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Modeling the electric transport of HCl and H3PO4 mixture 
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Abstract. The electric transport of the mixture of hydrochloric and phosphoric acids through strong base
(Neosepta ACM) and weak base (Selemion AAV) anion-exchange membranes was investigated. The
instantaneous efficiency of HCl removal from the cathode solution, CECl, with and without H3PO4 was
determined. It was found that CECl was 0.8-0.9 if the number of moles of elementary charge passed
through the system, nF, did not exceed ca. 80% of the initial number of HCl moles in the cathode solution,
nCl,ca,0. The retention efficiency of H3PO4 in that range was close to one. The transport of acid mixtures
was satisfactorily described by a model based on the extended Nernst-Planck and Donnan equations for nF

not exceeding nCl,ca,0. Among the tested model parameters, most important were: concentration of fixed
charges, the porosity-tortuosity coefficient, and the partition coefficient of an undissociated form of H3PO4.
For the both membranes, the obtained optimal values of fixed charge concentration, , were up to 40%
lower than the literature values of  obtained from the equilibrium measurements. Regarding the H3PO4

equilibria, it was sufficient to consider H3PO4 as a monoprotic acid. 

Keywords: anion-exchange membrane; hydrochloric acid; phosphoric acid; extended Nernst-Planck
equation; current efficiency; electrodialysis

1. Introduction

One of the main applications of anion-exchange membranes (AMs) is the recovery of acids from
spent industrial solutions using electrodialysis and diffusion dialysis (Scott 1995, Touaibia et al.

1996, Koter and Warszawski 2000, Nagarale et al. 2006, Luo et al. 2011). The papers describing the
processes with AMs are numerous (Pourcelly et al. 1994, Lorrain et al. 1997, Cattoirs et al. 1999,
Jörissen et al. 2003, Pisarska and Dylewski 2005, Melnyk and Goncharuk 2009, Banasiak and Schäfer
2009). However, papers focused on the theoretical aspects of the transport of acids in those processes
are rather rare and mainly devoted to the concentration driven transport (Palatý and Žáková 2001,
2003, Nikonenko et al. 2003, Prado-Rubio et al., 2010). The papers on the transport modeling are
useful not only for the cognitive reasons, but also for the practical ones. A correct model enables
simulating separation processes which can significantly reduce a number of expensive experiments
needed to find the optimal process conditions.

This is a continuation of our work on the modeling of electric transport of acids through AMs. In the
previous paper (Koter 2008), the possibility of sulfuric and acetic acids separation using anion-exchange
membrane was investigated. In (Koter and Kultys 2008), the H2SO4 transport through strong-base and
weak-base AMs was modeled using the extended Nernst-Planck and Donnan equations. In (Koter
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and Kultys 2010), the transport of H2SO4+H3PO4 mixture was described. It was found that in H2SO4

solutions the effective fixed charge concentration of AMs, , is ca. one order of magnitude lower
than that obtained from the equilibrium experiments. In the presence of H3PO4, AMs lose their
selectivity which is reflected by a significant decrease in . In pure H3PO4 solutions,  is nearly zero
indicating that the membrane is practically unselective. It was found that, assuming the association
equilibrium between H2PO4

− and the fixed charges of AM, the simulation of changes in H3PO4

concentration during H2SO4+H3PO4 mixture electrodialysis was significantly improved.
In this work, the AMs performance in HCl+H3PO4 mixtures electrodialysis is investigated. The

separation efficiency of HCl and H3PO4 is determined. The comparison of the membrane selectivity
in acid mixtures with that in a pure HCl solution is given. The experimental data are fitted using the
model described previously (Koter 2008, Koter and Kultys 2008, 2010). A series of different model
assumptions is tested to find the best one. The fitted parameters taken into account are: effective
charge concentration, porosity-tortuosity coefficient, partition coefficient of an undissociated H3PO4,
association constant related to the equilibrium between H2PO4

− and the fixed charges. H3PO4 is treated
as a monoprotic acid. However, also the presence of H5P2O8

− anions is considered.

2. Theory

The system to be modeled is shown in Fig. 1. The cell is divided into three compartments by
anion exchange (AM) and bipolar (BM) membranes. BM is placed between AM and the anode in
order to avoid Cl− oxidation. The cathodic and the middle compartments contain a mixture of HCl
and H3PO4 solutions; in the anode compartment, a H2SO4 solution circulates. In the applied electric
field, anions move through AM to the middle compartment. There, they are electrically neutralized
by protons created inside BM, where water splitting takes place. The created OH− anions are

cm

cm cm

Fig. 1 Electric transport of ions in the system; A− denotes H2PO4
−; for clarity, other anions coming from the

H3PO4 dissociation are not shown.
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neutralized by protons formed in the anode reaction. As the AM performance in strong acid
solutions is not very good, it will be assumed that the efficiency of water splitting in BM is 100%.

