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Abstract.

Phosphate is the main cause of eutrophication in many water bodies. Its presence in
waters is associated to the fact that is not completely removed in conventional
wastewater treatment plants. On the other side, phosphate rocks are a non-renewable
resource and considered as a critical raw material. A membrane separation process, able
to recover phosphate from wastewater, is a promising process to avoid pollution and to
reuse phosphate. This paper investigates the transport of salts of phosphoric acid
through an anion-exchange membrane (AEM) by means of chronopotentiograms and
polarization curves (CVCs).

The presence of multiple transition times in the chronopotentiograms and the
corresponding limiting current densities in the CVCs indicate a change in the species
being transported in the membrane/diffusion boundary layer system, due to the
hydrolysis reactions that take place when the concentration polarization is reached.
Under the experimental conditions tested, coupled convection (gravitational and
elctroconvection) occurs when a certain threshold in the membrane voltage drop is
surpassed independently of the electrolyte concentration. However, at high pH values,
only one transition time in the chronopotentiograms, due to the transfer of OH" ions
with greater concentration and mobility. This fact is reflected in the CVCs by the large
plateaus obtained, which hinders the occurrence of coupled convection phenomena,
and consequently, water splitting can be considered as the main mechanism responsible
for the overlimiting regime.

Keywords: Anion exchange membranes; Phosphoric acid salts; Chronopotentiometry;
Current—voltage characteristics; Hydrolysis



1. Introduction.

Phosphorus is a key ingredient in fertilizers composition to keep high efficiency of crops
and in the industry related with food production. During the last decades, its use has
increased continuously, and it is expected that this trend will continue in the future.
Since phosphorus production is based on phosphate rock, its consumption will lead to
depletion of a non-renewable resource and will inevitably become increasingly
expensive [1-3]. Reducing its use is beneficial not only from the view point of preserving
the phosphorus reserves, but also for the removal of phosphates from wastewaters and
livestock waste. In this sense, its recovery from wastewater would minimize
eutrophication with the consequent improvement that this entails in the wastewater
treatment plants [4,5].

Different technologies have been proposed to remove and recover phosphate from
wastewater, such as chemical precipitation, adsorption, membrane filtration or
biological processes [6—13]. Among all of these techniques, struvite crystallization has
managed to attract a lot of attention because it allows phosphate and ammonia
simultaneous recovery [14-16]. However, this method is less effective in reducing
salinity and also, the waste generated in the precipitation technique has to be managed.
On the other hand, the high salinity present in wastewater, that affects the regeneration
costs of the resins, limits the application of the adsorption technique.

In order to solve these problems, novel processes able to remove P and reduce the
salinity of the wastewater must be developed with the aim of reaching the zero-liquid
discharge of the effluents [17]. Recently, electrochemical techniques such as capacitive
deionization [18-20] and electrodialysis [11,17,21] have been proposed for phosphate
removal and recovery. Electrodialysis would be an alternative technique to directly
recover and concentrate phosphorous in the form of orthophosphate (HxPO4*3) and can
also reduce biological activity [22]. However, as phosphate salts are weak electrolytes,
depending on the pH, orthophosphate ions may exist in the form of dihydrophosphate,
hydrophosphate- and phosphate- ions.

Understanding the transport mechanisms of solutions containing weak electrolytes
through ion-exchange membranes is of great interest [23], as weak electrolytes can give
rise to certain problems related to their small degree of dissociation, their competition
with strong electrolyte ions or the occurrence of hydrolysis reactions coupled with the
transport. On the other hand, under currents exceeding the limiting current density,
water splitting can take place at the membrane/solution interface. This fact affects the
hydrolysis degree of the species and complicates the interpretation of the obtained
results [24]. Therefore, the knowledge of the transport of phosphate-containing



solutions through ion-exchange membranes is of great importance for the recovery of
phosphate by electrodialysis and it has been the object of several studies [25-29].

Chronopotentiometry is an electrochemical technique useful to identify different
phenomena taking place in interfacial processes [30—32], and has been applied to
evaluate the transport properties of different ions through ion-exchange membranes
(IEMs) [33-35]. This technique provides interesting data regarding with membrane
heterogeneity, electric conductivity, permselectivity and transport numbers. Moreover,
it represents an indirect measurement of the changes in the solution composition taking
place at the membrane/solution interface and helps to the understanding of the
phenomena occurring as a consequence of the concentration polarization phenomena
(water splitting, gravitational convection and electroconvection), fouling and scaling.

