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The aim of this study is to evaluate and understand the electrocoagulation/flocculation (ECF) process to
remove arsenic from both model and natural waters with low mineral content and to compare its perfor-
mances to the coagulation/flocculation (CF) process already optimized. Experiments were thus conducted
with iron electrodes in the same specific treatment conditions (4 < current density (mA cm~2) < 33) to
study the influence of organic matter on arsenic removal in conditions avoiding the oxidation step usu-
ally required to improve As(IIl) removal. The process performance was evaluated by combining quanti-

i‘zg‘:}oizds" fication of arsenic residual concentrations and speciation and dissolved organic carbon residual
Speciation concentrations with zeta potential and turbidity measurements. When compared to CF, ECF presented
ECF several disadvantages: (i) lower As(V) removal yield because of the ferrous iron dissolved from the anode
CF and the subsequent negative zeta potential of the colloidal suspension, (ii) higher residual DOC concen-
Iron trations because of the fractionation of high molecular weight compounds during the treatment leading

Zeta potential to compounds less prone to coagulate and (iii) higher residual turbidities because of the charge neutral-
ization mechanisms involved. However, during this process, As(Ill) was oxidized to As(V) improving con-
siderably its removal whatever the matrix conditions. ECF thus allowed to improve As(Ill) removal

without applying an oxidation step that could potentially lead to the formation of toxic oxidation by-

products.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The removal of arsenic from natural water has been the subject
of many studies because drinking water is considered as the main
source of exposure to inorganic arsenic (Villaescusa and Bollinger,
2008). Different treatment processes including adsorption, precip-
itation/coprecipitation, membrane filtration and ion exchange res-
ins were thus developed and optimized by studying the influence
of arsenic speciation and concentration, pH and competitive ions
on arsenic removal (Bissen and Frimmel, 2003; Garelick et al.,
2005; Mondal et al., 2006; Mohan and Pittman, 2007). These pro-
cesses showed a medium to low As(III) removal efficiency and also
required pH regulation as it influences arsenic speciation and sur-
face charge of adsorbents. Authors thus usually recommended to
oxidize As(III) to As(V). However in the presence of organic matter,
the oxidation step applied prior to As(Ill) removal could lead to the
formation of toxic oxidation by-products especially when chlorine
is used as oxidative reagents. We thus developed in a previous
study the coagulation/flocculation (CF) process with high coagu-
lant availability (9 < [Fe*'] (mgL~') < 55) to improve As(Ill) re-
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moval without applying an oxidation step (Pallier et al., 2009).
When initial As(IlI) concentration in model water was 100 ug L},
these conditions meet the maximum contaminant level of
10 ug L~ for [Fe**] > 18 and 36 mg L™! in the absence and pres-
ence of organic matter respectively.

Literature results on arsenic removal by electrocoagulation/
flocculation (ECF) showed high As(Ill) removal efficiency without
any pH regulation (Kumar et al.,, 2004; Balasubramanian et al.,
2009). ECF is also characterised by ease of operation, reduced pro-
duction of sludge and no need to handle chemicals (Emamjomeh
and Sivakumar, 2009).

Electrocoagulation (EC) is an alternative process to CF. Instead
of adding a chemical reagent as ferric chloride, metallic cations
are directly generated in the effluent to be treated by applying a
current between iron electrodes to dissolve soluble anodes. Metal-
lic cations and hydroxides formed thus neutralize negatively
charged colloids allowing them to coagulate (Matteson et al.,
1995). The main reactions taking place during EC with iron elec-
trodes are well known. During EC with iron electrodes, the amount
of iron cations experimentally dissolved from the anode corre-
sponds to the value predicted by the second Faraday’s law (Vik
et al., 1984; Pretorius et al., 1991) that is used to calculate the
treatment dose to apply.


http://dx.doi.org/10.1016/j.chemosphere.2011.01.038
mailto:genevieve.feuillade@ensil.unilim.fr
http://dx.doi.org/10.1016/j.chemosphere.2011.01.038
http://www.sciencedirect.com/science/journal/00456535
http://www.elsevier.com/locate/chemosphere

22 V. Pallier et al./Chemosphere 83 (2011) 21-28

The existing studies on arsenic removal by EC highlighted sev-
eral conclusions synthesized in Emamjomeh and Sivakumar
(2009). However, although the influence of several parameters on
arsenic removal has been studied, few studies used continuous
flow reactors but rather batch reactors differing from those used
for drinking water production. Besides, in a drinking water produc-
tion plant, CF and ECF are mainly use for colloids and organic mat-
ter removal and actually no study deals with the removal of arsenic
in the presence of organic matter.