Transport through AM and two adjacent concentration polarization layers (CPLs) is described by
the extended Nernst-Planck equations (Eqs. (1,5) in (Koter 2008)

CPL

membrane (1a,b)

where

, (2), (3)

The flux of i-th species, Ji, and the volume flux, Jv, refer to the unit of membrane area. ci, kc,i is the
concentration, partition coefficient of the i-th species, respectively. kDVθ,i is the porosity-tortuosity
coefficient depending on the membrane porosity, Vp, tortuosity, θ, and the ratio of diffusion coefficients
in the membrane, , and in the bulk solution, Di. ϕ' is the dimensionless electric potential (ϕ' = ϕ

F/RT). αi is the convection coupling coefficient (Dresner 1972, Meares 1981, Peeters et al. 1998,
Bowen and Welfoot 2002); αi < 1 for counterions and αi > 1 for coions. These inequalities result from
the fact that in the charged pores, the concentration of coions is higher at the central part of a pore
where the convection velocity is higher than average. At the same time, the concentration of
counterions is higher in the vicinity of charged walls where the convection velocity is lower than
average (Dresner 1972). In Eq. (1b) ci and ϕ' refer to the hypothetical external solution being in
equilibrium with the membrane pore solution at point x, where the concentration of the i-th species
is . The equilibrium is expressed by the equality of ion electrochemical potentials which refer to
the hypothetical solution and the membrane pore solution at a given membrane coordinate x

(4)

On the membrane boundaries (x = 0 and x = lm) the hypothetical solution becomes the real one. As
the work is focused on the modeling of ions electro-migration, in Eq. (1) the activity coefficient is
neglected. This term is present only if there is a concentration gradient. At adequately high current
density, the diffusion contribution to the total transport is small and the activity coefficient term can
be neglected. 

As the experiments are carried out under galvanostatic conditions, dϕ'/dx in Eq. (1) is replaced by
the current density, j

(5)

which yields the following transport equations

CPL

membrane (6a,b)
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In Eq. (6a), ti is the transport number of i-th ion in a free solution

(7)

In Eq. (6b), A0 and A1 are defined by

, (8), (9)

In the investigated system only monovalent anions are taken into account: Cl−, H2PO4
−, H5P2O8

−.
They are denoted by the indices 2, 3, 4, respectively; protons are denoted by 1, the undissociated
H3PO4 – by 5. According to Eq. (4), assuming the activity coefficients ratio to be one, the
concentrations of monovalent anions inside AM are given by

i = 2, 3, 4 (10)

where  is the protons concentration inside AM. To obtain , Eq. (10) is substituted into the
electroneutrality condition for AM which yields

(11)

where  is the concentration of positive fixed charges of AM. The sum of anion concentrations in
Eq. (11) is equal to c1. Thus, the solution of Eq. (11) is ( )

(12)

This solution is valid only for monovalent anions and anion-exchange membranes. The partition
coefficient of anions, kc,i, needed in Eq. (6), is calculated from Eqs. (12) and (10). The partition
coefficient of undissociated H3PO4, kc,5, is assumed as independent of concentration. 

A number of the transported species is given by the ionic equilibria in the electrolyte solution. As
the 2nd and 3rd dissociation constants of H3PO4, are low, the acid is treated as a monoprotic one

HA↔A− + H+ K1 = 0.007121 (Leaist 1984) (13)

where HA denotes H3PO4, A− − H2PO4
−. The additional reaction, which is considered here, is

HA + A−
↔HA2

− K0 = 1.3 (Leaist 1984) (14)

where HA2
− denotes H5P2O8

−. The molar concentrations of ions and neutral species in the solution
are calculated using the equations

, (15a,b)

where co is the standard concentration (co = 1 mol dm−3), assuming that K0,c and K1,c are equal to the
thermodynamic constants: K0 = 1.3, K1 = 0.007121. This simplification is justified by our results
concerning the transport of H2SO4 through AMs (Tab. 4 in (Koter and Kultys 2008)). Taking the
activity coefficients into account, the model fit of experimental data was practically the same. Only
the optimal concentration of fixed charges was increased.
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Regarding the phosphoric acid equilibria, two variants will be examined here:
1) variant I with reaction (13) – species: H+, H2PO4

− and H3PO4,
2) variant II with reactions (13) and (14) – species: H+, H2PO4

−, H5P2O8
− and H3PO4.

