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A B S T R A C T

In recent years, electrodialysis has been often considered as an appropriate method to treat industrial and/or
municipal wastewater containing pharmaceutically active compounds. However, the scarcity of information on
the ion transport mechanisms through the membranes, especially concerning occurrence of possible sorption
phenomena, has limited the process implementation in practice. The present work aims to evaluate, by
chronopotentiometry, the transport of sulfamethoxazole (SMX) through a cation- (CEM) and anion-exchange
membrane (AEM) using synthetic solutions at different concentrations (0.001–0.1 g/L) and pH conditions
(1.6 for CEM and 9 for AEM). The dominant mechanism of mass transfer under overlimiting current conditions
at each membrane/solution system was determined. The potential drop profile measured during and after
application of current pulses, as well as the transition times obtained from the curves, showed that sorption
occurs at/in both membranes, especially for the AEM. Besides, this phenomenon was reversible for the CEM
and irreversible for the AEM under the conditions evaluated herein. The chronopotentiograms of the AEM
showed that the intense occurrence of water dissociation with the most diluted solution caused chemical equi-
librium shifts in the membrane/electrolyte system, leading to formation of neutral SMX species that can impair
the electrodialysis performance. The results obtained are useful for optimizing the electrodialytic treatment of
SMX-containing solutions as well as of other compounds with similar physicochemical properties.
1. Introduction

The presence of organic micropollutants (OMPs) in the environ-
ment, both generated in industries and released from humans and ani-
mals, has caused serious concerns, because these contaminants can
compromise the human health and aquatic ecosystems at concentra-
tions in the order of μg/L – ng/L [1]. OMPs are frequently found in dif-
ferent aquatic systems, such as surface water, groundwater, drinking
water, municipal and industrial wastewater [2]. The presence of
antibiotics in water bodies has been of particular concern due to
increasing antibiotic resistance of commensal and pathogenic bacteria
[3]. This antibiotic resistance dissemination occurs mainly due to their
presence in municipal sewage collectors and treatment plants of
wastewater, especially those from hospitals [4]. Among the antibiotics
responsible for this situation, sulfamethoxazole (SMX) requires a spe-
cial attention, since it is one of the most used antibiotics for treating
urinary tract infections in humans and animals, in addition to digestive
and bronchopulmonary infections [5,6]. The presence of SMX in aque-
ous effluents is of great concern as it is hardly degraded via biological
routes, making it highly persistent [7]. Overcoming this situation is
challenging since the conventional systems used in the treatment of
such effluents are not specifically designed to deal with this type of
contaminants. Therefore, in recent years, researchers have evaluated
the use of alternative methods for removing pharmaceutically active
v. Bento
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compounds (PhACs) from industrial and municipal wastewater
streams using membranes, such as membrane bioreactor [2], ultrafil-
tration [8], nanofiltration [9], reverse osmosis [10] and electrodialysis
[11–13].

Electrodialysis is a highly versatile electro-driven membrane sepa-
ration process which has been considered in several applications
[14,15]. The use of electrodialysis to treat municipal wastewater has
stood out, as it allows the recovery of valuable macronutrients, such
as phosphorus, nitrogen and potassium, in addition to the removal
of various micropollutants, including PhACs [16,17]. Compared with
pressure–driven membrane separation processes, electrodialysis is
advantageous because it allows frequent electrode polarity reversal,
which mitigates membrane fouling/scaling [11,15,18]. In the case of
treatments of PhACs–containing solutions by electrodialysis, which
can be present as cations, anions or neutral species depending on the
pH, the physicochemical properties of the target species (i.e. charge,
size, and hydrophobicity) have been shown to influence significantly
their transport through the membranes [8,12,13,19,20]. However,
information on the transport mechanisms of these species through
ion-exchange membranes are still scarce in the literature.

In recent years, one of the most studied issues involving the treat-
ment of antibiotics–containing aqueous streams by electrodialysis has
been the effect of their sorption at/in the membranes on their separa-
tion performance [12,13,21]. Roman et al. [13] evaluated the trans-
port of 19 OMPs through commercial anion- (AEM) and
cation–exchange membranes (CEM) and verified that 1) positively
charged OMPs were strongly adsorbed inside the membrane and
weakly transported across it, 2) negatively charged OMPs were weakly
adsorbed at the membrane surface but transported extensively across
it, and 3) non-charged OMPs were hardly adsorbed inside the mem-
brane or at its surface, but were transported through it by diffusion.
On the other hand, Ma et al. [22] recently evaluated the transfer of
25 OMPs present in real wastewaters through cation- and anion-
exchange membranes and noted that negatively charged OMPs
undergo a stronger decrease in their rate of transport across anion-
exchange membranes due to sorption effects compared to non– and
positively charged OMPs. Thus, to ensure that electrodialysis is a fea-
sible technique for treating solutions containing organic micropollu-
tants, it is necessary to carry out dedicated studies on the transport
of the target organic micropollutants across the membranes. In gen-
eral, these studies are conducted in electrodialytic systems by evaluat-
ing the percentage of chemical species that cross the membrane. In this
sense, the adsorbed chemical species are accounted for by closing the
respective mass balances in the feed and receiver compartments
[16,21,22]. Although these studies are essential to evaluate the extent
of adsorption at/in the membranes used, they do not allow for a crit-
ical assessment of the reasons for the sorption occurrence and the
mechanisms responsible for this phenomenon. For this, dynamic char-
acterization methods must be used, such as impedance spectroscopy
[23,24], linear sweep voltammetry [25,26] and chronopotentiometry
[27,28]. Among the aforementioned techniques, the use of chronopo-
tentiometry stands out because it allows for a direct access to the elec-
tric potential contribution in different states of the
membrane/electrolyte system [29].