The objective of the present study was thus to evaluate the re-
moval of arsenic from both model and natural waters with low
mineral content by ECF with iron electrodes using a continuous
flow reactor. Specific treatment conditions were applied to com-
pare the efficiency of ECF and CF using ferric salts as coagulant
(Pallier et al., 2009). Organic matter influence on arsenic removal
by ECF was also studied and zeta potential measurements were
used to understand and compare arsenic removal mechanisms
during these treatments.

2. Materials and methods

All the reagents used were of the purest grade available with
the lowest arsenic and iron content and the solutions were pre-
pared in ultrapure grade water (Milli-Q system: resistivity
18.2 MQ cm, TOC< 10 pug L1).

2.1. Experimental electrolyte: model and natural water samples

EC experiments were performed on a low mineral content mod-
el water spiked with 100 pg L~ As(III) or As(V) which corresponds
to the maximum arsenic concentration acceptable before drinking
water production (European Council Directive 98/83/EC). This
model water was previously developed by Lenoble et al. (2004).
Its characteristics are listed in Table 1. Experiments were con-
ducted on model water to maintain a constant composition in
the matrix. In order to increase its mineral suspended solids con-
centration (i.e., turbidity) and to reproduce natural surface water
characteristics, 2 mL of 10 g L~! kaolinite suspension was added.
Batch experiments with a contact time up to 8 h were conducted

Table 1
Chemical and physico-chemical initial characteristics of model and natural water
samples.

Parameter Model Natural
water water

pH 6.0+0.2 5.7+0.1

Conductivity (uS cm™") 701 80+2

Turbidity (NTU) 0.6+0.1 6.5+0.1

Turbidity after kaolinite addition (NTU) 17309 15.2+0.6

DOC (mg L) <0.2 3.9+02

DOC after humic substances addition 10+£0.2 39+0.2

(mgL™)

Total iron (ug L") <10 130£3

Ferrous iron (ugL™") <10 80+2

Alkalinity (mg CaCO; L™1) 912 131

Natural contamination: As(V) (ug L") <0.78 101£2

Spiking with As(Ill) or As(V) (ngL™") 100 -

Inorganic species (mgL™!)?

Ccl- 8.1 43

NO; 9.9 2.8

5012{ 34 1.8

Na* 6.9 7.8

K* 0.8 3.4

Mg?* 1.3 0.7

Ca®* 3.2 3.0

Sio, 9.0 ND®

¢ Anions and cations concentrations (+5%) were measured with a Dionex DX-120
ionic chromatography, after sample filtration on 0.2 pum cellulose nitrate filters.
> ND: not determined.

to evaluate arsenic adsorption on kaolinite surface. It was found
that neither 100 ug L~! As(Ill) nor 100 ug L~! As(V) sorbed onto
20 mg L' kaolinite suspension. In these conditions, arsenic speci-
ation was maintained (Pallier et al., 2009). Previous literature stud-
ies underlined pH, matrix composition and arsenic concentration
and speciation influence on its adsorption onto kaolinite. In our
study, the ratio [kaolinite]/[arsenic] was 200 whereas in previous
literature studies, it was around 30 000 and 800 000 (kaolinite con-
centration between 2.5 and 40 g L~! and arsenic concentration be-
tween 0.005 and 2750 pg Astoal L71). The absence of adsorption in
our study could thus be explained by a too small kaolinite concen-
tration compared to that of arsenic minimizing the influence of pH.