For the variant I, the protons concentration, c1, is given by

(16)

For the variant II, c1 is calculated by solving a cubic equation

(17)

Since c1 has been found, the concentration of other ions is calculated from the equilibrium equations.
The concentrations of ions in a free solution according to these variants are shown in Fig. 2. Here,
the concentrations calculated assuming the equilibria (13), (14) and the reaction in which the dimer
H2A2 (H6P2O8) is created (Leaist 1984)

HA2
− + H+

↔H2A2 (18)

are also shown. They are denoted as III. It can be seen that the difference is significant only for the
variants I and II. As the concentrations of ions, especially of protons, calculated according to the
variants II and III, are similar, it is justified to exclude the reaction (18) from the model. This is
also supported by the fact that in the modeling of transport of H2SO4+H3PO4 mixtures through AMs
(Koter and Kultys 2010) the reaction (18) had a negligible effect on the model simulations. 

Similarly to our previous studies (Koter and Kultys 2010), the possibility of the fixed charges
concentration reduction in the membrane by the association with the monovalent anion H2PO4

- is
also taken into account

−M+ + H2PO4
−
↔−MH2PO4 (19)

This assumption is justified by the fact that in pure H3PO4 solutions the determined concentration

c1=
1
2
--- c2 K1 c2 K1+( )2 4K1cA+( )

1 2⁄
+–( )

1 4K0K1–( )c1
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2
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Fig. 2 Concentration ratio for different variants of ion equilibria in the aqueous HCl+H3PO4 mixture: 1 –
[H+]I/[H+]II, 2 – [A−]I/([A−]+[HA2

−])II, 3 – [H+]III/[H+]II, 2 – ([A−]+[HA2
−])III/([A−]+[HA2

−])II vs. cHCl for
cH3PO4 = 0.5 M;
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of the fixed charges is close to zero. It also substantially improves the model fitting of the
H2SO4+H3PO4 data (Koter and Kultys 2010). The equilibrium constant of (19) is given by

(20)

from which the following expression for  results in

(21)

where  is the maximal concentration of the fixed charges. After substituting Eq. (21) into
(11), for both variants, the cubic equation is obtained

(22)

which has to be solved with respect to .
The total fluxes of HCl, J2, and of H3PO4 through AM

(variant I)

(variant II) (23a,b)

are calculated under the assumption that they are the same in both CPLs and the membrane. The
solving method is described in (Koter 2008, Koter and Kultys 2008, 2010). The following values of
the diffusion coefficient, Di, are assumed in the calculations: H+ – 9.31×10−9, Cl− – 2.03×10−9 (Robinson
and Stokes 1959), H2PO4

− – 0.879×10−9, H3PO4 – 0.87×10−9, H5P2O8
− − 0.8×10−9 m2s−1 (Leaist 1984)

(T = 298 K). The above mentioned values of ion diffusivities refer to the infinity dilution. The
method of the volume flow, Jv, calculation from the experimental data is described in the Appendix.
The thickness of the polarization layer, lpol = 49 µm, for the membrane module used in this work
was determined previously from the current-voltage curves (Koter and Kultys 2008).

3. Experimental

The membrane electrodialysis of both the HCl+H3PO4 mixture and HCl solutions was performed
by the batch method using the membrane cell (FuMA-Tech GmbH) and the setup shown in Fig. 3.
The cell was divided into three compartments by an anion exchange membrane and a bipolar one
(BP1, Tokuyama Co., Japan) in order to avoid Cl− oxidation at the anode. Independent experiments
involving only BP1 proved that the diffusion and electric transports of acids through BP1 were
negligible compared to that through the tested anion-exchange membranes: the Neosepta ACM
(Tokuyama Co., Japan) and the Selemion AAV (Asahi Glass Engineering Co., Japan). The thickness
values of ACM and AAV, obtained with a thickness gauge, were 0.12, 0.1 mm, respectively. The
active area of the membrane in the module was 3.5×14 cm2 = 49 cm2. The solutions were circulated
using the ASTI pumps. In all the experiments, the volumetric flow of the cathode solution was 1.3,
of the anode solution – 1.1 dm3/min. Electric current was supplied by the Sorensen DCR 300-9B2
power supply. The acid diffusion experiments (D) were all conducted in the same setup. The
parameters of the experiments are gathered in Table 1. The concentration and volume values are the
approximated ones. The exact values could deviate from the tabulated values by ca. 5%. The acids
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concentration was determined by the pH-metric titration (Radiometer) of samples (0.3-1 ml) taken
during the process. The mass of the solutions was measured before and after the experiment. The
mass fluxes through the membranes were calculated from the formulas derived in the Appendix.