Chronopotentiometry is an electrochemical technique that allows
for the determination of the membrane potential drop during and after
the application of an electric current pulse. The curves obtained,
referred to as chronopotentiograms, provide important information
on the membrane/solution system, such as the time taken for the con-
centration polarization occurrence (transition time), in addition to
allow for determining the dominant mass transfer mechanism, such
as diffusion/migration, electroconvection, gravitational convection,
and water dissociation at different operating conditions. From the val-
ues of membrane potential drop obtained by chronopotentiometry,
current–voltage curves (or polarization curves) can be constructed,
which also provide useful information such as the limiting current den-
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sity, ohmic resistance, and the energy involved in the alteration of the
dominant mechanism of ion transfer when concentration polarization
takes place, which is called plateau length. In addition, both chronopo-
tentiometric and current–voltage curves provide information regard-
ing competition between species to migrate across the membranes
[27,30] and occurrence of fouling/scaling [31]. Although chronopo-
tentiometry is highly valuable for evaluating membrane systems, to
the best of our knowledge, there is no work in the open literature on
the use of this technique to evaluate the mass transfer mechanisms
and the effect of sorption at ion-exchange membranes in electrodia-
lytic treatments of SMX-containing solutions.

Therefore, the present work aims to evaluate, by chronopotentiom-
etry, the properties and mechanisms of ion transport through mem-
branes present in electrodialysis systems applied to treat water and
wastewater containing SMX. Chronopotentiometric and current–volt-
age curves were obtained for an anion- and cation–exchange mem-
brane with synthetic solutions at four concentration conditions
(0.001 g/L; 0.005 g/L; 0.01 g/L; 0.1 g/L) based on the chemical com-
position of municipal and pharmaceutical wastewaters [6,32,33]. Two
pH values were evaluated (1.6 for the CEM and 9 for the AEM), which
were chosen based on speciation diagrams constructed herein. Limit-
ing current densities, ohmic resistances, plateau lengths and transition
times were determined from the curves. The occurrence of sorption
and mass transfer phenomena at the membrane/solution interfaces
under different operating conditions were evaluated from the curves
obtained.
2. Materials and methods

2.1. Ion-exchange membranes

The membranes evaluated were the heterogeneous cation-
exchange membrane IONSEP-HC-C (also known as HDX100) and the
anion-exchange membrane IONSEP-HC-A (known as HDX200) manu-
factured by Hangzhou Iontech Environmental Technology Co. (China).
In the evaluation of each membrane, the other was also present in the
system to reduce the possible effect of reactions occurring at the elec-
trodes. Both membranes have been frequently used in electrodialysis
and chronopotentiometry studies [27,34,35], and their main charac-
teristics can be found elsewhere [36].

2.2. Working solutions

Chronopotentiometric and current–voltage curves were obtained
for the cation- and anion–exchange membranes using synthetic solu-
tions at four SMX concentrations (0.001 g/L; 0.005 g/L; 0.01 g/L;
0.1 g/L) at pH 1.6 for the evaluation of the CEM and pH 9 for the
AEM. The solutions were freshly prepared with SMX, having a purity
greater than 99 % and purchased in a pharmacy (Porto Alegre, Brazil),
and distilled water. The solution pH was adjusted with H2SO4 and
NaOH (Química Moderna Ind. e Com. Ltda, Barueri, Brazil). The con-
centration values tested were based on the composition of SMX in
municipal and pharmaceutical wastewaters [6,32,33], whereas the
pH values were based on the speciation diagram presented in
Section 3.

2.3. Chronopotentiometric experiments

The chronopotentiometric experiments were performed in an elec-
trochemical cell containing three compartments separated by an
anion- and cation-exchange membrane (Fig. S1 of Supplementary
Material). Two graphite electrodes placed at the ends of the cell were
used as working and counter-electrodes. The electric current was sup-
plied by a potentiostat/galvanostat (Autolab, PGSTAT30, Utrecht, The
Netherlands). The potential drop of the evaluated membranes under
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the application of a current pulse was measured using Ag/AgCl elec-
trodes, which were immersed in Luggin capillaries and positioned at
the two opposite membrane surfaces facing its cathodic and anodic
sides. The effective area of the membranes was 3.14 cm2 and before
the tests they were maintained for 24 h in the solution to be evaluated.
The experiments were conducted at room temperature (∼20 °C) and
with no stirring. The tests were performed in duplicate and the calcu-
lated relative error between the obtained data was lower than 6 %. The
chronopotentiometric curves were recorded by applying current for
400 s. After 400 s, the current application was interrupted to allow
for relaxation of the membrane system for 100 s so that the next cur-
rent pulse could be applied. The current–voltage curves of the mem-
brane/solution systems were constructed using the values of each
applied current density and the potential drop measured immediately
before the relaxation step.

