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Abstract

In this study, we report on the development of an open undivided electrochemical reactor
with a compact fixed bed of glassy carbon pellets as three-dimensional cathode for the
application of electro-Fenton process. Bisphenol A (BPA) was chosen as model molecule
in order to improve its efficiency to the treatment of persistent pollutants. The study of
the BPA removal efficiency in function of the applied current intensity was investigated
in order to determine the limiting current of Oz reduction (optimal conditions of H20:
production at flow rate of 0.36 m3.h"*) which was 0.8 A (0.5 A/ 100 g of glassy carbon
pellets). Many parameters have been carried out using this electro-Fenton reactor namely
degradation kinetics, influence of anodic reactions on DSA, effect of initial pollutant
concentration. In the optimal current condition, the global production rate of H202 and
"OH was investigated. The yield of electro-Fenton reaction (conversion of H202to "OH)
was very high (> 90 %). The absolute rate of BPA degradation was determined as 4.3 x
10° M1 s, COD, TOC and BODs measurements indicated that only few minutes of
treatment by electro-Fenton process were needed to eliminate BPA for dilute solutions
(10 and 25 mg.L™). In this case, the biodegradability of the treated solutions occurred
rapidly. For higher concentration levels, an efficient removal of BPA appeared for
treatment time higher than 1 hour and more than 90 minutes were necessary to obtain the
biodegradability of BPA solutions. In optimum conditions, the scale-up of the
electrochemical reactor applied to electro-Fenton process was suggested and depended on
the concentration level of the pollutant. The operating parameters of the scaled-up reactor
might be deduced from the new section of each fixed bed exposed to the flow, from
values of liquid flow velocity and from the corresponding limiting current density
obtained with the reactor at laboratory scale. The compact fixed bed cathode in an open
undivided electrochemical reactor appears as an appropriate solution as pre-treatment
electro-Fenton process followed by the biological treatment of persistent pollutant.

Keywords
Electro-Fenton process, Fixed-bed cathode, Water treatment, Bisphenol A, advanced
oxidation process.



1. Introduction

The wastewater treatment including a biological step is often an economical process in
comparison with other treatment options. However, the classical biological process is
unsuccessful for the removal of effluents containing non-biodegradable organic
substances (pesticides, antibiotics, drug residues, alkylphenols...) [1,2]. To avoid the
dispersion in the environment of these persistent pollutants, a wide variety of alternative
processes has been therefore studied in order to remove such pollution. Among
destructive or pretreatment processes, advanced oxidation processes (AOPS) have
received great interest in the recent years [3,4]. These processes consisting of the
generation of reactive radical species are more often based on the generation of hydroxyl
radicals ("OH). This very reactive and non-selective oxidizing agent leads to the
degradation of organic pollutants by hydrogen atom abstraction reaction, electron
transfer, or electrophilic addition to 7 systems [5-9].

Among AOPs, electro-Fenton process is one of the electrochemical processes that consist
in producing Fenton’s reagent (Fe?*/H202) in acidic medium (pH 3) at the cathode by O
reduction (Equation 1) [6,10,11]. The electro-generated H202 species reacts with the
added Fe?* ions to produce hydroxyl radicals HO" (Equation 2). However, Fe?* ions are
mainly regenerated by the cathodic reduction of Fe** ions (Equation 3). Thus only the
addition of a small catalyst quantity of iron (Fe?*) is needed.