3.1 Calculations

A block diagram of model calculations is shown in Fig. 4. The input parameters were: masses and
concentrations of solutions at t = 0 (mα,0, m'β,α,0), current density, j, membrane area, Sm, and the
model parameters. In the time loop, the ion fluxes through AM, masses, and concentrations of the
cathode and middle solutions were calculated. The mass changes due to sampling (mα,t = mα,t –
msam,α,is) were also taken into account. The time step, ∆t, was set to be 80 s. It was checked that this
value gives practically the same results of the process simulation as the smaller step values do. Each
polarization layer was divided into 3 slices, the membrane – into 20 slices. The further increase in
the number of slices did not change the results. The thickness values of the membrane slices were
not the same; the slices were thinner in the regions of high concentration gradient. The optimal

Fig. 3 Experimental setup

Table 1 Parameters of experiments: j – current density, cA – H3PO4 concentration, cca,0, can,0 – the initial
concentrations of acids in the cathode, anode compartment, respectively; the volumes of solutions: Vca,0 = Van,0

= 0.3 dm3

exper. j [mA cm−2] cHCl,ca,0 [M] cA,ca,0 [M] cHCl,an,0 [M] cA,an,0 [M]

E1 100 1 0.53 0.1 <0.002
E2 50 1 0.53 0.1 <0.002
E3 100 2 0.53 0.1 <0.002
E4 50 2 0.53 0.1 <0.002
D 0 2 0.5 <0.01 <0.002
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values of the fitted parameters were found by minimizing the sum of squared residuals of acid
concentrations. The minimizing procedure was based on the observation that the fitting of diffusion
data depends predominantly on the parameters kDVθ,i and kc,5, whereas the fit of electrodialysis data
– on  and kc,5. Thus, the optimal values of parameters were found by repeatedly fitting the
electrodialysis and diffusion data using the simplex method. Because the flows of solutions passing
the module compartments were the same as in our previous studies (Koter and Kultys 2008), the
same thickness value of the polarization layer, lpol = 49 µm, was assumed. 

cm

Fig. 4. Block diagram of model calculations
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4. Results and discussion

One of the main aims of this work was to find whether the presented model is able to fit
satisfactorily the experimental results of HCl+H3PO4 transport through AMs. The unknown model
parameters included: αi, kDVθ,i, kc,5,  (no association assumption) or Kas,c and  (association).
Many different model assumptions were examined. It was found that the convection coupling
coefficient, αi, insignificantly improved the data fit in comparison to other parameters. Contrary to
the H2SO4+H3PO4 mixture transport (Koter and Kultys, 2010), the association assumption given by
Eq. (19) did not prove useful for the HCl+H3PO4 mixture. The other model assumptions, i.e. kDVθ

common for all the transported species with kc,5 = 1 and the presence of H5P2O8
− anions, did not

improve the model fitting. Thus, only two cases of the variant I (H3PO4 as a monoprotic acid) are
presented here: 

I-1: kc,5 = 1, fitted parameters: , kDVθ,Cl and kDVθ,A, 
I-2: fitted parameters: , kDVθ and kc,5,

where kDVθ ≡ kDVθ,1 = kDVθ,2 = kDVθ,3 = kDVθ,4 = kDVθ,5, kDVθ,Cl ≡ kDVθ,1 = kDVθ,2, kDVθ,Α ≡ kDVθ,3 = kDVθ,4 = kDVθ,5.

4.1 Diffusion

The acid concentration ratio of dilute solution to the initial concentrate versus time in the diffusion
experiment is shown in Fig. 5(a),(b). The lines present the model fitting. The values of fitted
parameters are shown in Table 4. As it was mentioned in the experimental part, the fit of the
diffusion data is sensitive to the values of kDVθ,i and kc,5 coefficients. Therefore, these data were used
to obtain the optimal values of kDVθ,i and kc,5. It was found that the both considered cases I-1 and I-2
easily fit the diffusion data.

The mean diffusion permeabilities of the acids calculated according to Eq. (5a) in the Appendix
are shown in Table 2. It can be seen that ACM shows more than two times higher permeability of
the both acids when compared to AAV. As the thickness of ACM is 20% higher than that of AAV,

cm cm max,

cm

cm

Fig. 5 cd/cc,0 in the diffusion experiment with the mixture HCl+H3PO4; a) ACM, b) AAV; line – model fit,
optimal values of fitted parameters are in Table 4.
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the discrepancy of  characterizing the membrane material is even larger. A similar discrepancy
was observed for the H2SO4+H3PO4 mixtures (Koter and Kultys 2010). Comparing the acid
permeabilities,  (H3PO4) is ca. 7 times lower than  (HCl), although for aqueous solutions
DHCl is ca. 3.5 times higher than DH3PO4 (for 0.5 M solution DHCl = 3.18×10−9 m2s−1 (Robinson and
Stokes 1959), DH3PO4 = 0.85×10−9 m2s−1 (Edwards and Huffman 1959)). In aqueous solutions (c >

