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Abstract 

Boron-doped diamond (BDD) anode has attracted great attention in the last two decades for its 

surpassing performance in advanced electro-oxidation treatment of wastewater and 

disinfection. Due to the heterogeneous-like oxidation of organic pollutants, more suitable 

electrochemical reactor designs have been more recently proposed for optimal degradation and 

mineralization with BDD anode. Microfluidic reactors have emerged as promising alternative, 

by implementing submillimetric interelectrode gap in flow-by or flow-through parallel-plate 

system. Micro-reactors allow intensifying the mass transport of species towards the electrode, 

while reducing the energy consumption and avoiding the addition of supporting electrolyte. The 

principle and main influencing operating parameters have been discussed in this review. 

Perspectives of reactive electro-mixing reactor could permit to combine micro- with macro -

reactors by increasing the treatment capacity while limiting the clogging effect. Further 

researches are required to overcome the drawbacks of micro-reactors and to benefit from 

electro-precipitation phenomena for the recovery of value-added compounds. 
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1. Introduction 

Boron-doped diamond (BDD) anode has been widely implemented for advanced electro-

oxidation treatment of wastewater in the last two decades [1–5]. Its large potential window 

allows for high oxygen (O2) evolution overvoltage (2.4-2.6 V vs standard hydrogen electrode 

(SHE)), which permit the water (H2O) oxidation into physisorbed hydroxyl radical (•OH) (Eq. 

1) [1,6].  

BDD + H2O  BDD(•OH) + H+ + e-        (1) 

 

This latter species is very reactive, especially with organic compounds, which make it quasi 

non-selective towards organic pollutants released in wastewater effluents (Eq. 2) [7,8].  

BDD(•OH) + compounds  BDD + oxidation products     (2) 

 

Thus, BDD anode play a catalyst role in the anodic oxidation process. Moreover, •OH has a 

very short lifetime (10-9 s), which means that the reactions with •OH take place at the vicinity 

of the anode, i.e. within the first tens of nanometers from BDD surface [9,10]. Therefore, the 

mechanism can be assimilated to a heterogeneous oxidation [11]. This means that the ratio of 

electrode surface per volume of solution has to be maximized. Furthermore, most of the lab-

scale studies are operated with the addition of a supporting electrolyte, because the salinity of 

wastewater has to be minimal to run the electrolysis [12,13]. This needs to be avoided in real 

wastewater treatment application to avert additional pollution that will have to be removed then. 

It results that the reactor design need to be adapted to favor the electrocatalytic oxidation 

mechanisms [14], while allowing to operate with diluted and low conductivity effluents by 

transfer intensification. This is in this context that microfluidic electrochemical reactors for 

wastewater treatment have been proposed since 2010 [15–17]. It consists of operating 

micrometric inter-electrode gap, which make increase the ratio of electrode surface per reactor 

volume. This feature is essential for a heterogeneous process such as the anodic oxidation 

process involved with BDD material and particularly when dealing with diluted pollution like 

most of the wastewaters. This review therefore aims at presenting the principle of micro-

reactors implemented for wastewater treatment using BDD anode by highlighting the impact 

on mass transport and ohmic resistance. The main operating parameters (i.e. electrodes gap, 
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current density, flow rate, electrolyte conductivity, reactors configurations) influencing the 

microfluidic reactors have been then exposed before concluding with the main output and some 

promising perspectives. 

 

2. Principle of micro-reactors: importance of mass transport and internal 

ohmic resistance considerations for BDD-based heterogenous oxidation 

enhancement 

Three kinds of micro-reactors design have been implemented in electrochemical treatments of 

wastewater, the flow-by (Figs. 1a, 1b) [18–21] and flow-through (Fig. 1c) [16,22] filter-press 

cells as well as the reactive electro-mixing (REMix) reactor (Fig 1d) [17]. In the two first 

configurations, the effluent flow in between (flow-by) or through (flow-through) parallel-plate 

electrodes, whose distances are minimized until few tens micrometers range. In the more recent 

REMix system, each blade (i.e, electro-blade) of the mixer is composed of a flow-through 

micro-cell, in which the cathode and anode are also separated with a spacer having a thickness 

in micrometer range. The impeller, composed of several electro-blades, is immersed in a tank 

playing the role of macro-reactor.  