02 + 2H* + 2e" — H202 (E'=0.69V/SHE) 1)
Fe?* + H202 — Fe®" + OH + HO" (Fenton’s reaction) (2)
Fe¥* + e — Fe?* (E'= 0.77 V/SHE) 3)

Moreover, electro-Fenton process has demonstrated a potential capacity of treating
persistent chemical pollutants [12—15] and a recent review pointed its interest for
wastewater remediation [12]. Various electrochemical cells have been used and
employed for the application of electro-Fenton processes and are distinguished by their
configuration (divided or undivided compartment), the nature of the cathode which must
reduce oxygen in a two-electron process (Carbon-based electrodes (carbon felt, activated
carbon fiber ...) and gas-diffusion electrodes) and the nature of anode (BDD, PbO2, Pt...)
[6,11,16]. By and large, most of the above cited studies presented interesting process
efficiencies at laboratory scale. However, these studies suggested reactor configurations
and electrodes materials which were not appropriate to scale-up the process to industrial
pilot plant. So it appears opportunities to develop new electrochemical reactors that
would be able to treat organic pollutants by electro-Fenton process with high flow rates
and low cost of electrode materials and electrical energy at semi-pilot or industrial plant.



Therefore, we have used in this study an undivided electrochemical reactor with a fixed
bed of carbon pellets three-dimensional cathode that was developed in a past time by
EDF (Electricité de France) to treat aqueous effluent containing heavy metal
(Copper,Silver,...) [17]. These reactors (PRIAM family) have been scaled-up to semi-
pilot plant. After modification of the fixed bed cathode (substitution of the graphite
carbon by glassy carbon pellets for a better charge transfer kinetic of Oz reduction), we
have developed in our laboratory the application of electro-Fenton process with this
electrochemical reactor.

Besides, bisphenol A (BPA) is a persistent compound that is not effectively degraded by
biological treatment [18]. Different processes were examined for bisphenol A removal
from natural water or wastewater, in particular, AOPs [9,19,20]. Among these processes,
we can found UV/H202 oxidation [21], photo-Fenton [22], ozonation [23,24], direct
electrochemical oxidation [25-29] as well as indirect electrochemical oxidation processes
like Fenton and electro-Fenton [30—32] processes. These processes have demonstrated a
high bisphenol A abatement efficiency for a small volume treatment. Otherwise, none of
the described processes has been really scaled-up. So, it may be interesting to treat BPA
as molecule model by electro-Fenton process using the above described reactor.

In this study, we report the development of a new electrochemical reactor that can be
applied to treat bisphenol A by electro-Fenton process. This electrochemical reactor was
a plug-flow with a fixed bed three-dimensional cathode constituted by glassy carbon
pellets. The electro-Fenton process has been optimized to the elimination of BPA and a
lot of parameters have been studied. The production of hydrogen peroxide and hydroxyl
radicals has been investigated. Mineralization study during BPA treatment was conducted
by monitoring of Total Organic Carbon (TOC), Chemical Oxygen Demand (COD) and
Biochemical Oxygen Demand (BOD).The biodegradability of BPA was also investigated
by the developed electro-Fenton process for different treatment times and at different
initial pollutant concentrations.

2. Experimental

2.1.  Chemicals and materials

Glassy carbon pellet material (SIGRADUR® K, high purity) was obtained from HTW
(Germany) and has an appropriate average diameter of 3 mm. Bisphenol A used to the
preparation of polluted water (CisH1602, 2.2-Bis(4-hydroxyphenyl)propane — purity >
99%) and sodium sulfate used as supporting electrolyte (Na2SOa4 — purity > 99%) were
purchased from Sigma-Aldrich. Iron (11) sulfate heptahydrate (Fe2S04.7H20 — purity
98%) was obtained from Scharlau chemicals. For mobile phase preparation, acetonitrile
(HPLC grade) was also purchased from Sigma-Aldrich for mobile phase preparation.



Demineralized water was obtained in our laboratory by an appropriate production system
(Millipore). Other chemicals used were of analytical grade reagents. All the
measurements and experiments were carried out at laboratory temperature.

2.2. Solution preparation

Synthetic solutions of bisphenol A were prepared in demineralized water without any
organic solvents addition in order to limit the introduction of organic matter only to BPA.
The pH of the solution was adjusted to 2.9 £+ 0.1 using H2SOas. The Na2SO4 was added as
supporting electrolyte at the concentration of 0.05 M. The Fe (1) was added to the
solution at the concentration of 0.5 mM.

