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A B S T R A C T   

Capacitive deionization (CDI) is a technology used for water desalination and ion recovery based on the use of 
capacitive electrodes. Typically, the porous carbon electrodes used for CDI display limited ion storage capacity 
and selectivity due to the mechanism of ion storage in the electric double layer, but impressive improvements 
have been achieved using alternative, redox-based electrode materials, including conducting polymers like 
polyaniline (PAni). PAni is capable of capturing anions based on redox chemistry, but it degrades at anodic 
potentials typically used in CDI. In this work, we employed a multi-channel membrane CDI cell to map the 
stability window of a porous carbon electrode modified with PAni by controlling the anodic potential. We 
demonstrated for the first time that applying a potential as low as + 0.35 V (vs. Ag/AgCl) yields a stable and high 
chloride removal capacity (65 mgCl/gAnode) with charge and coulombic efficiencies close to 100% for CDI. 
Furthermore, this is first work to explore the selectivity of the PAni-modified CDI electrodes towards chloride in 
binary solutions, evidencing that chloride is preferred regardless the valence of the competing anions. We believe 
that this work provides an important contribution for a larger figure, one in which CDI can be used for both high- 
performance water desalination, and efficient anion-selective removal and recovery.   

1. Introduction 

One of the challenges of this century is to provide good quality water 
at a low cost of production. Large reserves of water are improper due to 
high salt concentrations (e.g., seawater and brackish water) or human 
contaminations (e.g., in lakes and rivers) [1]. Technologies such as 
reverse osmosis and electrodialysis have demonstrated robust perfor-
mance for water desalination, achieving significant improvements in 
more than a hundred years of research [2,3]. 

Alternatively, a relatively new technology called capacitive deion-
ization (CDI) has demonstrated great advances over the last two decades 
to desalinate brackish water (total salt dissolved < 10 g/L) with a good 
energy efficiency [4]. Capacitive deionization is a technology usually 
based on the formation of an electric double layer (EDL) in which ions 
are attracted to and stored on/near the surface of electrodes. An external 
electric field formed by applying a constant voltage or current drives the 
ions from the salty solution to the surface of the electrodes. Due to its 

capacitive nature, the removal capacity of the electrodes diminishes 
with time until it reaches saturation at the end of the half-cycle. The 
regeneration of the electrode is carried out by simply short-circuiting 
(cell voltage = 0 V) or by inversing the polarity of the electrodes, 
completing a full desalination cycle. As a capacitive technology, it is 
possible to recover part of the energy used for desalination reducing the 
overall energy demand [5,6]. Additionally, CDI presents other advan-
tages such as easy portability [7], facile electrode regeneration [8], low 
energy consumption (for low-resistance cell design) [9], and the possi-
bility of achieving high selectivity towards desired species [10,11]. 

CDI electrodes are usually made out of microporous carbons with 
robust electrochemical and chemical stability, good conductivity, and 
amphoteric behavior allowing their use as both cathode and anode [12]. 
Many types of porous carbon electrodes have been investigated such as 
carbon nanotubes [13], graphene [14], carbide-derived carbon [15], 
and activated carbon [16]. Recently, it was reported that an activated 
carbon derived from polyaniline (PAni) doped with p-toluenesulfonate 

* Corresponding authors at: Scientific and Technologic Park of Bizkaia, Tecnalia, Basque Research and Technology Alliance, Astondo bidea 700, 48160 Derio, 
Bizkaia, Spain. (R.L. Zornitta), Laboratory of Organic Chemistry, Wageningen University, Stippeneng 4, 6708 WE Wageningen, the Netherlands (Louis C.P.M. de 
smet). 

E-mail addresses: rafael.linzmeyer@tecnalia.com (R.L. Zornitta), louis.desmet@wur.nl (L.C.P.M. de Smet).  

Contents lists available at ScienceDirect 

Separation and Purification Technology 

journal homepage: www.elsevier.com/locate/seppur 

https://doi.org/10.1016/j.seppur.2022.120807 
Received 16 January 2022; Received in revised form 27 February 2022; Accepted 7 March 2022   

mailto:rafael.linzmeyer@tecnalia.com
mailto:louis.desmet@wur.nl
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2022.120807
https://doi.org/10.1016/j.seppur.2022.120807
https://doi.org/10.1016/j.seppur.2022.120807
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2022.120807&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Separation and Purification Technology 290 (2022) 120807

2

(PTS) presents remarkable textural properties, including a very high 
surface area (3600 m2/g) and pore volume (2.3 cm3/g) [17], leading to 
one of the highest desalination (22 mg/g) and charge storage capacities 
(212 F/g) observed for EDL-based electrodes. Despite the unique char-
acteristics of microporous carbons, the desalination capacity is still 
lower than those of other advanced electrode materials, such as inter-
calation materials and metal oxides, which may achieve salt adsorption 
capacity (SAC) values ranging from 30 to 100 mg/g along with a 
improved energy efficiency over carbon electrodes [18-20]. 

In order to improve the energy efficiency and desalination capacity 
of microporous carbon, it is common to employ appropriate cell con-
figurations, such as ion-exchange membranes (IEMs) [21], or carbon 
electrodes modified with oxides [22,23], thermal treatments [24], and 
conducting polymers [25]. The use of conducting polymers stands out as 
one of the most promising approaches due to their high theoretical 
charge storage capacity and good conductivity, which are very benefi-
cial in improving the energy efficiency of the CDI process. Polyaniline 
(PAni) is a prominent conducting polymer prepared from the low-cost 
aniline monomer, and can easily be combined with anion dopants as 
template agents to define the textural characteristics and electro-
chemical performance [26]. For these reasons, PAni has been largely 
used for energy storage applications [27], ion-exchange processes [28], 
and sensor schemes [29]. Some studies have also explored the use of 
PAni-modified electrodes for CDI to improve electrode conductivity 
[13], and to prepare high-performance electrodes derived from 
carbonized PAni for water desalination [17]. 