0.1 M), the dominant diffusing form is undissociated H3PO4, as in the permeation of H3PO4 through
AMs in the presence of HCl. Thus, since the ratio / ≈ 0.14 is significantly lower than
DH3PO4/DHCl ≈ 0.3, it can be concluded that either the diffusivity of H3PO4 in the membrane is more
reduced comparing to the mobility of Cl− anions or the partition coefficient of undissociated H3PO4, kc,5,
is below 1. For strong acids which diffuse in the dissociated form, the ratio / ≈ 0.8 is
much closer to DH2SO4/DHCl ≈ 0.67 (DH2SO4 = 2.13×10−9 m2/s in 1 M solution at 25oC (Leaist 1984b).

4.2 Electric transport

Before electric transport of ions is discussed, a comment on the mass flow should be made. It can
be seen (Table 3) that the electroosmotic mass flow (E1-E4) is much higher than the osmotic one
(D). Thus, the osmotic part of that flow is very low and the main part is the electroosmotic flow of
water induced by the migration of ions. The values of transported mass divided by the number of
moles of passed elementary charge, FJmass,A/j, are similar for the both membranes and for the both
current density values (E1, E3 – j = 1000, E2, E4 – j = 500 A/m2).

The comparison of H3PO4 fit in various cases of the model assumptions is shown in Fig. 6. It is
satisfactory only in the case I-2 where the partition coefficient of undissociated H3PO4, kc,5, is chosen

Ps i,〈 〉lm

Ps A,〈 〉 Ps Cl,〈 〉

Ps A,〈 〉 Ps Cl,〈 〉

Ps H2SO4,〈 〉 Ps Cl,〈 〉

Table 2 Mean diffusion permeability of acids  [10−7 m/s] calculated from Eq. (A5a) for the HCl+H3PO4 
mixture

acid ACM AAV

H3PO4 0.31 0.15
HCl 2.3 1.0

Ps i,〈 〉

Table 3 Mass flow through the anion-exchange membranes

exper. Jmass,AM 
[g m−2s−1]

FJmass,AM/j
[g mol−1]

ACM
E1 0.67 65
E2 0.34 65
E3 0.62 60
E4 0.35 67
D 0.009

AAV
E1 0.69 67
E2 0.35 67
E3 0.67 65
E4 0.37 70
D −0.014
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as the fitted parameter. Its optimal value is ca. 0.5 (Table 4), whereas it was not possible to fit the
H3PO4 data with kDVθ,A going even to zero. In Fig. 6, also the case I-2 with the ion convection
coefficients, αi, higher than 1 for coion H+ and lower than 1 for counterions (α1 = 1.5, α2 = α3 = 0.5,
α5 = 1) is shown (denoted as I-2α, dotted line). It is seen that for this assumption, the simulation of the
process in the whole range of nF is not possible. For HCl, all these cases yielded a similar data fit.

The optimal values of  for ACM (Table 4) are: 3 M for the experiments E1, E2, and 4 M – for
E3 and E4 where the initial HCl concentration is higher than that in E1, E2. For AAV  is 3.6 M
for E2, E3, E4, and 3 M – for E1. As there are two optimal values of , the parameters kDVθ,i and
kc,5 were optimized using these two values and the diffusion data. However, it was not possible to
fit the H3PO4 concentration changes in the E experiments using kDVθ,A. It could be done only by
fitting kc,5. In the case of the AAV membrane, the values of kc,5 should be lower than those resulting
from the D experiment (D: kc,5 = 0.74-0.78, E: kc,5 = 0.46-0.6). For the both membranes kc,5 has

cm

cm

cm

Fig. 6 Comparison of different model assumptions on the H3PO4 fit of experimental data for ACM (a) and
AAV (b), experiment E3.