2.3.  Electro-Fenton process system

The electrochemical reactor used in this study for electro-Fenton experiments was an
open one-compartment reactor in PVC with rectangular geometric dimensions of 14 cm
(L) x12 cm (1) x 17 cm (H) and a volumic capacity of 1.5L. The electrochemical reactor
is equipped in his middle with a three-dimensional cathode (3D cathode) itself made up
of a compact fixed bed of glassy carbon grains and surrounded by 2 DSA mesh anodes
(Ti/RuO2) with a gap of 2 cm. The contaminated solutions were treated in batch and a
centrifugal pump was used to feed the electrochemical reactor with a constant flow rate
fixed by a flow meter (typically 6 L.min™ (0.36 m®.h)). The three-dimensional cathode
has a geometric dimension of 13 cm x 8 cm x 3 cm (L, W, and H) and filled with glassy
carbon pellets (=155 g). A metal mesh as current collector is placed at the center of the
fixed bed. The solution flow is perpendicular to the electrodes and the solution goes
through the width of the fixed bed. Also, assuming a plug flow at the level of the cathode,
the liquid flow velocity through the fixed bed is estimated at 0.0139 m.s*. Air pump and
air diffuser were used in the experimental setup to supply the solution continually by
oxygen. The sampling at different times was carried out at the outlet side of the cathode.

2.4.  Analytical procedures and materials
2.4.1. High Performance Liquid Chromatography

High performance liquid chromatography (HPLC, Waters™ 600 MILLIPORE system, Waters™
600 Pump, Waters™ 717 plus autosampler, Photodiode Array Detection Waters™ 996)
were used. HPLC analyzes were performed on reversed-phase column Waters Cis
(Symmetry 4.6 mm x 25 cm, 5um). The composition of the mobile phase was 40/60
(VIv) Acetonitrile/Ultra-Pure Water. The PAD detector was set at 278 nm and the flow
rate of the mobile phase was fixed at 1 mL/min. The injection volume in the HPLC
system was 50 pL. Empower 2 Software was used respectively for HPLC control and



results processing. The retention time of bisphenol A was 4.6 minutes under the above-
cited conditions.

2.4.2. Total Organic Carbon

Total organic carbon (TOC) measurements were carried out using Shimadzu Total
Organic carbon analyzer (TOC-VcenH). Organic carbon compounds were mineralized and
converted into COz2, which was detected and measured by a non-dispersive infrared
detector (NDIR). Reproducible TOC values were always obtained using the standard
non-purgeable organic carbon (NPOC) method. TOC-CONTROL V software (Version
2.10) was used for TOC analyzer control and results processing.

2.4.3. Chemical Oxygen Demand

Chemical oxygen demand (COD) measurements were carried out using HACH®
DR/2500 method (8000). COD vials were obtained from Hach Lange (Ref. HI93754B-
25). Only 2mL of the solution were added into the COD vial and oxidized for 2 hours at
150°C with dichromate (K2Cr207) at acidic pH using Hach DRB 200 oven. After COD
values were measured using a spectrophotometer (DR/2500) at 620 nm after calibration.

2.4.4. Biochemical Oxygen Demand

Biochemical oxygen demand (BOD) measurements were carried out using OxiTop
system (from WTW) for 5 days (BODs) in order to check the biodegradability of BPA
and its by-products after treatment by electro-Fenton process. Activated sludge taken
from wastewater treatment of the municipality of Rennes was used as source of micro-
organisms. The method was described in details in previous works[15].

2.4.5. Determination of hydrogen peroxide production

For electro-Fenton process, hydrogen peroxide (H202) formed by electro-reduction of
dissolved O2at the cathode was determined and quantified by iodometric titration. It
consists to dose H202 by the back-titration of the liberated iodine with sodium thiosulfate.
The determination of H202 was released without BPA and Fe'' addition in the medium.

