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Abstract

This study evaluated the feasibility of the electrooxidation process using a sub-stoichiometric titanium
oxides (TiOx) reactive electrochemical membrane (REM) as anode for the treatment of a secondary
effluent from a wastewater treatment plant. The main objectives were to analyze (i) the degradation of
a pharmaceutical pollutant, carbamazepine, added at a concentration of 100 pg L', (ii) the
mineralization of the residual total organic carbon (TOC = 7 mg L), (iii) the formation of toxic by-
products and (iv) the energy consumption of the REM process. Two main operating parameters were
tested: the current density applied to the REM (74, 149 and 290 A m) and the flux of TOC passing
through the membrane. The results revealed that the efficiency of the process was maintained above
70% of mineralization and >98% of degradation of carbamazepine until a limiting value of TOC flux
was reached. The higher the current density, the higher the limiting value of the TOC flux above
which the efficiency decreased. This trend was ascribed to the limitation from the amount of reactive
species produced on the REM surface (current limitation instead of mass transport limitation at lower
TOC flux). As the energy efficiency strongly increased when applying a higher TOC flux, it is
therefore crucial to apply the process around this threshold value. This study also showed that it is
possible to control the formation of toxic chlorine-containing by-products (ClOs’, ClOs, AOCl) by
decreasing the current density. This issue is particularly important for such effluents containing a
significant amount of CI ions. By taking into consideration both advantages and drawbacks, optimal
results were obtained with the lowest current density of 73 A m? and a TOC flux through the
membrane of 4.41 g h'! m? corresponding to 1.34 m® h'! m™. These conditions allowed for >98%
degradation of carbamazepine and 70% of mineralization with an energy consumption of 0.15 kWh g!

of TOC removed (i.e. 0.74 kWh m? of treated wastewater).
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1. Introduction

Membrane filtration processes are widely applied in modern wastewater treatment plants (WWTP) all
over the world. Electrochemical methods for water treatment are emerging technologies showing a
promising perspective and inciting great scientific interest. Membrane processes have two major
drawbacks. First, it is only a separation process, where pollutants are concentrated in the retentate.
Then, nanofiltration membranes with low pore size used for the retention of micropollutants require
the use of high transmembrane pressure. Besides, large-scale application of electrochemical processes
for the removal of micropollutants is strongly affected by mass transport limitations when treating low
concentration of pollutants, which leads to a low energy efficiency. However, the combination of these
two processes aims at being a synergetic technology enhancing the advantages of both processes. The
idea is based on coupling both processes for the removal of pollutants passing through a reactive
electrochemical membrane used as anode for the anodic oxidation process.

Anodic oxidation is an electrochemical advanced oxidation process allowing the removal of organic
pollutants through different mechanisms including (i) direct electron transfer and (i1) mediated
oxidation by generation of reactive radical species [1-3]. Particularly, the generation of strong oxidant
species is possible when using anode materials with high overvoltage for oxygen evolution reaction
[4-8]. In this case, hydroxyl radicals can be produced from the one-electron oxidation of water at the
electrode surface M (Eq. 1). Hydroxyl radicals present a major advantage of being a non-selective and

highly oxidizing agent.

M+ H,0 — M(*OH) + H* + e~ (1)

In order to improve process efficiency, it is necessary to improve the amount of organic pollutants
available for reaction with oxidant species at the anode surface where most of oxidation reactions take
place. By using dense plate electrodes, the mass transport of pollutants from the bulk solution to the
anode surface is strongly limited by the diffusion boundary layer close to the material surface. This

limitation can be addressed by using REM with low pore size and high electrochemically active



surface as detailed in mechanistic studies dedicated to flow-through electrochemical technologies [9,
10, 11, 12]. REM strongly decreases the diffusion time of organic compounds from the center of a
pore to the electrode surface and consequently mass transport can be strongly improved by increasing
the convection through the REM. Therefore, the flux of organic compounds passing through the REM
becomes a crucial operating parameter [13, 14, 15].