The well-known mechanism of PAni ion-storage is based on the 
redox reaction that the nitrogen present in the PAni backbone can un-
dergo (Scheme S1). Anions are removed from solution during the 
polymer oxidation step for charge compensation, and they are released 
back when the polymer is reduced. This mechanism is similar to redox 
intercalation materials in which metallic centers undergo redox re-
actions responsible for the deionization process. Nevertheless, unlike 
redox intercalation materials, PAni has typically a strong affinity to-
wards anion removal. 

In the context of ion selectivity, PAni has never been explored in CDI. 
The selectivity experiments were limited to their use in ion-exchangers 
for anion uptake. For example, F− was recovered from tap water using 
PAni doped withCl− . In this work, the authors allowed the solution to 
reach equilibrium with the electrode, and then used the electrically 
switched ion-exchange (ESIX) technique to replace Cl− by F− ions. The 
electrode was subsequently regenerated in a HCl medium applying a 
constant cathodic potential [30]. In this case, the ion-exchange was 
triggered by the positive potential applied to the electrode. Other re-
searchers investigated the specific removal of ClO−

4 using PAni films 
doped with different anions, namelyCl− ,SO2−

4 , and ClO−
4 electrodes. 

They found that PAni doped with SO2−
4 maximizes the selectivity 

towardsClO−
4 , which was attributed to the diffusion and mobility of ClO−

4 
inside the PAni film, and the accumulation of ClO−

4 on the surface of the 
electrode before polarization [31]. Although explored for ion-exchange 
applications, by the best of our knowledge, the selectivity of PAni- 
modified electrodes has not been investigated using the CDI approach. 

In CDI, PAni has been used to modify carbon electrodes to enhance 
the conductivity of nanotubes and carbon electrodes through the 
introduction of functional surface groups [32]. Recently, a PAni- 
modified porous carbon electrodes showed good stability under well 
controlled conditions [33]. These studies demonstrated that conducting 
polymers enhance the desalination performance of the electrodes, but 
the ion storage capacity is still far from its theoretical value. Addition-
ally, there is another challenge to fully exploit the attractive properties 
of PAni in CDI-based desalination, such as increasing electrode stability, 
which is an interplay between material characteristics and the electro-
chemical working conditions. It is known from literature that PAni de-
grades at high anodic potential in aqueous solutions. For instance, it has 
been reported that the degradation kinetics of PAni increases by more 

than two orders of magnitude by increasing the electrode potential from 
+ 0.65 V to + 1.00 V vs. Ag/AgCl [34]. 

To boost the desalination performance of microporous carbon-based 
electrodes, the use of multi-channel MCDI (MC-MCDI) cells have also 
been reported [6]. MC-MCDI can be used with different salt concen-
trations in the two outside chambers (SC) of the cell into which the 
electrodes are placed, while in the middle channel (MC) flows the water 
to be desalinated. The MC-MCDI cell consists of at least two chambers 
separated by IEMs. Due to the high ionic strength of the salt solution 
surrounding the electrode, the ionic resistance is minimized on the 
electrode/solution interface. Additionally, the higher the salt concen-
tration the thinner the EDL thickness formed on the surface of the 
electrode, allowing higher ion storage [35]. Kim et al. reported a desa-
lination capacity of 56 mg/g by applying a cell voltage of 2.8 V using an 
MC-MCDI cell, which contained a commercially available activated 
carbon cloth electrode. Using an organic electrolyte in the negative 
electrode chamber, the cell voltage could be extended to 3.0 V avoiding 
water splitting, providing a SAC of 88.7 mg/g [36]. The use of interca-
lation materials in gradient cells was also explored, reducing the ionic 
resistance and improving the energy efficiency of the electrodes [37]. 

Our work brings new findings about the stability and selectivity of 
high-performance carbon electrodes modified with chlorine doped PAni. 
An electrode modified with a conducting polymer is employed in an MC- 
MCDI cell allowing us to boost the anion removal capacity beyond 
values commonly reported for CDI using similar electrodes. Further-
more, using the MC-MCDI cell and based on monitoring and controlling 
the anodic potential during the electrosorption process, we establish the 
operational potential window stability of the PAni electrodes to avoid 
degradation. Finally, we investigate, for the first time, the selectivity of 
the modified electrodes towards Cl− overH2PO−

4 , and SO2−
4 in CDI. The 

selective removal of chloride over phosphate is relevant for agricultural 
applications, where phosphate solutions can be enriched and further 
used as nutrient [10]. Additionally, chloride over sulphate selectivity is 
important for brackish water desalination. Typically, sulfate concen-
trations are low, and its concentration does not require to be reduced 
[38]. Therefore, the selective removal of chloride assures that all charge 
provided to the electrodes is used for chloride removal, improving the 
energy efficiency of the CDI cell. With a clear focus on the stability, 
energy efficiency and selectivity our systematic investigation provides 
useful guidelines for designing a stable and selective electrodes to 
recover anions. 

