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Abstract: Electrodialysis is an innovative technique to reclaim phosphates from municipal wastew-
ater. However, chemical reactions accompany the transport of these ions through ion-exchange
membranes. The present study investigates the dependence of these phenomena on the initial pH and
concentration of the phosphate-containing solution using a heterogeneous anion-exchange membrane.
Linear sweep voltammetry, electrochemical impedance spectroscopy, and chronopotentiometry ex-
periments were conducted for different phosphate-containing systems. For the most diluted solution,
two limiting current densities (ilim) have been observed for pH 5 and 7.2, while only one ilim for pH 10,
and correlated with the appearance of Gerischer arcs in EIS spectra. For pH 7.2, sub-arcs of Gerischer
impedance were separated by a loop, indicating the involvement of the membrane functional groups.
Increasing the phosphate concentration changed the system’s characteristics, reporting a single ilim.
In the EIS spectra, the absence of Gerischer elements determined the attenuation of chemical reactions,
followed by the development of a diffusion boundary layer, as indicated by the finite-length Warburg
arcs. Chronopotentiometry clarified the mass transport mechanism responsible for distorting the
diffusion boundary layer thickness at lower concentrations. The obtained results are expected to
contribute to the phosphates recovery using electrodialysis in the most varied conditions of pH and
concentration available in the environment.

Keywords: phosphate transport; ion-exchange membrane; limiting current density; dominant mass
transport mechanism; Gerischer sub-arcs

1. Introduction

Phosphorus (P) is a vital and irreplaceable nutrient for modern agriculture [1,2].
Higher quantities of fertilizers must be obtained to meet the increasing demand for food,
leading to crescent phosphate rock mining [3]. Regarding its availability, the European
Commission has considered phosphate rock and phosphorus as critical raw materials
since 2014 and 2017, respectively, warning about their imminent scarcity [4]. In contrast,
low concentrations of phosphate (<10 mg L−1) [5], which can be frequently measured in
industrial, agricultural, and municipal wastewater, are enough to unleash a severe water
degradation process called eutrophication. In this context, wastewater streams emerge as
alternative sources of phosphate, with their recovery being mandatory within a context of
sustainable development to guarantee food safety and water quality [5,6].

Conventional wastewater treatment processes are primarily designed to remove phos-
phates as waste sludge [7]. However, sludge management is complex and onerous since
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phosphates can be released into the environment [8]. In addition to not contributing to
the phosphate scarcity problem, conventional treatment techniques are often insufficient
to meet the legal standards of nutrient discharge, even when the phosphate concentra-
tion in the wastewater is low [9]. In this regard, electrodialysis emerges as an innovative
technology to treat wastewater and recover phosphates. In electrodialysis, the phosphate
ions present in a solution are selectively transported through ion-exchange membranes by
applying an electric field [10,11]. The phosphorus can be removed from wastewater and
recovered in concentrated solutions, as already demonstrated in previous studies [12–14].
However, since phosphates form weak electrolytes, some peculiarities in the transport
of these ions have been reported, such as protonation–deprotonation reactions, shown
in Equations (1)–(3). The progress of such reactions can be accelerated by the Donnan
exclusion effect prevailing in the membrane matrix [12,15].

H3PO4 
 H2PO−4 +H+; pKa1 = 2.16. (1)

H2PO−4 
 HPO2−
4 +H+; pKa2 = 7.21. (2)

HPO2−
4 
 PO3−

4 +H+; pKa3 = 12.34. (3)

Understanding the influence of these reactions on phosphate ion transport through
anion-exchange membranes is of considerable interest for the successful implementation of
phosphate recovery by electrodialysis. In this context, linear sweep voltammetry, chronopo-
tentiometry, and electrochemical impedance spectroscopy (EIS) are valuable and comple-
mentary techniques to study these phenomena [16]. Linear sweep voltammetry is helpful
in obtaining the system’s polarization curve and determining the system’s limiting current
density. Through chronopotentiometry and electrochemical impedance spectroscopy, it is
possible to evaluate the current-voltage and the impedance response of a system, respec-
tively. Thus, it is attainable to define the primary transport mechanism and the presence of
chemical reactions [16].

Important information has already been reported in the literature [17–20] in stud-
ies conducted with homogeneous anion-exchange membranes in contact with a 0.02 M
monosodium phosphate solution (pH ≈ 5) [15]. The authors described the reported polar-
ization curve with two limiting states, which may be a characteristic behavior in ampholyte
solutions. According to them, the first limiting state may be linked to the concentration
decrease of the leading current carriers (H2PO4

−) at the membrane/diluted solution inter-
face, similar to the response observed with strong electrolytes [17]. Further increments in
current above the limiting value are possible due to the presence of H+ ions in the depleted
solution, generated through deprotonation reactions of single charged species into HPO4

2−

ions (Equation (2)). In turn, when the main ionic species inside the membrane is HPO4
2−

and a successive deprotonation reaction (to PO4
3−) is not achievable due to the low values

of internal pH and potential drop recorded (Equation (3)), a second limiting state takes
place [19]. From the analysis of EIS spectra at overlimiting current density conditions, the
authors identified a high-frequency arc, a low-frequency Warburg arc, and a Gerischer
arc, which may be formed by the combination of two sub-arcs according to the occurring
chemical reactions [15].

