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a b s t r a c t

Oxidation processes are used in wastewater treatment when conventional processes are not effective due
to the presence of recalcitrant organic contaminants, like phenol. However, the presence of ionic com-
pounds associated with organic pollutants may retard the oxidation. In this work the transport of species
contained in an aqueous solution of phenol containing sodium chloride was evaluated in an electrodial-
ysis (ED) system. An experimental study was carried out in which the influence of the process variables
on the phenol loss and sodium chloride removal was investigated. Experiments were also performed
without current, in order to determine the phenol transfer due to diffusion. The phenol and salt concen-
esalination
ass transfer
astewater

henol
alt

tration variations in the ED compartments were measured over time, using dedicated procedures and an
experimental design to determine the global characteristic parameters. A phenomenological approach
was used to relate the phenol, salt and water fluxes with the driving forces (concentration and electric
potential gradients). Under ED conditions, two contributions were pointed out for the phenol transport,
i.e. diffusion and convection, this latter coming from the water flux due to electroosmosis related to the
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migration of salts. The fit
with the experimental res

. Introduction

Since conventional wastewater treatment processes are hardly
apable of removing biorecalcitrant organic pollutants, chemical
xidation processes are sometimes recommended. However, the
resence of salts, like sodium chloride, together with the organic
ollutants in industrial wastewaters, may inhibit or retard the
egradation [1–3]. In such cases the wastewater desalination as
pretreatment process associated with the oxidation step can be

ttractive, for two reasons. Firstly, as explained before, organic pol-
utants are more easily oxidized in wastewater of low salt content.
econdly, the lower salt content in the treated water can improve
he possibility to reuse it in the process itself or for other appli-
ations. Nevertheless, the interest to demineralise the wastewater

efore the oxidation is a consequence of balancing the additional
osts due to the demineralization and the improvement of the sep-
ration efficiency that can be reached.

Abbreviations: AEM, anion-exchange membrane; CEM, cation-exchange mem-
rane; ED, electrodialysis; NaCl, sodium chloride; RO, reverse osmosis.
∗ Corresponding author. Tel.: +33 5 61 55 88 49; fax: +33 5 61 55 61 39.
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f the parameters of the transport equations resulted in good agreement
ver the range of conditions investigated.

In the present work, the desalination by electrodialysis (ED)
as considered. ED is an electrochemical separation process based
n the selective transport of ions from one solution to another
hrough ion-exchange membranes under the driving force of an
lectrochemical potential gradient. ED was mainly used to pro-
uce concentrated brines or salt depleted waters for industrial
r domestic purposes, like to produce potable water from sea
ater for instance. But water desalination is not the only applica-

ion. Stimulated by the development of ion-exchange membranes
ith better selectivity, lower electrical resistance, and improved

hermal, chemical, and mechanical properties, other uses of ED,
specially in food, drug, and chemical process industry as well as
n biotechnology and wastewater treatment, have gained a broader
nterest [4].

In this paper, the desalination of a phenol saline solution, con-
aining NaCl, by ED is investigated. On one hand, laboratory pilot
cale experiments were carried out in order to evaluate the flow
f the solvent and solutes through the membranes under differ-
nt conditions. Based on the description of the solutes and solvent

ransfer involved in the system, an experimental strategy was
eveloped to study the different transport contributions involved

n the process. Experiments were also carried out using a diffu-
ion cell and an ED system in order to determine the transport
f the species through standard ion-exchange membranes (anion
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ig. 1. Schematic representation of the demineralization of a saline solution con-
aining phenol by ED; CEM: cation-exchange membrane; AEM: anion-exchange

embrane.

nd cation-exchange membranes) under different process condi-
ions.

On the other hand, expressions coming from mass balance
quations were used in order to describe the variation of the con-
entration of phenol and salt over time with respect to the operating
onditions and solution composition. The characteristic parameters
nvolved in these relationships were then determined by fitting
he experimental results with the ones calculated by the model.
hese equations are an important tool in process design, since they
nable to estimate the flow of the species present in the system
s a function of process conditions. In this manner, it is possible
o determine the efficiency of the process for the removal of NaCl
rom water contaminated with recalcitrant organic compounds like
henol, prior to its treatment by advanced oxidation processes, for

nstance.