2. Experimental 

2.1. Materials 

Commercial activated carbon (CC) was provided by Kuraray com-
pany (YP-80F, Japan). The preparation of the polyaniline activated 
carbon (PAC) is described elsewhere [17]. Briefly, aniline polymerized 
with p–toluenesulfonate (PTS) anion was carbonized at 500 ◦C, and 
chemically activated at 850 ◦C using a proportion of 1:4 for Carbon: 
KOH. The as-synthetized PAC has high specific surface area (SSABET =

3600 m2/g or SSADFT = 2470 m2/g), and large pore volume (2.3 cm3/g). 
Aniline (Sigma-Aldrich, ≥99.5%), and hydrochloric acid (Sigma- 
Aldrich, 37%) were used for electrochemical polymerization of poly-
aniline. Neosepta cation- and anion-exchange membranes, CEM and 
AEM (Astom Corp., Japan), respectively, were used to seal the chamber 
in the MC-MCDI cell. NaCl, NaH2PO4, and Na2SO4 (Sigma-Aldrich, ≥
99%,) were used for the desalination and selectivity experiments. 

2.2. Electrode preparation and electrochemical polymerization 

The electrodes were prepared using a mixture of activated carbon 
(95 wt%), and polytetrafluoroethylene (PTFE, 5 wt%) as a binder. First, 
the active material was dispersed in ethanol (Sigma-Aldrich) to form a 
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slurry, and then the binder was added. The mixture was kneaded until 
the carbon and binder mixture became a paste, which was rolled at room 
temperature using a rolling machine (MTI HR01, MTI Corp.) to a 
thickness of 200 μm. The electrodes were kept in a vacuum oven over-
night at 120 ◦C, and then in a desiccator. 

Composite electrodes were further prepared by electrodepositing 
PAni on 2.5 cm × 3.0 cm AC working electrodes (50 mg PAC or 54 mg 
CC). An oversized PAC electrode and Ag/AgCl (3.0 M KCl) were used as 
counter and reference electrode, respectively. A synthesis solution (100 
mL) containing 0.1 M aniline and 1 M HCl was employed for the 
potentiodynamic PAni electropolymerization within the potential win-
dow ranging from − 0.2 V to + 0.6 V vs. Ag/AgCl, at 1 mV/s, for 60 
cycles. The number of cycles was chosen based on preliminary experi-
ments in which it was not observed an increase of the electrodeposition 
current for a large number of cycles. The cycling polymerization used in 
this potential window provides less brittle and more adherent films on 
the electrode surface [39]. After the electrodeposition, the electrodes 
were washed with 1 M HCl to remove any oligomers before rinsing it 
excessively with distilled water. The Pani-modified PAC and CC elec-
trodes were referred to as PACP and CCP, respectively. 

2.3. Characterization 

The electrode morphology before and after electropolymerization 
was analyzed through scanning electron microscopy (SEM) on a JAMP- 
9500F (JEOL) field emission Auger microscope with a primary beam 
energy of 10 kV at 1000 × magnification. Elemental mapping was car-
ried out using Auger electron spectroscopy (AES) to investigate the 
presence of nitrogen on the surface of the electrode. 

The specific surface area (SSA) and the pore size distribution (PSD) 
were assessed by nitrogen adsorption/desorption isotherms at − 196 ◦C 
using a Micrometrics TriStar II Plus. Before the measurements, the 
samples were outgassed at 120 ◦C overnight. The SSA and PSD were 
determined using the SAIEUS (Solution Adsorption Integral Equation 
Using Splines) software employing the 2D-NLDFT method. The average 
pore size was taken as the pore size corresponding to half of the total 
pore volume (d50). The mesopore volume was calculated from the dif-
ference between the total pore volume and the pore volume with a 
diameter lower than 2 nm. 

2.4. Electrochemical characterization 

The electrodes were characterized using the galvanostatic charge/ 
discharge (GCD) and cyclic voltammetry (CV) measurements performed 
in a potentiostat Autolab, PGSTAT 100. The electrochemical charac-
terizations were carried out in 1 M NaCl solution, in a three-electrode 
cell configuration with an oversized carbon counter electrode, and 
Ag/AgCl in 3 M KCl as the reference electrode. The GCD was measured 
in the cut-off potentials of − 0.2 V and + 0.6 V vs. Ag/AgCl, applying 
different specific currents (100, 250, 500, 1000, 2500, and 5000 mA/g 
for PAC and CC, and 77, 191, 383, 766, 1915, and 3830 mA/g for PACP 
and CCP). The different values of specific current are due to correction of 
the mass of polymer electrodeposited, to facilitate the comparison. The 
CVs were measured considering the potential window ranging from 
− 0.2 V to + 0.6 V vs. Ag/AgCl, at different scan rates (1, 5, 10, 25, 50, 
100, and 250 mV/s). The voltammetries were repeated for at least three 
cycles in order to obtain stable charging/discharging profiles. The cur-
rents in the voltammograms were normalized considering the geometric 
area of the electrode (mA/cm2). 

2.5. Desalination 

The desalination experiments were carried out using the galvano-
static/potentiostatic technique using a potentiostat (Autolab PGSTAT 
100). The potential of the working electrode was controlled, while the 
cell voltage and the potential of the counter electrode were monitored 

using two multimeters (P3430 USB, PeakTech). Based on the electro-
chemical characterization, a current of 10 mA, corresponding to (~1.3 
mA/cm2 electrode area) was applied to the working electrode until it 
reached the anodic cut-off potential of + 0.35 V vs. Ag/AgCl, unless 
otherwise specified. Once the cut-off potential was reached, the opera-
tion mode was switched to potentiostatic, and the potential was held 
constant until the current dropped to values close to zero (typically 
within ~ 20 min). In the regeneration step, the current was inversed 
(-10 mA) until the cathodic cut-off potential of − 0.2 V vs. Ag/AgCl was 
reached, followed by a potentiostatic step of 20 min. 