Current-voltage curves (CVCs) are obtained from the constant values of the membrane
potential drop when the stationary state is reached in the chronopotentiograms, and
are frequently employed to study the transport of the different species through the ion-
exchange membranes. The typical shape of these curves shows three different regions:
a quasi-linear region known as ohmic region, a horizontal area corresponding to the
limiting current conditions, and an overlimiting region, associated with water splitting,
electroconvection and gravitational convection [36]. From the CVCs, parameters as the
resistance of the ohmic region and the plateau length could also be obtained.

This paper deals with the investigation of the transport of phosphate ions through an
anion-exchange membrane using chronopotentiometry and current-voltage curves. The
application of these techniques to the study of phosphate ion transport will make
possible to select the adequate conditions for the recovery of phosphate through
electrodialysis. The novelty of this paper lies in the lack of bibliographic information
about the transport of weak electrolyte anions through anionic exchange membranes.
In this sense, the elaboration of speciation diagrams of the species as a function of pH is
necessary for a better understanding of the transport phenomena across the
membrane.



2. Experimental.

2.1. Membranes.

The membranes employed in this work were provided by Hidrodex®. The cation-
exchange membrane (CEM) had sulfonic acid groups as fixed ion-exchange sites, while
the anion-exchange membrane (AEM) had quaternary amine groups as fixed ion
exchange sites. Both membranes are heterogeneous with a reinforced structure to
increase the mechanical resistance. Their main characteristics are shown in Table 1. The
study of the transport of HxPOz*3 ions through the AEM is the objective of this work, and
the CEM served to avoid the presence of the OH ions generated at the cathode in the
proximities of the AEM. Before each experimental test, the membranes were immersed
under stirring in the solution of the same concentration as that required in the
experiments during 24 h.

Table 1. Characteristics of cationic (CEM) and anionic (AEM) membranes

Parameter Unit (CEM) (AEM)

Water Containment % 35-50 30-45
lonic Exchange Capacity mol.kg™ (dry) >2.0 >1.8
Surface resistance of the Ohm.cm? <20 <20

membrane (0.1 mol NaCl)

Shear strength MPa 20.6 20.6
Degree of expansion % <2 <2
Water Permeability mL.h.cm™ <0.1 (below 0.2 <0.2 (below 0.035
MPa) MPa)

2.2. Reagents.

The study was performed with synthetic solutions containing different concentrations
of H3POa, NaHPOa4, NasPO4 and NaCl. The pH was adjusted with a NaOH 50% w/w
solution. Analytical grade reagents were purchased from Panreac.

2.3. Experimental setup

The experimental setup, which is well described in previous works [30,31], consisted on
three cylindrical compartments with the AEM and the CEM clamped between them.
Each compartment had a volume of 130 ml and the effective area of the membranes
was 3.14 cm?. Both membranes were circular-shaped and the intermediate distance
between them was 6 cm. Tests were performed in duplicate, at room temperature and
under static conditions without recirculation.



Different current pulses, with duration of 300 seconds, were imposed. Then, the current
pulse was switched off during a relaxation stage of 100 additional seconds before a new
incremented current pulse. The response of the membrane voltage drop was registered
and CVC curves were also obtained in potentiodynamic mode.



3. Results and discussion.

In aqueous solutions of orthophosphate salts, the following chemical reactions can be

considered:
_ [H,PO;][H] _
HPO = HPOHHT K =T, =10 2
[HPO;~1[H™]
H,PO; 2 HPO?~ + H* K,=————-=10"72 2
2P0, 2 i az [H,PO] (2)
PO3~[H*
HP04_<:>P02_+H+ Ka3=—[ 4 ][ ]=10—12.38 (3)

[HPO?]

The equation system formed by equations (1) to (3), the mass balance for phosphate
and the ionic product of water given by equations (4) and (5) respectively, and the
proton balance for each solution, served us to estimate the concentration of the
different species present in equilibrium (table SM-1 of the Supplementary Material) and
to elaborate the speciation diagrams.

Co = [H3PO,] + [H,PO; ] + [HPOZ™] + [PO;7] (4)
H,0 2@ H* 4+ OH~ K, = [H*][OH"] = 10~ (5)

The speciation diagrams of phosphate ions are presented in Figure SM-1
(supplementary material), where the predominance of each species as a function of pH
is shown. According to the calculated equilibrium pH, and considering the species that
predominate at those pH values, the solutions have been classified into 6 different
groups (see Fig. SM-1). At pH values between 4.79 and 5.10, solutions IV and XI, H,PO4
ions predominate. At pH 6.36, solution IX, the predominant species are H,PO4 and
HPO4?, with a higher concentration of H,PO4". In solutions llI, X, XV, XVI and XVII, with
pH values between 7.20 and 7.30, H,PO4 and HPOs> have approximately the same
concentration. In solutions |, Il, V, X and XIl, with pH values between 9.10 and 10.40,
HPO,? is the predominant species. At pH values between 12.26 and 12.44, solutions VI
and VII, the predominant species are HPO42 and PO,*, with the highest concentration
of HPO4%. Finally, at pH 13, solutions VIII and XIV, HPO4? and PO4* also predominate,
but the concentration of PO4> is greater.