However, a great challenge remains the synthesis of suitable materials that can be used as REM. REM
must provide (i) a sufficient conductivity, (ii) a high overvoltage for oxygen evolution reaction and
(ii1) a suitable porosity for membrane filtration and enhanced mass transport conditions (in the micro-
or nanometer range). In this context sub-stoichiometric titanium oxide (TiOy) is a promising ceramic
material, which presents critical advantages from both cost and operational aspects with a well-
established production technology and an acceptable price tag. Among TiOx phases, TiO175 (i.e.
TisO7) has the highest conductivity (around 1000 S cm™) and is robust from mechanical, chemical and
thermal standpoints [16]. It can be produced from TiO; reduction by Ti metal as a powder [17] or
pressed pellets [18] or by reduction under nitrogen [19] or hydrogen [20] gas flux. The combination of
a sol-gel synthesis with spark plasma sintering or vaccum-carbothermic process was also reported for
synthesis of nanostructurated TisO; materials for applications in thermoelectricity [21] or
supercapacitor and electrocatalysis [22]. In 2016, it was also reported the possibility to synthesize
porous Ti4O7 from tubular asymmetric TiO; ultrafiltration membranes for their further used as REM in
water treatment, focusing on both kinetic and thermodynamic aspects [23]. Probe molecules have been
used in order to highlight the hydroxyl radical mediated oxidation as well as the convection-enhanced
mass transport of organic compounds [24]. Model compounds have also been used for investigating
the production of chlorinated by-products [25]. Density functional theory calculations have been
coupled with experimental approaches in synthetic solutions in order to better understand reactions

with organic compounds at the REM interface [26].

Ti4O7 REM anode has then proved its high energy-efficiency for electrochemical oxidation of highly
stable perfluoroalkyl substances in synthetic solutions [27]. Ti4O; REM anode was also coupled with

the cathodic electro-Fenton process in a flow—through pilot to treat paracetamol as a model pollutant.



It was emphasized a synergistic effect related to the formation of carboxylic acids from paracetamol
degradation in the bulk retentate that are more easily mineralized at the REM where both OH-
mediated oxidation and direct electron transfer occur [28]. However, as regards to real effluents, only
dense plate Ti4O; was successfully used for mineralization and biodegradability enhancement of
nanofiltration concentrate of landfill leachates [29]. Therefore, further application and development of
this material now depends on feasibility studies related to (i) the application of these REM for the
treatment of real effluents containing low concentration of biorefractory pollutants, (ii) the assessment

of energy consumption and (iii) the evaluation of the formation of toxic by-products.

In this study, the feasibility of implementing Ti4O7 REM in a flow-through reactor for the treatment of
a WWTP secondary effluent was assessed in terms of (i) mineralization of the organic matter (ii)
degradation of a micropollutant, carbamazepine (CBZ), added at 100 ug L' (iii) production of toxic
chlorine-containing by-products and (iv) energy consumption. The process efficiency was assessed in
dependence of the two main operating parameters, which are the current density and the permeate flux.
The objective was to understand and to identify the key parameters for minimizing the energy
consumption, optimizing the removal effectiveness and reducing the formation of toxic by-products.
Thus, this study investigates for the first time the suitability of using Ti407 REM for the treatment of a

real WWTP secondary effluent polluted with a low concentration of pharmaceuticals.

2. Materials and methods

2.1. Secondary effluent

The pilot reactor was fed with a secondary effluent sampled from a WWTP located in La Grande
Motte in the south of France. The WWTP is equipped with a Kubota® Submerged membrane unit
(SMU RW 400). The nominal pore size of the membrane sheet is 0.2 pm. All samples have been
collected at stationary phase (stable operating parameters and stable removal efficiencies of the
systems) and the main characteristics of the effluent are presented in Table 1. The effluent was doped

with 100 pg L' of CBZ.



Table 1. Main characteristics of the secondary effluent.

Parameter Value Parameter Value mg.L!
COD 24.2 £2.7 mgO, L™ [NO] 0.3+0.1
TOC 7mg CL"! [NOsT] 13.8+1.9
Conductivity 2.5+0.3mS cm’! [SO4*] 229 +4

pH 7.2-17.8 [Br] 1.5+0.2
Abs 254 nm 0.128 — 0.157 [CI] 556 + 65
[PO4 *]1/[NH4*] not detected [CIOs7] 1.4+£0.2

2.2. Chemicals

All chemicals used in this study were of reagent grade, purchased from Sigma Aldrich, including CBZ
(CAS 298-46-4), sodium sulfate (CAS 7757-82-6), acetonitrile and formic acid. Ultrapure water was

obtained from a Milli-Q system (Millipore Co. Ltd, resistivity>18.2 MQ cm).