. System description

A schematic diagram for an ED stack is shown in Fig. 1 represent-
ng the desalination of a solution containing sodium chloride and
henol. It is composed of a number of identical cell pairs in paral-

el. Each cell pair consists of alternating cation-exchange membrane
CEM) and anion-exchange membranes (AEM), each one separated
y a spacer through which the solutions flow. When an electric
otential is applied across the stack, the cations in solution migrate
owards the cathode. They can pass through the CEM, while they
re stopped by the AEM. Meanwhile, anions migrate towards the
node. They can pass through the AEM but are stopped by the
EM. Consequently, the alternating compartments between con-
ecutive membranes become increasingly enriched (concentrate),
nd depleted (diluate) in electrolyte.

.1. Transport mechanisms

There are different contributions for the mass transfer of solu-
ion and solutes through the membranes in the ED stack.

Neutral as well as charged species can be transferred by dif-

usion caused by the chemical potential gradient between both
ides of the membranes. The corresponding solute flux is directed
owards the decreasing concentrations, i.e. from the more concen-
rated compartment to the more diluted one. The charged species
re also transferred by migration caused by the electric current.

a
W
t

ormally the diffusion contribution is negligible compared to that
f migration in most of the ED conditions.

The solvent flux through an ion-exchange membrane is the sum
f two terms. The first one, known as the electroosmotic flux, is
ue to the shell of water molecules accompanying the migration
f charged species under the influence of the electric current. The
ther one, the osmotic flux, is the solvent flux due to the chemical
otential gradient of the solvent across the membrane [4]. Each of
he two terms may be dominant depending on the permeability of
he ion-exchange membrane, the concentration gradient, and the
urrent density. Usually, under ED conditions, i.e. when an electric
urrent is applied, the osmotic flux is negligible compared to the
lectroosmotic one.

Concerning neutral solutes, like phenol in this work, diffusion is
he main contribution reported [5,6]. But from the theoretical point
f view, a convective contribution can be expected for conditions
uch that the solution flow is significant.

.2. Transport due to concentration differences

The flow of solution and solutes across a permeable membrane
eparating two well-mixed compartments can be described by Eqs.
1) and (2), proposed by Kedem–Katchalsky [7]. These equations
re derived from irreversible thermodynamics and express the
olumetric solvent flux, Jv (m3 m−2 s−1), and the solute fluxes, Ji
mol m−2 s−1), across the membrane.

v = Lp(�p − ��˘i) (1)

i = Pi�˘i + C̄i(1 − �)Jv (2)

here Lp is the membrane permeability to the solvent; �p and
˘ i are the hydrostatic and the osmotic pressure gradients across

he membrane, respectively; C̄i is the mean solute concentration
n either side of the membrane, i and v refer to solute and sol-
ent, respectively. The osmotic pressure gradient is scaled by the
arameter Pi, the solute permeability coefficient, which is specific
or each component i. � is the reflection coefficient, which mea-
ures the relative restriction of the membrane to the solvent or
olute flow. It varies from 0 for a freely permeable molecule to 1 for
non-permeating solute. In ED systems, the hydrostatic pressure

erm can be neglected compared to the osmotic pressure term [8].
n the case of water solutions, the water flux (Jw) can be consid-
red as the result of the osmotic contribution only Jos

w . Then, when
o current is applied, the water flux is expressed by the following
quation:

w ∼= Jos
w = Lp��˘i (3)

Assuming dilute solutions, the Van’t Hoff equation can be
pplied and the osmotic pressure gradient can be replaced by the
ifference of solute concentration across the membranes. Thus, in
he present study, based on Eq. (2), the salt (Js) and phenol (Jp) fluxes
ue to concentration differences can be expressed as Eqs. (4) and
5), respectively.

s = Jdiff
s = Ps�Cs (4)

p = Jdiff
p = Pp�Cp (5)

here superscript diff refers to diffusion contribution.