2.4. Determination of the transport properties of the membrane/solution
systems

Fig. S2 of Supplementary Material presents a representation of a
typical current–voltage curve showing three distinct regions, which
provides the transport properties evaluated herein. The limiting cur-
rent density (ilim) was obtained by determining the intersection point
of the tangential lines of the ohmic region (region I) and the plateau
region (region II). The ohmic resistance (Rohm) was estimated by the
inverse of the slope (α) of the tangential line of the ohmic region.
The plateau length was estimated by subtracting the final and initial
potential drop values of region II.

Transition times (τ) were obtained for each applied current pulse
under overlimiting regime from the maximum point (inflection point)
of the derivative of the membrane potential drop with respect to time,
as shown in Fig. S3 of Supplementary Material.
3. Results and discussion

In order to evaluate the influence of concentration and pH of the
solutions on ion transfer through the cation- and anion- membranes,
speciation diagrams for SMX at 0.001 g/L, 0.005 g/L, 0.01 g/L and
0.1 g/L were constructed with the aid of Chemicalize software, as
shown in Fig. 1. The predominant species in a wide pH range is neu-
tral, which would make the use of electrodialysis at this condition
unfeasible. Thus, two pH values at which ionic species are predomi-
nant were evaluated: 1.6 and 9. As at pH 1.6 the predominant SMX
species is a cation (SMX-H3N+), the membrane evaluated at this con-
dition was the cation–exchange one. On the other hand, the membrane
evaluated at pH 9 was the anion–exchange one since the predominant
SMX species is an anion (SMX–N–). Note that at pH 1.6, the concentra-
tion of protons is considerably higher than the concentration of SMX
species in the solutions at 0.001 g/L, 0.005 g/L and 0.01 g/L, whereas
the concentration of protons and SMX-H3N+ are identical in the solu-
tion at 0.1 g/L and pH 1.6. Concerning the solutions at pH 9 used for
evaluating the AEM, the predominant species for all SMX concentra-
tions is SMX-N–, showing a large concentration difference between
these ions and OH–, especially in the most concentrated solutions.

3.1. Evaluation of the cation-exchange membrane

3.1.1. Chronopotentiometric curves for the CEM
The chronopotentiometric curves obtained for the cation-exchange

membrane with SMX solutions at 0.001 g/L, 0.005 g/L, 0.01 g/L and
0.1 g/L and pH 1.6 are shown in Fig. 2.

The chronopotentiometric curves of the cation-exchange mem-
brane showed different shapes in function of the SMX concentration.
For all tested solutions, the curves obtained under low current densi-
ties (see 3.2 mA/cm2 in Fig. 2(a – d)) showed a linear behavior over
3

time, indicating that ion transport through the membrane is governed
by diffusion–migration. As the intensity of the current density
increased, the curves began to show the typical inflection point related
to the occurrence of intense concentration polarization, and at current
densities greater than the ilim overlimiting mechanisms such as electro-
convection and water dissociation were activated.

The curves of the solution at the lowest SMX concentration
(0.001 g/L – Fig. 2(a)) showed the occurrence of intense electrocon-
vection under high current densities, indicating that this mechanism
is predominant over the others in the overlimiting regime. The intense
oscillations of the potential drop at current densities of 11.1 mA/cm2

and 12.7 mA/cm2 indicate that the dominant electroconvection type in
this membrane/solution system is the unstable one, also known as
Rubinstein-Zaltzman electroconvection mode [38]. This type of elec-
troconvection suppresses the occurrence of other overlimiting mecha-
nisms such as water dissociation due to the large vortices formed at the
membrane surface [39]. Indeed, the curves do not suggest the occur-
rence of water dissociation or gravitational convection. Among the
solutions evaluated, the electroconvection occurred with greater inten-
sity with the most diluted one due to the thicker space charge region
near the membrane surface [38].

The curves obtained for the solution at concentration of 0.005 g/L
(Fig. 2(b)) showed similar behaviors to the curves of the solution at
0.001 g/L. Note that under high current densities (15.9 mA/cm2 and
19.1 mA/cm2), electroconvection occurred intensely at the membrane
surface, as oscillations in the potential drop were observed. However,
the curves indicate that water dissociation occurred simultaneously
with electroconvection, as the curves showed a subtle reduction in
potential drop after reaching a maximum point, as indicated in
Fig. 2(b). The water dissociation phenomenon occurs in a thin layer
at the membrane/solution interface as proton-transfer reactions
involving water molecules and the membrane fixed charged groups
[40,41]. Thus, the membrane type and electrolyte condition influence
strongly this phenomenon. When water dissociation occurs, H+ and
OH– ions are generated, altering considerably the pH inside the mem-
brane as the counter-ions are transferred through it and at its surface
due to the Donnan exclusion of co-ions. Thus, the reduction in poten-
tial drop shown in Fig. 2(b) can be explained by the water dissociation
occurrence and the consequent formation of the conductive H+ and
OH– ions. In this sense, H+ ions were transported intensively through
the CEM, while OH– ions were retained at its surface, thus reducing the
resistance of the membrane/solution system [42]. As electroconvec-
tion and water dissociation occurred simultaneously with the
0.005 g/L solution, neither phenomenon was able to completely sup-
press the other, indicating that they are competitive at this SMX
concentration.