2.4.6. Determination of hydroxyl radical production

Hydroxyl radicals ("OH) were determined and quantified indirectly by trapping them with
a substrate initially added in excess in the electrolysis medium: the Dimethylsulfoxide
(DMSO0). As indicated by Tai et al.[33], Dimethylsulfoxide (DMSO) has great
advantages as a molecular probe for the detection of the hydroxyl radicals in AOPs: (i)
DMSO is highly water soluble to trap most hydroxyl radicals generated in AOPs; (ii) it
cannot form complexes with iron ions to influence the detection of "OH in electro-Fenton
process, (iii) it is nontoxic at relatively high concentrations and (iv) it is highly reactive



with the hydroxyl radicals (k =5 ~10 x 10°mol L™ s™). It consists of the fast reaction of
DMSO with *OH forming methanesulfinic acid (MSA) and methyl radicals as
following[33,34]:

(CH3)2SO + *OH— CH3SO2H + CHs*

However, a recent study indicates that methanesulfinic acid is only an intermediate
product, which also reacted rapidly with hydroxyl radicals leading to methanesulfonic
acid formation (k = 6.2 ~12 x10° mol L™* s7%) as following to give methanesulfonate
(MS)[34-36]:

OH O,
CHsSO2H—»— CH3SOs

We can consider that methanesulfonate is quite stable as it reacts very slowly with "OH (k
= 0.8 10’ Ms) in comparison with the excess of DMSO. At pH 3, methanesulfonic acid
(pKa -1.2) is under its conjugated base (MS") which has been then quantified by ion
chromatography. A series of standard methanesulfonate solutions were prepared and
injected in order to establish a calibration curve from 0.1 to 2.5 mM. The determination
of "OH was released by electro-Fenton experiments without BPA addition in the medium.
lon chromatography (Dionex DX-120) coupled to a conductivity detector was used in this
study. lon chromatography analyzes were performed using anion exchange column
Dionex lonPac AS19 (4 x 250 mm) and pre-column Dionex lonPac AG19 (4 x 50 mm).
The eluent gradient was generated using a Dionex EGC-KOH EluGenll cartridge as
following: 0-10 min: 10 mM isocratic; 10-25 min: gradient from 10 to 45 mM; 25-35
min: 45 mM isocratic with a flow rate of 1 mL.min™.

3. Results and discussion

Initially the electrochemical reactor used in this study was equipped with a fixed bed of
carbon graphite grains (3-5 mm diameter) which presents an irregular surface and a
porous structure. The drawback was that BPA molecules and their by-products were
adsorbed partially by this material conducting to perturbations in the evaluation of the
electro-Fenton process. For this reason, we substituted the carbon graphite bed over a
compact fixed bed of glassy carbon pellets. With this non-porous material, no adsorption
occurred and the decreasing of the BPA concentration could be attributed to its
degradation by the electrochemical process. With this newly fixed bed cathode, the effect
of the applied current intensity on the removal efficiency of BPA during the treatment by
electro-Fenton process has been investigated. The removal efficiency can be defined as
following: [(Co— Ct) x100] / Ct, where Ctis the concentration of bisphenol A after time of
treatment (t) and Cois the initial concentration of bisphenol A before treatment(about 150
mg.L™). Figure 2 illustrates the variation of removal efficiency according to time for
different applied current intensities from 0.2 A to 1.2 A. However, an improvement in the



removal efficiency was observed with an increase of the applied current intensity till 0.8 -
1.0 A. For greater intensities, the treatment appears less efficient indicating that the
applied current intensity is higher than the limiting current for Oz reduction according to
equation (1) and that a part of H202 produced is reduced in H20 (equation 4) with a
global 4 electrons reduction process of Oz. Also, the limiting current intensity in the
hydrodynamic conditions corresponding to 6 L.min should be estimated at about 0.9 A
and thereafter, an optimized current intensity set at 0.8 A (0.51 A /100 g of glassy carbon
pellets) for the following experiments of the treatment by electro-Fenton process.