The influence of organic matter on arsenic removal by ECF was
evaluated by spiking model water with humic acids extracted from
peat humic substances (humic acid sodium salt from Aldrich),
according to the Schnitzer and Khan protocol (1972). The final dis-
solved organic carbon (DOC) concentration in the model water was
10 mg L. In our experimental conditions, arsenic adsorption onto
kaolinite was not affected by the presence of humic acids (Pallier
et al., 2009).

The process was applied to a water sample collected in the Lim-
ousin region (France). This was a weakly mineralized surface water
(Table 1) spiked with kaolinite to achieve a turbidity similar to the
one of model water.

2.2. Electrocoagulation/flocculation experimental setup

A Plexiglas laboratory scale electrocoagulation reactor designed
by Brizard (2001) with a total volume of 1.25 L was used (Fig. 1).
Plexiglas electrodes spacers allowed holding two different kinds
of electrodes (active area =241 and 255 cm? for type 1 and type
2 respectively) composed of at least 99% of iron at a fixed 3 mm in-
ter-electrode distance in bipolar connection (Fig. 1). This layout of
the electrodes in the reactor promoted a sinusoidal movement of
the effluent and as a consequence its mixing without a mechanical
tool.

A DC source generator from Blanc Meca Electronique EA PS
3016-10 providing at the most 10 A (£0.2) under 16V (+0.5) was
used. A 10 V potential was applied. The current intensity delivered
between electrodes was controlled by a Metrix MX20 ampermeter.
The effluent’s conductivity was increased till around 1000 pS cm™!
by adding NaCl (Fluka) to allow the current to pass through the
electrodes because a conductivity between 1000 and 4000 uS cm™!
did not affect the decrease in turbidity and also because such a
conductivity allowed to reach the maximum required treatment
dose. Harif and Adin (2007) set conductivity values upper than
1000 puScm™ .

The effluent’s flow rate was fixed at 150 Lh~! by a centrifugal
pump (Iwaki France, model MD-30RZM-200N). These design and
operation conditions fixed the residence time at 27 s. For residence
times between 7 and 45 s, Brizard (2001) showed that this EC reac-
tor behaved like a series of 10 perfectly mixed reactors without any
short circuit or dead zones. Such experimental conditions were
chosen to obtain treatment doses between 9 and 55 mg Fe L™!
which were reached by varying the current intensities between
approximately 1 and 8 A. In these conditions, current densities ran-
ged from 4 to 33 mA cm2.

Flocculation (30 rpm (35s~!) for 15min) and decantation
(30 min) steps were carried out after EC by using a jar test device
(Numeric Flocculater 10409 from Fischer Bioblock Scientific)
equipped with stainless steel paddles (7.5 x 2.5 cm).

2.3. Physico-chemical and chemical analysis

Sample pH was measured under magnetic stirring with a Cyber-
scan 510 pHmeter from Eutech Instruments equipped with a com-
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Fig. 1. Schematic representation of electrocoagulation reactor and dimensional characteristics of Plexiglas electrodes spacers and electrodes.

bined Ag/AgCI/KCl 4 M glass electrode and with a platinum tem- from WTW equipped with a Tetracon 325 measuring cell. The tem-
perature was systematically measured to correct conductivity (ref-

perature probe, turbidity with a HI 98703 turbidimeter from HAN-
NA Instruments and conductivity with a LF 538 conductimeter erence temperature: 25 °C).
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Table 2
Analytical methods applied for the quantification of As(Ill), Astoral, Fe(Il) and Ferora
and for the determination of DOC and zeta potentials in water samples.

Analysis Method Analytical apparatus QL? Source
As(111) HG- Varian SpectrAA 220 flame 0.6 pugL! Pallier
AAS AAS et al. (in
press)
Varian VGA-77
Varian SpectrAA 880Z AAS
AStotal GF-AAS  GTA 100Z graphite furnace 0.78 ugL™!  Michon
with Zeeman background et al.
correction (2007)
Fe(1I) NFT UV-1700 Shimadzu 5mglL! -
Ferotal 90-017  spectrophotometer
DOC - Tekmar-Dohrmann Phoenix 0.1mgL™! -

8000 TOC analyzer

Zeta potential -
Zetaphoremeter IV model - -
74000 from CAD
Instrumentation

¢ QL: quantification limit.

