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Abstract 

In this research low-cost ceramic anion-exchange membranes have been developed 

from porous supports manufactured using a chamotte as a pore former. An inorganic 

anion-exchanger (hydrated cerium dioxide) has been deposited into the support and 

fixed by thermal treatment. The effects of some process variables (such as the 

temperature of the thermal treatment or the pH of the electrolyte) on the properties of 

the anion-exchange membranes have been investigated. The electrochemical 

performance of the resulting membranes has been compared to that exhibited by 

ceramic anion-exchange membranes based on another anion-exchanger (hydrated 

zirconium dioxide) deposited into alumina-kaolin supports.  
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The temperature of the thermal treatment applied to fix the hydrated cerium dioxide 

(HCeD) does not affect the structure nor the electrochemical properties of the 

membranes. The porosity of the supports obtained using chamotte as pore former was 

lower than that of the alumina-kaolin ones, which led to a lower deposition of hydrated 

cerium dioxide than that obtained for hydrated zirconium dioxide (HZrD) in alumina-

kaolin supports. The higher porosity registered for the HZrD-based membrane also 

implies higher membrane conductivities. The selective transport of anions through the 

membranes was enhanced by increasing the number of infiltrating steps, as confirmed 

from current-voltage curves. However, this behavior was only apparent at acidic or 

neutral pH, thus confirming the amphoteric character of the anion-exchanger.  

 

Comparing the γ parameter (equivalents of ion exchanger per gram of deposited oxide), 

it is concluded that the porosity of the ceramic supports, consequence of their distinct 

microstructure, is the main parameter responsible for the difference in the ion-exchange 

capacity obtained for HZrD and HCeD membranes. Consequently, the CeO2 particles 

used in this work are also good candidates to impart ion-exchange properties to 

microporous ceramic supports.  

 

Keywords: ceramic anion-exchange membranes, hydrated cerium dioxide, 

chronopotentiometry, ion-exchange capacity. 
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1. Introduction 

Electrodialysis has been demonstrated to be a valuable technology for treating industrial 

wastewaters, such as those generated in metal finishing or mining activities1–3.  The 

presence of separators in electrochemical reactors is crucial when reagents or products 

taking part in one electrode process are susceptible to react at the counter electrode4. 

Ion-exchange membranes are especial types of membranes, which are capable of 

separating ions initially present in an electrolyte solution depending on their polarity. 

The application of electrodialysis membranes in electrochemical reactors is usually 

limited by the poor chemical resistance of polymers, membrane fouling and 

concentration polarization. Especially, concentration polarization may lead to a 

substantial increase of the electrical resistance of the membrane and can cause the 

precipitation of metallic hydroxides at the membrane surface5–7. These facts reduce the 

applicability of these type of membranes to the treatment of dilute solutions8. Therefore, 

in some applications it is more appropriate to work with membranes made from ceramic 

materials instead of polymeric ones, as they exhibit better stability in extreme acidic or 

basic conditions, as well as under the action of oxidizing agents5,8,9. Ultimately, the 

above-mentioned advantages entail long life services and a more feasible application of 

chemical cleanings to recover the initial membrane performance. 

 

Previous works have emphasized that the use of ceramic membranes with enhanced ion 

transport properties can be a competitive alternative to polymeric ones for treating 

specific industrial wastewaters, as they show better chemical resistance and can be 

obtained with a rather low cost5,10,11. In this sense, hydrated oxides of multivalent metals 

(such as cerium, barium or zirconium) are potential candidates for manufacturing 

ceramic ion-exchange membranes. Among them, zirconium has been demonstrated to 
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be a good alternative, since hydrated zirconium dioxide is stable in acidic and oxidizing 

media12. Different works have focused on the production of ceramic membranes 

modified with hydrated zirconium dioxide (HZrD)10,13–15, which have shown anion-

exchange properties. Inorganic membranes modified with zirconium hydrophosphate 

demonstrated similar behavior regarding cations15–17. However, very little work has 

been conducted regarding the impregnation of ceramic supports with other type of 

inorganic ion-exchangers. Among them, the application of hydrated cerium dioxide has 

not been investigated in depth.  