H202 + 2H" + 2¢- — 2H20 (4)

Moreover, the production of hydrogen peroxide (H202) and hydroxyl radicals ("OH) by
electro-Fenton process in the optimized current conditions has been investigated. Figure 3
shows the global production of H202 versus time by applying 0.8 A in absence of BPA.
During 60 min of electrolysis the variation of the H202 concentration is linear indicating
a constant production of H202 with a global production rate of 0.06 mmol.min™.
Considering the theoretical charge quantity for 0.8 A, this rate value corresponds to a
faradic efficiency of 25% for global production of H202. This low value could be
explained by the partial anodic oxidation on DSA of H20:2 produced initially at the
cathode. However, during electro-Fenton process, the produced hydrogen peroxide reacts
quickly with Fe?* to give radical hydroxyl in the vicinity of the cathode avoided like that
the oxidation of H20: at the anode. In electro-Fenton conditions (presence of Fe?*), the
production of radical hydroxyl could be estimated by addition of an excess of a molecular
probe, the DMSO which is highly reactive with the hydroxyl radicals giving
methanesulfonate as oxidized by-product (for more details see § 2.4.6 and reference
therein). The production of methanesulfonate for 60 min of the electro-Fenton treatment
at 0.8 A is followed each 5 min by ionic chromatography (Figure 4). The peak of
methanesulfonate (tr= 4.2 min) presents a good resolution and is well separated from the
large sulfate peak (tr= 8.5 min). After a few minutes the concentration of MS™ increases
linearly with treatment time indicating a constant production of “OH with a calculated
global rate of 0.055 mmol.min’*. In a primary approximation, considering the global
production of H20z, it appears that the production yield is relatively high (> 90%)
indicating a good efficiency of this compact fixed bed electrochemical reactor to conduct
electro-Fenton process.

However, in order to consider potential anodic reactions during the EF process, anodic
oxidation of H202and BPA have been studied by cyclic voltammetry at a homemade
DSA microelectrode (Figure 5).At DSA the oxidation of water in Oz appears at about 1.2
V / Ag/AgCl while H202 oxidation occurs at lower potential (350 mV below). BPA
presents 2 oxidation peaks respectively at 0.6 and 0.9 V / Ag/AgCI. This indicates that
both BPA and electro-generated H202 could be oxidized at the DSA anode during the



process. To ensure of the impact on the electro-Fenton process of these potential
reactions, several experiments were conducted in presence or in absence of Oz and Fe'
(Figure 6). In the condition of absence of H202 production (without dissolved Oz, under
N2 atmosphere), even after 50 minutes, the removal of BPA is extremely low, indicating
a negligible part of BPA degradation due to its anodic oxidation (< 10% of the BPA
removal). The potential of the electrochemical cell during the electrolysis of BPA
solution remains constant and doesn’t shift to higher values (phenomenon arising when
passivation of the anode occurs). Furthermore, in condition of acidic pH and with DSA
anode, we don’t observe inactivation of the anode by polymerization of BPA similarly to
Tanaka et al. in their study (pH = 2 and SnO2/Ti anode) [40]. In the conditions of H202
production (presence of O2 without Fe?* addition) the removal of BPA increases slightly
in function of the time which corresponds to the increasing of the H202 production and to
the oxidation of BPA by hydrogen peroxide with a low kinetic in comparison of electro-
Fenton conditions (not exceed 20%). All these results confirm that Fenton reaction is
principally causing the degradation of BPA during electrolysis when conditions of the
electro-Fenton process are applied.