Analytical methods for As(IIl), Astota, Fe(Il) and Ferera and zeta
potential and DOC measurements are described in Table 2. Iron
analysis required a 1 vol.% acidification of the sample with 2 M
HCl. As(Ill) and Astora analysis required a sample filtration on
0.45 pm cellulose-acetate filters and a conservation with 500 mg
EDTA L' and 8.7 M acetic acid to adjust pH between 3.3 and 3.5
(Gallagher et al., 2004).

Organic matter was fractionated before and after ECF treatment
by ultrafiltration using a frontal ultrafiltration cell with magnetic
stirring and a membrane (YM type, Amicon, diameter 76 mm)
and a molecular cut-off of 30 kDa. The tests were carried out by
using the diafiltration method (Berthe et al., 2008).

3. Results and discussion
3.1. Electrolysis time

In batch EC experiments, the increase in residence time im-
proved the arsenic removal efficiency (Gomes et al., 2007; Bala-
subramanian et al., 2009; Garcia-Lara and Montero-Ocampo,
2009). Indeed, as the experiment proceeded, the aqueous phase ar-
senic concentration continued to be reduced as the iron (hydr)o-
xides concentration increased (Kumar et al., 2004). In continuous
flow EC experiments, EC systems will be operated continuously
ultimately reaching steady state (Lakshmanan et al., 2010). Accord-
ing to these authors, theoretically, current of 28 mA, flow rate of
245 mL min~! and residence time of 2 min should attain an iron
concentration of 2.0 mg L~! at steady state based on Fe?* genera-
tion. In this study, the effect of electrolysis time on pH evolution
and As(Ill), turbidity and iron removal was studied for a current
density of 22 mA cm2. pH stabilised at 7.8 £ 0.1 after 10 min of
EC treatment. As(Ill) residual concentration was 1.2+0.2 ugL™!
whatever the electrolysis time and residual turbidity and iron con-
centration stabilised after 5 min of treatment. Thus, in these exper-
imental conditions, the EC process worked as a continuous reactor
after 10 min. The electrolysis time was fixed to 15 min to allowing
system regeneration and achievement of a steady state. The high
current density certainly contributed to the more rapid develop-
ment of steady state conditions. Same results were obtained by
Lakshmanan et al. (2010).

3.2. Electrocoagulation flocs characteristics

For 6 < pH <9, Fe(Ill) hydroxides and Fe(Il) hydroxides begin to
precipitate with a yellowish color and a dark green color respec-

tively (Moreno-Casillas et al., 2007). Flocs generated in the EC reac-
tor presented a green color characteristic of ferrous oxide. The
mixing conditions of the flocculation step promoted the oxidation
of ferrous oxide to hydrous ferric oxide or ferric hydroxide (Moren-
o-Casillas et al., 2009). Their quantity and size increased as the cur-
rent density increased till 22mAcm 2 Then, for current
densities > 22 mA cm2, flocs size and quantity were stable. Flocs
were generally smaller than after CF treatment and even if more
flocs were generated compared to the chemical process, the vol-
ume of sludge was lower. Thus the effective density of the flocs
was probably higher.

The presence of humic acids affected EC floc characteristics as
flocs were smaller than in absence of humic acids. This result
was attributed to both the coagulation mechanisms and the more
negative zeta potential because the mechanism of coagulant re-
moval is governed by the particle size of coagulant species (Yan
et al., 2008). In the presence of humic acids, the zeta potential of
the colloidal suspension decreased (—35+5<{ (mV)<17%1)
and thus a charge neutralization mechanism occurred rather than
sweep flocculation that generally occurred in absence of humic
acids (=7 +1< ¢ (mV)<11+1). Indeed, the specific mechanism
of charge neutralization involves charge reversal indicated by the
change in zeta potential towards more positive values (Harif and
Adin, 2007).