The experiments were carried out in the MC-MCDI cell shown in 
Fig. S1. In this cell, the positive and negative chambers were isolated 
from the middle chamber (MC) by an anion- and a cation-exchange 
membrane, respectively. The side chambers (SC) containing the elec-
trodes were filled with 1.0 M NaCl solution, while a 20 mM NaCl solu-
tion was flushed through the MC at a flowrate of 15 mL/min. The PAC 
and CC electrodes were composed by 67 mg and 84 mg of activated 
carbon, respectively. In the case of PAni-modified electrodes, PACP and 
CCP, they were composed by 50 mg of PAC + 50 mg of PAni, and 54 mg 
of CC + 46 mg of PAni, respecitvely. The electrode dimension was 3.0 ×

2.5 cm2, and only one side was covered by the electroactive material. 
The experiments were carried out in a semi single-pass configuration in 
which 5 L of the solution was continuously pumped through the middle 
chamber of the cell and returned to the same reservoir. Due to the large 
volume of the salt solution and the small electrode, the cell operates like 
a single-pass system. A pH and a conductivity meter were placed at the 
outlet of the cell to measure online the variations in pH and salt con-
centration, respectively. The trend between conductivity and salt con-
centration (Csalt) is expressed in Equation (1). The correction of the 
conductivity values considering the pH fluctuation was carried out using 
Equation (2): [16]. 

Csalt = − 36.7+ 0.46∙σreal (1)  

σreal = σm −
107.e2

kB.T
(10− pH .NA.DH3O+ +

10− 14

10− pH .NA.DOH− ) (2) 

where σreal is the corrected value of the conductivity based on the pH 
fluctuations, σm is the measured conductivity, kB is the Boltzmann con-
stant (1.38 × 10-23 m2⋅kg⋅s− 2⋅K− 1), T is the ambient temperature 
(298.15 K), pH is the measured pH value, NA is the Avogadro’s constant 
(6.022 × 10-23 mol− 1), DH3O+ the diffusion coefficient of hydronium ion 
(9.3 × 10-9 m2⋅s− 1), DOH− the diffusion coefficient of a hydroxyl ion (5.3 
× 10-9 m2⋅s− 1), and e the charge of the electron (1.602 × 10-19 C). 

The chloride removal capacity and the salt adsorption capacity (SAC) 
of the electrodes were calculated using Equations (3) and (4), while 
charge and coulombic efficiencies were calculated using Equations (5) 
and (6), respectively. 

Chloride removal =
Q.

∫
Cchloride(t)dt
manode

(3)  

Equivalent SAC =

(
58.5
35.5

)

.Chlorideremoval

2
(4)  

Charge efficiency = 100 ×
Q
∫
CNaCl(t)dt.F/Mw
Ic.Δtc

(5)  

Coulombic efficiency = 100 ×
IdΔtd
IcΔtc

(6) 

In these equations, Q is the flow of the salt solution (mL/min), 
Cchloride(t) is the variation of chloride concentration with time (mg/mL), 
manode is the mass of the positive electrode, CNaCl(t) is the variation of 
NaCl concentration with time (mg/mL), F is the Faraday constant 
(96485C/mol), Mw is the molecular weight of NaCl (58,500 mg/mol), Ic 
and Id are the charging and discharging currents (A), and Δtc and Δtd are 
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the charging and discharging times (s), respectively. 

2.6. Selectivity 

Anion selectivity experiments were carried out using binary equi-
molar mixtures (10 mM) of monovalent (NaCl + NaH2PO4) and mono/ 
divalent (NaCl + Na2SO4) anions. To solely measure the effect of the 
modified electrode, the AEM was removed from the cell. In order to 
achieve an accurate measurement of the concentration variation, we 
applied a slow flowrate (6 mL/min), along with the potentiostatic 
operation. The cell voltage applied in the charging and discharging steps 
were + 0.6 V and − 0.6 V, respectively. Most of the samples were taken 
at the beginning of the charging and discharging steps, since the largest 
variation in concentration occurs at the early stages for the potentio-
static operation. The samples were analyzed by ion chromatography 
(Eco IC, Metrohm). The cycles were repeated at least three times until 
the dynamic steady state had been reached. 

3. Results and discussion 

3.1. Electrodeposition of PAni 

Fig. 1 shows the CV plots related to the electrodeposition of PAni/Cl 
on the PAC and CC electrodes as a function of the cycle number. In the 
2nd cycle, the CV mostly corresponds to the EDL formation on the sur-
face of the carbon electrodes. That is, small peaks corresponding to the 
oxidation of leucoemeraldine to emeraldine with the uptake of anions at 
around + 0.1 V vs. Ag/AgCl and the oxidation of hydroquinone (HQ) and 
benzoquinone (BQ) at around + 0.4 V vs. Ag/AgCl are already evident 
[40]. It can be also observed that PAni electrodeposition kinetics is 
found to be slightly faster for PAC than CC, which could be ascribed to 
larger surface area of the PAC and larger pore volume compared to CC 
(vide infra, Fig. 3). 