For the solution at 0.01 g/L, the curves under high current densities
(15.9 mA/cm2 and 17.5 mA/cm2

– Fig. 2(c)) showed subtle oscilla-
tions in the potential drop, less intense than those verified for the more
diluted solutions, which indicates that electroconvection does not
occur strongly in this membrane/solution system. On the other hand,
water dissociation occurred intensely, as a maximum point was
observed in the curves followed by a reduction in the potential drop
associated with the formation of H+ and OH– ions. This indicates that
increasing the concentration of SMX from 0.001 g/L to 0.01 g/L, the
dominant overlimiting mechanism is altered from electroconvection
to water dissociation. In general, the occurrence of water dissociation
is undesirable in electrodialysis systems because it increases the
energy consumption, which is not associated with an increase in the
target ion(s) transport [29]. Besides, it might favor the occurrence of
fouling/scaling.

The curves obtained for the 0.1 g/L solution did not suggest the
occurrence of intense electroconvection, while the potential drop mea-
sured for high current densities showed a subtle peak followed by its
reduction over time (28.7 mA/cm2 and 31.8 mA/cm2

– Fig. 2(d)). This
subtle peak could be associated with the occurrence of water



Fig. 1. Speciation diagrams for the solutions at SMX concentrations of (a) 0.001 g/L, (b) 0.005 g/L, (c) 0.01 g/L and (d) 0.1 g/L constructed with the aid of
Chemicalize software [37]. The dashed lines indicate pH 1.6 and pH 9.
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dissociation, as verified for the 0.005 g/L and 0.01 g/L solutions, and/
or the emergence of gravitational convection, which also causes the
appearance of a maximum point on a chronopotentiogram [43,44].
However, gravitational convection is relevant only when the elec-
trolyte concentration is greater than approximately 5� 10�2 mol=L
(For a NaCl solution) [45,46], which is a value considerably higher
than the molar concentration of SMX at the 0.1 g/L solution
(3:95� 10�4 mol=L). Thus, it is most likely that the dominant mecha-
nism responsible for the reduction in potential drop over time with the
solution at 0.1 g/L is water dissociation.

It is worth noting that the values of potential drop recorded imme-
diately after imposition of each current pulse increased as the solution
concentration increased. This initial potential drop is related to the
ohmic potential drop (EΩ – indicated in Fig. 2(a)) over the membrane
and the two adjacent solutions when the membrane/solution system is
not yet under the effect of concentration polarization [47]. The
increase of EΩ with increasing solution concentration (compare
Fig. 2(a – d)) indicates that the presence of SMX increases the resis-
tance of the non–polarized liquid diffusion boundary layer, and this
may be related to the well-known sorption effect of this component
at/in the membrane. This phenomenon has been frequently evaluated
in the literature as it affects considerably the performance of mem-
brane processes to treat PhACs-containing water/wastewater
[8,21,48]. In electrodialysis systems, the sorption effect depends on
several factors, such as solute properties (charge, polarity, size, and
4

hydrophobicity), membrane structure properties (morphology), elec-
trostatic interactions between the target pharmaceutical compounds
and the membrane, in addition to the level of applied current density
(underlimiting or overlimiting current regime) [12,13,16,21]. The
curves shown in Fig. 2 indicate that the intensity of sorption phe-
nomenon increases considerably with increasing the SMX concentra-
tion. As SMX is generally present in municipal wastewater in
concentrations on the order of μg/L – ng/L [1], the sorption effect of
this component at/in the CEM on separationist transport should be
insignificant. However, this may be of concern in the treatment of
wastewater effluents originating from pharmaceutical industries, as
the concentration of SMX in such effluents is usually on the order of
mg/L [32,49] and can reach g/L [50].

After the interruption of the current density application, the poten-
tial dropped to a residual value very close to zero (Ec – shown in Fig. 2
(a)). This remaining potential difference across the membrane after
switching-off the current represents the concentration overvoltage
and appeared due to differences in the concentration profiles estab-
lished at both surfaces of the membrane during current application
[47]. Then, the potential drop related to the diffusion relaxation of
the system approached zero over time, which is a typical behavior
for monopolar membranes. This indicates that despite the occurrence
of sorption at/in the CEM during the application of electric current,
the membrane practically has returned to its initial condition after
the application of each current pulse. Therefore, according to the



Fig. 2. Chronopotentiograms for the cation-exchange membrane with SMX solutions at pH 1.6 and concentration of (a) 0.001 g/L, (b) 0.005 g/L, (c) 0.01 g/L, and
(d) 0.1 g/L.