A study of EF treatment in function of the initial BPA concentration (from 10 to 150
mg.L) was conducted for 90 minutes at 0.8 A (Figure 7). While for 150 mg.L?* of BPA
90 minutes are necessary to rich a removal efficiency of 80%, the duration of the
treatment to obtain 99% of removal is as soon shorter and shorter as the concentration
decreases. For 10 mg.L%, only 12 minutes are sufficient to ensure 99% of BPA removal.
Because it is difficult to set samples of interval time lower than 2 minutes for BPA
concentration measurement, we can extrapolate that, for 1mg.L, only a few minutes of
treatment should be sufficient for a total degradation of BPA. This indicates that the
configuration of this electro-Fenton reactor is partially interesting to treat micropollutions
of BPA by a single pass of the solution through the fixed bed cathode.

However, it is generally conceded that the reaction of “OH with phenolic compounds
could be primarily considered as a pseudo-first-order reaction suggesting a direct attack
of hydroxyl radicals on BPA and considering that hydroxyl radical is continuously
produced and destroyed at a similar rate to attain a steady-state concentration [6]. Taking
into account this hypothesis, the apparent constant rate (Kapp) of BPA could be calculated
using the theoretical equation of a pseudo order reaction. Figure 8 shows the variation of
Ln (Co/C) in function of time during the first 45 min of treatment of BPA (150 mg.L™)
by electro-Fenton process. As expected, a linear relation (r2> 0.99) is observed with a
slope of 0.016 min* corresponding to the value of Kapp.

On the basis of this model, the absolute constant rate of BPA toward “OH was determined
by the competition kinetics method consisting of carrying out an electro-Fenton treatment
with a solution containing equimolar concentrations of BPA and benzoic acid (HBA) [6].



HBA was used as standard competitor for the determination of the absolute rate constant
of BPA oxidation by hydroxyl radicals. The concentration decay of both substrates was
followed and measured by HPLC analysis. By plotting the variation of Ln ([BPA]o/
[BPA]:) = f (Ln ([HBA]o/ [HBA]) (Figure 9) a linear relation (r>> 0.99) is obtained with
a slope of 0.549 corresponding to the value of (Kspay/KHsa) ratio. Also, from the known
value Kea) (4.3x 10° M s1) the absolute rate constant of BPA can be calculated as
Kera) = 2.4 x 10° M s, This value is close to the absolute constant rate obtained for the
reaction between phenolics compounds and hydroxyl radicals[8,37,38].

A measurement of a good removal of BPA is not sufficient to evaluate treatment
performances of this electro-Fenton process. By-products have to be further oxidized in
order to obtain their biodegradability or their mineralization. The mineralization of BPA
by electro-Fenton process was also studied by monitoring the Total Organic Carbon
(TOC) and the Chemical Oxygen Demand (COD) at different treatment times (30, 60 and
90 min). Figure 10 shows the variation of COD and TOC abatement versus time of EF
treatment for different initial concentrations of BPA (from 10 mg/L to 150 mg/L). It
appears that, COD and TOC abatement increase with treatment time and the diminution
of BPA initial concentration. For high concentrations of BPA (100 and 150 mg.L™?) the
efficiency of the treatment is weak with values of COD and TOC respectively 18% and
7%. On the other hand, good performances were obtained for low concentrations of BPA.
Thus, for 10 mg.L, near 100% of COD and 42% of COT are removed over a 90 min
time period of treatment indicating that about 50% of BPA was mineralized. The residual
TOC was corresponding to small organic acids (succinic, malic, acetic, formic, oxalic
acids, and results no given here) as by-products. These aliphatic acids are very difficult to
oxidize and the total mineralization will need many hours of treatment as we can find in
many other studies for other pollutants[5, 13 ,39]. It can be noted on figure 10 a
difference of TOC and COD removals, especially for the lowest concentrations of BPA.
This phenomenon can be explained by taking into account the concept of the mean
oxidation number of carbon presented in detail by F. Vogel et al. [41]. For BPA, the
mean oxidation number of carbon (MOC) is equal to -0.8 and becomes +4 for CO, the
most oxidized form of carbon. For a molecule there is a relation between MOC, COT and
COD values. The theorical COD/TOC ratio before electro-Fenton treatment of BPA is
equal to 3.2 (for example with a concentration of 150 mg.L™* TOCineo=118.4 mgC.L* and
CODtheo= 379 mg O2.L™1). For the highest concentrations of BPA, this ratio remains
experimentally close to the theorical value of 3.2 during the treatment indicating that EF
byproducts present global negative MOC values. For the lowest BPA concentrations (10
and 25 mg.L™?) the COD/TOC ratios become rapidly lower than 3 during the treatment
and the calculated MOC values are positives and tend toward a value of +3. This
indicates an effective degradation of BPA molecules into small carboxylic acids which
present MOC values between +1 and +3 (succinic acid: +1.5; malic acid: +1.75; formic
acid: +2; oxalic acid: +3). Also these small organic acids lead to small values of COD