2.3. Experimental pilot reactor

The experimental lab pilot was made of a 3 L feed tank, a pump for circulation of the feed solution, a
recirculation loop for the retentate, a DC power supply (from ELC, model AL924A) and a homemade

electrochemical membrane cell (Fig. 1). The retentate was continuously recirculated and the permeate

was collected for analysis.
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Fig. 1. Scheme of the pilot equipped with a Ti407 reactive electrochemical membrane (REM in green
in the center) for electro-oxidation of secondary effluents doped with CBZ at 100 ug L'

The whole setup was developed at European Membrane Institute of Montpellier. The Ti4O; REM
anode had the following dimensions: active length of 9 cm, inner diameter of 6 mm, outer diameter of
10 mm, and was used in outside-inside cross-flow filtration mode. The REM was developed and
obtained from Saint Gobain CREE. Detailed characterization of this material was given in Trellu et al.
[14, 28]. The anode is a mixture of Ti4O7 and TisO9 Magnéli phases. It presents a monodispersed pore
size distribution, with a median pore size of 1.4 pum, a porosity (pore volume) of 41% and a specific

surface area of 0.40 m?> g~ !. The water permeability of the membrane is 3300 L m 2 h™! bar™ '

Scanning electron microscopy images, Hg intrusion porosimetry and X-ray diffraction data are



provided as Supplementary Material. The cathode is a 3 mm thick carbon felt encircling the inner wall
of the electrochemical cell with an interelectrode distance of 3 cm with the REM. Experiments were
performed at the natural pH of the effluent (7.5 + 0.3). Experiments were conducted in galvanostatic
mode with a current density of 73, 145 and 290 A m according to the external geometric surface area
of the REM. The feed compartment was maintained under a nitrogen flux in order to avoid H>O»

production at the carbon felt under cathodic polarization.

2.4. Total Organic Carbon (TOC) analysis

Total organic carbon was measured using a Shimadzu TOC-L analyzer (680 ‘C catalytic combustion
method). The relative standard deviation on TOC measurement was 2%. Calibration was performed

using several dilutions of a standard from Accu SPEC (1000 ug C mL™").

2.5. lons analysis

Anions and cations were analyzed by ion chromatography. Anions (Cl, NOy, ClOs, NOs, SO4,
PO.*, Br) were followed using a chromatographic system Dionex Thermofisher ICS1000 with an
eluent producer, equipped with a Dionex Thermofisher AS19 column, an ARDS 600 suppressor and a
conductivity detector. The eluent was an aqueous solution of potassium hydroxide. Gradient elution
was used in the following manner: 10 mM during the first 10 min, then increase up to 45 mM during
20 min and finally 10 mM during the last 10 min of analysis. The flow was fixed at 1 mL min™".

The analysis of cations (Na*, NH4*, K*, Mg?*, Ca*") was performed by a chromatographic system
Dionex Thermofisher ICS900, equipped with a Dionex Thermofisher CS12A column, a CERS 500
suppressor and a conductivity detector. A solution of 20 mM methanesulfonic acid was used as eluent

in isocratic mode at 1 mL min™.

2.6. Monitoring of carbamazepine degradation

The degradation of CBZ was followed by high performance liquid chromatography (HPLC) coupled

with mass spectrometry (MS). The HPLC system (Waters Alliance 2695 HPLC Pump and Waters



Alliance 2695 Autosampler) was equipped with a C18 column (L = 50 mm, D = 2 mm, particle size =
Sum) thermostated at 20°C. The detector was a triple quadrupole mass spectrometer (Quattro Micro
API by Waters). Injection volume was 5 uL. The composition of the mobile phase was 75% milliQ
water and 25% acetonitrile with 0.1% (v/v) formic acid eluted in isocratic mode at 0.250 mL min™.
The duration of analysis was 3 min and the elution time of CBZ was 1.71 min. The calibration curve
for quantification of CBZ concentration was performed with the real effluent doped with 100 pg L' of
CBZ in order to minimize the effect of the matrix noise on the analysis. The detection limit was found
tobe 2 ug L.

The triple quadrupole MS was operated in multiple reaction monitoring with compounds being ionized
in the positive electrospray ionization mode (MRM: 237.2 — 194.2 with MH+ = 237.2, fragment Q1
= 194.2). The detection conditions were: capillary potential of 3.5 kV, cone potential of 25V, collision
energy of 20V, source temperature of 120°C, desolvation temperature of 450°C, cone gas flow of 50 L

h!, desolvation gas flow of 450 L h''. Nitrogen was used as nebulizer gas.