Fig. 3. Dependence of iτ0.5 on current density for the cation-exchange
membrane with SMX solutions at pH 1.6 and concentrations of 0.001 g/L,
0.005 g/L, 0.01 g/L and 0.1 g/L.
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chronopotentiograms, the sorption effect on the CEM shows to be rel-
evant only during the application of electric current, which favors the
electrodialysis operation since a post–treatment step to desorb the
SMX is not required. This may be explained by the acidic solution
pH and the ability of H+ ions to desorb SMX ions, as verified for
OH– ions in alkaline medium [51].

Transition times were obtained for each current pulse under over-
limiting regime from the maximum of the derivative of the membrane
potential drop with respect to time. The transition time corresponds to
the moment at which the depletion of ions takes place at the diffusion
boundary layer because of intense concentration polarization occur-
rence [29]. This term is present in the well-known Sand Equation
(Eq. (1)), where D is the electrolyte diffusion coefficient, C0 is the bulk

concentration, zj is the charge of the counter-ion, tj
�
is the transport

number of the counter–ion in the membrane phase, tj is the transport
number of the counter-ion in the solution, i is the current density and F
is the Faraday's constant [27]. With the obtained τ values, curves
showing the dependence of transition time on current density repre-
sented in Sand's coordinates were constructed, which are shown in
Fig. 3. Only τ values obtained for current densities at least 1.5 times
greater than the ilim of the evaluated membrane system were consid-
ered for Sand Equation application, as indicated in the work of Mareev
et al. [52].

τ ¼ πD
4

zjFC0

tj
� �tj

 !2
1
i2

� �
ð1Þ
5

Note that the points are virtually linear for all solutions tested,
especially under the highest current densities, which indicates that
the Sand equation can be applied for these membrane/solution sys-
tems [53]. On the other hand, the values of iτ0:5 varied in function
of i without showing the typical horizontal behavior [31,54]. Note that



Table 1
Cationic equivalent charge (Qþ

eq), limiting current density (ilim), ohmic resistance
(Rohm) and plateau length values obtained for the cation-exchange membrane
with solutions at pH 1.6 and SMX concentrations of 0.001 g/L, 0.005 g/L,
0.01 g/L and 0.1 g/L.

SMX concentration (g/L) 0.001 0.005 0.01 0.1

Qþ
eq(meq/L) 254.1 265.8 280.4 543.8

ilim (mA/cm2) 7.69 8.6 10.41 16.95
Rohm (Ω.cm2) 3.3 10.3 10.1 15.3
Plateau length (V) 0.63 0.79 1.05 1.04
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a positive and practically identical slope was verified for all SMX con-
centrations. In general, this dependence of iτ0:5 values in function of i is
associated with the occurrence of chemical reactions in the mem-
brane/electrolyte system simultaneously to ion transfer. In this sense,
the intensity (subtle or strong) and type (negative or positive) of the
plot slope determines the kinetics of the reactions [27,53]. In the case
of the present study, the strong and positive slope of the curves shown
in Fig. 3 should be associated with the occurrence of sorption of SMX
simultaneously with its transfer across the membrane. The identical
slope of the curves for all solutions supports this assumption since
the membrane and ion type sorbed are the same. Therefore, the sorp-
tion kinetics is the same for all solutions tested.
3.1.2. Current-voltage curves for the CEM
The current–voltage curves constructed for the cation-exchange

membrane with solutions at pH 1.6 and concentrations of 0.001 g/L,
0.005 g/L, 0.01 g/L and 0.1 g/L are shown in Fig. 4. From the curves
obtained, the limiting current density, ohmic resistance and plateau
length of the membrane/solution systems were determined, which
are shown in Table 1. The table also shows the cationic equivalent
charge values (Qþ

eq), which were calculated by Eq. (2), where Cþ and
zþ are the concentration and charge of cationic species (obtained from
Fig. 1).

Qþ
eq ¼ ∑zþCþ ð2Þ
The curves obtained for the four solutions showed three well-

defined regions, which is a typical shape for monopolar membranes.
The limiting current density showed a linear behavior as a function
of Qþ

eq for the 0.001 g/L, 0.005 g/L and 0.01 g/L solutions (Fig. S4
(a) of Supplementary Material), as expected [28,55]. However, the
relationship between Qþ

eq and ilim deviated from linearity considering
the solution at 0.1 g/L, since the ilim obtained was lower than the
expected one. This can be explained by the sorption phenomenon
occurring more intensely with the more concentrated solution, and
the consequent reduction of the fraction of membrane conductive area
due to its clogging. According to the modified Sand Equation, which
presents the fraction of membrane conductive area term, the lower
the fraction of conductive area, the lower the ilim [56]. The ohmic resis-
tance showed an opposite behavior to the expected one, since Rohm