Scaling up a phosphate recovery process employing homogenous membranes can
be onerous, with heterogeneous membranes being widely employed commercially [21].
Furthermore, it must be considered that wastewater streams may present a variable com-
position in pH and phosphates concentration, which can result in transport singularities
in each condition. Considering the lack of information in this regard, the objective of this
study is to evaluate the influence of pH and concentration in the transport of phosphate
ions across a heterogeneous membrane at under- and overlimiting current density condi-
tions. To this end, the system’s current voltage and impedance responses were analyzed
for three different pH values (between pKa1 and pKa3) and concentrations. Dependences
on the initial pH and concentration value were detected in the polarization curves. The
number of limiting current densities depended on the main phosphate species available,
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with the double-charged species acting as a strong electrolyte. In the EIS spectra, Gerischer
arcs stated the occurrence of chemical reactions in the membrane/solution system. The
appearance of two sub-arcs of Gerischer impedance divided by a loop was explained for
the first time for a phosphate-containing solution. Moreover, differences in the pattern of
the Warburg impedances at low frequencies were linked to chronopotentiometry results.
Based on this, it was possible to determine the dominant mass transport mechanism at
overlimiting current density conditions responsible for the disruption of the boundary layer
thickness. It is expected that these results can help to elucidate the transport peculiarities
that may occur. Therefore, it may contribute to electrodialysis systems’ application to
recover phosphates from municipal wastewater.

2. Materials and Methods
2.1. Membranes, Reagents, and Solutions

A commercial anion-exchange membrane (IONSEP-HC-A, supplied by Hidrodex®,
Cotia, São Paulo, Brazil) was used throughout this study. The heterogeneous structure of
the membrane is composed of quaternary amine groups (-NR3

+) attached to a polyethylene
polymeric matrix, which is reinforced at both sides with nylon meshes to improve the
mechanical strength of the membrane [22]. An auxiliary cation-exchange membrane
(IONSEP-HC-C, also supplied by Hidrodex®, Cotia, São Paulo) was used to prevent
interferences from the cathode reactions in measuring the voltage drop across the anion-
exchange membrane. This membrane has a similar mechanical structure to the IONSEP-HC-
A membrane, with sulfonic acid groups fixed in its polymer backbone. Both membranes
present an ion exchange capacity ≥ 2.0 mol kg−1, an ionic permselectivity ≥ 92%, a
thickness of approximately 0.42 mm, and a water content lower than 40%. Before their
usage, both ion-exchange membranes were equilibrated in the feeding solution for at
least 24 h.

The working solutions were prepared based on the composition of a phosphate-
concentrated solution resulting from the treatment of a municipal wastewater by electro-
dialysis [23], with a final phosphate concentration of 0.001 M. The solutions were prepared
in deionized and distilled water by dissolving analytical-grade phosphate-containing salts
(NaH2PO4·H2O, Na2HPO4, and Na3PO4). The measurements were conducted at pH val-
ues of approximately 5, 7.2, and 10, represented by the vertical lines in the speciation
diagram shown in Figure 1. Using different pH values made it possible to investigate the
influence of pH variation of the bulk solution and the impact of each phosphate species
on ionic transport. At pH ≈ 5, around 99.2% of the phosphate ions are available in the
single-charged species (H2PO4

−), while at pH ≈ 10, approximately 99.4% of phosphate
species are double-charged (HPO4

2−). At pH ≈ pKa2 ≈ 7.2, both H2PO4
− and HPO4

2− are
equally proportioned in the solution. Additionally, experiments with 0.01 M and 0.1 M
phosphate concentrations were conducted at the neutral pH value (pH 7.2). Information
regarding the conductivity of the solutions employed is disclosed in Table 1.

2.2. Electrochemical Measurements

The experimental procedure applied was similar to the one employed by Martí-
Calatayud et al. [16]. All the measurements were carried out using a cylindrical cell with
three compartments. Each compartment was filled with around 130 mL of the feeding
solution and separated by the anion- and cation-exchange membranes, with 3.14 cm2 and
12.57 cm2 of effective area, respectively. The reduced effective area of the anion-exchange
membrane leads to reduced ionic flux values, ensuring that the working solution does not
present significant variations in its composition. On the other side, a higher effective area in
the cation-exchange membrane may suppress the influence that possible chemical reactions
in this membrane exert on the system, in addition to isolating the cathode reactions.
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Figure 1. Speciation diagram of phosphate species in solution as a function of pH. The dotted lines
represent the studied pH values (5, 7.2 and 10).