3.1. Effect of Na;HPO4 concentration on the chronopotentiograms and the CVCs.



For this initial study, three different concentrations of Na,HPOs without the addition of
other compounds were employed (Solutions I, Il and X). As shown in Table 2, these
solutions had pH values of 9.85, 9.56 and 9.10 respectively, and the main components
in equilibrium conditions were HPO;> and Na*, as observed in Table SM-1
(supplementary material).

Table 2. pH, conductivity and CVCs characteristics of the working solutions as a
function of the Na,HPO4 concentration.

Soln ID | [Na;HPO4] oH K R1 flim Iplateau
(mol-L?) (Qbtem™) | (Q-ecm?) | (A-cm?) (V)

I 0.1| 9.85 2.15-102 59.9 | 2.39.102 1.50

I 0.01| 9.56 2.15-10°3 330 | 1.06-10°3 0.75

X 0.001 | 9.0 2.16:10* 6520 | 7.03-10° 0.50

The chronopotentiometric curves had the typical shape described in the literature as
shown in Figure SM-2 (supplementary material) for a 0.01 mol-L! solution of Na;HPO4
(solution I). The height of the initial vertical part of the curve is the ohmic potential drop
(Uonm), and its slope is related with the capacity of the electrical double layer at the
membrane/solution interface [37,38]. At these low values of applied current, the
polarized membrane acts as a resistance to the transport of current, and the values of
the membrane potential, Um, do not increase too much, as a strong reduction of the
counterion concentration at the membrane/solution interface is not already reached.
However, at higher applied current densities, a steeper depletion of counterions takes
place at the membrane surface on the dilute side, governed mainly by electro-diffusion
processes. In this case, a steep increase in Uy appears in the chronopotentiogram due
to the resistance of the diffusion boundary layer, and an inflection point that defines the
transition time (1) is reached. This time represents the value at which the interfacial
concentration becomes zero, and is calculated from the maximum of the derivative of
Um as observed in Figure SM-2 for 1.6 mA-cm™ [37]. The transition time (t) for a
homogeneous ion-exchange membrane, given by Sand’s equation, is used to obtain the
ion transport number through the membrane [33—-35]:

=R @

where D is the salt diffusion coefficient, Co is the concentration in the bulk and z the

charge of the counterion, Ti and t; are the transport numbers of the counterion in the
membrane and in the solution, respectively, i the current density and F is the Faraday’s
constant.



The limiting current density (iim) represents the value of current beyond which the
inflexion point is observed, and consequently, the mass transfer limitation appears. This
parameter can be calculated by means of the Peers' equation [39,40]:

. _ZFDCO
Uim = S(Tj—tj) (7)

For applied currents higher than iim other transport mechanisms may take place, such
as electroconvection, gravitational convection or water splitting. The transition time
decreases with the increase in the applied current due to the faster ion depletion in the
membrane/solution interface. After the sharp increase in Un when surpassing t, the
membrane voltage drop keeps approximately constant until the end of the current
pulse. During the relaxation stage Um tends to zero.

Chronopotentiometric curves for 0.1 M Na;HPO; (solution I) behave different as seen in
Figure 1. For applied currents higher than iim, the curves show a maximum in Un, after
the transition time. Some authors attribute this behavior to the decrease of the
concentration polarization phenomena [37,39,41], mainly caused by different
phenomena such as the transfer of co-ions across the membrane, which increases with
time during chronopotentiometry, together with the gravitational convection, which
can take place in concentrated electrolytes due to the formation of high concentration
gradients near the membrane/solution interface in the presence of an electric field,
producing a decrease of the thickness of the diffusion boundary layer.

Figure SM-3 (supplementary material) presents the comparison of the
chronopotentiograms obtained for the three concentrations of Na;HPO4 for the same
value of i/Co (127 A-cm-mol?). As can be seen, the ohmic potential drop of the
membrane/solution interface, Uonm, has the same value for the three solutions. Uonm
depends on the conductivities of the solution and the membrane, and therefore on the
solution ionic concentration. Since in the chronopotentiograms of Figure SM-3 the
applied current density is normalized with respect to the electrolyte concentration, Uohm
has the same value for the three solutions. However, after reaching the Uonm value, the
evolution of Um with time is different for the three solutions. For the most concentrated
solution, Um remains almost constant during the course of the current pulse, since in
these conditions, the development of concentration gradients is not achieved. For the
most diluted solution, the transition time is clearly observed. The solution composed of
0.01 mol-L't Na;HPO, exhibited an intermediate behavior.