 

The objective of the present paper is to study the electrochemical behavior of new 

ceramic anion-exchange membranes based on hydrated cerium dioxide (HCeD) and to 

compare it with that observed for anion-exchange ceramic membranes based on 

hydrated zirconium dioxide15. The new membranes presented in this work combine 

HCeD with a low-cost ceramic support that has been designed using a home-made 

chamotte as pore former. The support was obtained from a mixture of clay, sodium 

feldspar, feldspatic sand and the chamotte. The use of chamottes instead of organic 

compounds as pore formers implies a substantial reduction of the duration of the 

thermal treatment needed to produce microporous ceramics, hence entailing a 

significant decrease of the manufacturing costs. The morphology, composition and pore 

size distribution of the resulting membranes manufactured at different thermal treatment 

temperatures (250 and 450 ºC) were evaluated and their electrochemical performance 

was also investigated. 
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2. Materials and methods 

2.1. Synthesis of the membranes 

The chamotte was obtained from a mixture of 10 % of potato starch (Roquette Freres, 

France) with clay (UA50, Mineraria, Spain), which was dry-blended in a blade mill 

(Multitrio, Moulinex international, France) and calcined at 1200 ºC with a soaking time 

of 1 hour. The same clay used in the chamotte synthesis together with micronized 

sodium feldspar (courtesy of Pamesa, S.A. Spain), feldspatic sand (AFS-125, Imerys, 

Spain) and the chamotte were proportioned by weight (16/16/8/60 respectively) and dry 

mixed. The resulting powder was moisturized and dry-pressed, to obtain disks with a 

diameter of 5 cm and a thickness of 3 mm. The disks were sintered in an electric furnace 

at 1100 ºC with a soaking time of 1 hour to obtain the porous supports. The composition 

of the raw materials used for the synthesis of the membranes is presented in Table 1.  

 

The supports have been functionalized by impregnation with an inorganic anion-

exchanger, hydrated cerium dioxide. Firstly, the supports were saturated with a 0.5 M 

aqueous solution of (NH4)2Ce(NO3)6OCl2·8H2O (98%, Sigma Aldrich GmbH, 

Germany). The saturated supports were immersed in a NH4OH (28–30% wt, Sigma 

Aldrich GmbH, Germany) solution for 24 h. Afterwards, the supports were rinsed, dried 

and thermally treated at 250 ºC or 450 ºC to fix the ion exchanger. This procedure was 

done again up to six times, considering as n each infiltration cycle. The membranes 

were weighted after each infiltration cycle and the λ parameter was calculated as 

follows: 

 

 
supporttheofmassinitial

depositedoxidediceriumhydratedofmass
   (1) 

 



 6

 

2.2. Chemical and morphological characterization of the membranes 

The equipment employed to measure the pore size distribution and to analyze the 

mineralogical composition and the morphology of the membranes is well described 

previously15. The distribution of cerium across the membranes was analyzed by Energy-

dispersive X-ray spectroscopy (EDX, Genesis 7000 SUTW, EDAX, USA) connected to 

a SEM.  

 

2.3. Electrochemical characterization of the membranes 

2.3.1. Determination of the ion-exchange capacity 

The ion-exchange capacity (IEC) represents the number of active sites, which are 

capable of exchanging electrolyte counter-ions, per membrane weight. This value was 

calculated by equilibrating the membranes successively with NaOH and HCl and 

calculating the amount of OH- ions exchanged by back-titration15.  

 

2.3.2. Chronopotentiometric measurements 

The experimental equipment and the description of the different elements used for the 

chronopotentiometric measurements is presented in a previous work15. The current-

voltage curves of the membranes (or polarization curves) were obtained by plotting the 

applied current densities (i) against the steady values of the voltage drop of the 

membrane system (Um) obtained at the final part of each current pulse. 

 

Electrolytes with different composition were tested to study the behavior of ceramic 

membranes under different pH conditions: experiments were carried out at neutral pH 

with NaCl solutions (Panreac®) at different concentrations (0.01; 0.05; and 0.1 M), 
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under acidic conditions with a 0.05M HCl solution (J.T. Baker®), and under basic pH 

values by using mixtures of 0.05 M NaCl and 0.05 M NaOH (J.T. Baker®). 