(weak oxidability) while TOC values remain significant with TOC removals lower than
50%.

In the same electrolysis conditions, the improvement of BPA biodegradability was also
investigated by monitoring the Biochemical Oxygen Demand (BODs) at the end of
treatment (90 min). Figure 11 shows the variation of BODs/COD ratio according to the
initial concentration of BPA after treatment by electro-Fenton process at 0.8A. This ratio
should be higher than 0.4 to qualify the treated solution as a biodegradable effluent. A
high biodegradability enhancement was particularly observed for the dilute contaminated
solutions of BPA (10 and 25 mg.L™t). These results highlight the efficiency of electro-
Fenton process in the treatment of BPA where only few minutes of treatment was
effectively needed to improve the biodegradability and make the charge biodegradable.

For the scale-up of process to semi-pilot plant, two cases must be first considered
depending in the concentration level of the pollutant. For the highest concentrations (>
mg.L™?), a batch reactor should be considered with a lot of fixed bed cathodes in a series
with a perpendicular flow to the cathode surface, through each fixed bed in succession
with DSA anodes. The size of the fixed bed is depending on the flow rate and the volume
of solution to be treated. In all cases, the applied current intensity should be 0.51 A for
100 g of glassy carbon pellets (0.012 A.cm™ considering the section of the fixed bed
exposed to the flow). For traces pollutant levels (< mg.L™), it should be possible to apply
direct treatment with a single pass in an appropriate sized electro-Fenton reactor
constituted with fixed bed cathodes in a series. The scale-up depends on the flow rate of
the solution which is limited to acceptable values (a few m3.h%). For batch treatment, the
treatment duration depends on the pollutant charge to reach its biodegradability. For
direct treatment, the biodegradability should achieve after passing through the electro-
Fenton reactor. For an easier scale-up, it is preferable to maintain constant the thickness
of the bed, with the value corresponding to the 3D cathode used in the laboratory reactor
(2 cm). Under these conditions, considering the same limiting current density and liquid
flow velocity as those obtained with the laboratory reactor (0.012 A.cm? and 1.39 cm.s
(6 L.min)), the limiting current intensity and the flow rate might be deduced from the
new section of the fixed bed crossed over by the electrolyte. Indeed, in the case of a fixed
bed, for the same liquid flow velocity (v), the Reynolds number is the same (Re= v*dp/n)
and consequently the mass transfer coefficient (km= A*v®) where dp is the particle
diameter, n the kinematic viscosity, A and b constants [42, 43]. The limiting current
density, Jiim, is function of mass transfer coefficient (Jiim = km*n*F*Co with n: number of
exchange electrons, F: Faraday constant, Co: concentration of dissolved oxygen).
Therefore, in this case, for a scale-up of the reactor, it is not necessary to determine the
mass transfer coefficient as it remains difficult to estimate owing to the non-regular and
disperse form of the vitreous carbon pellets.