increased with the increase of Qþ
eq [27,30]. This can also be explained

by the sorption of SMX and the consequent clogging of the membrane.
In this sense, the effective membrane area available for ion exchange is
reduced, thus reducing the available ion-exchange capacity provided
Fig. 4. Current-voltage curves for the cation-exchange membrane with SMX
solutions at pH 1.6 and concentrations of 0.001 g/L, 0.005 g/L, 0.01 g/L, and
0.1 g/L.
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by the fixed functional groups leading to increasing membrane resis-
tance [22]. According to Table 1, the plateau length increased with
increasing SMX concentration. The plateau of the current–voltage
curve is a transition region between the ohmic region and the overlim-
iting region of the curve (see Fig. S2). Therefore, the plateau length is a
representation of the energy involved in the disruption event of the
diffusion boundary layer leading to alteration in the dominant ion
transfer mechanism from migration-diffusion to overlimiting phenom-
ena. In this sense, the shorter plateau length for the most diluted solu-
tions means that the electroconvection occurrence is favored with
these solutions, which is in line with the discussion presented for the
chronopotentiograms. This favors the treatment of water streams con-
taminated with SMX by electrodialysis since Welter et al. [21] recently
found that the transport of PhACs by cation-exchange membranes is
significantly enhanced at overlimiting current regime. In addition,
Pronk et al. [57] verified that the intensity of sorption occurrence in
an electrodialysis system was very high initially, but considerable
breakthroughs occurred during extended operation, which should also
be related to the dominance of overlimiting mechanisms over opera-
tion time. Therefore, the lower the concentration, the more intense
the electroconvection, which enhances the SMX transfer through the
membrane.

On the other hand, the effect of overlimiting currents on the mor-
phology of the membrane need to be evaluated, as they may cause ero-
sions on the ion-exchange polymer that form cavities on the membrane
surface [58].
3.2. Evaluation of the anion-exchange membrane

3.2.1. Chronopotentiometric curves for the AEM
The chronopotentiometric curves obtained for the anion-exchange

membrane with solutions at pH 9 and concentrations of 0.001 g/L,
0.005 g/L, 0.01 g/L and 0.1 g/L are present in Fig. 5. Note that the
curves show different behaviors from those obtained for the CEM.

The curves obtained for all solutions under low current densities
showed the typical linear behavior over time, as expected, indicating
that ion transport is governed by diffusion–migration at this condition
(see 0.0010 mA/cm2, 0.0032 mA/cm2, 0.0064 mA/cm2 and
0.0048 mA/cm2 in Fig. 5(a – d), respectively).

For the 0.001 g/L solution (Fig. 5(a)), the curves showed the typi-
cal inflection point related to the occurrence of intense concentration
polarization as the current density was increased (see the curve at
0.0096 mA/cm2). In this case, the potential drop increase due to con-
centration polarization appeared immediately after the imposition of
electric current without showing an almost linear region before the
rapid increase, which usually appears in chronopotentiograms due to
the development of small concentration gradients in the solution near
the membrane surface (as verified for the CEM curves in approxi-
mately 0–50 s – Fig. 2) [29]. This increase in potential drop immedi-
ately after imposition of the current pulses verified for the AEM
indicates that when overlimiting current densities are applied, the
overlimiting phenomena at the membrane are activated very quickly,
preventing ion transport across the membrane from being initially gov-



Fig. 5. Chronopotentiograms for the anion-exchange membrane with SMX solutions at pH 9 and concentrations of (a) 0.001 g/L, (b) 0.005 g/L, (c) 0.01 g/L, and
(d) 0.1 g/L.
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erned by electro–diffusion mechanisms [44]. Unlike the curves shown
for the cation-exchange membrane at 0.001 g/L, the ones obtained for
the AEM at this concentration under the highest current densities do
not suggest the occurrence of intense electroconvection since the
potential drop did not show typical oscillations related to vortexes for-
mation at the membrane surface. On the other hand, the curves indi-
cate a strong occurrence of water dissociation since the potential
drop showed a peak after its rapid increase followed by an intense
reduction over time, which occurred due to the formation of the con-
ductive H+ and OH– ions at the membrane surface. This difference in
the predominant overlimiting mechanism at each membrane is in
agreement with the literature, since water dissociation tends to occur
more intensely at AEMs than CEMs due to the greater catalytic activity
of the functional groups of the former (quaternary ammonium groups)
than the latter (sulfonic acid groups) towards this kind of reaction
[59]. Besides, the occurrence of water dissociation at AEMs leads to
the conversion of quaternary ammonium groups into tertiary amines,
which have an even higher catalytic activity towards water dissocia-
tion reaction [60]. It can also be noticed that the potential drop
showed some undulations (indicated in Fig. 5(a)) over time with suc-
cessive increases and decreases especially at moderate current densi-
ties (0.0096 mA/cm2