3.3. pH evolution during electrocoagulation treatment

EC does not require pH control unlike CF because of the cathodic
reduction of water and the subsequent formation of hydroxide
ions. It has been reported that the electrolyte pH plays an impor-
tant role on the EC process. According to Balasubramanian et al.
(2009), arsenic removal increased when the electrolyte pH in-
creased from 4 to 7 whereas an electrolyte pH from 7 to 11 did
not improve arsenic removal like in the study of Kumar et al.
(2004). Model water's initial pH was 6.0 * 0.2. Thus, no pH adjust-
ment before treatment was carried out to improve arsenic removal.

During EC treatment of model water, pH increased immediately
from 6.0+ 0.2 to 8.6 + 0.3 and 8.3 + 0.3 respectively in the absence
and presence of humic acids because of the reduction of water at
the cathode. In absence of humic acids, for [Fe] > 18 mgL™!, pH
stabilized at 7.4 £ 0.1 because the OH™ produced were consumed
during the rapid oxidation of Fe(II) to Fe(IIl) (Sasson et al., 2009),
Fe(Ill) hydrolysis and Fe(OH); precipitation (Lakshmanan et al.,
2009). In the presence of humic acids, it stabilized at 8.2 + 0.1 for
[Fe] > 18 mgFe L. The presence of humic acids could slow down
Fe(Il) oxidation and Fe(OH); precipitation.

3.4. As(V) removal by electrocoagulation/flocculation

During ECF treatment of model water, increasing the iron dose
controlled by the current density improved As(V) removal. Similar
results were obtained by Kumar et al. (2004) and Garcia-Lara and
Montero-Ocampo (2009) on underground water. On the contrary,
during CF treatment, As(V) residual concentrations were indepen-
dent of the coagulant dose in these high coagulant concentrations
tested (Pallier et al., 2009). CF and ECF treatments thus presented
different As(V) removal performances (Table 3).

As(V) residual concentrations respected the maximum concen-
tration level of 10 ug L~! whatever the treatment dose for the two
processes. However, the treatment dose required to reach As(V)
complete removal was higher for ECF treatment ([Fe]=27 mg
L") compared to CF treatment ([Fe] =18 mgL™!) in specific pH
conditions. This complete As(V) removal coincided with a positive
zeta potential of the colloidal suspension (Table 3) which was con-
trolled either by pH or by the concentration and speciation of iron
species involved in the treatment. An increase in treatment pH de-
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Table 3
Comparison of the performances of CF and ECF to remove As(V) from model water
spiked or not with humic acids.

Treatment dose 9 18 27 37 46 55
(mgFeL™)
Current density 5.4 108 166 22 275 328
(mA cm2)
Coagulation As(V) (ugL™") 09z+0.1 <QL
Flocculation { (mV) -8+2 >0+1
pH=6.9+0.2 Turbidity 0.6 £0.1 0.6+0.1
(NTU)
Electrocoagulation As(V) (ugL™") >32+04 <QL
Flocculation ¢ (mV) <-5.1+0.8 >7.1+05
Turbidity 1.1+0.1- <0.8+0.1
(NTU) 24+02
pH >7.6+03 73+0.1
Coagulation As(V) (ngL™!) 31%2 <QL
Flocculation { (mV) -28+2 —-15.5+0.8< (<252
pH=6.1£0.1 DOC (mgL™') 5.8+0.3 0.8+0.1
DOC=10mgL™’
Electrocoagulation As(V) (ugL™') 94%3 <[As(V)]<3.0£03 1.220.1
Flocculation { (mV) —35+5<({<-93+0.6 >11+2
DOC=10mgL~' DOC(mgL™') 9.8+0.5<[DOC]<24+0.1 1.7+02

creased the zeta potential of hydroxide ferric flocs which became
negative from pH > 7.3 (Cathalifaud et al, 1993) and increased
the concentration of hydroxyl ions specifically adsorbed on the
Stern layer. As a consequence, the adsorption of As(V) decreased
because it exists in anionic species from pH > 2 and because hydro-
xyl ions competed with As(V) for adsorption (Ghurye et al., 2004).