As depicted in Fig. 1, the current density of these two main redox 
peaks increases and shifts to more positive potentials with the cycle 
number. The electrodeposition of PAni is composed by two main steps 
[29,40,41]. The first one occurs between 0 to + 0.3 V vs. Ag/AgCl during 
which the nitrogen of the aniline is oxidized to form a nitrogen radical, 
which subsequently reacts with carbon radicals from the oxidized ani-
line monomer to form a dimer, oligomers, and propagating the poly-
merization. The second peak in the range of + 0.3 to + 0.6 V vs. Ag/AgCl 
corresponds to the reversible oxidation of the HQ to BQ. According to 
the CV plots, these oxidation steps are reversible, and during the 
reduction steps, it is possible to observe the peaks assigned to the pro-
tonation, and reduction of the nitrogen (Scheme S1), generating a pos-
itive charge that is counterbalanced by an anion present in the solution, 

in this case, chloride. In our experiments, the anodic vertex potential 
was set to + 0.6 V vs. Ag/AgCl. Higher anodic potentials can completely 
oxidize PAni to pernigraniline. The pernigraniline could enhance the 
polymerization process causing a catalytic effect due to the adsorption of 
both aniline and the doping anion on the pernigraniline surface [42]. 
Despite this we used a lower positive vertex potential (0.6 V vs Ag/AgCl) 
in this work, and an improved electropolymerization has been observed, 
especially for the first cycles, which could be attributed to the high 
surface area of the carbon electrode. The vertex potential at +0.6 V vs 
Ag/AgCl was chosen to avoid carbon oxidation [16]. 

3.2. Characterization 

The SEM micrographs show no clear differences between the un-
modified (Fig. 3A and S2A), and modified electrodes with PAni (Fig. 3B 
and S2B), although a brighter contrast for the PAni-modified electrodes 
(Fig. 3B and S2B) could be observed. This brighter contrast could be 
ascribed to the higher conductivity of the particles covered by con-
ducting polymer. Indeed, it has been reported that PAni enhances the 
conductivity of carbon electrodes [32]. Furthermore, all electrodes 
display agglomerated granular particles bound by PTFE used for the 
electrode preparation. 

In order to assure the presence of PAni, an AES was carried out on the 
surface of the electrodes. The inset of the Fig. 3B and S2B evidence the 
presence of the nitrogen in red, covering homogeneously the surface of 
the carbon. The homogenous and uniform covering of the electrode 
surface is most likely due to the cyclic voltammetry at slow-rates 
[43,44]. In comparison, the pristine electrodes did not show any nitro-
gen (Table S1). 

The pore volume, and specific surface area are of great importance 
for electrodes, which rely only on EDL formation without redox re-
actions for the ion storage. Therefore, the pore characteristics of the 
electrodes were assessed by the nitrogen adsorption/desorption iso-
therms (Fig. 2A). Both PAC and CC electrodes display a type II isotherm, 
with a large contribution of micropores at low pressures (pore width < 2 
nm at P/P0 < 0.01), and mesopores (pore width between 2 and 50 nm) 
at pressures up to P/P0 = 0.5 with a small H4-type hysteresis [45]. As 
evidenced in Fig. 2B, PAC has a higher surface area and larger pore 
volume than the CAC electrodes, in good agreement with reported re-
sults[17,46]. As expected, the specific surface area of the electrode is 
lower than the values presented for PAC powder in literature (SSADFT =

2470 m2/g [17]) due to the presence of binder, which clog part of the 
pores and has a small surface area lowering the average surface area 
[47,48]. Another significant reduction on the SSA was observed after the 
polymer electrodeposition, i.e. PACP and CCP, indicating that most of 
the surface of the electrodes was covered by PAni, which has a small SSA 

Fig. 1. CV plots during the electrodeposition of the PAni on PAC (A) and CC (B) electrodes using CV at a scan rate of 1 mV/s.  
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[49]. The reduction of the surface area is slightly higher for PAC elec-
trodes than for CC, which could be caused by variations in the effec-
tiveness of surface coverage by the conducting polymer. 

Fig. 4A and B show the GCD measurements at small and different 
specific currents, respectively, carried out with the pristine and PAni- 

modified electrodes. At small specific currents (≤0.1 A/g), PAC has a 
remarkable capacitance of 238 F/g, which is almost a factor of 2 higher 
than the CC electrode, aligning well with reported values [17]. The same 
trend in capacitance is also observed for the CV, although the capaci-
tance value is lower than the ones observed for CC (Fig. S3A). For the 

Fig. 2. Nitrogen adsorption/desorption isotherms (A), and pore size distribution calculated based on 2D-NLDFT model for heterogeneous carbon surface (B) for the 
unmodified and PAni-modified carbon electrodes. 

Fig. 3. SEM micrographs of the PAC (A), and PACP (B) electrodes. Insets: Presence of nitrogen (red) on the surface of the electrode determined by Auger mea-
surements. No nitrogen was detected in sample (A). 

Fig. 4. GCD data of measurements carried out at 100 mA/g for PAC/CC and 77 mA/g for PACP/CCP (A), and different specific currents (B). Electrolyte: 1 M 
NaCl solution. 
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PAni-modified electrodes, an impressive increase in the capacitance was 
measured with GCD and CV at low scan-rate and specific current, 
respectively. 