2.7. Analysis of halogen-specific adsorbable organic halogen (AOX)

Prior to the analysis, the residual free chlorine was measured by the diethyl-p-phenylenediamine
(DPD) method and each sample was quenched with Na,SOs3 aqueous solution in proportion 1.2 mol
for 1 mol of residual chlorine. Then, 1 mL of nitrate stock solution ([NaNOs] = 0.2 mol L,
containing 25 mL L' HNOs 65%) was then added according to the ISO 9562 method. Then, the
samples were passed through the carbon columns (containing activated carbon (AC) with a grain size
distribution around 50-150 pm, provided by Envirosciences). Then, 10 mL of a nitrate solution was
passed in order to remove any inorganic species. A blank sample was also prepared in the same way,
using Milli-Q water. The activated carbon columns containing the adsorbed organic halogens were
transferred to ceramic boats for combustion using a Mitsubishi AQF-2100H unit. The hydrogen halide
gases produced were collected in ultra pure water contained in an absorption tube of the gas absorption
unit (Mitsubishi GA-210).

The solution in the absorption tube was then analyzed on-line for chloride, bromide, and iodide using

ion chromatography (Thermo Scientific Dionex Integrion HPIC system). The concentrations of



chloride, bromide, and iodide obtained from the ion chromatograph analysis corresponded to the
concentrations of adsorbable organic chloride (AOCI), bromide (AOBr), and iodide (AOI),

respectively.

2.8. Energy consumption

Energy consumption (EC) was expressed as either kWh per g of TOC removed (Eq. 2) or kWh per m®

of treated water (Eq. 3).

Ecell = I

EC(Wh (g TOC)™") = (T0¢, - 70G,)+ @
p

€y

Ecell 1
EC(Wh m'3) = T (2)

Where Ece is the average cell voltage (V), I the applied current (A), Q is the permeate flow (m* h'!),
and TOC; and TOC, are the experimental TOC concentrations (g C m™) at a given time in the feed and

the permeate, respectively.

3. Result and discussion

3.1. Mineralization of the secondary effluent doped with carbamazepine

Control experiments were previously performed on those membranes [14]. Results obtained without
current supply showed the absence of adsorption and retention of dissolved organic compounds. The
main reasons are that (i) the specific surface area of 0.40 m* g-' is low compared to materials tailored
for adsorption and (ii) the mono-modal pore size distribution ranging between 0.8 and 1.9 pm with
median pore diameter of 1.4 m does not allow any retention of dissolved compounds

Mineralization of the effluent was followed for three different current densities (73, 145 and 290 A m’
2). Different transmembrane pressures were tested for each applied current density, which resulted in
the variation of the permeate flux. Electrochemical processes for the treatment of low concentrations

of pollutants are usually operated under mass transport limitation, meaning that they are limited by the

10



transport of organic compounds from the bulk to the electrode surface. Therefore, this study selected
as crucial parameter the amount of organic matter that passed through the membrane (TOC flux)
instead of the volumetric permeate flux. The TOC flux is the product of the initial value of TOC in the
effluent and the volumetric permeate flux. The TOC flux elimination was defined similarly, by taking
into consideration the amount of TOC removed by the process. Therefore, results are presented in fig.

2 as TOC flux elimination versus the TOC flux through the REM.

10 +
o j=73Am?
9 + / o{\o(\
® j=145Am> A
8 + / {\0“
. 2 A \-\10 ..o
A j=290Am _“e‘o.,.
o°/°‘“§-°°
e
) @

A~ 0 N 2

TOC flux elimination ( g h"'m=2)
[\]

TOC flux through the REM (g h'' m?)

Fig. 2. Mineralization of the real effluent doped with 100 ug L' of CBZ in dependence on applied
current density and TOC flux through the reactive electrochemical membrane.

As can be seen from fig. 2, for all current densities, mineralization can be maintained between 70 and
>08% up to a maximum value of TOC flux. Then, at higher TOC flux, a plateau is observed for the
TOC flux elimination (it corresponds to a drop of the percent removal of TOC). This maximum value
of TOC flux strongly depends on the applied current density. The value of TOC flux at which the drop
in efficacy occurred was between 5 and 6 g h™! m™ for the lowest current density, while for the middle

value it was around 8 - 9 g h'! m2 For the highest current density of 290 A m™, this plateau is