.3. Transport under ED conditions
The fundamental aspects of ion transport under ED conditions
re presented in a number of literature sources (for example, [4]).
hen a current is applied, the solvent flux is the result of two con-

ributions, osmosis and electroomosis Jel
w. The latter is proportional
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o the current density applied, i, scaled by the water transport num-
er, tw, which relates the transport of water to the current, divided
y F, the Faraday constant, as shown in the following equation:

w = Jos
w + Jel

w = Lp��˘i + twi

F
(6)

In normal ED conditions, i.e. when a current is applied, the osmo-
is contribution is negligible compared to that of electroosmosis. In
ractical applications, Eq. (6) can be written in a more simple form
y using an electroosmotic coefficient ˛ to relate the electroosmotic
ux to the current density, as shown in the following equation:

w = Jos
w + Jel

w = Lp��˘i + ˛i (7)

A monovalent salt transfer rate can be expressed by Eq. (8),
escribing the diffusion, migration and convection contributions.
he contribution of the migration to the salt transport can be
xpressed using the salt transference number, ts, which is the frac-
ion of the total current that is carried by the ions. In this case, it
s expressed in moles of NaCl per mole of electrons, expressed in
aradays.

s = Jdiff
s + Jconv

s + Jmig
s = Ps�Cs + tsi

F
+ C̄s(1 − �)Jw (8)

Similarly to Eq. (7), the salt flux can be expressed as shown in Eq.
9), in which a coefficient ˇ relates the amount of salt transported
nd the current density.

s = Ps�Cs + ˇi + C̄s(1 − �)Jw (9)

Usually, the migration contribution is preponderant over those
f diffusion and convection, so that the first and third terms in Eq.
9) can be neglected with respect to the second one. The coefficients

and ˇ are the sum of the contributions of the cation- and anion-
xchange membranes. ˇ express the quantity of salt transported
er unit of electric charge applied, and can thus be considered as
n efficiency term if the other terms in Eq. (9) are neglected.

The phenol transfer can be described by Eq. (10), following Eq.
2)

p = Jdiff
p + Jconv

p = Pp�Cp + C̄p(1 − �)Jw (10)

The assumptions adopted in these equations can be verified by
eans of experimental results. Indeed, dedicated procedures can

e used to evaluate the relative importance of the different phe-
omena that take place in the system. The parameters involved in
he former equations can also be determined by fitting calculated
nd experimental values.

. Experimental

The solutions were prepared by diluting phenol and/or sodium
hloride (Acros Organics) in RO water with ca. 5 �S cm−1 conduc-
ivity to obtain the desired concentrations.

Two different equipments were used. On one hand, the phe-
ol transport due to diffusion through the different ion-exchange
embranes (AEM and CEM) was studied without current in a dif-

usion cell, the principle of which is depicted in Fig. 2. The system
s composed of three fluid circuits: the one further called diluate
s initially fed with the solution containing phenol and salt (0.5 L
ach). The two others, further called concentrate, were initially fed
ith reverse osmosis (RO) water. Because of the chemical poten-
ial difference, phenol and salt are carried through the membranes
rom the diluate to the concentrate. Consequently, the masses of
oth solutes decrease in the diluate while they increase in the con-
entrate circuits. Since these circuits are separated, the transfer
hrough the AEM and CEM can be distinguished. Each membrane

c
a
(
w

ig. 2. Diffusion cell diagram. (1) Concentrate compartment of the CEM; (2) diluate
ompartment (feed); (3) concentrate compartment of the AEM; (4) diffusion cell;
5) CEM; (6) AEM; (7a–c) pumps.

as an effective area of 0.004 m2. Three centrifugal pumps were
sed to circulate these solutions.

The flow rate was set at a constant value of 4 L h−1 for all
treams. A heat exchanger was used to maintain the temperature
t 25 ± 0.5 ◦C. The experiments were carried out for a total time of
h. Samples of the solutions in the compartments were taken at
ifferent times and analyzed in order to monitor the phenol and
alt concentrations over time.

On the other hand, ED experiments were performed with a EUR
B-10 ED stack, supplied by Eurodia Industrie, equipped with AMX
nd CMX Neosepta membranes (Tokuyama Soda). The stack com-
rised 10 cells (AMX/CMX). For each type of membrane, the total
ctive area was 0.2 m2, i.e. 0.02 m2 per cell.