The CVCs for the same solutions as those presented in the previous
chronopotentiograms are presented in Figure 2 (a). In this Figure, the ratio i/Co has been
represented versus Um, since, as mentioned previously, i is proportional to the



concentration of each ion present in the solution. The curves show the three
characteristic regions previously mentioned [33]: in the first region (ohmic region), the
resistance of the system (R1) can be calculated from the inverse of the slope of the
straight line that fits this area. In the second region (“plateau” region) small current
increments cause a high potential raise due to ion transport limitation from the bulk
solution to the boundary layer at high values of i. The iim parameter previously defined,
is determined from the intersection of the first and the second regions as observed in
Figure 2 (a). In the third region (overlimiting region), Un presents a new linear
relationship with i. The length of the plateau region (lpiateau) is the increase of Uy needed
to reactivate the transport of species through the membrane and is obtained as shown
in Figure 2 (a). It represents the energy input that has to be supplied to a membrane
system in order to onset the generation of electroconvective vortices or the
gravitational convection [31,33,42]. R1, ilim and lplateau are presented in Table 2 for each
solution composition, where it is inferred that in solutions with similar pH, iim and lpjateau
increase with the initial concentration of phosphate.

As seen in Figure 2 (a), iim/Co increases with the concentration of Na;HPQO,, although as
predicted by equation (7), this value should remain constant if D, T, tj and 6 do not
change with the salt concentration. As mentioned previously, for solutions of Na;HPO4
at pH of about 9, the main species in solution are Na* and HPO4* (see Table SM-1), and
although the transport number of the counterion in the membrane (ti) decreases with
the salt concentration due to Donnan exclusion, this phenomenon does not justify the
increase of iim/Co with the Na;HPOs concentration. This could be explained by the
variation of the boundary layer (d) thickness with the concentration.

Under natural gravitational convection conditions (i.e. membrane in vertical position
and no stirring) the thickness of 6 depends on the concentration gradient between the
bulk solution and the membrane surface as predicts the Levich equation [43]:

L1/4-

~ 8
J 0.7Sc1/4(g - AC /4v?2)1/4 (8)

where L is the membrane height, g the gravity acceleration, Sc =v/D the Schmidt
number, v kinematic viscosity of the solution, expressed as v =u/p (where pis the
absolute viscosity and p the solution density), and AC is the gradient concentration in
the boundary layer.

Under limiting conditions, ion concentration at the membrane surface is null and AC
becomes Co. Hence, according to equations (7) and (8), it is deducted that iim depends
on Co'?, if in the range of working concentrations (p and p) remain constant.



Figure 2 (b) shows the curves i/Co'?° versus Un, for the same solutions of those found in
Figure 2 (a). As can be observed, when plotting i/Co'?° versus Uy, instead of i/Co, the
same value of iim/Co'%° is obtained for all concentrations of Na;HPO4. This confirms the
effect of the boundary layer thickness on the limiting current density, and can explain
also the effect of the Na;HPO4 concentration on the chronopotentiograms of Figure SM-
3 (supplementary material).

3.2. Effect of pH on the chronopotentiograms and the CVCs.

In contrast with strong electrolytes, the salts of weak-acids participate in hydrolysis
reactions, which are reversible processes, and consequently, a variation of pH may
affect the concentration of the different ionic forms present at equilibrium. For this
reason, the effect of pH on the chronopotentiograms and on the CVCs was studied for
two initial concentrations of phosphate salts 0.01 (Table 3) and 0.001 M (Table 4), where
the appropriate amount of NaOH was added when necessary.