Table 1. Initial conductivity values of the working solutions (in mS cm−1).

Solution 0.001 M 0.01 M 0.1 M

pH 5 0.11 ± 0.01 - -
pH 7.2 0.17 ± 0.01 1.41 ± 0.02 8.86 ± 0.02
pH 10 0.37 ± 0.02 - -

The potential value of the anion-exchange membrane was monitored. It was done by
two Ag/AgCl reference electrodes immersed in Luggin capillaries and placed at each side
of the studied membrane. Two graphite electrodes arranged at the edges of the cell were
used as anode and cathode. The measurements were conducted at room temperature with
a Metrohm Autolab PGSTAT302N potentiostat/galvanostat using the Nova 1.11.2 software
(Metrohm Autolab, Utrecht, The Netherlands).

Linear sweep voltammetry measurements were carried out at a scan rate of 2 mV s−1,
starting from 0 V and reaching at least 2 V. The relationship between the current density
value (i) and the membrane potential (Um) was obtained, and the distinct regions of a
polarization curve were identified [24]. EIS experiments were then conducted at potential
values representative of each region of the polarization curve. First, the average pre-
established bias potential value was applied for the time needed to reach a steady state
(usually less than 600 s). Then, a sinusoidal potential perturbation with an amplitude of
20 mV was summed to the average signal. The impedance was measured at approximately
50 values of frequencies distributed in a range between 10 kHz to 2.5 mHz. At least
two integration cycles were performed for each frequency value, with a total experimental
time of about 2.5 h. The results were graphically represented in Nyquist and Bode plots.

Additionally, chronopotentiometry curves were recorded at overlimiting current den-
sity conditions. While monitoring the potential value of the membrane, the current density
value was imposed for 300 s, with a subsequent relaxation period of 100 s before applying
another value of current density. Each chronopotentiometry curve was displayed relating
Um (V) versus the experimental time (s).

All experiments were conducted at least in duplicate. The results reported in the
subsequent section represent the studied systems with accuracy and are reliable with the
repetitions performed.
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3. Results
3.1. Polarization Curves Results

The polarization curves are essential in the analysis of the current–voltage response
of an electrolyte-membrane system. Their different regions delimitate significant mass
transfer and electrochemistry-related events. A conventional polarization curve obtained
with a strong electrolyte can be divided into three well-defined regions [24,25]: (i) at low
currents exists a linear relationship between i and Um, showcasing a quasi-ohmic behavior;
(ii) then a limiting state is reached, where a notorious increase in the Um values (with the
formation of a plateau) attest the escalation of concentration polarization; and (iii) at higher
bias, a new increment in the supply of current carriers towards the membrane/solution
interface is facilitated by overlimiting mass transfer mechanisms, such as the dissociation
of water and electroconvection. For ampholytes, such as phosphate and organic acids,
two limiting states in the polarization curve may be reported [12,16,26], and consequently,
two limiting current density values can be measured.

The polarization curves for the studied membrane in contact with the different solu-
tions evaluated in this work are shown in Figures 2 and 3. In Figure 2, corresponding to a
phosphate concentration of 0.001 M, it can be noted that two limiting states were recorded
for pH 5 and 7.2, with an ilim,1 value of approximately 0.09 mA cm−2 and 0.18 mA cm−2,
respectively. In contrast, the ilim,2 value rounded 0.22 mA cm−2 for both pH conditions.
For pH 10, a different type of polarization curve was registered, similar to that obtained for
strong electrolytes, with a single limiting current density of approximately 0.23 mA cm−2.
In addition to pH, increasing the phosphate concentration also changed the limiting states
reported in the polarization curves, as shown in Figure 3. For the solution with 0.01 M of
phosphates (pH 7.2), two limiting current density values were also recorded (ilim,1 of about
0.94 mA cm−2 and ilim,2 of 1.85 mA cm−2). For the solution with 0.1 M of HxPO4

3−x ions,
only one value of ilim (around 16.84 mA cm−2) was obtained.
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Figure 2. Polarization curves for the IONSEP-HC-A membrane in contact with a solution with
0.001 M of HxPO4

3−x at pH 5 (red line), 7.2 (black line), and 10 (blue line). Dotted lines represent the
delimitation of polarization curve regions.
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Figure 3. Polarization curves for the IONSEP-HC-A membrane in contact with a solution with
0.010 M and 0.100 M of HxPO4

3−x at pH 7.2. Dotted lines represent the delimitation of polarization
curve regions.