11



projected to be reached at values of TOC flux higher than 12 g ! m™. In this way, it was clear that the
higher the current density applied, the higher the limiting flux was. This could be explained by taking
into consideration both mass transport and current limitations. The use of REM instead of
conventional plate electrodes has the major goal of reducing the mass transport limitation. In fact,
owing to the low pore size of the REM, the diffusion characteristic time of organic compounds from
the center of a pore to the electrode surface is strongly decreased compared to the diffusion
characteristic time of organic compounds through the diffusion layer at the surface of dense electrodes
[15]. Therefore, it is possible to increase the mass transport of organic compounds at the surface of the
REM simply by increasing convection, i.e. by increasing the permeate flux of the wastewater passing
through the membrane. However, this study highlights that there is a limiting permeate flux above
which the REM becomes mainly operated under current limitation instead of mass transport limitation.
It means that above this threshold value, the amount of reactive species generated on the anode is not
sufficient for the removal of the high TOC flux through the membrane. This current limitation is also
consistent with the fact that the limiting value of the TOC flux is higher when the current intensity
increases. In fact, a larger amount of organic compounds can be oxidized when increasing the amount

of reactive species generated at higher current density.

3.2. Degradation of carbamazepine in the secondary effluent

The degradation of an individual micropollutant is also an important parameter in order to study the
capacity of the process to maintain a high degradation rate of target pollutants. The results are
presented on fig. 3 giving the normalized concentration of CBZ in the permeate as a function of TOC
flux through the REM. At the lowest values of TOC flux, CBZ was not detected in the permeate (CBZ
degradation above 98% because the detection limit of CBZ was found to be 2 pg L'). A similar
behavior was observed for the evolution of the percent of degradation of CBZ and mineralization of
TOC. CBZ was fully degraded after passing through the REM only until a limiting value of TOC flux
was reached. This value depends on the current density applied. For the lowest current density of 73 A

m™, CBZ started to be detected in the permeate at the value of 4 - 5 g h™' m™. For the middle value of

12



current density of 145 A m?, this value was twice as high as for the lowest, around 8 - 9 g h'! m?,
while for the highest current density, this limiting TOC flux was around 15 - 18 g h m™. As explained
in the previous section, this phenomenon of the threshold value can be explained by the operation of
the process under current limitation when the TOC flux through the membrane becomes too high. It
would be necessary to increase the applied current density in order keep a high value of degradation

and mineralization rate of the process when the TOC flux exceeds this threshold value.

1.00 +
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0.90 + J "
® j=]45A m?
0.80 + J "
A | = -2
070 1 j=290Am
0.60 + °
U,
2050 1 o
@) 3
0.40 +
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@
0.00 +—2CD—O—AO—MA——CH—OAA A —aA } } A—1 } {

TOC flux through the REM (g h'! m?)

Fig. 3. Degradation of 100 ug L' carbamazepine in the effluent in dependence of the TOC flux
through the reactive membrane and the applied current density

Interestingly, the values of limiting flux for degradation and mineralization were similar. For example,
for the middle current density, the limiting value of TOC flux for keeping TOC removal above 70% or
for achieving >95% degradation of CBZ was in both case around 8 - 9 g h'! m™. Such conformity in
results concerning the mineralization of the total organic pollution and degradation of CBZ supports
the explanation by the change in process limitations as detailed above. Moreover, it is consistent with

data reported in the literature on the anodic oxidation process. When AO is operated in batch reactor,
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mineralization kinetics are often only slightly slower than degradation kinetics. In fact, anodic
oxidation is a heterogeneous process during which oxidant species are accumulated at the surface of
the electrode material. Thus, organic pollutants reaching the electrode surface can be rapidly
mineralized by this high local concentration of oxidant species instead of being only degraded. This
phenomenon represents a great advantage for the application of this process since the formation of

potentially toxic degradation by-products can be therefore strongly reduced.

However, the degradation and mineralization of residual organic pollutants is not the only parameter
to take into consideration for the evaluation of the suitability of this process. The feasibility of the
application of a new water treatment process must also take into consideration the potential formation
of various toxic by-products. Particularly, it was reported in the literature [2, 30] that two main
drawbacks of anodic oxidation are (i) the generation of organo-halogenated compounds and (ii) the
formation of chlorates and most importantly perchlorates. As the effluent released by the wastewater
treatment plant contained more than 550 mg L' of chlorides, it was crucial to follow the evolution of
these parameters. One of the main goals of the application of the electrochemical treatment methods to
such effluents would also be the minimization of the formation of these problematic substances [30,

31].

