: 850 uS cm’!, volume: 4 L
Clopyralid in Flow- Anode: BDD mesh (33 cm?) Clopyralid: 0.1 g L™!
simulated soil EO throueh Cathode: Perforated plate stainless 400 Japp: 10 mA cm™ [32]
washing effluent BN steel (33 cm?) Flow rate: 1670 mL min’!, volume: 1 L
: 2 : i}
Clopyralid in Anode: BDD (50 cm )2or Ti/RuO; Clopyralid: 0.1 g L!
s . Flow- [rO2 MMO mesh (53 cm?) . 2
simulated soil EO ] . 400 Japp: 10 and 100 mA cm [34]
. through  Cathode: Perforated stainless steel ) . )
washing effluent ) Flow rate: 1670 mL min™, volume: 1 L
plate (33 cm®)
1. 8
. . Anode: Ti/RuO,-Ir0; MMO (53 cm?) Clopyralid: 0.1 g L 3
Clopyralid in ) Japp: 20, 30 and 50 mA cm
simulated soil EF Flow- or BDD mesh (50 cm’) 400 Flow rate: 1170 mL min”', Fe?*": 0.028 [51]
through  Cathode: CB/PTFE-RVC or ' ’ -

washing effluent

CB/PTFE-Al (33 cm?)

and 0.112 g L', Na2SO4: 1 or 7.1 g L,
pH: 3, volume: 0.750 L
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Pollutant/matrix

o EAOP Mode Electrode materials delec / pm Operating conditions Ref
composition
. |
Clopyralid - Anode: Ti/RuO-Ir0» MMO (33 cm?) fk’,plygahgb%l el
: . ) 2 app: 1U —
simulated soil EF Flow Cathode: C.B/PTFE Al foam (33 e, 150 Flow rate: 2670 mL min™!, Na;SO4: 7.1 g [52]
. through Al foam thickness: 5 mm. For scale-up B ) . L
washing effluent L™, volume: 2.25 L, pressurized air: 6
study: 10 and 15 mm bars
. EO: Anode: BDD mesh, Cathode: 400 g of soil polluted with 100 g kg™! of
Pretreated soil . : .
washing  wastewater EO Flow- perforated stainless steel plate clopyralid washed with 1 L water
containine clopvralid throush EF: Anode: BDD mesh, Cathode: 150 Japp: 10 — 100 mA cm? [43]
g clopy EF & CB/PTFE-Al foam Flow rate: 400 — 1600 mL min', EF:

herbicide

All electrode surface area: 33 cm?

0.028 g L'! Fe*", pH: 3 (EF)

Abbreviations: EO: Electro-oxidation, ER: electro-reduction, EF: electro-Fenton, BDD: boron-doped diamond, DSA: dimensionally stable anode, CB:

carbon black, PTFE: polytetrafluoroethylene, RVC: reticulated vitreous carbon, Al: aluminum, deiec: interelectrode distance, japp: applied current density,

TOC: total organic carbon.
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3. Design and modularity of microfluidic electrochemical cell
3.1. Mass transfer in submillimetric electrochemical reactors

The application of submillimetric reactor configurations requires further in-depth understanding
regarding the mass transfer phenomenon at the core of the electrochemical cell. Thin film reactors
[71-73] introduced in the early 80s consisted of a plate electrode (i.e., the working electrode (WE))
most of the time positioned horizontally and were equipped with a counter electrode at the
downstream of the reactor (Fig. 8(a)). The reference electrode (RE) was positioned close to the WE,
upstream if a 3-electrode configuration was adopted [73]. This thin film setup is not appropriate to
receive wastewater effluent. Flow-by filter-press or flow-through reactor designs are more apt for

wastewater applications at pilot or even industrial scale (e.g., Figs. 8(b)-(¢c)).

Sherwood (S4) correlation (Eq. (12)) assuming Lévéque approximation is common in parallel-plate

electrochemical reactors in the literature:

Sh = aRe’Sc¢Le® (12)

where Re is the Reynolds number, Sc is the Schmidt number, Le is the dimensionless distance, a, b,

c and d defined constant parameters.