The different behavior observed for each system may be associated with ion com-
position variations in the membrane and near the membrane/solution interface as the
membrane voltage increases along the polarization curves [15]. The first limiting state
(corresponding to the ilim,1 value) is similar to the one reported with strong electrolytes. It
is generally linked to the concentration decrease of the leading current carriers at the mem-
brane/diluted solution interface [17]. For pH 5 and 10, it can be referred to the depletion
of H2PO4

− and HPO4
2− ions, respectively, considering their major predominance in the

solution. For pH 7.2, even though the single and double-charged phosphate species are
available in similar proportions, it can be suggested that the H2PO4

− ions are preferably
transported across the anion-exchange membrane. These ions present a higher diffusion
coefficient (0.959 × 10−5 cm2 s−1) than the HPO4

2− ions (0.759 × 10−5 cm2 s−1) [27],
approximating the format of the polarization curve with the one obtained for pH 5.

After the ilim,1, a limiting state is reported by the scarcity of charge carriers near the
diluted diffusion boundary layer, represented by a plateau in the Um values. A relatively
short plateau was recorded for pH 5 and 7.2 (at both 0.001 and 0.010 M), with a new
increment in the current density values until reaching a second limiting state (ilim,2). The
increase in current density between ilim,1 and ilim,2 is associated with deprotonation reac-
tions of phosphate species (Equations (1)–(3)) [15]. These reactions can be caused by the
alkalization of the internal membrane solution due to the Donnan exclusion of co-ions
(H+) from the membrane matrix at high levels of polarization [12]. In this region of cur-
rents, the phosphate ions are partially deprotonated when passing through the diffusion
boundary layer and membrane section, releasing H+ ions toward the anode. Protons act as
additional current carriers in the depleted solution near the membrane. This may lead to a
supplementary attraction of phosphate ions to that region in a phenomenon known as the
exaltation effect [28,29].

The pattern of the polarization curve between the two plateaus depended on the phos-
phate species availability. For pH 5, with the single charged species (H2PO4

−) representing
almost the totality of initial current carriers, a more prolonged second quasi-ohmic region
was reported, with a higher slope than the same region of the polarization curve for pH 7.2.
This behavior can be related to the quantity of H2PO4

− ions available in the membrane
and solution interfaces. When the membrane contains more H2PO4

− ions (conditions at
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pH 5), more H+ ions can be released to the depleted solution compared to the system at
pH 7.2. In addition, it can be noted that the slope of the second quasi-ohmic region for pH 5
is similar to that reported for pH 7.2 between zero and the ilim,1 value. The change of slope
observed for pH 5 below ilim,1 and between ilim,1 and ilim,2 coincides with the evolution of
the primary charge carrier from H2PO4

− to the doubly charged species, HPO4
2−. The latter

presents significantly higher ion conductivity [30]—the molar conductivity of H2PO4
− ion

is 36 S cm2 mol−1, while that of HPO4
2− is 114 S cm2 mol−1 [27]. The H+ ions generated by

deprotonation reactions and made available to the diffusion boundary layer also reduce
the system resistance, reflected in higher slopes.

The second limiting state noted at pH 5 and 7.2 occurs when all H2PO4
− ions in the

membrane have been converted, and the membrane fixed charges become saturated in
HPO4

2− ions. At this stage, this species is the main one inside the membrane. According
to Rybalkina et al. [19] and Pismenskaya et al. [15], a subsequent transformation reaction
to PO4

3− (Equation (3)) presents a relatively low kinetic rate. It is not achievable until a
specific high value of potential and internal pH are met. Consequently, the likelihood of the
membrane system releasing more H+ ions has reached a limit. Due to this, a prolongation
of the second plateau after the ilim,2 was noted, and new considerable increments of current
density were only obtained after reaching a potential value higher than 0.80 V for 0.001 M
and 1.75 V to 0.010 M. At this range of high voltage values, overlimiting mass transfer
mechanisms are responsible for the new current density increase above ilim,2 [15]. It will be
confirmed in the following sections.

In line with the above-explained phenomenon, the low rate of deprotonation of
HPO4

2− may approximate this phosphate species to a strong electrolyte. This fact would
also agree with the occurrence of only one limiting state in the polarization curve obtained
for pH 10, since HPO4

2− ions are the leading current carriers. A new increase in the
current density was only accepted at values of potential ≥ 0.80 V, similar to the other pH
conditions. For the case of the solution at neutral pH and 0.100 M HxPO4

3−x, the high
ionic concentration at the membrane/solution interface may weaken the Donnan exclusion
effect [31]. Consequently, it decreases the rate of the deprotonation reaction of the H2PO4

−

fraction in the system.