3.3. Evolution of chlorates and perchlorates during the treatment

The evolution of chlorides, chlorates and perchlorates is presented on fig. 4 in dependence of the
applied current density. From the general A view of fig. 4, it is clear that chloride was oxidized in the
process since its concentration in the permeate became lower than in the feed water. The B view from
the same experiments (magnified view of A) gives a better visibility of the evolution of chlorates and
perchlorates. All chloride removed from the solution was not transformed into chlorate and perchlorate
since a large amount of chloride can also be transformed into volatile forms (Cl,, ClO,, C1,O) and
HOCI/CIO™ (which might be used for disinfection). For example, chlorate and perchlorate represented
only 10, 14 and 43% of the total loss of chloride for experiments at 73, 145 and 290 A m?,

respectively.
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Concentration of chlorate in the permeate was in the range 15 — 50 mg L' depending on the applied
current density. Interestingly, the increase in chlorate concentration was proportional to the increase of
the current density. It means that the formation of chlorate was depending on the electric charge (A h)
without threshold effect related to the current density.

Perchlorate was also detected in the permeate. For example, a concentration of 25 mg L' was
observed at the highest current density. Perchlorate formation is a major drawback of anodic oxidation
using anode materials with high overvoltage for oxygen evolution reaction. For example, Bergmann e?
al. [32] reported the formation of 123 mg L' of perchlorate using boron-doped diamond (BDD) anode
at 200 A m? and 1.0 A h L. Therefore, it is not surprising to observe perchlorate in our case since the
electric charge was 0.54 A h L' for j =290 A m? and J = 540 L h"' m. However, on the contrary to
chlorate, the concentration of perchlorate increased drastically by increasing the applied current
density. The concentration was multiplied by 11 between 73 and 145 A m™ and by 17 between 145
and 290 A m™?. In this case, a threshold effect related to the current density was clearly observed.
These results are consistent with the results reported in synthetic solutions treated with BDD by
Sanchez—Carretero et al. [33]. In fact, a linear relation was reported between the electrical charge (with
similar current density) and the formation of chlorate and perchlorate. However, the increase of the
current density (with similar electrical charge) only increased the concentration of perchlorate. This
might be ascribed to the complex mechanism of perchlorate formation involving both direct electron
transfer and hydroxyl radical mediated oxidation, which is favored at high current density. Perchlorate
formation was also reported to be strongly dependent on competitive ions and organic compounds. It
has been reported that the formation of perchlorate might be strongly hindered when operating the
process under current limitation in presence of organic compounds with high reaction rates with
hydroxyl radicals [34]. This hydroxyl radical scavenging effect avoids the reaction of chlorates with
hydroxyl radicals for the formation of perchlorates. This explanation might also be suitable for
explaining the results observed in this study. In fact, results reported in fig. 4 have been obtained for
experiments performed at a constant TOC flux of 3.8 g h'! m™. Using low current density, this TOC
flux is close to the limiting value corresponding to the operation of the process under current

limitation, as observed in previous sections. For the higher current densities, this TOC flux is clearly
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below this threshold value and the process is clearly operated under mass transport limitation, which
favors the reaction of hydroxyl radicals with chlorates for the formation of perchlorates. The results
reported in this study on a real effluent are crucial for assessing the potential of application of REM. In
fact, they highlight that REM should be operated at low current density and under current limitation in
order to avoid perchlorate formation. At flux of 3.8 g h”' m?, the perchlorate concentration was 130 pg
L' and 1.46 mg L' at 73 and 149 A m™, which was low considering the high chloride concentration of
the initial effluent (556 + 65 mg L"). It was also noticed that the increase of nitrate concentration with

the applied current density was definitely linked to mineralization of organic nitrogen.
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Fig. 4. Evolution of anions (perchlorates, chlorides, nitrates, bromides, chlorates, nitrates and sulfates)
in dependence on the applied current density for a TOC flux of 3.8 g h"! m?2,
A. General view B. Magnified view with a smaller scale on the y axis.

3.3. Evolution of adsorbable organo-halogenated compounds during the treatment
Apart from the chlorine-containing ions, the active chlorine available in the solution can react with the
organics for forming the so-called organo-halogenated compounds, which are most of the time

monitored through the amount of adsorbable organo-halogenated compounds (AOX). AOX are
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generally considered as unwanted compounds with potential genotoxic effects [35-37]. The analyses
showed the initial presence of these compounds at low concentration in the feed water (Table 2) under
the form of organochloride compound (AOCI). The results obtained for AOBr and AOI were below
the limit of detection (0.5 pg L") in all the samples.