4. Conclusion



In conclusion, the application of electro-Fenton process in an undivided electrochemical
reactor with a three-dimensional cathode constituted by a fixed bed of glassy carbon
pellets has demonstrated its capability to treat bisphenol A and to reduce the charge of
non-biodegradable pollutant. This study with a laboratory scale reactor has allowed to
obtain the optimum conditions for the application of electro-Fenton process (production
of "OH) and to ensure the scale-up of the reactor at pilot plant in order to achieve the
biodegradability of the polluted solutions. The scale-up depends on the pollutant
concentration levels and, in all cases, appears as an appropriate solution for pre-treatment
process prior to the biological treatment of wastewater.
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Fig. 1: Pictures of the open one-compartment electrochemical reactor for the application of electro-
Fenton process (A) and the associated fixed bed three-dimensional cathode (B)
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Fig. 2: Effect of the applied current intensity on the removal efficiency of BPA for treatments by
electro-Fenton process. Experimental conditions: [BPA] = 150 mg.L!, [FeSO4] = 0.5 mM, [NazSO4]
=0.05 M, pH = 2.9 £0.1, Flow rate = 6 L.min™*
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Fig. 3: Production of H20> during electro-Fenton process in absence of Fe''. Experimental
conditions: 1= 0.8 A, [Na2SO4] =0.05 M, pH =2.9 + 0.1, Flow rate = 6 L.min!
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Fig. 4: Monitoring of methanesulfonate production by ion chromatography during electro-
Fenton process with DMSO as molecular probe of *OH production. Experimental conditions: 1=
0.8 A, [FeSO4] = 0.5 mM, [Na2SO4] =1mM, pH =2.9 + 0.1, Flow rate = 6 L.min*
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Fig. 5: Cyclic voltammograms of H.O2 and BPA at DSA microelectrode material. Experimental
conditions: [Na2S04] =0.05 M, pH =2.9 £ 0.1, v=0.05 V/s
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Fig. 6: Evolution of the removal efficiency of BPA by electrolysis in presence/absence of Oz and
Fe"'. Experimental conditions: 1= 0.8 A, [BPA] = 150 mg.L %, [FeSO:] = 0.5 mM, [Na2S0.] =0.05
M, pH =29 £ 0.1, Flow rate = 6 L.min!
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Fig. 7: Effect of the initial concentration of BPA on the degradation kinetics by electro-Fenton
process. Experimental conditions: 1= 0.8 A, [FeSO4] = 0.5 mM, [Na2SO4] =0.05 M, pH =2.9 £ 0.1,
Flow rate = 6 L.min!
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Fig. 8: Variation of Ln (Co/Ct) functions to time during treatment of BPA by electro-Fenton
process. Experimental conditions: 1= 0.8 A,[BPA] = 150 mg.L?, [FeSO4] = 0.5 mM, [Na2SO4]
=0.05 M, pH =2.9+0.1, Flow rate = 6 L.min
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Fig. 9: Competitive method for kinetic analysis of BPA oxidation by the hydroxyl radicals’
electro-generated by electro-Fenton process. Experimental conditions: 1= 0.8 A, [BPA] = [HBA]
=0.65 mM, [FeSO4] = 0.5 mM, [NazS04] =0.05 M, pH =2.9 + 0.1, Flow rate = 6 L.min", Time = 30
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Fig. 10: COD and TOC abatement during treatment of BPA by electro-Fenton process at
different time. Experimental conditions: 1= 0.8 A, [FeSO4] = 0.5 mM, [Na2SO4] =0.05 M, pH = 2.9
+0.1, Flow rate = 6 L.min*
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Fig. 11: Variation of BODs/COD ratio according to the initial concentration of BPA after 90 min
of treatment by electro-Fenton process. Experimental conditions: 1= 0.8 A, [FeSO4] = 0.5 mM,
[Na2S04] =0.05 M, pH = 2.9 + 0.1, Flow rate = 6 L.min!