3.2. Electrochemical Impedance Spectroscopy Response

The interpretation of EIS spectra is crucial to elucidate the involved alterations at
the membrane/solution region. Additionally, it may be helpful to confirm the hypothesis
raised to explain the different regions obtained in the polarization curves. An ion-exchange
membrane system commonly presents at least two arcs in a Nyquist plot type [32–34]. The
first arc occurs at high-frequency values (105–103 Hz), and is associated with the geometric
capacitance and ohmic resistances of the membrane and its adjoining regions, the bulk
solution, and the Luggin capillaries [35]. The diameter of this semi-circle corresponds to the
ohmic resistance of the evaluated membrane system. The second one is a Warburg-type arc
with a finite length associated with the transport of ions by diffusional mechanisms [36,37].
It is characterized by an initial 45◦ slope in the Nyquist plots, which usually tend towards
a semi-circle in the lower frequency region. The length of the diffusion boundary layer
(LDBL) can be estimated from the characteristic frequency of the Warburg arc ( fW) using
Equation (4), given the fact that the diffusion coefficient of the salt (D) is known [38,39].

LDBL =

√
2.53× D

2× π × fW
(4)

A third arc of Gerischer impedance can also be seen at intermediate frequency values
(103–101 Hz). It usually occurs when chemical reactions add additional ions to the mem-
brane/solution interface [40]. As already mentioned in the Introduction section, in specific
systems, this arc can be divided into two sub-arcs: the one reported at higher frequencies as-
sociated with the dissociation of water, and the other at lower frequencies, linked to slower
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homogeneous reactions taking place in the electrolyte [15]. Some researchers also used the
Gerischer characteristic frequency (fG) to calculate the effective rate of these reactions [41].

As mentioned in Section 3.1, the polarization curves presented distinct regions de-
pending on the deprotonation reactions of phosphate species taking place in each system.
Water dissociation reactions were also detected, especially at current density conditions
above the ilim,2 value. Considering these phenomena are intrinsically related to the electric
field imposed on the system, impedance spectra were obtained for all solution conditions
for at least one representative potential value of each polarization curve region. The scale
of the real part (Z′) and the imaginary part (−Z”) of the impedance axis was adjusted to
allow better visualization of each Nyquist plot.

The impedance spectra obtained in the i ≤ ilim,1 region for the 0.001 M HxPO4
3−x solu-

tion at pH 5, 7.2, and 10 are shown in Figure 4. For pH 5 and 7.2, respectively, in Figure 4a,b,
the geometric arc was not registered at high frequencies (>1 kHz) in the Nyquist plots. In
addition, for these pH conditions, the x-axis intersection occurred at quite large values of Z′

for the range of applied electric fields. This fact reveals that the initial ohmic resistance of
the experimental system (Luggin capillaries, membrane/solution interface, and the bulk
solution itself) is very high [35,37], which is linked to the diluted character of the solution
and to a low availability of ions in the diffusion boundary layer. With the increase of the
pH value to 10, the conductivity of the solution increased. This behavior is associated with
the larger HPO4

2− availability in the solution and the significative presence of OH− ions
(approximately 0.1 mM), which reduces ohmic resistance contributions. Under these pH
conditions, the high-frequency geometric arc was visible in the spectrum (Figure 4c).

At underlimiting conditions (i < ilim,1 region), the Warburg-type impedance in the
low-frequency domain showed a distribution corresponding to a semi-infinite diffusion for
all pH conditions [42]. For porous electrodes, this is related to the inability of charge carriers
to completely penetrate the material layer, making it difficult to obtain a fully developed
system response over the entire probed surface at low-frequency signals [43]. However,
for ion-exchange membranes, it was reported in numerical simulations conducted by Fem-
mer et al. [38] that the Warburg-type impedance presented a closing semi-circle behavior
for all thickness variations of a membrane surface modification. A Warburg arc with finite
length was also obtained by Pismenskaya et al. [15] and Martí-Calatayud et al. [16], who
evaluated the transport of weak electrolytes at concentrations higher than 0.02 M across
homogeneous and heterogenous anion-exchange membranes, respectively. In the context
of the obtained experimental results with a more diluted solution, it can be suggested that
the concentration gradients are still under development across the diffusion boundary
layers, with their length not yet completely defined.

When an electric field equivalent to the ilim,1 was imposed, the ohmic resistance of the
membrane system increased. This increase was an expected response for all pH conditions
and is associated with concentration polarization occurring near the membrane surface
at ilim,1. In other words, a decrease of the ion concentration to values close to 0 next to
the depleting membrane surface. For pH 10, the overall distribution of the data was quite
similar to the obtained at underlimiting conditions. The more pronounced Warburg-type
impedances are linked to an intensification of the concentration gradients [37]. At pH 5
(Figure 4a), Gerischer semi-circles begin to be noted at intermediate frequencies, precisely
1.23 Hz, for an applied potential value of 0.15 V, indicating the presence of chemical
reactions near the membrane surface [40].
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Figure 4. Electrochemical impedance spectroscopy spectra for the 0.001 M HxPO4
3−x solution at (a) pH 5,

(b) pH 7, and (c) pH 10. The impedances were obtained at bias potentials comprehending i < ilim,1 (red)
and i = ilim,1 (green) region of the polarization curve. Solid points refer to characteristic frequencies.