Residual turbidities were higher after ECF than after CF (Table
3). During CF, the high coagulant dosage and pH conditions pro-
moted sweep coagulation as the main mechanism for turbidity re-
moval (Pallier et al., 2009). During ECF, residual turbidity
decreased with increasing treatment dose. It met the quality
requirements for waters entering the distribution network of 1
NTU when [Fe] =22 mg L' and { = 0 mV (isoelectric point). Charge
neutralization was thus identified as the predominant removal
mechanism because of the ferrous species electrodissolved from
anode during ECF.

3.5. Influence of organic matter on As(V) removal by
electrocoagulation/flocculation

Humic acids negatively influenced As(V) removal as no coagu-
lant dose applied during ECF allowed a complete removal of
As(V) (Table 3). For [Fe] =9 mg L~ !, As(V) removal percentage only
reached 6 + 3% in model water spiked with humic acids whereas
94 +3% of 100 pug As(V) L~ were removed in absence of humic
acids. This result could be explained by a decrease in zeta potential
of the colloidal suspension induced by humic acids ({ = —25 + 3 and
—47 +3 mV in the absence and presence of humic acids respec-
tively). The negative zeta potential obtained after treatment by
ECF could be explained by the matrix conditions (pH after treat-
ment = 8.2 + 0.1) and the ferrous iron species involved in the treat-
ment. Thus, during CF, for [Fe] > 18 mg L™!, As(V) was completely
removed whereas during ECF, for [Fe] > 46 mg L', As(V) removal
reached a steady state (Table 3). CF was thus more efficient than
ECF to remove As(V) from model water.

In the presence of humic acids, an isoelectric point ({ =0 mV)
was reached for [Fe]=41mgL~'. This isoelectric point corre-
sponded to a stable state for which turbidity =29 +2 NTU. After
CF treatment, residual turbidities ranged from 23 +2 to 0.9+ 0.2
NTU.

Organic matter removal should coincide with turbidity removal
because they were removed by the same mechanisms (Dennett

et al., 1996; Exall and vanLoon, 2000). However, while residual tur-
bidity increased with the treatment dose applied, residual DOC
concentration decreased and stabilized at 1.7 +0.2mgL ! for
[Fe] = 37 mg L' (Table 3). As shown in Fig. 2, the less negative
the zeta potential, the lower the residual DOC concentration and
when zeta potential became positive, residual DOC concentration
stabilized at 1.7 £0.1 mgL~'. This steady state highlighted the
refractoriness of organic matter towards EC treatment. According
to Sharp et al. (2006), this refractory fraction was composed of
hydrophilic compounds because they coagulated less than hydro-
phobic ones due to the size of the molecules and of their specific
surface.

After CF treatment, residual DOC concentrations were 43 + 15%
lower than after ECF treatment. The distribution of apparent
molecular weight of the organic molecules before and after ECF
treatment showed that the fraction >30 kDa decreased after treat-
ment (31% towards 76% before treatment) underlining a fraction-
ation of the organic matter during treatment. Same results were
obtained by Brizard (2001) who showed that high molecular
weight compounds were transformed into low molecular weight
and more hydrophilic compounds during EC, decreasing their re-
moval by coagulation mechanisms.

3.6. Influence of organic matter on As(Ill) removal by
electrocoagulation/flocculation

ECF showed better results than CF for the treatment of As(III).
Whatever treatment dose applied during ECF, As(III) residual con-
centration respected the maximum contaminant level of 10 ug L™!
whereas during CF, a 18 mgFe L™! concentration was required to
reach such results (Pallier et al., 2009). However, in Fig. 3, unlike
CF, ECF promoted As(IIl) oxidation in As(V), increasing the treat-
ment dose to meet the maximum As concentration of 10 pug L™!
to 11 mg Fe L™, ECF still removed As(Ill) more efficiently than CF
and residual As(Ill) concentrations were 73 + 8% lower after ECF
than after CF.