The ED experiments were operated in batch mode (complete
ecycling of diluate and concentrate). The diluate compartment was
nitially fed with 2 L of different solutions containing phenol and
alt, while the concentrate was fed with 2 L of RO water. The elec-
rode compartments were fed with 3 L of a sodium chloride solution
t a concentration of 9 kg m−3. The pH of the solution remained at
a. 7 in all experiments. Under this condition, the behavior of phenol
s not expected to change from its neutral form. The feed flow rates

ere set at constant values of 180 L h−1 for the diluate and concen-
rate, and 360 L h−1 for the electrode solution. A heat exchanger was
sed to keep the temperature of the fluids at 25 ± 2 ◦C. In order to
inimize the transient time, circulation of the solutions was started
h before the current was applied, so that the membranes could
e properly soaked with the solution. After this time, the electric
urrent was set at the desired level, and time measurement was
tarted, with periodic sampling of solutions.

In the ED experiments, solution conductivities, temperature,
lectric current and voltage were measured in real-time. Con-
uctivity was measured with a HI933100 conductimeter (Hanna

nstruments). The volume variation was monitored in the two
ompartments as a function of time. The experiment duration
as determined according to the conductivity of the diluate. The

xperiments were stopped as soon as this conductivity reached
a. 5 mS cm−1. Consequently, different experiment times resulted,
epending on the operating conditions.

The phenol concentration was determined by the total organic

arbon concentration (TOC) (Shimadzu TOC-Analyser 5050A)
nd high-performance liquid chromatography (HPLC) analysis
Hypersil Hypercarb 7 � column, 100 mm × 4.6 mm, eluted with
ater–methanol 80:20, v/v, flow rate 0.5 mL min−1; detector UV
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ig. 3. Schematic representation of the Doehlert matrix for two variables, initial
aCl concentration difference between compartments, and current intensity; CV:
oded variables; RV: real variables.

aters 2487 at 270 nm; pump P600 Waters). The NaCl concen-
ration was determined by conductivity. For selected samples, it
as checked by performing ion chromatography analyses. The ion

hromatograph comprised a Dionex system (IEC) with GP40 pump,
D20 conductivity detector, temperature of 30 ◦C; anions analysis:

onpac AS11 column, AG11 guard column; ASRS-ultra at 300 mA
uppressor; NaOH 5 mM and 1 mL min−1 as eluent; cations anal-
sis: Ionpac CS12A column, CG12A guard column, CSRS-Ultra at
00 mA suppressor, methanesulphonic acid (MSA) at 200 mM and
mL min−1 as eluent.

A first set of experiments was performed with electric current
et to zero, in order to assess the contribution of diffusion to the salt
nd phenol transfer, and osmosis to the solution transfer. In these
xperiments, the concentrations of salt and phenol in the diluate
anged from 0 to 55 kg m−3 and from 100 to 400 ppm C, respectively.

A second set of experiments was carried out under normal ED
onditions at different current densities. An experimental design
ased on the Doehlert model [9] with two variables was used to
tudy the effect of the current density and the initial salt concen-
ration difference between the compartments, i.e. the initial NaCl
oncentration of the effluent. Fig. 3 represents the experimental
omain explored. The range adopted for the initial NaCl concentra-

ion is representative of that in saline phenolic wastewaters. The
imiting current, which is the maximum value that can be used, was
etermined as suggested by Cowan and Brown [10]. Experiments
ere then carried out at a constant current, in a range between 1.5

nd 5.5 A, i.e. at current densities between 75 and 275 A m−2. The

t
N
t

m

able 1
ummary of the Doehlert matrix-based ED experiments for measuring water, NaCl and ph

xperiment Doehlert variables Coded variables Real variables

i �C0
s i �C0

s i (A m−2) �C0
s

X1 X2 X ′
1 X ′

2 U1 U2

0 0 0 −0.453 175 32.2
1 0 1 0.043 275 40.8

′ 1 0 1 −0.416 275 32.8
0.5 −0.866 0.5 −1.030 225 22.2
0.5 0.866 0.5 0.441 225 47.6

−0.5 0.866 −0.5 0.577 125 50.0
−1 0 −1 −0.176 75 37.0

0.5 −0.866 −0.5 −0.850 125 25.3
iluate was fed with a solution containing phenol at a concentra-
ion of 100 ppm C. A few experiments were also carried out with
igher initial phenol concentrations, up to 400 ppm C. The results
ere evaluated following the variations of the liquid volume, and

hose of the quantities of phenol and NaCl in the compartments
ersus time.

For an easier data treatment and analysis, coded values were
dopted for the variables. The responses were used in the least
quares fitting of an empirical model based on the factors.