For the pH 7.2 solution, two different sub-arcs can be seen at mid-frequencies for the
potential value of 0.30 V, as presented in Figure 4b. The first sub-arc has a characteristic
frequency value of approximately 612 Hz, and is frequently associated with water dissocia-
tion reactions with the participation of the membrane fixed charges and water molecules in
the membrane/solution interface [41]. Moreover, the same Gerischer element is presented
for solutions containing strong electrolytes or ampholytes with low deprotonation rates. It
is important to note that the obtained value of characteristic frequency (around 612 Hz) is
close to that reported by Pismenskaya et al. [15] for a 0.02 M KHT solution at overlimiting
conditions. However, it is significantly lower than the obtained by the authors for the
0.02 M KH2PO4 solution (between 1200–2200 Hz). The distinct nature of the ion-exchange
membranes can explain this difference. In the case of the heterogeneous membrane used
in the current study, the presence of non-conductive areas may deviate the current lines,
facilitating the formation of vortices which may decrease the rate of water dissociation
reactions [44].

In turn, the Gerischer sub-arc reported at lower frequencies in Figure 4b, around 0.5 Hz,
is generally linked to protolysis reactions of phosphate species in the membrane [16]. These
reactions may present a lower rate than water splitting and are thus reported at lower
frequencies. Moreover, the dissociation reactions of phosphate species occur together with
a diffusive process, where phosphates pass through the membrane, losing a proton due to
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the Donnan exclusion principle, bringing this process closer to the Warburg’s domain at
low frequencies.

Additionally, a loop between the two sub-arcs at intermediate frequencies was ob-
served for pH 7.2 (still in Figure 4b). Similar behavior was reported by Rybalkina et al. [45]
at a current density value 60% higher than the limiting one for an ammonium-containing
solution. However, no detailed information was given. The presence of elements at inter-
mediate frequencies of Nyquist plots has been reported in corrosion [46], solar cells [47,48],
and Lithium-ion batteries [49] studies, and they are frequently associated with instabilities
on the material surface. Therefore, the loop observed in Figure 4b can be related to the for-
mation of additional charge carriers in the diffusion boundary layer by chemical reactions,
probably involving a partial transformation of the functional groups of the anion-exchange
membrane (-NR3

+) [50].
The EIS spectra for potential values above the ilim,1 value are presented in Figure 5.

Since two limiting states were observed for pH 5 and pH 7.2 solutions, bias potentials
comprehending the region between ilim,1 and ilim,2 were applied. For pH 5 (Figure 5a), a
Gerischer semi-circle with a characteristic frequency of around 10.9 Hz is noted at 0.40 V.
This value is almost one order of magnitude higher than the one previously reported for
0.15 V (ilim,1). This pattern indicates an acceleration of the chemical reactions (mainly the
deprotonation of phosphate species) taking place in the diffusion boundary layer with the
increase of the bias potential [41]. The H+ ions generated by these reactions, acting as new
current carriers, may distort the thickness of the diffusion boundary layer, as indicated
by the dispersed distribution of the Warburg-type impedances. For pH 7.2, two Gerischer
sub-arcs were again observed at approximately 612 Hz and 37.6 Hz as characteristic
frequencies, without a loop in-between. Diffusive contributions are still significant even
with the generation of new charge carriers. The distortion of the concentration profiles in
the diffusion boundary layer can be seen by the propagation of the semi-infinite Warburg-
type impedances.

When the imposed electric field was increased to potentials corresponding to the
second plateau region, in general, large impedances were noted. At potential values
comprehending the ilim,2 value, for both pH 5 (0.55 V, Figure 5a) and pH 7.2 (0.50 V,
Figure 5b), the Gerischer semi-circles merge into an arc with a characteristic frequency of
about 37.5 Hz. For the pH 10 solution, with an imposed electric field right above the ilim,1
(0.40 V, Figure 5c), the development of Gerischer impedances, not observed for this pH at
lower potentials, can be seen here. The generation of H+ and OH− ions, for pH 10, may
be associated with the catalytic activity towards water splitting of tertiary amine groups
present in the membrane [44]. The shape of the Warburg-type impedances was similar to
the one observed at lower potential values, but with a larger size due to the intensified
polarization.