– 0.0223 mA/cm2). Note that this only
occurred with the most diluted solution, indicating that the undula-
tions may be related to the greater proximity of the concentrations
of the predominant SMX species (SMX-N–) and OH– ions (Fig. 1), in
addition to the intense occurrence of water dissociation with this solu-
7

tion. In this case, the simultaneous transfer of SMX–N– and OH– ions
and the consequent change in pH inside the membrane and at its sur-
face is expected to have caused a shift in the chemical equilibrium of
the SMX species being transferred through the membrane. It is well
known that as OH– ions are transferred intensively through an
anion-exchange membrane, the pH inside it increases, while the pH
at its surface decreases due to the Donnan exclusion of H+ ions
[27,61]. This phenomenon may have led to changes in the species pre-
sent predominantly in the membrane/solution system, influencing the
species transferred through the membrane – note in Fig. 1 that a reduc-
tion in pH at the membrane surface would lead to the formation of the
neutral SMX species. The formation of this neutral species may impair
the separation of SMX by electrodialysis since the absence of charges
hinders its transfer through the membrane. The lower the concentra-
tion of SMX in solution, the greater the intensity of water dissociation
and formation of neutral SMX species since the magnitude of Donnan
co–ions (protons in this case) exclusion is enhanced with the external
electrolyte solution dilution.

The curves obtained with the 0.005 g/L solution showed similar
shapes to those shown for the 0.001 g/L solution. The potential drop
presented a strong reduction after reaching a maximum point under
overlimiting current densities (0.0510 mA/cm2), which indicates
intense water dissociation occurrence. In this case, the potential drop
undulations related to equilibrium shifts shown for the 0.001 g/L solu-
tion were not verified, which can be explained by the higher distance
between the concentration of SMX-N– and OH– species in this solution



Fig. 6. Current-voltage curves for the anion-exchange membrane with SMX
solutions at 0.001 g/L, 0.005 g/L, 0.01 g/L, and 0.1 g/L.

Table 2
Anionic equivalent charge (Q�

eq), limiting current density (ilim) and ohmic
resistance (Rohm) values obtained for the anion-exchange membrane with
solutions at pH 9 and SMX concentrations of 0.001 g/L, 0.005 g/L, 0.01 g/L and
0.1 g/L.

SMX concentration (g/L) 0.001 0.005 0.01 0.1

Q�
eq(meq/L) 4.0 19.8 39.5 394.5

ilim (mA/cm2) 0.007 0.014 0.019 0.026
Rohm (Ω.cm2) 51,391 7310 8082 10,025
Plateau length (V) None None None None
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(Fig. 1). The curves also showed typical oscillations related to electro-
convection. Although electroconvection and water dissociation are
competitive mechanisms [38,62], they occurred simultaneously at
the membrane with the solution at 0.005 g/L, as verified for the
cation-exchange membrane.

The behavior of the curves obtained for the solutions at 0.01 g/L
and 0.1 g/L during concentration polarization is quite similar to the
previous solutions: the potential drop increases rapidly without show-
ing an almost linear region before the increase, indicating that concen-
tration polarization occurs very quickly at the AEM. On the other
hand, regarding the overlimiting ion transfer mechanisms, the curves
obtained for both solutions did not show a maximum peak of potential
drop followed by its reduction, indicating that, unlike the 0.001 g/L
and 0.005 g/L solutions, water dissociation does not occur intensively
in these systems. The curves for the 0.01 g/L solution showed the typ-
ical oscillations of electroconvection, whereas the curves for the 0.1 g/
L solution did not suggest the occurrence of this phenomenon. There-
fore, for the AEM with the most concentrated solution, no overlimiting
mechanism of mass transfer plays a dominant role.

For all solutions tested, a significant increase in the ohmic potential
drop (EΩ – indicated in Fig. 5(a)) was observed as the current density
increased. As discussed for the CEM in Section 3.1.1., this increase in
EΩ indicates that the presence of SMX increases the resistance of the
non-polarized liquid diffusion boundary layer, which must be related
to the sorption effect of this component at/in the membrane. Dedi-
cated studies must be conducted to investigate in detail the distinct
resistances of the membrane/electrolyte systems evaluated herein
and their relationship with the sorption occurrence at/in both mem-
branes. In this sense, electrochemical impedance spectroscopy may
be used [24,63]. Another indication of the occurrence of sorption
at/in the AEM is the behavior of the curves after the interruption of
current application. Note that, differently from the cation-exchange
membrane, the potential drop after current interruption (Ec – indicated
in Fig. 5(a)) for the AEM dropped to a residual value very distant from
zero. It is known that Ec appears due to differences in the concentra-
tion profiles established at both surfaces of the membrane during cur-
rent application [29], thus, their values considerably far from zero for
the AEM may be explained by the occurrence of intense SMX sorption
at/in this membrane. The potential drop related to the diffusion relax-
ation of the membrane system did not approach zero over time, espe-
cially with the most concentrated solutions (0.01 g/L and 0.1 g/L).
This behavior shown for the AEM curves confirms the suggestion made
in Section 3.1.1 about the influence of H+ ions on the desorption of
SMX ions from the CEM. As the pH of the solutions used in the AEM
evaluation was 9, they did not present a significant concentration of
H+ or OH– ions, which could have desorbed the SMX ions.