 

 

3. Results and discussion 

3.1. Membrane characterization 

XRD analysis of the ceramic supports (not shown) confirmed that they were mainly 

formed by quartz, and contained minor proportions of mullite, albite and potash 

feldspar. They provide a high chemical resistance to the supports. The proportion of 

hydrated cerium dioxide deposited in the porous network of the ceramic supports (λ 

parameter), increased linearly with n, as shown in Fig. 1, but was nearly independent of 

the temperature of the thermal treatment. This result indicates that an increase in the 

number of infiltration cycles produces a proportional increase in the amount of ion 

exchanger deposited, and apparently, the degree of hydration of the cerium dioxide is 

the same for the two temperatures investigated. 

 

As expected from the evolution of λ values, the HCeD infiltration modified the pore 

size distribution of the supports. Fig. 2 presents the pore-size distribution of the 

synthesized ceramic anion-exchange membranes as a function of the infiltration cycles 

and the thermal treatment temperature. From the results depicted it is inferred that the 

pore size distribution is monomodal for all the membranes under study.  The average 

pore diameter for the unmodified support (n = 0) is about 1.4-1.5 µm and the total pore 

volume 0.177 cm3·g-1, and these parameters decrease as the number of infiltration 

cycles increases. This fact confirms that the amount of ion exchanger deposited 

increases with n causing a concomitant decrease in the membrane porosity. Moreover, 
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the changes in the pore size distribution suggest that the deposited HCeD reduces 

gradually the diameter of the pores, without blocking them totally. Fig. 2 also shows 

that the thermal temperature used to fix the anion-exchanger does not cause a 

substantial effect on the pore size distribution of the synthesized membranes. 

 

Fig. 3 presents the FEG-SEM images obtained for the membrane with n = 6 together 

with the EDX analysis for two different areas of the membrane under study: near the 

surface, Fig. 3 (a), and close to the center part, Fig. 3 (b). A higher magnification of the 

center section of the membrane, Fig. 3 (c), shows the presence of cerium oxide as 

whitest areas within the membrane porous structure. It is inferred from Fig. 3, that the 

HCeD was distributed throughout the whole porous network of the membrane.  

 

3.2. Electrochemical behavior of the membranes 

3.2.1. Ion exchange properties 

The evolution of the IEC with n does not follow the same pattern as λ, as seen in Fig. 4, 

where IEC tends to an asymptotic value as n is increased. This non-linear increase of 

IEC may be caused by a decrease in the average pore size (see Fig. 2) with increasing 

the infiltration cycles. In addition, the formation of agglomerates of hydrated cerium 

dioxide also increases, thus resulting in a decrease in the ratio: effective area of the 

support/mass of cerium deposited. Therefore, an optimal relationship between the 

number of infiltration cycles and porosity is required. Moreover, Figs. 1 and 4 also 

show that both λ and IEC parameters are practically the same for both temperatures 

under study. 

 

Table 2 presents the values of IEC, open porosity and  obtained for the membranes 

under study, infiltrated with HCeD, and for the membranes infiltrated with HZrD, 
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analysed in a previous work15. Comparing the values of  for both types of membranes 

it is observed that those obtained for HZrD are considerably higher than those for HCeD 

for any value of n. This fact may be attributed to the higher porosity of the membranes 

impregnated by HZrD particles in comparison to that observed for HCeD. In the case of 

the HZrD, the ceramic supports were formed by an alumina-kaolin matrix and starch 

was added as a pore former. On the contrary, in the case of the HCeD, the membranes 

have been synthesized from a mixture of natural minerals (clays and feldspars), with a 

porous chamotte as pore generator, giving rise to a more uniform pore size distribution 

together with lower values of porosity. In consequence, the volume of pores that can be 

filled with the cerium nitrate solution was lower, which reduces the maximum quantity 

of HCeD that could be deposited. The higher value of  obtained for the HZrD leads to 

higher ion exchange capacities. In spite of this fact, the values of IEC reported for the 

HCeD membranes are similar to those obtained for other ceramic anion-conducting 

membranes19 or even higher20–22. 