Fig. 4B and S3B show the capacitance of the electrodes at different 
specific currents and scan-rates, respectively. These profiles allowed the 
investigation of the charge transport and storage mechanism of the 
electrodes. The pristine electrodes had only a small decrease in capaci-
tance (29% for PAC and 15% for CC) by increasing the specific current 
from 100 mA/g to 5 A/g. Considering the voltammograms, a strong 
decrease in capacitance was only observed for scan-rates higher than 10 
mV/s, most likely due to resistive elements in the cell or electrode. 
Indeed, the high distortion of the voltammograms at fast scan-rates 
(Fig. S4) are typically ascribed to resistive elements [50]. The pristine 
electrodes are highly dependent on the SSA and pore volume of the 
electrodes due to the EDL formation, which allows a fast storage 
mechanism, being widely explored in EDL capacitors for high power 
handling performance [51]. On the other hand, the PAni-modified 
electrodes showed a steep drop in capacitance for both GCD and CV at 
high specific current and fast scan-rate (Fig. 4B, 4D, S3 and S4) due to 
the higher mass transport constraints of the ion storage mechanism. 
Fig. 2 evidenced a decrease on the surface area and pore volume of the 
carbon electrodes after PAni modification. Low SSA reduces the inter-
face between the electrolyte/electrode for mass transfer [52], limiting 
the ion-storage at high current densities. At slow transport conditions, 
PAni has much higher charge density than the EDL-based electrodes 
resulting in much higher capacitance values, according to Fig. 4B and 
S3B. For water desalination purposes, the contribution of the ion-storage 
capacity of PAni (capacitance) and the power handling performance 
from porous carbon electrodes should be optimized in order to improve 

the ion removal per volume of treated water, being therefore possible to 
increase feed flowrate and the water recovery [21,53]. 

The CVs carried out after PAni electrodeposition evidenced the 
presence of one clear redox pair between − 0.1 V and + 0.2 V vs. Ag/AgCl 
(Fig. S3A). The significant increase on the gravimetric capacitances after 
the PAni modification indicates a strong contribution of the redox re-
actions of the conducting polymer to the total capacitance of the com-
posite. Distinct capacitance enhancements were observed for the 
different substrates. The PAC capacitance increases by a factor of ~ 1.5, 
while CC increased by a factor of ~ 2.5. Additionally, the cycling elec-
tropolymerization resulted in an homogeneous and uniform polymer 
layer on the carbon surface, as evidenced in the inset of Fig. 2B, 
providing higher capacitance than the observed using other approaches 
to modify CDI electrodes with PAni [32,33]. Furthermore, upon 
increasing the number of cycles the polymer mass increases, enhancing 
the contribution of the conducting polymer to the total capacitance of 
the electrode. 

3.3. Desalination 

Considering the redox mechanism of PAni (Scheme S1), in our first 
set of desalination experiments using the CDI cell shown in Fig. S1, the 
PAni-modified electrodes and oversized porous carbon were used as a 
positive (working) and negative (counter) electrodes, respectively. 

3.3.1. PAni stability in MC-MCDI 
Fig. 5A shows the ratio between the discharging and charging steps 

(coulombic efficiency) of the PAni-modified electrodes at three anodic 
potentials applied to the working electrode. It can be observed that 

Fig. 5. Coulombic efficiencies of PACP electrodes at different anodic potentials (A). Chloride removal capacity of the PACP electrode applying + 0.35 V and 0.60 V 
vs. Ag/AgCl (B). Cyclic voltammetries of the electrode before, and after (deg-PAC) the degradation process (C). UV–Vis data of the SC and MC after the degradation at 
+ 0.8 V vs. Ag/AgCl compared to a blank (BL) (D). 
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applying + 0.35 V vs. Ag/AgCl led to a coulombic efficiency close to 
100% over the cycles. By increasing the anodic potential to + 0.60 V vs. 
Ag/AgCl, lower coulombic efficiency values were obtained, stabilizing 
at around 90%. On the other hand, despite the efficiency loss, increasing 
the potential from + 0.35 V to + 0.60 V vs. Ag/AgCl significantly 
increased the removal of chloride from the solution as evidenced by 
Fig. 5B. At + 0.80 V vs. Ag/AgCl, the coulombic efficiency dropped to 
40% in the first cycle, and consistently increased to around 76% after 10 
cycles. This increasing trend is probably ascribed to the reduction of the 
total anodic charge over the cycles due to the irreversible degradation of 
PAni, while the cathodic charge remained more stable (Fig. S6). The 
chloride removal was not calculated for + 0.80 V vs. Ag/AgCl since low 
pH values could led to unreliable conductivity values (Fig. S7). These 
results suggest that there is an optimum point between + 0.35 V and +
0.60 V vs. Ag/AgCl that maximizes the chloride removal and concomi-
tantly the coulombic efficiency of the electrodes close to 100%. 

The low coulombic efficiency at higher anodic potential indicates 
that some of the charge was involved in irreversible processes; in this 
case, the degradation of the PAni is assumed. At high anodic potentials, 
the main degradation product of PAni, BQ (Scheme S2), is confined in 
the SC and could also contribute to water desalination in MC-MCDI with 
the redox pair BQ/HQ, as reported elsewhere [54]. This could explain, in 
part, the high chloride uptake observed at + 0.6 V vs. Ag/AgCl in Fig. 5B. 

Fig. 5C shows that the capacitance of PACP significantly decreased 
after applying high anodic potentials (deg-PACP). Furthermore, no 
redox peaks are visible for deg-PACP indicating that PAni is not intact 
anymore. Interestingly, the PACP capacitance was even lower than that 
of PAC, suggesting that part of the degradation products of PAni were 
adsorbed on the electrode surface, reducing the electrochemical active 
area used for electrosorption. 