It allows a dimensionless expression of the mass transfer coefficient (km) with dimensionless fluid
properties as well as dimensionless reactor configurations under respective hydrodynamic regime of
liquid flow. As a result, the extrapolation of kn for a given reactor dimension during a scale up or

scale down is possible.

Recently, it has been established for the first time a correlation between km and deiec for a wide range
of distance from microfluidic condition (100 um) to millimetric configuration in a flow-by parallel-
plate cell (Fig. 9) [35]. This should be beneficial not only to the application in environmental field

but also in other electrochemistry areas. It allows a convenient estimation of & for a scale up or scale
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323

324

325

326

327

328

down of an electrochemical reactor operated in comparable hydrodynamic regime. It further
highlights the drastic increase of mass transfer as soon as delec is below 1 mm, which could be defined
as the limit between microfluidic and macrometric behavior. Moreover, since the associated average
Sh number (Shave) as a function of deiec 1s expressed in dimensionless form (Fig. 9) [35], the correlation

remains valid to other microfluidic reactor geometries of interest.
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329 Electrolyteinlet

330  Fig. 8. (a) Thin-film channel flow cell reproduced from Cooper et al. [73] and more recent parallel-
331 plate electrochemical reactors such as (b) parallel-plate with impinging inlet (Reproduced with
332 permission from [74]. Copyright 2005, Elsevier) and (¢) commercial parallel-plate filter-press type

333 reactor (Reproduced with permission from [75]. Copyright 2012, Elsevier).
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336 Fig. 9. Variation of experimental and theoretical average km as function of deiec in a flow-by
337 parallel-plate cell. Operating conditions: temperature: 25 °C, identical cross-sectional electrolyte

338 velocity (u): 4 m min'! and electrolyte residence time (t): 0.025 min. W: electrode width (m), Dy:
339  diffusion coefficient (m? s!), L: electrode length (m), S: effective surface area of working electrode

340 (m?) (Adapted with permission from [35]. Copyright 2021, Elsevier).
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3.2. Microfluidic electrochemical reactor in wastewater treatment

applications

To date, two electrochemical reactor designs have been proposed to treat wastewater in microfluidic
conditions as summarized in Table 1. The first one is a flow-by design and the other one is a flow-

through configuration as illustrated in Fig. 10.

(a) (b)
Flow-by Flow-through
IE gap Current feeders
Electrical connection * f Electrical connection
Flow inlet , I Flow outlet
Flow |
direction ’
Electrode A Micro  Electrode B
Flow spacer
dlrectlon
IE gap

Fig. 10. (a) Difference between flow-by and flow-through electrolytic flow and (b) scheme of flow-

through microfluidic cell (Adapted with permission from [32]. Copyright 2017, Elsevier).

In the flow-by configuration, the electrolyte flowed in between two planar electrodes separated by a
micrometric distance [32]. In the flow-through mode, the electrodes were porous, typically meshes,
which allowed the electrolyte to pass through them [32]. The two meshes of anode and cathode were
separated by a spacer, micrometric in thickness, which gave microfluidic characteristics to the reactor

[32].

A comparison in terms of pollutant degradation as well as economic performance between the two
designs has been performed and it has been illustrated in Fig. 11. It can be observed that both
degradation of clopyralid and mineralization of total organic carbon (TOC) were faster using flow-
through mode at both applied current investigated (Figs. 11(a)-11(b)). At 10 mA cm™, complete

removal of clopyralid and TOC were obtained after 10.1 and 11.4 Ah dm™ respectively using flow-
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360 by mode, whilst they required 2.4 and 2.7 Ah dm™ in flow-through mode. Lower Egp was also
361  obtained in the flow-through configuration, which was evaluated at 12 kWh m™ using 10 mA cm™
362  against 61 kWh m? in flow-by mode working at similar japp. Better energetic performance was
363  attributed not only to lower cell voltage but also to improved mass transfer [32, 34]. With 3-
364  dimensional mesh electrodes in flow-through cell, higher geometric area and specific surface of
365 electrode could be achieved over planar electrodes and more local turbulence occurred in the mesh.
366  Therefore, the reactor design was more compact and km was higher compared to the flow-by design.