Table 3. pH, conductivity and CVCs characteristics of the working solutions as a
function of the pH for a phosphate concentration of 0.01 M

Soln ID pH K R1 ilim Iplateau
(Qlem?) | (Qem®) | (acm?) | (V)
I 9.56 | 2.15.10° 330 | 1.06-10°3 0.75
i 7.20 | 1,50-10° 335 | 8.77:10%| 0.90
IV 4.79 | 8.70-10* 874 | 7.39:10%| 0.90
\ 104 | 2.22-10° 313 | 1.40-10° 1.70
Vi 12.26 | 7.62:103 78.7 | 7.18-10°3 2.00
Vil 12.44 | 1.01-102 57.8 | 8.30-10°| 2.05
Vil 13.01 | 2.92:1072 17.1| 3.19:10%2| 2.10
IX 6.36 | 1.02-10° 190 | 4.02-10*| 0.90

Table 4. pH, conductivity and CVCs characteristics of the working solutions as a
function of the pH for a phosphate concentration of 0.001 M

Soln ID pH K R1 i lplateau
(Qtem?) | (Q-cm?) (A-cm?) (V)
X 91| 2.16-10* 6520 | 7.03-10° 0.50
Xl 5.1 | 8.9510° 4272 | 1.92-10* 0.85
Xl 10.25 | 2.59.10* 2391 | 7.97:10° 1.45
X 73| 157-10* 6402 | 1.92-10° 0.90
XV 13.05| 2.82:1072 15.3 | 3.83-10% 2.02
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Figure SM-4 (supplementary material) shows the effect of pH on the
chronopotentiograms obtained in a 0.01 M phosphate solution for the same value of i
(1.6 mA-cm). Although in these conditions all chronopotentiograms present the typical
shape, pH has an important effect on some of their characteristics. With respect to the
first part of the curves, when the current is switched on, different values of Uonm are
reached that are in accordance with the solution conductivity (k). This parameter, which
is estimated using the following equation, is presented in Tables 3-5.

K=FZ|ZJ|'UJ'CJ (9)
;

where Cjis the ion concentration, calculated as explained previously, and whose values
are presented in Table SM-1, zj is the charge of the ion, F is the Faraday’s constant and
u; is the mobility of ion j. The values of u; have been determined from the ionic diffusion
coefficient, Dj, using the following equation [44]:

D;
2 o—1y-1 ]
u;(cm? s~V = z; - F (10)
J( ) R-T ]
where R is the gas constant and T is the temperature. The values of D; and u; are
presented in Table SM-2 (supplementary material) for all the species under study.

In solution VII (pH=12.44), the predominant species are OH" ions, whose concentration
is 2.75-102 M. In this case, since the mobility of the OH" ions is higher than that of the
other anions, the concentration polarization phenomenon was not observed, the
membrane potential remains practically constant and coincides with Uonm. The solutions
with pH values of 7.20 and 10.40 have similar Uonm values since the conductivity of these
solutions is similar (see Table SM-2). Finally, the solution with a pH value of 4.79 presents
the highest value of Uy because presents the lowest conductivity. Another important
aspect is that the transition time increases with pH, i.e., the higher the pH, the longer
time required for the complete depletion of the ions in the proximity of the membrane,
while the maximum value of the membrane potential, Unf, increases with the decrease
in the solution pH.

The solutions whose pH values coincide with the areas of the speciation diagram where
only one species clearly predominates, as occurs for solutions I, II, IV, V, X, XI and XIlI,
present the typical chronopotentiograms with only one transition time. However,
solutions lll, IX and Xlll, whose pH is between 6.36 and 7.30, in which several species
such as H,PO4” and HPO,? predominates, have several transition times as observed in
Figure 3 (a) for solution IX (pH=6.36) and in Figure 3 (b) for solution XIll (pH=7.30). When
a current is applied, the solution at one of the surfaces of the AEM is desalted, that leads
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to an increase in the exclusion of H* ions and an increase in the double (triply) charged
anions in the membrane. This fact explains why the pH of the micropores of the
membrane is higher than the external solution pH, and consequently, the fraction of
doubly (triply) charged anions in an AEM is always higher than in the external solution
[27].

The occurrence of several transition times in the chronopotentiograms of
multicomponent solutions has also been observed by several authors. In this way, Zook
et al. [45], who evaluated the transport through a calcium-selective membrane
submerged in a solution containing ionophore and calcium cations, found two inflection
points in the chonopotentiometric curves: the first one attributed to the transport of
free ionophore, and the second one assigned to the ion-ionophore complex transfer.
Both inflexion points were completely separated, as a result of the difference in ion
mobility and diffusion coefficient. In another work, Scarazzato et al. [42] found two
transition times in the chronopotentiometric curves obtained in solutions containing
copper ions and etidronic acid in presence of an anion-exchange membrane. They
associated the first transition time to the transport of free anions from the dissociation
of the etidronic acid, and the second one to the transfer of the chelate formed between
the copperions and the etidronic acid trough the membrane. Marti-Calatayud et al. [46]
studying the transport of different metal cation sulfates through a CEM detected the
presence of several transition times in the chronopotentiograms which were attributed
to the depletion of different ionic species. In other studies [31,33], attributed the
presence of the different transition times to the formation of different species as a
consequence of the changes in the equilibrium conditions reached in the proximities of
the membrane. Finally, Pismenskaya et al. [24] found that the preferential transport of
hydroxyl ions may induce pH changes on a membrane surface, and the consequent
modification of the transport properties of weak electrolyte anions. This fact led to CVCs
with two limiting current densities, corresponding to the transport of ions with different
size, molar concentrations, mobility or diffusion coefficients in the membrane matrix.
However, in some cases, when the properties of the ions are not very different, only one
transition time is observed and a single value of iim is present in the CVCs, which
corresponds to the contribution of all the ions.