In order to confirm PAni degradation, after applying + 0.8 V vs. Ag/ 
AgCl, the solution in the positive SC was collected to be analyzed with 
UV–Vis spectrometry and compared with a reference solution (1 M 
NaCl). Fig. 5C shows the resulting absorbance spectra, which reveal the 
presence of an absorbance band at 250 nm ascribed to BQ for the SC 
[55]. The presence of BQ is a strong indication of the overoxidation of 
the electrode, which is the result from the irreversible oxidation of PAni 
under our working conditions (Scheme S2). 

The desalinated water in the MC was also measured with UV–Vis 
spectrometry after the degradation process, and no absorption band is 
observed between 200 and 300 nm. Therefore, the AEM was efficient at 
blocking the transport of the degradation products from the SC to the MC 
preventing the contamination of the treated water. 

The anodic potential limit in the MC-MCDI is in good agreement with 
the reported values for the degradation of PAni, which usually starts at 

+ 0.60 V vs. Ag/AgCl [34]. It is noteworthy that at an anodic potential 
of + 0.8 V vs. Ag/AgCl, the degradation of PAni overlaps with the anodic 
stability window of the solution, which would result in the formation of 
chlorine, reducing the coulombic efficiency of the cell. 

The degradation of PAni-modified electrodes is expected to occur at 
high anodic potentials, which is harmful for long-term operations. In 
CDI, anodic potentials lower than + 0.8 V vs. Ag/AgCl are usually used. 
Nevertheless, we also observed degradation at + 0.6 V vs. Ag/AgCl, 
which is an common electrode potential applied for standard CDI con-
figurations [16]. A standard CDI cell operating at 1.2 V could result in 
potentials higher than + 0.6 V vs. Ag/AgCl due to the charge asymmetry 
of positive and negative electrodes, as we reported elsewhere [16]. 
Assuming that this high anodic potential could reduce the lifetime of the 
PACP, the next desalination experiments were carried out limiting the 
potential to + 0.35 V vs. Ag/AgCl. 

3.3.2. Chloride removal in the MC-MCDI cell 
Fig. 6 shows a stable the chloride removal capacity for 10 cycles 

using pristine and PAni-modified PAC and CC electrodes. The pH values 
for this experiment are reported in Fig. S8. The Cl− removal capacity 
increased by a factor of 2 for PACP and CCP compared to their non- 
modified equivalents, reaching a maximum value of around 65 mgCl/ 
gAnode for PACP. This improvement is related to the redox mechanism, 
which makes the electrode material more efficiently compared to the 
EDL, as also observed for the capacitance measurements. It is note-
worthy that all electrodes displayed a high charge efficiency in the range 
between 90 to ~ 100% (Fig. 6B). This very high charge efficiency can be 
in part ascribed to the MC-MCDI cell, which reduces the ionic resistance, 
enhancing the capacitance of the electrode [6]. Therefore, combining 
the PACP electrode with the MC-MCDI configuration allows one to 
achieve a high chloride removal capacity and charge efficiency, even for 
low salt concentrations in the MC (20 mM NaCl). 

The use of the half-cell design also allows one to estimate the total 
SAC of the electrodes, i.e., the NaCl removal, in the case of symmetric 
electrodes. The SAC obtained for PACP, ~53 mg/g, is comparable to 
reported values (55 mg/g at 2.4 V [6]), but interestingly we obtain this 
with a lower cell voltage (1.1 V). 

3.3.3. Anion selectivity of PACP in binary solutions 
Fig. 7A shows the voltammograms of the PACP electrode in elec-

trolytes with different anions, namelyCl− ,H2PO−
4 , andSO2−

4 . The choice 
of these anions is based on their different hydrated radius, hydration 
energy, shape, and diffusion coefficient in water (Table S2). 

As observed, in 1 M NaCl solution the redox peaks associated with 

Fig. 6. Chloride and equivalent sodium chloride removal capacity of the modified and unmodified electrodes (A), and their charge efficiency (B). Electrolyte: 20 mM 
NaCl; Electrode potential: +0.35 V/− 0.20 V vs. Ag/AgCl for charging/discharging; WE: carbon and PAni-modified carbon; CE: oversized PAC; Flowrate in the MC: 15 
mL/min. 

R.L. Zornitta et al.                                                                                                                                                                                                                              



Separation and Purification Technology 290 (2022) 120807

8

the oxidation and reduction of the PAni are quite evident. After washing 
and dipping in 1 M NaH2PO4, a lower current density was measured, and 
the anodic peak was shifted to a higher potential. A similar result was 
obtained by Gao et al. using SO2−

4 -doped PAni in which an anodic peak 
shift of ClO−

4 to lower values indicated an easier exchange compared to 
SO2−

4 andCl− [31]. The same electrode was washed and dipped again in 
Na2SO4. In this case, the current density was even lower, and no evident 
redox peaks were observed. This result suggests that the anodic peak for 
SO2−

4 was shifted to higher values, beyond the potential window used in 
our CV. Finally, the electrode was dipped once again in a 1 M NaCl 
solution, and its current density was 63% inferior to the fresh electrode 
(1 M NaCl - used, Fig. 7A), indicating that the use of the H2PO−

4 and SO2−
4 

solutions might have reduced the performance of the electrodes. A 

possible explanation for this trend is the clogging of PAni by the oxy-
anions during the cycling charge and discharge. Nevertheless, it was 
possible to restore and increase 13% of the current density by running a 
CV in 1 M HCl, followed by recording a CV again in 1 M NaCl (Fig. 7B). 
These observations are in good agreement with literature, where other 
authors employed HCl and a high cathodic potential to regenerate the 
electrode after removing fluoride from an aqueous solution [30,56,57]. 
The use of 1 M HCl strongly reduces the pH of the solution, protonating 
the oxyanions, which reduces their interaction with the electrode, 
facilitating their exchange by chloride anions. 