Table 2. Concentration of adsorbable organic chlorides (AOC]) in initial effluent and in the treated

samples in dependence on the applied current density for experiments performed at a constant TOC
flux of 3.8 gh' m2,

Samples AOCI
P (ug L)
Initial effluent 77.8
Effluent treated (j = 73 A m™) 1491
Effluent treated (j = 290 A m™) 4270

Three samples of treated water at two different current densities were also analyzed. A significant
increase in the concentration of AOCI was observed for all samples. For the lowest current density the
concentration of AOCI was around 1.5 mg L', though for the highest current it increased to a value
almost three times higher. The formation of these compounds often comes from reactions between free
chlorine (HOCI/CIO") and dissolved organic compounds through various possible pathways such as
oxidation, addition or electrophilic substitution. By increasing current density with a factor 3.9, the
AOCI formation was multiplied by 3.0. These results are consistent with literature since it was
reported that the formation of AOCI is tightly correlated with the electric charge without threshold
effect related to the current density [38]. In a previous study on the tertiary treatment of wastewater
(with similar TOC of 9.7 mg L") with a BDD anode, an electric charge of 0.13 A h L' resulted in the
formation of 400 ug L', while in this study 1413 pg L' was formed after passing the same electric
charge (for j =73 A m? and J = 540 L h> m) [38]. This higher value might be explained either by the
higher chloride concentration (144 vs 500 mg L) or by the different electrode material used (further
studies are required on the understanding of AOX formation with Ti407 REM). The results obtained in

the literature and in this study show that it might be possible to control the formation of organo-
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halogenated compounds by optimizing the electric charge. Results reported in Table 2 have been
obtained in a range of operating conditions for which >98% of CBZ degradation and >70%
mineralization was achieved (mass transport limitation). Therefore, it might be possible to reduce the
electric charge in order to further reduce the generation of AOCI. It is also important to take into
consideration that the parameter AOCI is a global indicator of the presence of such chemicals;
however it does not imply any information about the nature of their toxicological effects. It is
therefore also necessary to conduct more detailed studies on the formation of specific most notorious
representatives of organo-halogenated compounds and the mechanisms involved in these reactions in

order to determine how to really avoid or control the formation of such toxic by-products [25].

3.4. Energy consumption
Energy consumption is an important characteristic of the viability as well as a major drawback for
electro-oxidation processes. Therefore, its proper analysis on a real effluent containing low

concentration of pollutant was a crucial task of this study. The results are presented on fig. 5.
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Fig. 5. Energy consumption per meter cube of treated water as a function of volumetric flux.
A. General view B. Increased view with a smaller scale of y axe.

In fig. 5, the results of energy consumption are expressed as kWh per g of TOC eliminated and are
presented as a function of TOC flux through the REM expressed in g h”' m?. As expected from Eq. 1,
the energy consumption initially drastically drops with the increase of the TOC flux. In fact, low

energy efficiency is usually observed when operating electro-oxidation under mass transport
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limitation. One of the great advantages of REM is that it is possible to improve this energy
consumption by simply increasing the TOC flux through the REM. Then, at high TOC flux, when the
process is operated under current limitation, the energy consumption reached a plateau around 0.1 —
0.2 kWh g! TOC removed. As explained previously, this current limitation was reached at different
TOC flux depending on the current density applied. Besides, higher energy consumption was also

always observed when using the highest current densities because of the higher cell potential.

For the optimization of the process, it is crucial to take into consideration all the parameters, including
the energy consumption, the removal of target compounds and the formation of by-products. For
determination of the optimal parameters, it was decided to choose the current density for which the
formation of AOCI and perchlorate was minimized, i.e. the lowest current density (73 A m™). Then,
the optimal TOC flux through the membrane was selected as the maximal one allowing to achieve
>98% removal of CBZ, i.e. 4.1 g h! m? (arrow in fig. 5B). With these operating conditions, the
percent of mineralization was still excellent (70%). The energy consumption was 0.15 kWh g'! TOC
removed, which corresponds to 0.74 kWh m?. This high energy efficiency of electro-oxidation for the
treatment of a real effluent with low concentration is clearly related to the mass transport enhancement
allowed from the use of such REM. These promising results might promote the development of this
process for such applications. For comparison, the French company SUEZ is currently estimating that
a reasonable cost of a tertiary treatment (for capital and operational expenditures) would be between 7

and 14 euros / population equivalent / year, including an energy consumption of 1.45 kWh m [39].