At potential values above the ilim,2 (1.5 V in Figure 5b,c), the magnitude of the Gerischer
arc was considerably expanded. In fact, the Gerischer arc encompasses other semi-circles
and turns out to be the primary system resistance. According to Martí-Calatayud et al. [16],
the diffusive limitations can be overcome by the new current carriers generated in homo-
geneous chemical reactions [16]. This phenomenon may help to understand the reduced
percent extraction of phosphate ions at intense electric fields seen in a previous study [12].
An exception is made for the result obtained at 1.50 V for pH 5, where it can be noted a down-
sizing of the major semi-circle in comparison with 0.55 V. This can be associated with an
increase in the conductivity value of the membrane, also reported by Sarapulova et al. [30]
for homogeneous membranes in contact with ampholyte compounds at concentration
values lower than 0.05 M. A similar effect is the increase in the slope noted after ilim,1 in the
polarization curve. As already mentioned, at i > ilim,2 the internal solution of the membrane
may be filled with doubly charged species (HPO4

2−), which have a higher conductivity.
Furthermore, the overall resistance of the system including membrane, solution and dif-
fusion boundary layer can be affected by the overlimiting transport mechanism observed
from certain threshold values of potential [20].
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Figure 5. Electrochemical impedance spectroscopy spectra for the 0.001 M HxPO4
3−x solution at

(a) pH 5, (b) pH 7 and (c) pH 10. The impedances were obtained at bias potentials corresponding
to the ilim,1 < i < ilim,2 (orange, when applicable), i = ilim,2 (blue) and i > ilim,2 (pink) region of the
polarization curve. Solid points refer to characteristic frequencies.

The impedance spectra were also affected by the variation in phosphate concentration,
as can be seen in Figures 6 and 7. At potential values corresponding to the i < ilim,1, it can be
noted in Figure 6a,b that the increase in the phosphate concentration implies a decrease of
the initial ohmic resistance compared to the most diluted solution. Increasing the phosphate
concentration also affected the low-frequency arcs, with their pattern leaning towards a
finite-length Warburg arc [42]. Upon reaching the first plateau region, applying potential
values of 0.30 V and 0.95 V (Figure 6a,b, respectively), the diameter of this Warburg
semi-circle presented a significant increase, emphasizing the impacts of concentration
polarization effects on diffusive contributions to the overall system response [37].
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Figure 6. Electrochemical impedance spectroscopy spectra for the (a) 0.01 M and (b) 0.1 M HxPO4
3−x

solution at pH 7.2. The impedances were obtained at bias potentials comprehending the i < ilim,1 (red),
i = ilim,1 (green), and ilim,1 < i < ilim,2 (orange, when applicable) region of the polarization curve. Solid
points refer to characteristic frequencies.
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Figure 7. Electrochemical impedance spectroscopy spectra obtained at bias potentials corresponding
the i = ilim,2 (blue) and i > ilim,2 (pink) for the (a) 0.01 M and (b) 0.1 M HxPO4

3−x solution at pH 7.2.
For the 0.1 M solution, only ilim,1 was reported. Solid points refer to characteristic frequencies.
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In the range between ilim,1 and ilim,2, a remarkable Gerischer arc can be noted in
Figure 6a. The chemical reactions associated with such components in the EIS spectra can
generate significant additional current carriers, which can soften the diffusion boundary
layer resistance. With the step-up of the bias potential to i≥ ilim,2 regions, an increase in the
dimensions of the Gerischer arc can be observed for the 0.01 M HxPO4

3−x solution Figure 7a,
together with an increase of its characteristic frequency. However, unlike the observed for
the most diluted solution, diffusive contributions marked as finite-length Warburg arcs
were still present even at such intense electric fields. For the most concentrated solution
(Figure 7b), the distribution of the impedance values at overlimiting conditions (i > ilim,1)
was comparable to that obtained at lower bias potentials. In this case, the resistance of the
system increased with the potential applied, but the thickness of the diffusion boundary
layer at 2.25 V was maintained at the same order of magnitude reported for 0.95 V. This can
be inferred from the characteristic frequency of the Warburg-type impedances, giving the
relation presented in Equation (4) [39].

A precise observation of the differences in the distribution of the impedances at low
frequencies for the three concentration conditions at pH 7.2 can be seen in Figure 8. The
Bode plot of the phase angle (−θ) was obtained at bias potentials comprehending the last
plateau region of each solution condition (0.50 V for 0.001 M, 0.90 V for 0.01 M and 0.95 V for
0.1 M HxPO4

3−x). For the 0.001 M solution, where a semi-infinite Warburg-type impedance
was reported, a linear increase of the phase angle values can be observed, with −θ showing
a continuous raise at low frequencies [42]. When the phosphate concentration is increased,
a maximum in the phase angle values is noted at approximately 12◦ for 0.010 M and 9◦

for 0.1 M, with the −θ tending again to 0 at the lowest frequencies. These features suggest
that an increase in the phosphate concentration may attenuate the effects of additional
charge carriers provided by overlimiting mass transport mechanisms, such as phosphate
species deprotonation, water splitting, and electroconvection. So, a consolidation of the
concentration gradients and, consequently, a better definition of the diffusion boundary
layer thickness can be confirmed at increasing electrolyte concentrations.
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Figure 8. Bode plot of the phase angle versus the frequency for the three HxPO4
3−x concentration

conditions at pH 7.2. The bias potential applied comprehends the last plateau region of each
experimental condition.