Table 4 Optimal model parameters  and kDVθ,i for ACM and AAV in contact with the HCl+H3PO4 mixtures 
for the model cases I-1 and I-2

exper. I-1, I-2
 [M]

I-1 I-2

ACM AAV ACM AAV

ACM AAV kDVθ,Cl kDVθ,A kDVθ,Cl kDVθ,A kDVθ kc,5 kDVθ kc,5

D 3 3 0.008 0.0035 0.0033 0.0027 0.008 0.48 0.0033 0.78
4 3.6 0.0087 0.0035 0.0035 0.0028 0.0087 0.46 0.0035 0.74

E1 3 3 0.008 0.001a) 0.0033 ≤0.002 0.008 0.48 0.0033 0.6
E2 3 3.6 0.008 0.001a) 0.0035 →0b) 0.008 0.48 0.0035 0.46
E3 4 3.6 0.0087 →0b) 0.0035 →0b) 0.0087 0.48 0.0035 0.46
E4 4 3.6 0.0087 →0b) 0.0035 →0b) 0.0087 0.48 0.0035 0.46

a) The fit of H3PO4 is acceptable, however further decrease in kDVθ,A will not improve the fit. 
b) It could not be fitted by decreasing kDVθ,A.

cm

cm
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similar optimal values.
The optimal values of  for HCl+H3PO4 mixtures (Table 4) are close to those obtained for pure

HCl solutions ( = ca. 3.8 M for both membranes). It means that the presence of H3PO4 has no
influence on the effective fixed charge concentration, contrary to the H2SO4+H3PO4 mixtures at
similar acid concentrations (Koter and Kultys 2010). It should be also noted that the obtained  is
lower than that resulting from the equilibrium measurements. According to (Pourcelly et al. 1994),
the values of ion-exchange capacity of ACM and AAV are 1.01 and 0.95 mequiv. per gram of dried
membrane, respectively, whereas those of swelling are 10.2 (ACM) and 11.1 (AAV) moles of H2O
per mole of exchanging site in 0.1 M H2SO4. Thus, the concentration of the fixed charges in moles
per kg of water is 5.5 (ACM) and 4.8 (AAV).

The concentration changes for all the experiments are shown in Figs. 7 and 8. Only the lines of

cm

cm

cm

Fig. 7 Ratio cCl/cCl,ca,0 for the cathode and anode solutions vs. nF/nCl,ca,0 for ACM (a) and AAV (b); symbols –
experiment (Table 1); lines – model fit I-2 (Table 4).

Fig. 8 Ratio cA/cA,ca,0 for the cathode and anode solutions vs. nF/nCl,ca,0 for ACM (a) and AAV (b); symbols –
experiment (Table 1); lines – model fit I-2 (Table 4).
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the model fit I-2 are shown. It is seen that for nF/nCl,ca,0 lower than ca. 0.9, the decrease and increase
in HCl concentrations are almost linear. In that range of nF/nCl,ca,0, the concentration of H3PO4 in the
cathode solution is almost constant, although its concentration in the middle compartment increases.
It is caused by the electroosmotic flow of water dragged by anions through AM to the middle
compartment. Thus, the decreasing volume of the cathode solution keeps the H3PO4 concentration
on the same level. For nF/nCl,ca,0 higher than ca. 0.9, a significant increase in H3PO4 concentration is
observed. It is caused by a substantial decrease in HCl concentration which increases the H3PO4

dissociation. Consequently, the migration of H2PO4
− anions through the membrane increases.

Using the concentration dependencies on nF (Fig. 7, Fig. 8), current efficiency of HCl removal
from the cathode solution, CECl, and the current efficiency of H3PO4 retention, CEret,A, in that
solution were calculated. CECl was calculated from the formula

(24)

where Vca,0 is the initial volume of the cathode solution, nF is the number of moles of the
elementary charge passed through the system. For comparison, we also calculated CE based on the
change of a number of moles of a given species in the cathode solution

α = Cl, A (25)

The choice of the CE definition depends on the preferences. Eq. (24) reflects only the concentration
change. If there is no change, CE = 0. The advantage of such a CE means there is no need to measure
the volume changes during the process. Eq. (25) yields CE > 0 even if the concentration change is
zero. However, it better characterizes the membrane transport of ions. For the poorly dissociated
H3PO4 being in the mixture with a strong acid, the efficiency of retention, CEret,A, defined by

(26)

or by

(27)

is more appropriate, where CEn,A is given by Eq. (25). To calculate CE, the acid concentration
should be expressed as a function of nF, c(nF). As the best model fit did not cover the whole range
of nF, the model function c(nF) was joined with a cubic equation (c = a0 + a1nF + a2 + a3 ). In
the joint point, the first and second derivatives of the cubic equation were set to be equal to the
derivatives of the model function. Using these conditions and minimizing the deviation of c from
the experimental values of c, the coefficients of the cubic equation, ai, were found.

The comparison of CE to CEn is shown in Fig. 9. It is seen that in the case of HCl removal, at the
beginning of the experiment CEn,Cl > CECl, at the end – the relation is reversed. In the case of
H3PO4 retention, CEret,n,A is slightly lower than CEret,A in the whole range of nF because the volume
of the cathode solution decreases during the process. As the differences in the values of CE and CEn

are not so important, and CE can be easily determined, only CE based on the concentration changes
will be discussed further in the text.