For heterogeneous reaction, and particularly in diluted media, it is well-established that the 

mass transport become easily the kinetic rate-limiting step. Considering this assumption, the 

expression of conversion yield only depends on the mass transfer coefficient (km), the ratio of 

electrode surface area per volume of solution to treat and the residence time [17,23]. In addition, 

these parameters need to be maximized to improve the electrocatalytic reaction rate and yield. 

One of the key parameters to improve km, independently to the flow rate, is to optimize the 

reactor design. It is commonly approved that micro-reactors intensify the transfers [24–26], and 

it has been recently shown that km increased non-linearly from millimetric (3 mm: 1.61 10-5 ms-

1) to micrometric (100 µm: 3.94 10-5 ms-1) interelectrode distance (delec) in a flow-by parallel-

plate electrochemical system and in a laminar regime using graphite cathode and BDD anode 

(Eq. 3 and Fig. 2a) [27]: 

𝑘 =
.  

/
   

 
        (3) 
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where W is the electrode width (in m), 𝐷  is the diffusion coefficient (in m2 s-1), L is the 

electrode length (in m), S is the surface area (in m2), 𝑢  is the cross-sectional velocity (in m s-

1). 

 

Interestingly, a drastic increase of km was noticed at submillimetric delec (Fig. 2a), which has 

been identified as the limit (i.e., 1000 µm) of behavior between microfluidic and macrofluidic 

electrochemical systems [27]. A faster mass transfer was also announced in a study comparing 

micro- with macro- reactors for the abatement of tetrachloroethane in water using BDD anode 

[28]. The thin-film cells design therefore strongly favor the mass transport of pollutants towards 

the BDD material for its subsequent advanced electro-oxidation. 

Furthermore, another interesting feature of micro-reactors is their ability to reduce the internal 

ohmic resistances, which then reduces the cell potential and therefore the energy consumption. 

This constitutes another advantage of the micro-reactor over the macro-reactor. For instance, 

for delec varying from 400 to 1000 and 6000 µm, the resistance increased from 6 to 11 and 36 

Ω, respectively, using mixed metal oxides anode (52.8 cm2) and stainless steel cathode at 20°C 

of solution and 105 L h-1 of flow rate (Fig. 2b) [16,22].  
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Fig. 1. Micro-reactor designs proposed in literature for wastewater treatment using BDD 

anode: (a ([27]), b ([20])) flow-by parallel-plate cells (reprinted with permission from [27] 

and [20]. Copyrights 2021 & 2018, Elsevier), (c) flow-through parallel-plate cell (reprinted 

with permission from [22]. Copyright 2018, Elsevier), (d) reactive electro-mixing reactor 

(reprinted with permission from [17]. Copyright 2020, Elsevier). 
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Fig. 2. Evolution of km in flow-by parallel-plate cell with varying delec from millimetric to 

submillimetric range (reprinted with permission from [27]. Copyright 2021, Elsevier) (a), 

evolution of ohmic resistance in flow-through micro-reactor compared to stirred tank reactor 

with varying delec (adapted with permission from [22]. Copyright 2018, Elsevier) (b). 

 

3. Influence of main operating parameters on electro-oxidation efficiency 

with BDD anode in micro-reactors 

The main papers dealing with the implementation of BDD anode in microfluidic thin film 

reactors have been listed in Table 1. The influence of the main operating parameters in the 

wastewater treatment efficiency of electrochemical microfluidic reactors are presented in this 

section. 

3.1. Influence of interelectrode gap 

Though the mass transfer increase with decreasing delec (Fig. 2a), it has been shown that an 

optimal distance is required to gain optimal degradation efficiency. An optimal distance of 500 

µm has been found in the degradation of acetaminophen in flow-by micro-reactor with BDD 

anode (50 cm2) (Fig. 3a) [29].  

The existence of an optimal gap value was attributed to the occurrence of hydrogen (H2) and 

oxygen (O2) gas bubbles at both cathode (Eq. 4) and anode (Eq. 5) that could hamper the 

oxidation reactions at narrow gap [18,30]. 

2H2O  O2(g) + 4H+ + 4e-          (4) 
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2H+ + 2e-  2H2(g)          (5) 

Moreover, implementing low delec lead to the reduction of cell potential and therefore to the 

cathode and anode potentials at a given current density. However, at too low delec those 

potentials are so low that no faradaic reactions can occur. Under this operating conditions, 

advanced electro-oxidation with BDD cannot be involved, due to the large overpotential 

required for physisorbed •OH electrogeneration. This further justify the need of an optimal delec. 