 

In order to compare the ion-exchange properties of both inorganic ion-exchangers, 

HZrD and HCeD, the ratio of  and IEC for both membranes is plotted in Fig. 5, where 

it is observed that  for HZrD is about 1.5 times that of HCeD, and consequently, the 

ratio between the IEC value obtained for each membrane is close to this value, except 

for n = 6, where the IEC ratio is higher (about 2). This result could be explained in 

terms of the different dependency between pore size distribution and n obtained for both 

types of ion exchanger. In the case of the anion-exchange membranes infiltrated with 

HZrD15, the effect of the starch addition on the ceramic supports led to a trimodal pore 

structure for n = 0, 2 and 4, whereas the membranes with n = 6 only showed two 

characteristic pore diameters. This change of structure was caused by the progressive 
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insertion of ion exchanger inside the larger pores. Hence, it was concluded that ZrO2 

deposits preferently over previously infiltrated ZrO2 particles. 

 

As mentioned previously, because of the difference in porosity, the amount of material 

deposited () is very different and this fact affects the ion-exchange capacity (IEC) of 

the membranes. In an attempt to evaluate only the contribution of the ion exchanger to 

the IEC values, a new parameter (γ) has been calculated: equivalents of ion exchanger 

per gram of deposited oxide; which is plotted in Fig. 6 for both types of membranes. 

According to the data presented in Fig. 6, the equivalents of ions that can be exchanged 

per gram of oxide deposited is similar for both types of anion-exchangers. Hence, the 

different behavior observed in terms of IEC and  was due to the differences of porosity 

and microstructure of the ceramic supports rather than to the difference in the ion-

exchange capacity of the HZrD and the HCeD. 

 

3.2.2. Chronopotentiometric response 

The chronopotentiometric response obtained for the CeO2-infiltrated membranes is 

shown in Figs. 7 and 8. In the present section, only the behavior of the membranes 

obtained with a thermal treatment at 250°C will be discussed, since no significant effect 

of the thermal treatment temperature on the membrane performance was found. The 

influence of the number of impregnation cycles on the chronopotentiometric response is 

represented in Fig. 7. The results obtained for the unmodified porous supports show a 

flat evolution of Um with time for all applied current pulses (see Fig. 7(a)). Hence, it is 

proven that the raw porous supports do not exhibit any selectivity for anions or cations 

so that concentration polarization effects are not remarkable. In contrast, the curves 

obtained for membranes with more infiltration cycles (Fig. 7(b)-(d)) are analogous to 
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those observed for electrodialysis membranes23–25. The ohmic overpotential is registered 

directly after switching on the current. When higher currents are applied, the membrane 

voltage drop increases more importantly during the pulse. This behavior is the 

conventional one observed when using membranes with enhanced ion transport 

properties and is related to the development of concentration profiles at the 

membrane/solution interfaces. When the concentration of counterions, in the present 

case anions, decreases to values close to zero at the depleting membrane surface, the 

electrical resistance of the membrane system grows, which is reflected in the curves by 

an acute increase of Um. The difference between the final value of Um registered at the 

end of the current pulse and the ohmic overpotential is known as the interfacial transfer 

overvoltage. This parameter is related to the ion-exchange properties provided by 

hydrated cerium oxide, which involves an increased transfer of anions through the 

membranes26. As observed, the higher the applied current is, the greater the value of the 

interfacial transfer overvoltage is, since the reduction of the counter ion concentration 

(Cl-) next to the membrane in the depleting compartment is greater. 

 

The initial concentration and pH of the solutions were also altered in order to 

investigate the membrane performance in a wide range of conditions. The curves 

obtained for the membrane with n = 6 in a variety of solutions is presented in Fig. 8. 

This membrane shows the classical behavior of electrodialysis membranes for the three 

concentrations of NaCl. Comparing the results of Fig. 7 (d) and Figs. 8 (a) and (b), it is 

inferred that for similar values of applied current, Um decreases as the concentration of 

NaCl increases. This is mainly caused by an increase in the electrical conductivity of the 

system for higher concentrations. An analogous response was also observed when HCl 

solutions were tested (Fig. 8(c)), thus confirming that this kind of anion-exchanger is 

active under acidic conditions. On the contrary, as NaOH was added to the electrolyte 
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(Fig. 8(d)), the chronopotentiograms become similar to those observed for the 

unmodified supports (Fig. 7(a)). This trend indicates that the membranes are not 

selective under basic conditions, which agrees with preceding studies carried out with 

ZrO2 particles10,27, and confirm the amphoteric behavior of HCeD.   