. Experimental results and parameters fitting

.1. Factor effects

For all the experiments, the amounts of solute and solvent trans-
orted were evaluated by measuring the changes in concentration
nd volume in the compartments with time. As a result, the water,
alt and phenol fluxes, Jw (m s−1), Js (kg s−1 m−2) and Jp (kg s−1 m−2),
ere obtained from the rates of change of the volume, NaCl mass

nd phenol mass in the compartments, respectively, for differ-
nt experimental conditions, as presented in Table 1, and using
00 ppm C (0.13 kg m−3) of phenol initial concentration in the dilu-
te. The total active membrane areas considered were 0.2 m2, S1,
or the salt transfer, and 0.4 m2, S2, for the water and phenol trans-
er and the fluxes (J) were obtained as indicated in Eq. (11) from the
olumetric or mass flow rates (j).

= j

S
(11)

The response surface methodology was used to evaluate the
elationships between the controlled experimental factors (�C0

s
nd i) and the observed results (Jw, Js, Jp). Equations of the follow-
ng form (12) were fit to each response, y, as a function of the two
actors, X1 and X2.

= aX1 + bX2 + cX1X2 (12)

With empirical coefficients a, b and c estimated by least squares.
he coefficients related to the factor contributions for the solvent
nd solutes fluxes are represented in Fig. 4 as a Pareto diagram
howing the factors in terms of their relative contribution to each
esponse.

The results show that the initial salt concentration difference
�C0

s ) between the compartments as well as its interaction with
he current density (i) has negligible effect compared to that of the
urrent density, especially for the salt flux, Js. On the other hand, in

he experiments where the current is set to zero, the presence of
aCl has no significant influence on the phenol mass transport due

o diffusion.
In these experiments, the maximum deviation observed for the

ass balance was 2.4%.

enol fluxes

Responses

(kg m−3) Jw (×10−7 m s−1) Js (×10−5 kg m−2 s−1) Jp (×10−8 kg m−2 s−1)
Y1 Y2 Y3

1.78 9.60 1.87
2.78 15.06 2.56
2.92 15.13 2.39
2.36 12.78 2.21
2.33 13.58 2.25
1.31 7.64 1.66
0.78 4.61 1.28
1.27 7.67 1.65
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Fig. 6. Variation of NaCl mass in the concentrate compartment over time for differ-
ent values of the current density.

F

s

Fig. 4. Normalized Pareto diagram for the fluxes contributions.

The results are discussed in more details in the following sec-
ions.

.2. Water and salt transport

The solvent and solutes transport were analyzed from the set of
xperiments carried out without and with an electric current. Since
he initial salt concentration was found to be a negligible factor
n the range studied, relationships were established between the
ifferent fluxes and the current density.

Fig. 5 shows the volume of solution in the concentrate compart-
ent, i.e. that initially containing RO water, over time for different

urrent conditions. As expected, the water flow has opposite direc-
ions for operation with and without current. On one hand, the
olume decreases in the absence of electric current due to osmosis,
hat takes places in the direction of the increasing concentrations.
n the other hand, when an electric current is applied, the solvent
ow, which is mainly due to electroosmosis coming from the water
arried by the migrating salt, is oriented in the same direction as
he salt flux, i.e. from the diluate to the concentrate. Consequently,
he volume in the concentrate increases. This major contribution of
lectroosmosis to water transport confirms previous observations
n the literature [11]. In addition, when a current is applied, the
olume varies linearly with time, indicating that the water flux is
onstant. Finally, the water flux increases with the current.

Concerning the salt transport, Fig. 6 shows the variation of the
ass of salt in the concentrate over time for different values of the

urrent density. One can observe that the diffusion contribution, i.e.
hat obtained for i = 0, is very low compared to that coming from

igration whatever the current density. Moreover, since the varia-
ion is linear, the salt mass flux can be considered constant with a
ood approximation.
The experimental results show that under ED conditions, i.e.
hen an electric current is applied, the water and salt fluxes can

e considered as dependent on the current intensity only. They can
e correlated to the current density by a linear regression, as pre-

ig. 5. Variation of the concentrate compartment volume over time for different
urrent density values; [�C0

s ≈ 55 kg m−3; �C0 = 100 ppm C].
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ig. 7. Variation of the water (a) and salt (b) fluxes versus the current density.