3.3. Chronopotentiometric Curves

The phenomena responsible for registering overlimiting currents in each system can be
further investigated using chronopotentiometry. Based on the analysis of the Um response
from the inflection point of a chronopotentiometry curve at intense electric fields, the domi-
nant overlimiting mass transport mechanism can be estimated. Commonly, a peak in the
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Um values followed by a smooth decrease until reaching a steady state is associated with
the presence of water splitting reactions [51] and gravitational convection [25]. When oscil-
lations are observed in the curve, it can be assumed that the chaotic supply of additional
current carriers to the diffusion boundary layer, as a consequence of electrically induced
vortices near the membrane surface, is caused by the activation of electroconvection [52].
Nikonenko et al. [25] and Barros et al. [53] state that the non-conductive regions of a hetero-
geneous membrane (such as the IONSEP-HC-A) deviate the current lines, in a phenomenon
known as the funnel effect, facilitating the formation of electrically induced vortices near
the membrane surface. For homogeneous membranes, this effect is not observed.

In this regard, Figure 9 presents a section of the chronopotentiograms obtained for
0.001 M and 0.010 M HxPO4

3−x solutions at current density values higher than the ilim,2. For
the most diluted solution, intense undulations in the Um values can be seen in the curves for
all pH conditions, especially at pH 5, indicating the occurrence of electroconvection [54,55].
This result is in accordance with the literature, where it is reported that electroconvection
is generally the dominant overlimiting mass transport mechanism in diluted solutions,
usually lower than 0.02 M [25,53]. However, the chronopotentiometry curve for the 0.010 M
HxPO4

3−x solution presented a smooth evolution, indicating the attenuation of the instabil-
ities induced by the electrical vortices near the membrane surface. This occurrence confirms
the development of the diffusion boundary layer with a well-defined thickness.
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Figure 9. Overlimiting current density condition section of chronopotentiometric curves for different
experimental conditions.

This agrees with the Bode plots of Figure 8. When the Um and impedance values
are compared, it can be noted that the pattern of the chronopotentiometry curves and EIS
spectra changed with the same variation of experimental conditions. Even though Gerischer
semi-circles at intermediate frequencies of the EIS spectra indicate the occurrence of H+ ions
generating reactions, it can be assumed that electroconvection is a determinant to disrupt
the concentration profiles in the diffusion boundary layer. In this view, the additional
charge carriers provided by the electrically induced vortices facilitate the distortion of the
polarized region near the membrane surface. This phenomenon is observed in the form of
an infinite-length diffusion boundary represented by the continuous phase angles increase
at EIS spectra [56].

4. Conclusions

With the variable composition of municipal wastewater, it is necessary to study the
effect of parameters like pH and concentration. The obtained results significantly contribute
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to further developing systems to recover phosphates using electrodialysis. It was observed
that the transport of phosphate ions across a heterogeneous anion-exchange membrane
reported singularities according to the solution pH and concentration. For a 0.001 M phos-
phate solution, a second quasi-ohmic region after the first limiting current density was
registered in the polarization curves at pH 5 and 7.2. In contrast, at pH 10, only one limiting
current density was observed. This behavior can be related to the protolysis of specific
phosphate species in the membrane and its interfaces, enhanced by the Donnan exclusion
effect. The detection of Gerischer impedance arcs in the EIS spectra for imposed electric
fields comprehending the first plateau region confirms that statement. Two Gerischer
semi-circles, with a loop between them, were noted in the first limiting state for pH 7.2
solution. This suggests that water splitting reactions may act as an additional source
of H+ and OH− ions in the diffusion boundary layer with the involvement of a partial
transformation of membrane functional groups. For most pH conditions, the diameter of
the Gerischer arcs increased with the electric field applied, becoming the major resistance
in the EIS spectra. An increase in the phosphate concentration resulted in changes in the
pattern of the polarization curves and Nyquist plots. For the most concentrated solution
(0.1 M phosphate), a single quasi-ohmic region was reported in the polarization curves,
with the absence of semi-circles at intermediate frequencies of the EIS spectra. At higher
phosphate concentrations, finite-length Warburg semi-circles suggested the complete devel-
opment of the diffusion boundary layers, confirmed by the distribution of the phase angle
values at Bode plots. The distinct pattern of the low-frequency impedances showed by the
solution conditions can be linked to the attenuation of chemical reactions in the diffusion
boundary layer with increasing phosphate concentration. Another possibility is the disrup-
tion of the diffusion boundary layer thickness by the additional charge carriers provided
by electrically induced vortices, as evidenced by chronopotentiometry curves. Further
studies regarding the phosphate transport behavior across ion-exchange membranes may
be conducted with the presence of co-ions and counter-ions (such as sulfate and sodium),
complementing the information obtained in this research.
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