 

Regarding the other temperature under study (450°C), similar results than those 

previously explained were obtained: the curves of the unmodified ceramic support is 

practically flat for all applied currents and those of the infiltrated membranes exhibit a 

substantial variation of Um during the application of the current pulses. The effect of n, 

the electrolyte concentration and pH on the chronopotentiometric measurements also led 

to similar conclusions, therefore, these results are not shown in the present publication 

for the sake of conciseness.  

 

If the previous chronopotentiometric results are compared with those for the membranes 

infiltrated with ZrO2 particles15, it is firstly concluded that the unmodified ceramic 

support of the present paper involves higher Um values for the same applied currents, 

since as mentioned previously the porosity of these ceramic supports is considerable 

lower. This lower porosity leads to a decrease in the amount of CeO2 particles deposited 

() and, consequently, to lower values of IEC.  

 

3.2.3. Current-voltage curves  

Current-voltage curves represent the relationship between i and Um. They are 

convenient for studying transport phenomena through ion-exchange membranes, since 

they can be used to obtain relevant characteristic values, such as the limiting current or 

the resistance of the membrane system. Current–voltage curves reflect the electric 
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properties of the membrane and give information about the transport mechanism of 

ions, including concentration polarization28–32.  

 

Fig. 9 shows the current-voltage curves obtained for 0.01 M NaCl with membranes 

obtained after a thermal treatment at 450 ºC and varying infiltration steps. A linear trend 

was observed for the uncharged ceramic support for the range of current densities 

tested. This behavior indicates the absence of diffusive limitations due to the lacking 

anion selectivity of the membranes. However, the curves corresponding to the infiltrated 

supports change their behavior as the current density is increased. At low current 

densities, the current and the potential drop of the membrane correlate with a quasi-

ohmic behavior. In this region, ions are transferred through the membrane by diffusion 

and migration. However, when current densities approach the limiting current density, 

the resistance of the membrane system increases and the curves form a flat area known 

as “plateau”, which is directly associated with the intensification of concentration 

polarization. This phenomenon becomes apparent with ion-selective membranes, since 

the rejection of co-ions in the concentrate side together with the enhanced transport of 

counter-ions originates concentration gradients near the membrane. In the “plateau” 

region, the concentration of counter-ions on the surface of the membrane approaches 

zero and the transport of ions is limited by diffusion. In this case, the limiting current 

density (ilim) is determined by the intersection of the two straight lines corresponding to 

the ohmic and the “plateau” regions, as shown in Fig. 9.  

 

Fig. 10 represents the current-voltage curves obtained for 0.05 M NaCl as a function of 

n for a temperature of 250 ºC. As observed, the membrane with n=2 does not present a 

“plateau” region and the curves of the support and this membrane are almost 

superposed. This fact indicates that the IEC achieved after two infiltration cycles is not 
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high enough to provide significant anion-selective properties in the case of higher 

electrolyte concentration. 

 
The shape of the current-voltage curves obtained for acidic pHs (not shown) is very 

similar to that observed previously in Figs. 9 and 10. On the contrary, in the case of 

basic pH the curves (not shown) reflected a quasy-ohmic response over all range of 

currents applied, which is characteristic of non-selective membranes. These results 

corroborate the conclusions extracted from the chronopotentiograms.  