Then, the two inflexion points observed in Figure 3 may be explained as a function of
the predominant species present in the equilibrium diagrams. In this sense, the first
inflexion point observed in Figures 3 (a) and (b) could be related to the depletion of
H2PO4 and the second one to the decrease of HPO4%. In solutions VI, VII, VIIl and XIV,
whose pH are between 12.26 and 13.05, HPO4% and PO43 predominate over the rest of
phosphate species; however, in the chronopotentiograms of these solutions, only a
transition time is observed (not shown). This transition time corresponds to the
depletion of OH" ions, as in these solutions the OH™ ion concentration is higher than that
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of HPO4? and PO43~ ions. Since OH™ ions present the highest mobility, they are primarily
removed from the diffusion boundary layer.

Another characteristic of the chronopotentiograms of Figure 3 is the presence of
oscillations in Uy at high current densities, which have been usually attributed to the
presence of electroconvective vortexes responsible for causing an additional mixing of
the depleting boundary layers for i values far above the iim [47,48].

Figure 4 shows the effect of pH on the CVCs for an initial phosphate concentration of
0.01 M. Regardless of the reagents used to prepare the solutions, for the same total
concentration of phosphate ions, and the same pH, similar CVCs were obtained, since
pH establishes the concentration of all the species present in the solution. From these
curves, the values of R1, iiim and lpiateau can be estimated. These values are shown in Table
3, where it is observed that R1 decreases with the solution conductivity estimated by
equation (9), and iim increases with the solution conductivity, as iim depends on the
charge and the concentration of each ion.

In the CVCs of Figure 4 (a) only one plateau was observed, although in the
chronopotentiograms obtained at pH values between 6 and 7 two transition times were
observed (Figure 3). The presence of the two transition times was previously attributed
to the transport of HPO42 and H,PO4 across the membrane. As the diffusion coefficients
of these species are very similar (see Table SM-2), this fact explains why in the CVCs only
one plateau was observed. However, when the CVCs are obtained in potentiodynamic
mode, by means of a continuous sweep, it is possible to observe the changes associated
with the transport of different species through the membrane. The appearance of two
limiting current densities on the CVCs of the AEM in phosphate solutions (0.02 M,
pH=4.65) was also observed by Rybalkina et al. [29] and modelled by E.D. Melnikova, et
al., [27]. In these works, the first limiting current was attributed to the transport of
H,PO4 anions, and the second one to the passage of HPO4%, produced by the conversion
of H,PO4 ™ as a consequence of the increase in pH.

Figure 4 (b) presents the CVCs for phosphate solutions under very basic pH. The most
important feature observed is the large plateaus obtained, which hinders the
occurrence of coupled convection phenomena (electroconvection and gravitational
convection), and consequently, water splitting can be considered as the main
mechanism responsible for the overlimiting regime. In these conditions, OH ions are the
main species present in solution, and since they are much smaller and mobile than
phosphate ions, the initial instabilities of the membrane would be more easily mitigated,
hence being necessary the application of stronger electric fields in order to initiate the
chaotic distortion of the diffusion boundary layer by the electroconvective vortices. In
addition, the abnormal transport properties of hydroxyl ions have also been pointed out
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as the reason for the large lpateau Values. They are mainly transported by “tunneling”
from one water molecule to another according to the Grotthus mechanism, which does
not involve the settling of large volumes of fluid in motion. This mechanism will be
explained in point 3.4. in more detail.

The CVCs obtained from the chronopotentiograms are compared with the CVCs
obtained in potentiodynamic mode for solutions IX (pH = 6.36) and XlII (pH = 7.3) in
Figure 5 (a) and (b), respectively. In the CVCs obtained in potentiodynamic mode, several
slope changes are observed that correspond to strongly overlapping plateaus in the
CVCs from the chronopotentiograms. The shape of these CVCs is similar to that obtained
by Pismenscaya et al. [24] when studying the transport of weak-electrolyte anions
through anion-exchange membranes.