The efficiency of EC towards As(IIl) was attributed to the disso-
lution of Fe(Il) from the anode. Indeed, the oxidation of As(III) to
As(V) followed generated ferrous iron oxidation to ferric iron
(Hug and Leupin, 2003). According to Roberts et al. (2004), ferrous
iron improved As(Ill) removal by adsorption if compared to ferric
iron because ferrous iron oxidation by dissolved oxygen led to
the formation of oxidizing intermediates (H,O,, "O,, "OH, Fe(IV))
responsible for the oxidation of As(Ill). Leupin and Hug (2005) de-
scribed this phenomenon in two stages:

Oxidation of Fe(Il) to Fe(Ill) by dissolved oxygen

Fe(Il) + 1/40, + H,0 = Fe(Ill) + 1/2H,0 + OH™ (1)
Oxidation of As(III) to As(IV) by oxidizing intermediates
As(Ill) + oxidizing intermediates(*OH, Fe (IV)) = As(IV) (2)

As(IV) + 0, = As(V) +°0; 3)

The subsequently formed As(V) was more efficiently removed
by adsorption onto ferric hydroxide (Leupin and Hug, 2005). The
more the ferrous iron generation, the more the oxidizing interme-
diates when Fe(lI) is oxidized in Fe(Ill) by dissolved oxygen.

In Fig. 3a, As(Ill) removal percentage increased with treatment
dose until [Fe]=37mgL™! and then reached 100%. Simulta-
neously, As(V) formation decreased until [Fe] =18 mgL~! and for
higher treatment doses, no As(V) could be quantified in samples
after treatment while zeta potential ranged from 3+1 to
9.9 + 0.6 mV. Thus, when current intensity increased, As(IIl) oxida-
tion in As(V) increased and the positive zeta potential favoured
As(V) removal by adsorption. For [Fe] <18 mgL~!, As(V) was
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Fig. 3. As(Ill) removal percentage and As(V) formation percentage function of treatment dose after ECF treatment of model water (a) and model water spiked with humic
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quantified in the sample after treatment because the negative zeta
potential decreased As(V) adsorption.

Organic matter negatively influenced As(Ill) removal by ECF
(Fig. 3b). Indeed, Asta removal percentage ranged from 8 2 to
99 + 1% and from 88 * 3 to 99 + 1% after ECF treatment of As(IIl) in
model water spiked or not with humic acids respectively. For
[Fe]=9 and 18 mg L}, As(lll) removal percentage increased from
64 +3 to 75 £ 2% respectively while As(V) formation percentage
was 55 + 4 and 61 £ 3% respectively. In these conditions, the main
reaction taking place in the reactor was the oxidation of As(IIl) to
As(V) while Fe(II) was oxidized to Fe(Ill) by dissolved oxygen. In-
deed, the [Fe(II)]/[Fe(Ill)] ratio was lower than 0.2 underlining low
Fe(Il) concentration and high Fe(Ill) concentration. Besides, high
As(V) concentrations were quantified after treatment because
{=-21%1 and —18 + 3 mV disfavoring As(V) adsorption on flocs.
Then, as current intensity increased, As(Ill) removal percentage in-

creased and As(V) formation percentage decreased as zeta potential
increased from —11%1 to 21 +2 mV for 27 < [Fe] (mg L™!) < 55.
The treatment dose required to respect the maximum As, con-
centration of 10 ug L~ was still lower than during CF treatment
([Fe] = 34 and 37 mg L~! during ECF and CF respectively).

3.7. Electrocoagulation/flocculation performances for the treatment of
natural water

During CF treatment of natural water, As(V) was completely re-
moved whatever the coagulant concentration whereas during ECF,
for [Fe]=9mgL~!, As(V)=19.2+0.1 pg L. For [Fe] > 18 mg L,
As(V) residual concentrations were under the quantification limit
of the spectrometric method.