 

3.2. Influence of current density 

The current density, through electrode potential, is known to be the driving force in the removal 

of organic pollutant efficiency. An increase of current led to increase of •OH production rate 

and yield, and therefore to the increase of removal efficiency. However, there is an optimal 

value as often noticed in literature. An optimal current density of 4 mA cm-2 was obtained with 

acetaminophen degradation in flow-by micro-reactor (delec: 500 µm) [29]. This corroborated the 

trends obtained for the abatement of 1,1,2,2-tetrachloroethane (delec: 50 µm) and acid orange 7 

(delec: 50 µm), in which a current density of 12 and 10 mA cm-2, respectively, was found optimal 

(Fig. 3b). Too high current densities make increase the rates of parasitic reactions such as O2 

(Eq. 4) and H2 (Eq. 5) evolutions. 

 

3.3. Influence of flow rate 

It is well-established that the increase of flow rate makes increase km [18,22]. However, the 

residence time is diminished in the meantime. Therefore, there is often an optimal flow rate to 

be applied. For instance, when the flow rate was varied from 0.1 to 0.4 mL min-1, the 

degradation yield of 1,1,2,2-tetrachloroethane decreased in the meantime at the lowest applied 

current density (3 mA cm-2) (Fig. 3c) [28]. In this condition, the kinetics was under current 

control and therefore the increase of km did not influence the process efficiency. Contrastingly, 

at higher current densities (12 and 15 mA cm-2), the kinetics were under mass transport control 

and the flow rate of 0.2 mL min-1 allowed reaching the maximal abatement of the pollutant (Fig. 

3c). This could be ascribed to the fact that the lower residence time in 0.2 mL min-1 

configuration was compensated by the higher mass transfer as compared to 0.1 mL min-1 

experiment. This trend was in agreement with other research [19]. 
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Furthermore, the flow rate, and therefore the residence time, has shown to impact the formation 

of by-products [28]. Lower flow rates induced lower generation of chlorinated intermediates, 

since they had more time to be subsequently mineralized. 

 

3.4. Influence of electrolyte conductivity 

The increase of electrolyte conductivity is well-known to decrease the ohmic resistance (Fig 

2b). It allows minimizing the rise of temperature due to high ohmic drop in the electrolyser.  

The increase of conductivity from 1 to 70 mS cm-1 (0.0035 mM to 1 M Na2SO4) has shown to 

decrease rapidly the ohmic resistance from around 6 Ω to around 0.6 Ω (Fig 3d) [31]. It was 

further noticed that the ohmic resistance of the electrolyte was preponderant in the total ohmic 

resistance of the flow-through microfluidic cell [31]. This further justified the need to reduce 

the electrolyte resistance. 

Moreover, increasing the solution conductivity from 0.25 to 2 mS cm-1 made increase the 

apparent rate constant of acetaminophen degradation non-linearly [29]. Knowing that real 

municipal wastewater effluents have an average conductivity of 1 mS cm-1, it would suggest 

that the degradation would be almost optimal with the microfluidic configuration without 

further addition of electrolyte. Moreover, considering that most of the supporting electrolytes 

are sulfate- and chlorine-based media, the implementation of micro-reactors would limit the 

generation of hazardous chlorinated by-products (trihalomethanes, chlorate, perchlorate [32–

34]) in low conductivity wastewater. 

 

3.5. Influence of reactor configuration and design 

The implementation of micro-reactors in series was proposed to increase the total surface area 

of the electrodes. The use of three micro-reactors instead of one led to an increase of total 

organic carbon (TOC) removal from 40% to 90% and of productivity from 2.3 to 5.3 mg-TOC 

h-1, while the increase of energy was less in proportion (from 0.06 to 0.09 kWh g-TOC-1) [35]. 

In other studies, flow-by configuration has been compared with the flow-through cell. The latter 

configuration depicted faster kinetics of degradation and mineralization as compared to flow-

by cell. This has been demonstrated with clopyralid pollutant elimination for which only 2.4 
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Ah L-1 was required in flow-through mode (delec: 400 µm) for complete mineralization, while it 

was required 11.4 Ah L-1 in conventional commercial flow-by cell (delec: 3000 µm) [16]. 