3.3. Effect of chloride ions.
The effect of a strong electrolyte (such as NaCl) on the transport of the phosphate ions
is presented in Table 5 for a phosphate concentration of 0.001 M and 0.0016 M of NaOH,

and the corresponding chronopotentiograms are presented in Figure 6.

Table 5. pH, conductivity and CVCs characteristics of the working solutions as a
function of the chloride concentration for a phosphate concentration of 0.001 M.

SolnID | [NaCl] pH K R1 i lplateau
(mol-L™) (@Uem?) | (Qem’) | aem? | V)
X 0| 730| 1.57-10* 6402 | 1.92-10° 0.90
XV 0.001| 7.30| 2.83.10* 2707 | 191104 | 0.90
XV 0002 | 730| 41010*| 1608 | 2.5510%| 0.95
XVl 0.005 | 7.30| 7.89-10* 864 | 6.38-10* 0.90

For i=0.27 mA-cm™ (Figure 6 (a)) the presence of Cl ions in a concentration of 103 M,
causes the decrease of Un due to the increase of the solution conductivity. In the
chronopotentiograms of the solution containing chloride ions, three transition times are
observed, which would be related to the transport and successive depletion of CI,
H,PO4 and HPO4% ions. Since the mobility of CI” ions is the highest they are primarily
removed. In the absence of chloride ions, only two transition times were observed as
discussed in the previous section.

In Figure 6 (b), the effect of chloride concentration on the chronopotentiograms can be
observed for i=0.64 mA/cm?2. When the Cl-/phosphate ratio is greater, the transport of
phosphate ions is less evident and the second and third inflexion points are absent. In
addition, Uonm and Un ¢ decrease with the concentration of Cl" ions due to the increase
in the conductivity of the solutions with the concentration of Cl" ions.
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The effect of ClI- concentration on the CVCs obtained from the chronopotentiograms can
be seen in Figure SM-5 (supplementary material). An increase in the initial chloride
concentration leads to higher iim values. In these curves only one plateau was observed,
however, when the CVCs obtained from the chronopotentiograms are compared with
those obtained in potentiodynamic mode in Figure SM-5 (b) for the most diluted
solution, it is possible to observe several changes in the slope of the CVC obtained in the
potentiodynamic sweep. These slope changes in the CVCs would be associated to the
transport and depletion of ions with different concentration, charge and diffusion
coefficient across the membrane. These slope changes in the CVCs were not observed
for the solutions with higher concentrations in chloride ions.

3.4. Effect of the solution composition on the parameters of the CVCs.

As shown above, equation (7) represents the dependence of the iim as a function of the
initial electrolyte concentration (Co) for a binary system. However, in a multicomponent
solution, i is due to the contribution of all the ions present in the solution, and each of
the counter ions may be depleted in the membrane surface at a different time,
according to its charge, its concentration and its diffusion coefficient. This gives rise to
the appearance of different transition times in the chronopotenciograms, or different
values of iiim in the CVCs, as previously commented. Therefore, in multicomponent
solutions, each counter ion can have its own iim, and the total limiting current density
will be the sum of the limiting current densities of each counter ion, according to the
following equations [49]:

fimj = —5 (1 +2)) (11)

where iim; is the limiting current density of ion j, Cj its concentration, Dj its diffusion
coefficient. Index A refers to the common co-ion in the mixed solution containing several
counterion species, and za is the charge number of this co-ion.

. ) FD;z;C; Zj
llim = z lim,j = Z%(l + Z—]) (12)
J J

A

The limiting current density can be estimated from equation (12) if the other parameters
are known. In this sense, the boundary layer thickness has been firstly calculated from
equation (8), and the Sc number for multicomponent solutions has been estimated as:

v
Sc = (13)

Dmix
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where Dmix is the effective diffusivity of the medium calculated as [50]:

1 n
x.

= E : (14)

Dmix =1 Di,self

x; is the mol fraction of the component i and D; s its corresponding diffusion coefficient
at infinite dilution. With these assumptions, the limiting current density has been
calculated and compared with the measured values in Figure 7, where a very good
agreement between the measured and calculated values of ijim is observed.

The plateau length (lpiateau) depends on the type of electrolyte and membrane [51].
Figure 8 shows the lpateau evolution as a function of the initial concentration of
phosphate ions, Figure 8 (a), and pH, Figure 8 (b). As mentioned previously, great values
of lplateau €nhance the generation of water splitting products whereas low values of lpiateau
help the coupled phenomena (electroconvection and/or gravitational convection) to
take place.