Lastly, it was not possible to determine transition times for any
solution used in the evaluations of the AEM, as the derivative curves
did not show any peak related to this property (not shown herein).
Therefore, the dependence of transition time on current density repre-
sented in Sand's coordinates could not be evaluated for the AEM. The
impossibility of determining the transition time for the AEM can be
explained by the extremely rapid occurrence of concentration polariza-
tion at this membrane, as already mentioned, due to almost instanta-
neous SMX sorption. According to the modified Sand equation [56],
the reduction of the fraction of conductive area of the membrane,
which can occur as a result of sorption, reduces the transition time.

3.2.2. Current-voltage curves for the AEM
The current–voltage curves constructed for the AEM with solutions

at pH 9 and concentrations of 0.001 g/L, 0.005 g/L, 0.01 g/L and
0.1 g/L are present in Fig. 6, whereas the limiting current density
and ohmic resistance values are present in Table 2. Unlike the curves
presented for the CEM, the current–voltage curves of the AEM do not
clearly show three well-defined regions, which hindered the determi-
nation of the limiting current density by the method described in Sec-
8

tion 2.4 or by the well-known Cowan–Brown method [29]. Thus, the
values of ilim shown in Table 2 were estimated from the chronopoten-
tiograms shown in Fig. 5 instead of the current–voltage curves. In this
case, ilim was considered as the current density at which the inflection
point related to concentration polarization began to appear in the
chronopotentiograms of each solution tested. The values of the anionic
equivalent charge (Q�

eq) of the solutions evaluated in this section are
also present in Table 2, which were calculated similarly to the term
Qþ

eq of Eq. (2), but here only the anionic species present in the tested
solution were considered.

As shown in Fig. S4(b) of Supplementary Material, the limiting cur-
rent densities obtained for the AEM show a linear relationship with the
anionic equivalent charge only at concentrations between 0.001 g/L
and 0.01 g/L since the value of ilim for the 0.1 g/L solution is consider-
ably lower than what was expected. This behavior was also verified for
the CEM (Section 3.1.2), but with much greater intensity for the AEM,
which supports the discussions on the greater intensity of sorption at/
in the AEM than at/in the CEM. In this sense, the stronger reduction in
the fraction of conductive area of the AEM as sorption occurred caused
a greater reduction in its ilim. The ohmic resistance decreased with
increasing SMX concentration only from 0.001 g/L to 0.005 g/L. Note
that from 0.005 g/L the increase in concentration caused the opposite
effect. As verified for the CEM, this was due to the reduction of the
area effectively available for ion exchange, as sorption causes mem-
brane clogging. The plateau length for the AEM could not be deter-
mined because it was not possible to distinguish the three regions of
the current–voltage curve.

4. Conclusions

A chronopotentiometric study was carried out to evaluate the trans-
port of sulfamethoxazole at 0.001, 0.005, 0.01, and 0.1 g/L through a
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cation- (pH 1.6) and anion–exchange membrane (pH 9) in the electro-
dialytic treatment of contaminated water and wastewater. Chronopo-
tentiometry proved to be a valuable technique allowing to evaluate
sorption phenomena occurrence at an ion-exchange membrane/aque-
ous solution interface.

The chronopotentiograms obtained for the CEM showed that elec-
troconvection was the dominant overlimiting mechanism of ion trans-
fer with the solution at 0.001 g/L. For the solution at 0.005 g/L, water
dissociation was relevant and competitive with electroconvection. At
higher concentrations (0.01 g/L and 0.1 g/L), electroconvection
became negligible and the dominant overlimiting mechanisms was
water dissociation. The initial (ohmic) potential drop and transition
times values obtained from the curves indicated that the sorption phe-
nomenon occurred at/in the CEM, especially with the most concen-
trated solutions. On the other hand, the potential drop profile during
the relaxation of the membrane system showed that this phenomenon
was reversible for the CEM under the conditions evaluated herein.

The chronopotentiograms obtained for the AEM with the most
diluted solution (0.001 g/L) showed that the dominant overlimiting
mechanism was water dissociation. The latter favored chemical equi-
librium shifts at the membrane/solution interfaces, thus leading to
the formation of neutral SMX species, which can impair the electro-
dialysis performance. The curves for the solution at 0.005 g/L showed
that electroconvection and water dissociation occur simultaneously at
this condition, whereas only electroconvection occurred intensely with
the 0.01 g/L solution.

For all solutions tested, the profile of potential drop measured dur-
ing and after application of current pulses showed that sorption occurs
more strongly at/in the AEM than at/in the CEM. In the case of the
AEM, sorption was an irreversible process, leading to the reduction
of its conductive area. The current–voltage curves obtained for both
membranes supported the findings inferred from the
chronopotentiograms.

The greater intensity of sorption at/in the AEM than that at/in the
CEM may be explained by the oppositely charged fixed functional
groups of the membranes used and the different pH conditions of
the solutions. Further work should be carried out using acidic and
alkaline solutions presenting the same concentration of H+ and OH–

ions, and target PhACs that are respectively negatively and positively
charged under these two pH conditions.
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