ented in Fig. 7(a) and (b), with coefficients of determination equal
o 0.998 and 0.990, respectively, considering no flux when no cur-
ent is applied. This means that the contribution of diffusion to the
alt flux as well as that of osmosis to the water flux are negligi-
le. Then, for the conditions investigated in this study Eqs. (13) and
14) are valid. These equations are obtained from Eqs. (7) and (9), by
eglecting the transport terms related to diffusion, convection and
smosis. This simplification is based on the experimental results
hown in Figs. 5 and 6.

w = ˛i (13)

s = ˇi (14)

ith ˛ equal to (1.04 ± 0.02)1 × 10−9 m3 s−1 A−1 and ˇ equal to
5.5 ± 0.5) (see footnote 1) × 10−7 kg s−1 A−1. From the ˇ coefficient

he current efficiency using the Faraday constant can be estimated
s 95%.

1 95% confidence interval.





Fig. 11. Experimental versus predicted values for the phenol flux.
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ig. 12. Phenol mass variation over time through the CEM and AEM membranes, in
ater solutions with and without NaCl addition [�C0

p = 400 ppm C, I = 0].

.4. Phenol transport through the CEM and AEM membranes

A few experiments were also carried out in the diffusion cell in
hich the transport through the CEM and AEM can be evaluated

eparately. Fig. 12 shows the variation of the phenol mass trans-
orted through both membranes over time. The results show that
he phenol transport through the CEM is significantly more impor-
ant than that through the AEM. Under the conditions studied, the
ddition of salt does not seem to have an influence on the phenol
ux through the membranes. The observed difference in phenol
ow rate between both membranes may be dependent on the struc-
ure of the membranes. An investigation on this aspect was out of
he scope of this work, and deserves further studies.

.5. ED demineralization process performance estimation

Based on the experiments, the parameters of Eqs. (13)–(15) were
stimated by a least-squares method. These parameters are specific
or each solution and ED system studied, and their values have to
e estimated using the methodology presented in the former sec-

ions. For the system investigated in this study, the values of these
arameters are summarized in Table 3.

The variations of the salt and phenol concentrations in the com-
artments during the ED demineralization process can thus be

b
i

d

able 3
verall transport coefficients obtained in the experiments with the ED system

ater transport, ˛ (×10−9 m3 s−1 A−1) Salt transport, ˇ (×10−7 kg s−1

.04 ± 0.02a 5.5 ± 0.5a

1 = 0.4 m2 S2 = 0.2 m2

a 95% confidence interval; S membrane transfer area.
ig. 13. Phenol final concentration in the concentrate compartment versus final
aCl concentration in the diluate compartment for different current density [�C0

p =
00 ppm C; �C0

s = 40 g/L].

btained based on the mass balance equations in each compart-
ent. For the concentrate compartment, and assuming constant

alt mass flow rate, js, Eq. (16) gives the salt concentration Ct
s as a

unction of time t

t
s = jst + C0

s V0
c

V t
c

(16)

here V0
c is the initial volume and V t

c is the volume in the concen-
rate compartment at time t. Considering that the water volume
ncrease rate was found to be constant (linear variation of the
olume versus time) and by taking into account the transport coef-
cients ˛ and ˇ (Eqs. (13) and (14)) and the membrane areas S1 and
2, Eq. (16) results in Eq. (17).

t
s = ˇiS2t + C0

s V0
c

˛iS1t + V0
c

(17)

Based on the same assumptions, the phenol concentration can
e expressed by the following relationship:

t
p =

(Pp�C0
p + (1 − �)C0

pd
˛iS1)t + C0

pV0
c

˛iS1t + V0
c

(18)

For the diluate compartment, similar equations can be written,
esulting in Eqs. (19) and (20) for the salt and phenol concentra-
ions, respectively, where V0

d is the initial volume in the diluate
ompartment.

t
s = (−ˇiS2t) + C0

s V0
d

(−˛iS1t) + V0
d

(19)

t
p =

(−(Pp�C0
p + (1 − �)C0

pd
˛iS1)t) + C0

pV0
d

(−˛iS1t) + V0
d

(20)

The experimental and calculated variations of the phenol and
alt concentrations were compared, considering the values of the
oth values was less than 10% for the whole range of conditions
nvestigated.