As seen in Figure 8 (a), the plateau length increases with the electrolyte concentration.
These results differ from those of other authors; in which lpiateau Was unaffected by the
electrolyte concentration [52,53]. This could be explained by the fact that in those
works, binary salts that dissociate completely are considered. On the contrary, in
solutions of weak electrolytes, in which hydrolysis reactions take place, the depletion of
a given ion in the membrane surface, or the pH changes associated to concentration
polarization, may change the equilibrium conditions and new ions or uncharged species
can be formed. In Figure 8 (a), the initial pH solution value is about 9, and the
predominant species is HPO4%. When this anion enters the AEM, part of it is converted
into a multicharged anion due to the fact than the internal pH solution is higher than
that in the external boundary solution. Consequently, the H* ions liberated in this
dissociation would react with the HPO4? to transform it into less charged ions such as
H2PO4 or H3PO4. and the voltage necessary for the depletion of these ions would be
higher. This effect would be more pronounced at higher initial electrolyte
concentrations. Hence, the decrease in the plateau length at low concentrations
facilitates the appearance of electroconvection. This phenomenon is responsible for the
oscillations of Un, observed in the chronopotenciograms of the most diluted solutions
shown in Figure 3.

The effect of pH on the plateau length for an initial concentration of 0.01 M in phosphate
ions is shown in Figure 8 (b). For a constant concentration of phosphate ions, lplateau
remains almost constant until a pH value of 9.5, and beyond pH 10, it increases with pH.
This is due to the fact that at high pH values, OH" ions predominate over the other
species in solution. In addition, as OH™ is the anion with the greatest mobility, its
contribution to the transport through the membrane at high pH values is the highest. In
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this way, electroconvection and gravitational convection phenomena were only
observed at low OH" concentrations.

The effect OH" ion concentration on the plateau length observed in anion-exchange
membranes is similar to the effect of H* ions on the plateau length in cation-exchange
membranes at low pH values. Some authors have found that the plateau length
becomes higher as the H* ion concentration increases [33,52], because the size of the
counterion is so small that it is necessary the application of stronger electric fields in
order to initiate the electroconvection vortices. On the other hand, protons are mainly
transported by the Grotthus mechanism [54], and it does not imply the fluid movement,
and the consequent electroconvection phenomena.

Wang et al. and Chen et al. [55,56] have also found that the transport mechanism of OH"
in AEMs is the same as the transport of H* in cation-exchange membranes. According to
these authors, the OH" diffusion likely combines both the mass diffusion and Grotthuss
mechanisms in the hydrated membranes. Then, the increase of the plateau length
observed can be attributed to the transport mechanism of OH" ions across the AEM. In
addition, the OH ions expulse salt counterions, which hinders electroconvection [57—
59]. Therefore, the resistance of the membrane system keeps high until new higher
electric field are applied.
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4. Conclusions.

In this work, the transport properties of salts of orthophosphoric acid through an anion-
exchange membrane at different concentrations of phosphate salts or chloride ions, and
pH values were studied by means of chronopotentiometry and CVCs. The transport
properties depended on the solution pH due to the hydrolysis reactions which change
the concentration of the different species in the solution.

An increase of the concentration value of Na;HPO4 (0.1 M) for applied currents higher
than iim, was reflected by a maximum in Uy, after the transition time attributed to the
decrease of the concentration polarization phenomena caused by different phenomena
such as the transfer of co-ions across the membrane, which increases with time during
chronopotentiometry, together with the gravitational convection, which can take place
in concentrated electrolytes.

At pH values close to a pK;j, and when the concentration of OH" ions is not significant, at
least two species have similar concentrations. In these cases, the chronopotentiograms
showed several transition times and the CVCs presented different waves. This was due
to the successive transfer of species with different charge and mobilities across the
membrane. However, at high pH values, only one transition time in the
chronopotentiograms, that is mainly due to the transfer of OH ions due to their greater
concentration and mobility. The most important feature observed in the CVCs under
very basic pH is the large plateaus obtained, which hinders the occurrence of coupled
convection phenomena (electroconvection and gravitational convection), and
consequently, water splitting can be considered as the main mechanism responsible for
the overlimiting regime.

The transport properties were affected by the concentration, charge and mobility of
each ion present in the solution. The limiting current density calculated taking into
account the contribution of all the ions of the solution was compared with the limiting
current density measured from the CVCs, and a very good agreement between both
values were obtained.

In solutions with similar pH values, the plateau length increased with the initial salt
concentration. Moreover, in solutions with the same salt concentration, the plateau
length remained almost constant with pH up to a pH value around 9. Beyond this pH
value, the plateau length increased with the pH due to the presence of OH ions.
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