Considering that the conditions (current density, electrode size, volume of effluent) were the 

same in both configurations, this trend could be explained by the higher mass transfer and 

specific surface area of electrode in flow-through compared to the flow-by modes. The km 

values increased by 70% in the flow-through compared to flow-by systems (Fig. 3e) [16]. In 

the meantime, the energy consumption was drastically decreased in flow-through (12.5 kWh 

m-3) in regards with flow-by (75.0 kWh m-3) modes. This was due to the smaller ohmic drop 

with the flow-through configuration.  

More recently, the efficiency of a REMix reactor has been compared with a more conventional 

flow-by filter press cell, in which micro-distances (500 µm) have been used in both designs 

[17]. The electro-oxidation with BDD anode was tested at 4 mA cm-2 in both configurations to 

degrade acetaminophen as model pharmaceutical pollutant in synthetic wastewater having a 

low conductivity (850 µS cm-1). At comparable residence time, the apparent rate constant of 

contaminant degradation was higher with the REMix design (4238 min-1) than with the static 

microfluidic filter press cell (3200 min-1). Moreover, the superiority of REMix reactor was 

obtained with a ratio of electrode surface per volume of solution (28/4) that was 36 times lower 

than with the static cell (50/0.2). The outperformance of rotating cells could be attributed to the 

mass transfer enhancement, while the contact between the electrode and the solution seemed 

increased. Furthermore, the energy requirement after 90 min of electrolysis was decreased by 

20 times with the REMix configuration (0.22 kWh m-3) compared to the static parallel-plate 

design (4.6 kWh m-3). The movement of electrochemical cells could have diminished the 

resistance between the electrodes, so that the cell voltage could have been reduced. 

It remains also essential to note that the shapes of electrodes have to be adapted to the reactor 

design proposed and inversely. For instance, flow-through mode imply that the electrode 

material should be at least perforated or be porous. For instance, a perforated BDD has been 

used with the REMix design [17], while a 3D mesh BDD anode has been implemented in a 

static microfluidic flow-through reactor [22]. This also means that the active surface area can 

potentially increase compared to typical planar electrode materials and can therefore play an 

additional role in the electro-oxidation efficiency [22,36,37].  
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Fig. 3. Influence of the main parameters in micro-reactor configurations: (a) interelectrode 

gap (reprinted with permission from [29]. Copyright 2019, Wiley), (b) current density 

(adapted with permission from [38]. Copyright 2014, Elsevier), (c) flow rate (adapted with 

permission from [28]. Copyright 2012, Elsevier), (d) electrolyte conductivity (reprinted with 

permission from [31]. Copyright 2019, Elsevier), (e) reactor configuration: comparison 

between flow-through and flow-by cells (adapted with permission from [22]. Copyright 2018, 

Elsevier). 
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Table 1. Summary of reports on the implementation of BDD anode in microfluidic thin film reactors. 

Characteristics of the 
reactor(s) 

Electrode 
materials 

Characteristics of 
electrolyte 

Operating 
conditions 

Studied parameters Efficiency Ref. 

- Microfluidic reactor: 
undivided flow-by 
filter-press cell; delec: 
50-240 µm 

- Macrofluidic reactor: 
undivided cylindrical 
stirred tank reactor; 
delec: 2 cm 

- Anode: BDD-
Nb, Ti/IrO2–
Ta2O5 or 
Ti/RuO2–IrO2 
(5 cm2) 

- Cathode: Ni, 
graphite, 
carbon felt or 
carbon-PTFE 
air diffusion 
electrode (5 
cm2) 

Acid orange 7 (0.43 
mM) at pH 3 (H2SO4) 

Supporting electrolyte: 
Na2SO4 (35 mM) in 
macroreactor 

Current density: 2-
14 mA cm-2; flow 
rate: 0.05-0.4 mL 
min-1 

delec, reactor design, 
electrode materials, 
current density, flow 
rate 

100% of COD 
abatement with 10 
mA cm-1 using the 
optimal BDD 
anode/graphite 
cathode 
configuration 

[38] 

Microfluidic reactor: 
undivided flow-by 
filter-press cell; delec: 50 
and 75 µm 

- Anode: BDD-
Nb (2.7 cm2) 

- Cathode: Ni 
(2.7 cm2) 

Formic acid (5 mM), 
pH 2 (H2SO4) 