In Fig. 10, the efficiency of HCl removal, CECl, is shown. It is seen that CECl for the both membranes
(ACM and AAV) is similar, i.e. for nF/nCl,ca,0 ≤ 0.8-0.9 CECl is above 0.8, and then it strongly decreases.

CECl Vca 0,–≡
dcCl ca,

dnF

--------------=
dcCl ca, cCl ca 0,,⁄
dnF nCl ca 0,,⁄

--------------------------------–

CEn α,

dnα ca,

dnF

-------------–≡ = Vca

dcα ca,

dnF

-------------– cα ca,

dVca

dnF

----------–

CEret A, 1 CEA=1
dcA ca, cA ca 0,,⁄
dnF nA ca 0,,⁄

-----------------------------––≡

CEret n A, , 1 CEn A,–≡

nF

2
nF

3
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These changes are correlated with the changes of H3PO4 retention efficiency, CEret,A, which is nearly
one, and for nF/nCl,ca,0 > 0.8 it also strongly decreases (Fig. 11). The differences between CE for the
experiments E1-E4 are small if nF/nCl,ca,0 ≤ 0.8. In the E3 and E4 experiments in which higher HCl
concentration was used, CECl is slightly lower than that in E1 and E2 because of higher Donnan
sorption of HCl. The current density (500, 1000 A/m2) has no significant effect on CE. At the end of
the process (nF/nCl,ca,0 > 0), CECl is higher for the experiments with higher initial HCl concentrations.
The reason is that at the same value of nF/nCl,ca,0 the HCl concentrations in E3 and E4 are higher
than those in E1 and E2. Thus, the transport of H2PO4

− anions lowering CECl is still diminished.
In Fig. 12, the comparison of CECl with that obtained for pure HCl solutions is shown. It is seen

that in the experiment E3 (cHCl,ca,0/cA,ca,0 ≈ 4), CECl is similar to that obtained for pure HCl solutions
(for nF/nCl,ca,0 < ca. 0.8). In the experiment E1, CECl is smaller than that for HCl solutions because of

Fig. 9 Comparison of CECl (Eq. (24) and CEret,A (25) with CEn,Cl (Eq. (26)) and CEret,n,A (Eq. (27)) for ACM, E1.

Fig. 10 Instantaneous current efficiency of HCl removal, CECl (Eq.(24)); conditions of experiments are in
Table 1; (a) ACM, (b) AAV.
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a lower cHCl,ca,0/cA,ca,0 ratio (≈ 2). In comparison to the H2SO4+H3PO4 mixtures, the efficiency of HCl
removal is significantly higher. For example, for nF/nCl,ca,0 = 1, cCl,ca/cCl,ca,0 reaches 0.1 (Fig. 7), whereas
for H2SO4, cS,ca/cS,ca,0 is merely ca. 0.5 (Fig. 4 in (Koter and Kultys 2010)). The H3PO4 retention is
also higher in the case of HCl+H3PO4 mixtures.

5. Conclusions

The HCl removal from the mixture of HCl+H3PO4, CECl, and the H3PO4 retention efficiency, CEret,A,
by means of the anion-exchange membranes ACM and AAV are efficient if the number of moles of
the elementary charge passed through the system, nF, does not exceed ca. 80% of the initial number
of HCl moles in the mixture, nCl,ca,0. In that range of nF/nCl,ca,0, CECl (= 0.8-0.9) is close to that

Fig. 11 Instantaneous current efficiency of H3PO4 retention, CEret,A (Eq. (26)); conditions of experiments are
in Table 1; (a) ACM, (b) AAV.

Fig. 12 Comparison of CECl (Eq. (24)) for single HCl solutions and for HCl+H3PO4 mixtures; conditions of
experiments are in Table 1; (a) ACM, (b) AAV.
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obtained for pure HCl solutions. CEret,A is close to one. Both of the investigated membranes, ACM
and AAV, show similar characteristics.