(a) (b)
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368 Fig. 11. Comparison of clopyralid pesticide (@, O) and total organic carbon (TOC) (H, [])
369  removal using flow-by (@, l) and flow-through (O, [1) microfluidic reactors by applying 10 ((a),
370 (¢)) and 100 ((b), (d)) mA cm™. Power consumption of flow-by (black bar) and flow-through (white

371  bar) during the process to reach different mineralization degrees at 10 mA cm™ (c) and 100 mA cm’
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2 (d). Flow-by deiec: 3000 um and flow-through deiec: 400 pm. Anode: BDD and cathode: stainless

steel. (Adapted with permission from [34]. Copyright 2018, Elsevier).

Due to the fact that the electrochemical microreactor implies small volume within the cell, the
productivity of the process using such reactor design is often questionable. To address this problem,
several authors have tempted operating the reactors in series. For example, up to three flow-by
microfluidic reactors were operated in series (Fig. 12(a)) to degrade an organic dye up to 500 mg L
!in concentration [30]. The results are presented in Fig. 13. It was shown that color and organics
removal as well as treatment productivity could effectively be improved by operating the cells in
series as expected. A coupling of two microfluidic reactors combining EF and EO were as well
modulated. The first process of EF was aimed to reduce organic content using cheap electrodes while
using low energy consumption, whilst from the second EO process, the strong oxidation by *OH was
intended to achieve total organics degradation. Optimal coupling was obtained by adapting different
applied parameters required by each operation [30]. An assay has also been made to increase H.O>
production in a flow-through microfluidic cell [52]. It was done by using thicker cathode materials
(5, 10 and 15 mm in length, which gave 16.5 to 49.5 cm? in volume (depicted in Fig. 12(b))) hence
sizing up the geometrical volume of electrochemical reactor. The authors reported having a
proportional increase in H2Oz production rate with the increasing cathode thickness. However, ohmic

resistance was reported to increase slightly when the thickness of cathode was increased. Cell voltage

also increased with electrode thickness. As a result, higher cell voltage entailed an increase in Egp.



392

393

394

395

Fig. 12. (a) Flow-by microfluidic reactors operating in series (Reproduced with permission from
[30]. Copyright 2016, Wiley) and (b) cathode material thicknesses used in flow-through

microfluidic cell (Reproduced with permission from [52]. Copyright 2019, Elsevier).
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Fig. 13. (a) Color and TOC removal as well as (b) energy consumption and productivity for flow-
by microfluidic reactor working in single or in series at different japp (Adapted with permission from

[30]. Copyright 2016, Wiley).

Recently, another innovative microreactor design has been introduced, which could be particularly
applicable in the field of wastewater treatment [70]. The reactor is illustrated in Fig. 14. This design
was proposed to reduce the mass transfer limitation often encountered in conventional macroreactors
as well as to address the low treatment capacity and the clogging issue related to microfluidic reactors.
It has been called reactive electro-mixing reactor and it consists of impellers, which themselves are
composed of thin film electrochemical reactors. The reactors were set on motion with the rotation of
the reactive electro-blades. One reactor can accommodate several impellers, which thus means
several microreactors in one macroreactor. In the meanwhile, the macroreactors could be operated in
series to increase significantly the productivity. Following on this way, a recent article reports on a
rotating electrochemical cell design with one electro-blade in rotation using BDD mesh as anode and

Ti/RuO> mesh as cathode, while combining electrooxidation with ultrasound [50]. The use of a solid
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412 polymer electrolyte with 150 pm of thickness allowed operating with very low-conductivity solutions

413 (10° Scm™).

(a)
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d=35W
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d'=d-2L
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b*  Anti vortex counter-blade
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—
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(500 pm)
414 Porous cathode Perforated anode
415 Fig. 14. (a) Schematic diagram of reactive electro-mixing reactor and (b) a reactive electro-blade
416 acting as flow-through microreactor (Reproduced with permission from [70]. Copyright 2020,
417 Elsevier).
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4, Economical perspectives

Specific power consumption (Esp) is typically proportional to the applied current. Depending on how
much electrical current is applied for the degradation of organics, Egp can be estimated for the
process. It has commonly been defined as energy consumed gram of pollutant treated (kWh g-

pollutant™) as written in Eq. (13).