During the treatment by ECF, the zeta potential of the colloidal
suspension was negative as it ranged from -29%2 to
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—10.1 £ 0.7 mV. This result could be explained by the matrix’s
composition. In natural water, the DOC concentration was
3.9+0.2 mg L' and was composed of around 80% of natural fulvic
acids and 20% of humic acids whereas model water was spiked
with commercial humic acids ([DOC]=10.0+0.2 mgL™') which
were more hydrophobic compounds (around 90% of humic acids
and 10% of fulvic acids). These hydrophobic compounds are gener-
ally easily coagulated (Sharp et al., 2006) and could thus improve
the coagulation step and the formation of iron hydroxide flocs. In
these conditions, sweep coagulation could occur favouring the re-
moval of colloidal particles by entrapment and the decrease of the
zeta potential of the colloidal suspension consequently. In natural
water, more hydrophilic and soluble and as a consequence less
coagulated compounds were present favouring charge neutraliza-
tion instead of sweep coagulation. The zeta potential of the colloi-
dal suspension was thus lower after treatment.

Residual DOC concentrations obtained after treatment of natu-
ral water correlated with residual As(V) concentrations as adsorp-
tion is the main mechanism occurring during their removal
(Pallier et al., 2009). For [Fe] =9 mgL™!, the ferrous iron species
generated during EC did not destabilize the colloidal suspension
and did not allow flocs formation. As a consequence, As(V) resid-
ual concentration was 19.2 +0.1 pg L~! and DOC residual concen-
tration was 1.7+0.1 mgL~'. Then, for [Fe] > 18 mgL~!, As(V)
was completely removed and DOC concentrations stabilised at
1.0+0.1 mgL™". Thus, as during CF, as soon as the coagulation
step was effective, As(V) and organic matter were removed by
adsorption. The initial turbidity of the natural water was
6.5+ 0.1 NTU. After treatment by ECF, for [Fe] =9 mg L™}, residual
turbidity increased to 31+ 1 NTU because this treatment was
insufficient to destabilize the colloidal suspension. The residual
soluble total iron concentration obtained ([Fero] =364
22 pgL™') confirmed this result. For 18 <[Fe] (mgL™')<55,
residual turbidity decreased from 23+2 to 12+1 NTU and the
zeta potential of the colloidal suspension increased from
—-29+2 to -11+2 mV.

4. Conclusions

The evaluation of ECF for As(Ill) and As(V) removal from both
model and natural water with low mineral content in high treat-
ment doses conditions and in the presence of organic matter
underlined several conclusions:

(i) Flocs generated during ECF treatment were smaller than
those generated during CF treatment. Indeed, the presence
of humic acids negatively influenced the size of flocs because
of the more negative zeta potential involved influencing
coagulation mechanisms.

(ii) The treatment dose required to completely remove As(V)
was 1.5 times higher during ECF ([Fe] =27 mg L") than dur-
ing CF treatment ([Fe] =18 mg L™!) because of ferrous iron
dissolved from the anode and the lower zeta potential mea-
sured consequently. In presence of humic acids, no treat-
ment dose applied during ECF allowed to reaching an
As(V) complete removal whereas during CF, As(V) was com-
pletely removed for [Fe] > 18 mg L.

(iii) Organic matter was refractory to the treatment at high treat-
ment doses ([Fe] > 37 mgL~') and lower DOC concentra-
tions were obtained after CF because ECF fractionated high
molecular weight compounds into hydrophile ones, less
prone to coagulate.

(iv) Residual turbidities were higher after ECF compared to CF
because sweep coagulation was substituted by charge neu-
tralization removal mechanisms

(v) As(Ill) was more efficiently removed by ECF ([Fe] =11 mg L}
in ECF towards 18 mg L~! in CF) because of its oxidation to
As(V) following ferrous iron oxidation to ferric iron. The pres-
ence of humic acids negatively influenced As(Ill) removal
because of the more negative zeta potential disadvantaging
subsequent formed As(V) removal by adsorption.

The results obtained for the treatment of natural water by ECF
matched well with the ones obtained for the treatment of model
water. ECF thus presents the advantages to oxidize As(III) in As(V)
and improve its removal without applying the usually required oxi-
dation step and to allow the respect of the maximum contaminant
level of 10 pg L~! whatever arsenic speciation. The higher residual
turbidities obtained after treatment would be decreased by the sand
filtration step commonly used after coagulation treatment.
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