Current density: 2-
40 mA cm-2; flow 
rate: 0.2-0.4 mL 
min-1 

delec, current density, 
flow rate, inlet 
concentration 

100% of formic 
acid abatement at 
10 mA cm-2 as 
optimal current 
density 

[21] 

- Microfluidic reactor: 
undivided flow-by 
filter-press cell; delec: 
50 µm and 100 µm 

- Two macrofluidic 
reactors: undivided 
cylindrical stirred tank 
reactor; delec: 4 mm 
and 1 cm 

- Anode: BDD-
Nb or 
Ti/IrO2–
Ta2O5 (3, 5, 
10 cm2) 

- Cathode: 
graphite or 

Monochloroacetic acid 
(5 mM), pH 3 (H2SO4) 

Current density: 2-
20 mA cm-2; flow 
rate: 0.05-0.6 mL 
min-1 (micro-
reactor) and 1 L 
min-1 (macroreactor) 

delec, reactor design, 
electrode materials, 
current density, flow 
rate 

100% abatement 
with graphite 
cathode and BDD 
anode and 5 mA 
cm-2 

[39] 
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stainless steel 
(3, 5, 10 cm2) 

Microfluidic reactor: 
undivided flow-by 
filter-press cell; delec: 50 
µm and 75 µm 

- Anode: BDD-
Nb or DSA 
(3-4 cm2) 

- Cathode: Ni 
or Ag (3-4 
cm2) 

1,1,2,2-
tetrachloroethane (0.9 
mM), pH 2 (H2SO4) 

Current density: 2-
40 mA cm-2; flow 
rate: 0.1-0.4 mL 
min-1 

delec, electrode 
materials, current 
density, flow rate 

Better efficiencies 
at lower distances 

[28] 

Microfluidic reactor: 
undivided flow-by 
filter-press cell; delec: 50 
µm and 120 µm 

- Anode: BDD-
Nb or 
Ti/IrO2–
Ta2O5 (3-4 
cm2) 

- Cathode: Ni 
or Ag (3-4 
cm2) 

Acid orange 7 (150-
500 mg L-1) at pH 3 
(H2SO4) 

Current density: 2-
20 mA cm-2; flow 
rate: 0.1-0.3 mL 
min-1 

delec, electrode 
materials, current 
density, flow rate 

Highest TOC 
removal (89%) 
with configuration 
of 2, 2 and 20 mA 
cm-2 (0.9 kWh g-
TOC-1) 

[35] 

Microfluidic reactor: 
undivided flow-by 
filter-press cell; delec: 50 
µm 

Macrofluidic reactor: 
undivided cylindrical 
stirred tank reactor; 
delec: 2 cm 

- Anode: BDD-
Nb (3.75 cm2) 

- Cathode: Ni 
(3.75 cm2) 

Real industrial 
wastewater 
(conductivity: 1.4 mS 
cm-1, pH 6.2, TOC = 
210 mg-C L-1) 

Current intensity: 
20-200 mA cm-2; 
electrolyte 
concentration: 
Na2SO4 (0.03-0.2 
M) and NaClO4 
(0.1-0.2 M); flow 
rate: 0.1-0.5 mL 
min-1 

Current density, 
electrolyte 
concentration, flow 
rate 

79% (micro-
reactor) against 
70% (macro-
reactor) in TOC 
removal at 100 
mA without 
supporting 
electrolyte, 
corresponding to 
1.0 and 19.8 € m-3 
of electric energy 
cost, respectively 

[20] 
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Microfluidic reactor: 
undivided flow-through 
filter-press cell; delec: 
400 µm 

Macrofluidic reactor: 
undivided flow-by 
filter-press cell; delec: 3 
cm 

- Anode: 3D-
mesh BDD-
Nb (33 cm2) 
(BDD: 78 cm2 
in macro-
reactor) 

- Cathode: 
perforated 
stainless steel 
(33 cm2)  

Clopyralid (100 mg L-

1) in synthetic brackish 
natural water 
(conductivity: 1 mS 
cm-1, Cl-: 79.9, NO3

-: 
94.9, SO4

2-: 259.8 mg 
L-1, CO3

2- = 174.8, 
Ca2+: 116.5) 

Current density: 10 
mA cm-2, flow rate: 
1.7 (flow-through) 
and 0.8 (flow-by) L 
min-1 