It is also of great interest to compare the results obtained here using TisO; as REM for anodic
oxidation to the use of other electrochemical systems, as reported in Table 3. Recently, Yang et al.
[40] combined the use of a BDD anode with the heterogeneous electro-Fenton process at the cathode
for removal of the antibiotic ofloxacin in batch configuration. A mineralization rate of 80% was
obtained after 8h of electrolysis from an effluent at 22 mgC L', The energy consumption was about
3.5 kWh g'! TOC (i.e. 77 kWh m™). Besides, El Kateb et al. [29] used the same cathode material
combined with plate Ti4O; anode in batch configuration for TOC abatement of the concentrate of a

landfill leachate pre-treated in an MBR. An energy consumption of 0.11 kWh g"! TOC (49.5 kWh m™)
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was mentioned for TOC removal. Those high values of EC could be mainly explained by the batch
configuration of the system, which is dramatically penalizing for mineralization of low concentration
of pollutants because of the limitation ascribed to the diffusion of pollutants from the bulk to the
electrode surface [13]. These much higher energy consumptions highlight the suitability of REM
developed in this study for the treatment of low concentrations of pollutants in secondary effluents
from municipal WWTP. The interest of flow-through reactors equipped with a TisO; REM was also
confirmed by the recent paper of Le er al. concerning PFAS degradation [27]. The energy
consumption to remove PFOA (initial concentration 4.4 mg L!) and PFOS (initial concentration 5 mg
L) to below the detection limit (i.e. 86 and 35 ng L) were 5.1 and 6.7 kWh m™ proving again the
efficiency of Ti407 in flow-through configuration for highly stable micropollutants.

Table 3. Comparison of recently published results on the degradation of organic pollutants in aqueous
media by electrochemical advanced oxidation processes.

Authors Ref. System Energy consumption Mineralization Comments
(kWh.m™) (%)
This study - REM TiOx 0.74 70
SUEZ 39 - 1.45 - Recommendation
Company
Yang et al. 40 Batch BDD + 77 80
Electro-Fenton (8h)
El Kateb et al. 29 Batch TiOx + 49.5 45
Electro-Fenton (8h)
Lin et al. 41 Batch TiOx 142 -36.9 99
Le etal. 27 REM TiOx 5.1-6.7 -
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4. Conclusion

The main objective of this study was to analyze the viability of the anodic oxidation process using a
substoichiometric titanium oxide reactive electrochemical membrane as anode. The laboratory pilot of
this coupled process was operated to treat a secondary effluent from a municipal WWTP spiked with a
pharmaceutical micropollutant (CBZ) at a concentration of 100 pg L', which is close to an
environmentally relevant value. The efficiency of this process was evaluated regarding to the removal
of pollutants in terms of mineralization of the organic load as well as degradation of the
micropollutant. Two major drawbacks of any electrochemical treatment processes as defined
previously (toxic chlorinated by-product formation and energy consumption) were equally addressed
by this study. Here are the main conclusions to draw from the results obtained.

* Mineralization and degradation demonstrated an efficacy above 70% removal for the low TOC
flux, regardless to the current densities applied. Increasing the TOC flux revealed that the process
effectiveness shifted from being limited by mass transport of pollutants to the surface of the anode to
being controlled by the production of oxidant speices at the anode i.e. by the applied current density.
For each value of current density, a limiting value of TOC flux above which the effectiveness
decreased was highlighted. The higher the current density, the higher this threshold value was
observed.

*  Formation of chlorates and perchlorates was strongly dependent on the applied current density.
Increasing the current density resulted in greater formation of chlorates, while perchlorates strongly
raised in their concentration for the highest current density applied. A similar trend was observed for
AOX. Even low current density (73 A m-2) led to the formation of AOX but their concentration was
multiplied by 3 at high current density (290 A m?). The main consequence is that only the use of low
current density should be considered for such applications to CI" containing effluents.

» It is possible to strongly decrease the energy consumption of the process by simply increasing the
TOC flux in order to reduce mass transport limitations.
* Overall, by taking into consideration both advantages and drawbacks of this process, the optimal

operating conditions were obtained at 73 A m™ (in order to reduce the formation of toxic by-products)
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and a TOC flux through the membrane of 4.41 g h'' m?, corresponding to 1.34 m®> h'' m? These
conditions allowed for >98% degradation of CBZ, 70% of mineralization with an energy consumption
of 0.15 kWh g of TOC removed (i.e. 0.74 kWh m™ of treated wastewater). These results highlight
that the development of REM based on Magnéli phases can be a cost effective electrochemical

advanced oxidation process, even for the treatment of effluents with low concentrations of pollutants.
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