 

When a separator is used in an electrochemical reactor, it should be as thin as possible 

in order to minimize the electrical resistance of the membrane/electrolyte systems, Rm, 

whilst retaining structural stability. In the case of a microporous ceramic membrane, the 

potential difference across the membrane will depend on the thickness of the material 

and the electrolyte composition. Rm, can be calculated from the inverse of the slopes of 

the quasi-ohmic region and is used to obtain the effective electrical conductivity of the 

membranes, m, as predicts Eq. (2), where e represents the thickness of the membrane: 

 

mR

e
mk             (2) 

 

Both, m and ilim parameters extracted from the current-voltage curves are presented in 

Table 3 for each membrane/electrolyte and temperature under study. With 

independency of the temperature applied during the thermal treatment, for a given 

electrolyte composition, the m values decrease when n is increased. This trend can be 

explained by the gradual decrease of the membrane pore diameter occurring as the 

amount of CeO2 particles deposited in the microporous structures increases (see Fig. 1). 

Consequently, a compromise between the membrane anion selectivity (given by IEC) 
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and the membrane conductivity (given by m) is desired. On the other hand, an increase 

in the ion concentration leads to a higher conductivity in the diffusion boundary layers 

and inside the microporous membrane, which is reflected by an increase in m. Since 

the co-ion also affects the conductivity of the diffusion boundary layers, the higher 

conductivity of H+ ions compared to that of Na+ ions causes these greater values of m 

obtained for the 0.05 M HCl electrolyte related to that of 0.05 M NaCl. Comparing the 

electrochemical parameters presented in Table 3 with those obtained with HZrD15, it is 

inferred that the values of m are always higher for the latter since the porosity obtained 

in this case is considerably higher (between 45 and 54%) than that of HCeD (ranges 

from 28 to 31%), as shown in Table 2.  

 

As observed in Table 3, the limiting current value, ilim, diminishes as n increases for 

both temperatures under study. The membranes having increasing amounts of CeO2 

particles (n) possess an enhanced selectivity (higher IEC values). As the membrane 

selectivity is increased, the preferential transport of counterions is promoted and, 

consequently, the limiting conditions in these membranes are reached at lower values of 

current density. Moreover, the higher the electrolyte concentration, the higher the 

limiting current, because higher applied currents are necessary to achieve the depletion 

of ions in the diluting diffusion boundary layer. 
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4. Conclusions 

 

A new low-cost ceramic support has been designed using a chamotte as pore former. 

The use of chamottes implies a reduction of the long thermal cycles that are usually 

required to oxidize organic pore formers and a concomitant decrease in the 

manufacturing costs. These supports have been functionalized by infiltrating an 

inorganic anion-exchanger (hydrated cerium dioxide) to expand the scope of ceramic 

membranes used in wastewater treatment, especially in those cases where the reactivity 

of the contaminants impedes the use of polymeric membranes. The effects of some 

process variables (such as the temperature of the thermal treatment or the electrolyte 

composition) on the electrochemical properties of the resulting anion-exchange 

membranes have been investigated. The behavior of the synthesized membranes has 

also been compared to that exhibited by membranes obtained using another anion-

exchanger (hydrated zirconium dioxide). 

 

Comparing the values of λ (mass of hydrated cerium dioxide deposited related to the 

mass of the support) for both types of membranes it is inferred than those obtained for 

the hydrated zirconium dioxide (HZrD) were considerably higher than those for the 

hydrated cerium dioxide (HCeD). This fact is attributed to the higher porosity of the 

membranes obtained using starch as pore former in comparison to that observed for 

those made with chamottes. The higher value of  obtained for the hydrated zirconium 

dioxide led to higher ion exchange capacities. However, from the evaluation of the γ 

parameter (equivalents of ion exchanger per gram of deposited oxide) it is concluded 

that the different behavior observed in terms of IEC and  was due to the different 

porosity of the ceramic supports, consequence of their distinct microstructure, rather 



 17

than to the difference in the ion-exchange capacity of the HZrD and the HCeD, since 

both ion-exchangers present similar values. Hence, the CeO2 particles presented in this 

work are also good candidates to impart ion-exchange properties to microporous 

ceramic supports.  