The transport model based on the extended Nernst-Planck equation and the Donnan equilibrium
satisfactorily describes the electric transport of HCl+H3PO4 mixture through anion-exchange
membranes for nF not exceeding nCl,ca,0. Among the tested model parameters the most important are:
the concentration of the fixed charges, , the porosity-tortuosity coefficient, kDVθ, and the partition
coefficient of the undissociated form of H3PO4, kc,5. The optimal values of  for the both membranes
are up to 40% lower than those obtained from the equilibrium experiments. The porosity-tortuosity
coefficient, kDVθ, for ACM is more than two times higher than that for AAV. It indicates that the pores
of AAV are narrower and/or more tortuous than those of ACM. When compared to H2SO4+H3PO4

mixtures, the assumption on association equilibrium between H2PO4
− and the membrane fixed

charges or additional H3PO4 equilibria does not improve the fitting of HCl+H3PO4 data.
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Appendix

Calculation of mass fluxes and Jv
The mass fluxes through the membranes were calculated from the following formulae:

(A1a)

(A1b)

where

α = ca, am, an (A2)

(A3a-c)

xw,am is the fraction of water splitted in BM, coming from the middle solution. Here, it is assumed that xw,am = 0.5.
nF is the number of moles of the elementary charge passed through the system during the process. rF,α is the
change of the α solution mass resulting from electrode reactions and/or water splitting in BM caused by passing
1 F of charge. msam,α,i is the mass of i-th sample taken from the α solution. Mi is a molar weight of i-th species.
Eqs. (A1a,b) result from the fact that ∆mα (α = ca, am, an) are not independent variables, i.e. there are 3 equa-
tions relating them with two independent variables Jmass,AM and Jmass,BM:

,  and  (A4a-c)

from which two different formulas for the calculation of each mass flux can be obtained. Using statistical meth-
ods (Brandt 1976) it can be shown that the best flux estimate is just an arithmetic mean of these formulas, i.e.
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Eqs. (A1a,b). The volume flow through AM, Jv, was calculated from Jmass,AM divided by the arithmetic mean of
the densities of solutions on the both sides of AM.

Substituting (A2, A3) into (A1) it should be noticed that Jmass,MA does not depend on the assumption about
xw,am. Only Jmass,AM depends on that assumption. As Jmass,BM insignificantly changes the composition of the middle
solution, the assumption about xw,am has a negligible influence on the model calculations.

Calculation of the mean diffusion permeability coefficient ,
The mean permeability coefficient , i = HCl or H3PO4, was calculated according to the method described

in (Koter and Kultys 2008):

(A.5)

where tr is the time of experiment. For the linear dependence of ci,dVi,d on time, Eq. (A1) takes the form:

(A.5a)

where ∆tj = tj – tj-1, ∆ci,j is the concentration difference across the membrane observed at time tj. It should be
noted that in derivation of Eq. (A.5), no cross-effects related with the presence of other acid were taken into
account. 

List of symbols

c concentration (mol m−3)
co standard concentration (co = 1 mol dm−3)

concentration of fixed charges (mol m−3)
maximum concentration of fixed charges (mol m−3)

CE current efficiency
Di diffusion coefficient of species i (m2s−1)
F Faraday constant (F = 96485 C mol−1)
j electric current density (A m−2)
Ji flux of species i (mol m−2s−1)
Jmass,AM mass flow through the anion-exchange membrane (kg m−2s−1)
Jv volume flux (m s−1)
kDVθ porosity-tortuosity coefficient
Kα thermodynamic equilibrium constant of reaction α
Kα,c concentration equilibrium constant of reaction α
lm thickness of membrane (m)
lpol thickness of polarization layer (m)
m mass (kg)
m molality (mol kg−1)
m' concentration expressed in moles per kg of solution (mol kg−1)
msam,α,i mass of i-th sample taken from the α solution (kg),
Mi molar weight of i-th species (kg mol−1)
n number of moles (mol)
nF number of moles of elementary charge passed through the system,  (mol)
Ps,i permeability of i-th acid (m s−1)
rF,α change of mass of the a solution resulting from electrode reaction and/or water splitting in BM

caused by passing 1 mole of elementary charge (kg mol−1)
R gas constant (R = 8.314 J K−1mol−1)
Sm area of membrane (m2)
t time (s)
ti transport number of ion i
T temperature (K)
V volume of solution (m3)
Vp volume fraction of membrane pores
x coordinate of x-axis perpendicular to the surface of membrane (m)
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xw,am fraction of water splitted in BM, coming from the middle solution
zi charge number of ion i
zm charge number of fixed charges
θ tortuosity coefficient of membrane pores
ρ density (kg m−3)
ϕ ' dimensionless electric potential (ϕ ' = ϕ F/RT).

Subscripts

0 – t = 0, 1 – H+, 2 – Cl-, 3 – H2PO4
−, 4 – H5P2O8

−, 5 – H3PO4, am – middle solution (between AM and BM
membranes), an – anode solution, b – bulk, c – concentrated, ca – cathode solution, d – diluted, m – membrane,
A – H3PO4 or H2PO4

-, bar over the symbol denotes the solution in membrane pores.
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