AUIt

Esp = (AC)V

(13)

where AU is the cell voltage (in V), [ is applied current intensity (in A), ¢ is time of electrolysis (in s),
AC is the decrease of pollutant concentration (in g L™!) and ¥ is the treated volume in the reactor (in

L).

From a practical viewpoint, Fig. 15 illustrates some comparisons in specific energy consumption
between micro- and macroreactor setups. In agreement to Fig. 15(a), Ma et al. (Table 1) not only
observed 24% better total organic abatement but they also evaluated up to 92% drop in Egp when a
microreactor was adopted [37]. Better organic removal was attributed to mass transfer enhancement
and the drop in power consumption was due to the reduction of ohmic drop in microfluidic cell [34,
37, 53, 70]. Moreover, further tweak in the design of microreactor could allow better energetic
performance of the cell. For instance, when the whole micrometric reactor was set in motion such as
proposed by Mousset [70] to benefit the convective transport towards electrode surface while
minimizing the diffusion layer thickness on electrode, even lower Egp could be obtained. According
to Fig. 15(b), 98% lower Esp was found using microfluidic electro-mixing reactor as compared to

microfluidic parallel-plate reactor with similar deiec.

Therefore, with significant reduction in Egp, total EAOP operational cost could heavily be cut. EAOP
operating in microfluidic mode moreover with ingenious cell design could potentially be competitive

with respect to other conventional methods to treat wastewater.
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Fig. 15. Comparison of Egp between (a) parallel-plate microreactor (deiec: S0 pm) and macroreactor
(detec: 2 cm, with and without supporting electrolyte) during an EO process treating real wastewater
effluent using 100 mA applied current (adapted with permission from [37]. Copyright 2018,
Elsevier) and (b) electro-mixing microreactor (deiec: 500 pm) and microfluidic parallel-plate reactor
(detec: 500 pm) during EO of synthetic effluent using 200 mA applied current (adapted with

permission from [70]. Copyright 2020, Elsevier).

5. Summary and outlook

Considering the interest in the use of submillimetric electrochemical reactor to treat wastewater, this
topic deserves more attention from research community. It offers the possibility to deal with low-
conductivity effluents, while intensifying the mass transfer and therefore increasing the kinetics and
process yield. Besides, power consumption can be minimized, since the cell potential is massively
reduced. Given these opportunities, more evaluations on the performance of microfluidic reactors to
treat real wastewater effluents are required. Moreover, increasing group of micropollutants have been
identified as contaminants of concern which can cause harm to living creatures in the near future [11].

Consequently, prompt reliable and cost-effective complementary treatments are required sooner
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rather than later. Most studies on micropollutant degradation have used an augmented concentration
of the target pollutant due to analytical challenge. However, the follow up of treatment efficacy
departing from actual concentrations of micropollutant detected in real effluent is essential. Next,
from the practical standpoint, the improvement in treatment productivity is the utmost problematic
that needs to be catered by the researchers in the domain. The opportunities offered by microfluidic
cells are fruitless unless they are able to handle large effluent volumes, as recently proposed with the
reactive electro-mixing reactor [70]. Realistically, adequate investment is needed for the installation
startup. However, with proper operational maintenance on top of power saving advantage offered by
submillimetric reactor feature, significant cuts in operational expense could be benefited in the long

run.

To date, clogging and electrode fouling issues also represent a big hurdle for the application of
microfluidic reactors at large scale [22, 76-78]. These challenges are more genuine when real
wastewater is to be treated. Reclaimed municipal or industrial wastewater effluents often contain
colloidal and suspended solids that would necessitate pretreatment steps. Recently, the occurrence of
electro-precipitation in microfluidic electrochemical cell has been investigated [36, 45]. Care must
be taken upon applying the micrometric configurations as the mass transfer was enhanced but so did
the electrode fouling. Consequently, the process durability under continuous operation, which is the
ultimate goal in real field applications, could massively be impacted, when regular and costly
maintenance is not foreseen. Polarity reversal technique could be implemented to minimize the
electro-precipitation formation such systematically applied in electrodialysis reversal at industrial
scale [79, 80]. Nevertheless, both cathode and anode materials would need to be stable against
corrosion/burning during the oxidation period and consequently the cathode material is often

expensive.
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