Reactor design Flow-through: 2.3 
Ah L−1 for total 
mineralization 
(12.5 kWh m-3) 

Flow-by: 11.4 Ah 
L-1 for total 
mineralization (75 
kWh m-3) 

[16] 

Microfluidic reactor: 
undivided flow-through 
filter-press cell; delec: 
400, 1000, 6000 µm 

Macrofluidic reactor: 
undivided flow-by 
filter-press cell; delec: 3 
cm 

- Anode: 3D-
mesh BDD-
Nb (33 cm2) 
(BDD: 78 cm2 
in macro-
reactor) 

- Cathode: 
perforated 
stainless steel 
(33 cm2) 

Clopyralid (100 mg L-

1) in synthetic brackish 
natural water 
(conductivity: 1 mS 
cm-1) 

Current density: 10 
and 100 mA cm-2; 
flow rate: 1.7 (flow-
through) and 0.8 
(flow-by) L min-1 

delec, current density The microfluidic 
flow-through 
required from 4 to 
10 times less 
electric charge and 
from 6 to 15 times 
less energy for the 
mineralization 

[22] 

Microfluidic reactor: 
undivided flow-through 
filter-press cell; delec: 
400, 1000, 6000 µm 

- Anode: 3D-
mesh BDD-
Nb or 
RuO2/IrO2 
(33 cm2) 

- Cathode: 
carbon 
black/PTFE-
reticulated 
vitreous 

Clopyralid (100 mg L-

1) at pH 3 (H2SO4), 0.5 
mM iron and 7 mM 
Na2SO4 

Current density: 20 
mA cm-2; flow rate: 
1.2 L min-1 

Electrode materials, 
electrolyte 
concentration 

Complete 
degradation after 
0.44 Ah L-1 and 
0.02 kWh g-1 with 
the optimal BDD 
anode and carbon 
black/PTFE-
aluminum 
configuration 

[40] 
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carbon, 
carbon 
black/PTFE-
aluminum, 
perforated 
stainless steel 
(33 cm2) 

Microfluidic reactor: 
undivided flow-through 
filter-press cell; delec: 
150 µm 

- Anode: 3D-
mesh BDD-
Nb (33 cm2) 

- Cathode: 
carbon 
black/PTFE-
aluminum or 
perforated 
stainless steel 
(33 cm2) 

Clopyralid (20-30 mg 
L-1) at pH 3 (H2SO4), 
0.5 mM iron 

Current density: 10-
100 mA cm-2; flow 
rate: 0.4, 1.0, 1.6 L 
min-1 

Electrode materials, 
flow rate 

Faster removal 
(100%) at 10 mA 
cm-2 

[41] 

Microfluidic reactor: 
undivided flow-by 
filter-press cell; delec: 
50, 250, 500, 1000 µm 

- Anode: BDD-
Nb (50 cm2) 

- Cathode: 
carbon felt 
(50 cm2) 

Acetaminophen (0.1 
mM) in synthetic and 
reclaimed municipal 
wastewater 
(conductivity: 0.86 mS 
cm-1) 

Current density: 2-
12 mA cm-2; flow 
rate: 0.43 L min-1; 
electrolyte 
concentration: 
Na2SO4 (1-10 mM) 

delec, current density, 
electrolyte 
concentration 

0.18 kWhg-1 for an 
84% of 
acetaminophen 
degradation 

[29] 

Microfluidic reactor: 
undivided flow-by 
filter-press cell; delec: 
500 µm 

- Anode: BDD-
Nb or Pt (50 
cm2) 

Simulated reclaimed 
municipal wastewater 
containing calcium 
(150 mg L-1), 
magnesium (5 mg L-

Current density: 0.4 
and 4 mA cm-2 

Current density Electro-
precipitation of 
Mg(OH)2 and 
CaCO3 

[18] 
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- Cathode: 
stainless steel 
(50 cm2) 

1), carbonate (60 mg-C 
L-1), Na2SO4 (5 mM) 

Two microfluidic 
reactors (reactive 
electro-blades) in 
rotation in a macro-
reactor (REMix 
reactor): undivided 
flow-through filter-
press cells; delec: 500 
µm 

Microfluidic reactor: 
undivided flow-by 
filter-press cell; delec: 
500 µm 

- Anodes: 
perforated 
BDD-Nb (14 
cm2 each; 50 
cm2 in flow-
by static 
micro-reactor) 