 

Our further studies will focus on the development of ceramic supports using chamottes 

as pore formers, but trying to achieve higher porosities. This would lead not only to 

lower manufacturing costs, but also to lower energetic costs, as higher porosities imply 

lower electrical resistance of the membrane/electrolyte systems. 
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Fig.  1. Effect of the number of infiltration cycles with hydrated CeO2 particles (n) on λ. 
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Fig. 2. Pore size distribution as a function of the number of infiltration cycles with HCeD (n) and the 

temperature of the thermal treatment. 
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Fig 3. SEM image and EDX analysis of polished sections of the membrane obtained with 6 infiltration 

cycles and 250 ºC: (a) Surface of the membrane, (b) central section and (c) magnification of central 

section of the membrane (the whitest areas correspond to the cerium hydrated oxide). 
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Fig.  4. Effect of the number of infiltration cycles with hydrated CeO2 (n) on IEC.  
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Fig.  5. Effect of the number of infiltration cycles on the ratio of  and IEC expressed as HZrD/ HCeD. 
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Fig. 6. Ion-exchange capacity per gram of material deposited 
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Fig. 7. Chronopotentiometric response obtained for 0.01 M NaCl with (a) the microporous support 

without CeO2 (n = 0), and the membranes infiltrated with HCeD: (b) n = 2, (c) n = 4, and (d) n = 6.  
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Fig. 8. Chronopotentiometric response obtained for the membrane obtained after 6 infiltration cycles with 

different electrolyte solutions: (a) 0.05 M NaCl, (b) 0.1 M NaCl, (c) 0.05 M HCl and (d) mixtures of 0.05 
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Fig.  9. Current-voltage curves obtained for 0.01 M NaCl solutions and varying number of infiltration 

steps. The thermal treatment applied to fix the anion-exchanger was conducted at T = 450ºC 
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Fig.  10. Current-voltage curves obtained for 0.05 M NaCl solutions and varying number of infiltration 

steps. The thermal treatment applied to fix the anion-exchanger was conducted at T = 250ºC 
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Table 1.  

Chemical composition of inorganic raw materials (wt%). 

 

Oxide Clay Sodium feldspar Feldspatic sand 

SiO2 

Al2O3 

Fe2O3 

CaO 

MgO 

Na2O 

K2O 

TiO2 

64.5 

22.5 

1.1 

0.3 

0.5 

0.5 

2.25 

1.25 

70 

19 

0.11 

0.5 

0.1 

10 

0.3 

0.2 

91 

5 

0.12 

0.1 

0.01 

0.1 

2.5 

0.08 

L.O.I(a) 6.5 0.3 1.1 
(a) Loss on ignition 
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Table 2 

Values of IEC, open porosity, and  for both HZrD and HCeO as a function of the number of infiltration 

cycles. 

  n = 0 n = 2 n = 4 n = 6 

(a
) A

lu
m

in
a-

k
ao

li
n

-Z
rO

2  IEC (meq·g-1) 0 0.030 0.051 0.070 

Open porosity (%) 53.6 51.8 50.5 48.5 

 (gr HZrD deposited/gr support) 0 0.358 0.722 1.012 

(b
) C

h
am

ot
te

-

C
eO

2 

IEC (meq·g-1) 0 0.022 0.031 0.036 

Open porosity (%) 30.8 30.3 27.9 29.6 

 (gr HCeD deposited/gr support) 0 0.169 0.299 0.481 

(a) Temperature of the thermal treatment = 200 ºC   
(b) Temperature of the thermal treatment = 250 ºC 
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Table 3 

Values of the electrochemical parameters as a function of the number of infiltration cycles and 

temperature. 

n 0 2 4 6 

T (°C) 250 450 250 450 250 450 

0.01M NaCl 
km  (mS·cm-1) 0.17 0.14 0.16 0.09 0.11 0.10 0.12 

ilim (mA·cm-2) - 1.19 1.00 0.50 0.90 0.75 0.58 

0.05M NaCl 
km  (mS·cm-1) 0.75 0.77 0.67 0.46 0.51 0.33 0.32 

ilim (mA·cm-2) - - - 4.07 2.87 3.02 2.96 

0.1M NaCl 
km  (mS·cm-1) 1.41 1.21 1.36 0.76 0.79 0.66 0.60 

ilim (mA·cm-2) - - - 5.78 - 5.06 4.57 

0.05M HCl 
km  (mS·cm-1) 3.07 1.97 2.54 1.04 1.49 0.99 1.15 

ilim (mA·cm-2) - 23.39 - 16.12 20.63 4.30 3.28 

 
 

  

 
 