On the other hand, Fig. 13 shows an example of calculated results
ealing with the demineralization of a phenolic solution containing

A−1) Phenol transport

Pp (×10−7 m s−1) �

8.4 ± 0.8a 0.24 ± 0.02a

S1 = 0.4 m2
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aCl. The variation of the phenol concentration in the concentrate
ompartment, corresponding to the phenol loss due to its trans-
ort to the concentrate, is plotted versus the salt concentration

n the diluate compartment, i.e. the residual salt content in the
emineralized phenolic effluent for different values of the current
ensity.

As expected, for a given value of the current density, higher dem-
neralization, i.e. lower salt concentrations, correspond to higher
henol loss. Indeed, higher demineralization means higher water
ow and so higher phenol transport due to convection. One can
bserve also that the variation of the phenol loss versus the salt
emaining content is more pronounced for the lowest current den-
ities.

On the other hand, for a given salt concentration, i.e. a
iven demineralization, the phenol loss decreases as the current
ncreases.

. Conclusions

In this work, the transport of species contained in an aqueous
olution of phenol and sodium chloride during ED was evaluated.
n experimental study was carried out with aqueous solutions
ontaining different amounts of phenol and NaCl and different
perating conditions in order to quantify the different contri-
utions to the water, phenol and salt transfer in the system.
oncerning the water transfer, the contribution of electrososmo-
is was found to be predominant over that of osmosis as far as a
urrent is applied. In the same manner, for the salts, the transfer
ue to migration was found predominant compared to that due
o diffusion. Then, the current intensity can be considered as the

ost significant variable affecting water and salt transfer in the ED
ystem.

On the other hand, concerning phenol, which is a neutral solute,
convective contribution due to the water flow was pointed out in
ddition to the expected contribution coming from diffusion. This
ater was found to be independent of the salt concentration. Whilst
he contributions of diffusion and convection to the phenol transfer
epend on the operating conditions, it was found that convection

s significant in the range of current density normally used in ED.
For the conditions of this study, i.e. for the solutes and mem-

ranes used, the characteristic parameters of the equations relating
he different contributions to the mass transfer were also deter-

ined. This was done by fitting experimental results with the ones
alculated by the model. Mass balance equations were proposed to
escribe the evolution of the volumes and the salt and phenol con-
entrations in each compartment as a function of their initial values
nd of the current density. These equations depend basically on the
ransport parameters that have to be estimated experimentally for
ach membrane system.

Then, the ED performances, i.e. the loss of phenol and the salt
oncentration in the demineralized wastewater, can be calculated
s a function of the operating parameters, like the current density
r the initial salt concentration in the feed.

Finally, the experiments carried out in the diffusion cell enabled
o quantitatively evaluate the transfer of phenol through the

embranes. This information is important for the selection of
embranes, since phenol loss should be kept as low as possible

n effluent treatment processes comprising previous desalination
y ED.
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Nomenclature

C concentration (kg m−3)
C̄ mean solute concentration on either side of the

membrane (kg m−3)
F Faraday constant (96485 A s equiv.−1)
i current density (A m−2)
I current intensity (A)
j mass flow rate (kg s−1)
J molar flux (mol m−2 s−1)
Ji solute flux density (kg m−2 s−1)
Jp phenol flux (kg m−2 s−1)
Jv volumetric solvent flux density (m3 m−2 s−1)
Jw water flux (m s−1)
Lp membrane permeability (m s−1 bar−1)
m mass (kg)
Pi permeability coefficient (kg m−2 s−1 bar−1)
Pp phenol permeability coefficient (m s−1)
Ps salt permeability coefficient (m s−1)
S total active membrane area (m2)
t time (s)
t transport number
V volume (m3)

Greek symbols
˛ electroosmotic coefficient (m3 s−1 A−1)
ˇ current coefficient (kg s−1 A−1)
�Cp phenol concentration difference between compart-

ments (kg m−3)
�Cs salt concentration difference between compart-

ments (kg m−3)
�p hydrostatic pressure gradient between compart-

ments (bar)
�˘ osmotic pressure difference (bar)
� reflection coefficient

Subscripts
c concentrate compartment
d diluate compartment
i solute i
n neutral solute
p phenol
s salt
w water

Superscripts
conv convection
diff diffusion
el electroosmosis
os osmosis
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