- Cathodes: 
carbon felt 
(14 cm2 each 
in REMix 
reactor; 50 
cm2 in flow-
by static 
micro-reactor) 

Acetaminophen (0.1 
mM) in synthetic 
municipal wastewater 
(conductivity: 0.86 mS 
cm-1, Na2SO4 (4 mM)) 

Current intensity: 
2*200 mA (REMix 
reactor); current 
density: 4 mA cm-2 
and flow rate: 0.43 
L min-1 (flow-by 
cell) 

Reactor design Apparent decay 
rate constant of 
4,238 min-1 with 
REMix reactor 
compared to 3,200 
min-1 with 
conventional static 
flow-by 
microfluidic 
reactor 

[17] 
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4. Concluding remarks and future perspectives 242 

Through this literature review, it can be mainly highlighted the fact that it is not at the lowest 243 

electrode distance and flow rate as well as at the highest current density and solution 244 

conductivity that the removal efficiency is the best. There are existences of optimal value of 245 

these main operating parameters in microfluidic thin film reactors applied for wastewater 246 

treatment. It is further important in future studies to pay attention to the suitability of 247 

comparison when those parameters are varied. For instance, when the influence of delec is 248 

studied it is important to perform the experiments at equivalent residence time and 249 

hydrodynamic regime by adjusting the flow rate for each delec in order to be comparable. 250 

Moreover, it would be reliable to compare the efficiency between flow-through and flow-by 251 

modes at equivalent surface area of electrode, to better figure out the real effect of mass transfer. 252 

Furthermore, it is also important to note that the electric current distribution could not be 253 

homogeneous in porous materials such as those employed in flow-through configuration [42–254 

44], unlike the planar parallel-plates used in flow-by device. This should be assessed in order 255 

to optimize the porous material properties (e.g., thickness, pore size distribution), while the 256 

implementation of BDD foam [45] with preliminary valid long-term stability tests could be 257 

examined with micro-reactors. 258 

It has been also emphasized that micro-reactors provide undoubtedly advantages – especially 259 

in flow-through compared to flow-by configurations - such as the increase of kinetics of 260 

degradation/mineralization efficiency, the absence of supporting electrolyte addition in low-261 

conductivity effluents as well as the strong energy consumption reduction. However, there are 262 

challenges to overcome such as the clogging effects with real wastewater and the low treatment 263 

capacity due to the very narrow gap between electrodes. A recent study introduced the concept 264 

of “reactive electro-mixing” that allows mixing while operating multiple electro-processes 265 

simultaneously within the same scalable reactor, combining micro- with macro-reactors and 266 

operating with liquid and semi-liquid effluents [17]. The advantages of micro-reactors (transfer 267 

intensification, ohmic drop reduction) could be therefore combined with macro-reactors (high 268 

treatment capacity, less clogging issue) along with synergies by operating them in a hybrid 269 

system. Still, this latter system needs to be characterized in the aim at better understanding the 270 

roles of hydrodynamics and cell rotation on the reactions efficiency. Moreover, the impact of 271 

fouling has to be tested in order to know whether a pre-filtration step would be required or not 272 

before the electro-oxidation of wastewater with BDD, as it would be commonly considered 273 

with static micro-reactors. 274 
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Moreover, there could be scaling issues in the electrolyzer, especially when dealing with real 275 

wastewater effluents [46,47]. Mineral scaling in electrochemical reactors is a well-known 276 

phenomenon that induces most of the time the passivation of the cathode and therefore hamper 277 

the electrolysis [48,49]. This is due mainly to the ubiquitous presence of calcium, magnesium 278 

and/or carbonates in the effluents to treat [18]. Thus, the local alkalization that occurs at the 279 

cathode lead to their electro-precipitation [50–52]. An early recent study has shown that the 280 

microfluidic thin film (delec: 500 µm) reactor configuration did not limit the electro-precipitation 281 

of Mg(OH)2 and CaCO3 [18]. The local acidification at anode did not compensate enough the 282 

alkalization at cathode in the parallel-plate micro-reactor. Thus, further researches are required 283 

to surpass the micro-reactors drawbacks. Moreover, some electro-precipitation issues could be 284 

turned into advantages by recovering added-value compounds such as phosphate [53], while 285 

studying more deeply the influence of delec and electrode/electrolyte interface phenomenon. 286 

 287 

  288 
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