Based on these results, a better electrochemical response of PACP 
electrodes (higher capacity and lower anodic peak potential) towards 
chloride was observed. In order to investigate whether the preference for 
chloride is also observed for a binary mixture of salts, 10 mM equimolar 

Fig. 7. CV plots of PACP in solutions containing different anions (A), and before and after regeneration using 1 M HCl (B). Scan-rate: 1 mV/s.  

Fig. 8. Selectivity experiments between chloride and phosphate (A) or sulfate (B). Comparison between the maximum removal of chloride, phosphate en sulfate for 
PAC and PACP electrodes (C). Electrolyte: 10 mM equimolar solutions; Cell voltage: − 0.6 V to + 0.6 V; Flowrate: 6 mL/min. 
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solutions were run in a simple CDI setup, using only a CEM in front of the 
counter electrode (Fig. S1). 

Fig. 8A shows the comparison between the removal of chloride and 
phosphate for the PAC and PACP electrodes. The PAC shows higher 
selectivity towards chloride than for phosphate. The preference towards 
chloride can be ascribed to the lower hydration energy of chloride 
compared to phosphate (Table S2), which allows an energetically 
favored rearrangement or even loss of water shell for chloride, facili-
tating the storage of chloride inside of the micropores of the carbon. It is 
also clear that the transport of chloride is much faster than phosphate for 
both electrosorption and desorption, which can be rationalized by its 
larger diffusion coefficient, and lower hydration ratio compared to 
phosphate (Table S2), making chloride more accessible to the electro-
sorption sites. 

For the PACP, the selectivity trend is quite different. During elec-
trode oxidation, only the chloride concentration decreases, while the 
phosphate concentration slightly increases. The increase of H2PO−

4 could 
be ascribed to an anion exchange triggered by the potential applied. 
Indeed, anion exchange based on electrode potential has been reported 
elsewhere forClO−

4 ,Cl− , andSO2−
4 [31]. Since no phosphate is being 

removed during the charging step, PACP presents full selectivity to-
wards chloride. At the same time, a slightly lower removal kinetics of 
PACP was observed compared to PAC, which can be ascribed to the 
removal mechanism of PAni. The preference of PAni towards a specific 
anion is typically ascribed to the ion mobility, and ion diffusion inside 
the conducting polymer, shifting the anodic peak to lower values [31], 
as evidenced by the data in Fig. 7A. Interestingly, during the discharging 
step, we observed some removal of phosphate, while chloride was being 
released (Fig. S3), reinforcing our supposition of anion exchange pro-
cesses triggered by the electrode potential. 

A second experiment with a binary salt solution was carried out with 
chloride and sulfate. Fig. 8B displays a similar selectivity trend obtained 
for phosphate for both PAC and PACP. The PAC electrode shows a 
slightly higher removal of sulfate compared to chloride. The higher 
removal of divalent species is common for porous carbon materials with 
large micropores. Since no sieving effect is experienced for large pores, 
selectivity is mostly dictated by the electrostatic behavior of the ionic 
species. The Boltzmann distribution, the concept typically used to 
describe the formation of EDLs, shows that divalent species are 
responsible for a better screening of a polarized surface being, therefore, 
preferentially removed from the electrolyte solution [58]. At the same 
time, chloride has a larger diffusion and smaller hydration energy 
compared to sulfate (Table S2), which explains the strong removal 
competition between chloride and sulfate. Similarly, for chloride and 
phosphate, the PACP electrode is selective towards chloride during the 
charging step. During the desorption step, chloride was rejected, while a 
sulfate was removed (Fig. S9). Finally, a comparison between the 
maximum removal of each anion is shown in Fig. 8C. It is possible to 
observe that for PAC electrodes, at least half of the electrode is being 
used to remove phosphate or sulfate, while the total electrode capacity 
of PACP electrodes is used to selectively remove chloride from in the 
binary mixture. 

4. Conclusions 

High-performance carbon modified with PAni (PACP) was prepared 
successfully and investigated, for the first time, in an MC-MCDI cell to 
show a high anion uptake, and in a CDI cell to yield anion-selective 
removal. The measurement of the coulombic efficiency of the elec-
trodes and analyzing the redox characteristics of the main degradation 
species of PAni in the side chamber of the MC-MCDI cell enables us to 
assess the stability of the PACP. It was evidenced that typical CDI anodic 
potentials such as + 0.6 V vs. Ag/AgCl are not compatible with elec-
trodes modified with PAni as the polymer degrades, causing a reduction 
of coulombic efficiency. Further investigation using a maximum cut-off 

potential of + 0.35 V vs. Ag/AgCl resulted in a remarkable anion uptake 
capacity of 65 mgCl/gAnode (equivalent of 53 mgNaCl/gtotal), a result ob-
tained by combining the gradient cell design with the redox activity of 
PACP electrodes. Similarly, a large performance improvement was also 
evidenced using a common commercial carbon modified with PAni. 
Finally, the selectivity of PACP was investigated, for the first time, in a 
binary mixture of anions in a CDI cell. The electrodes showed a 
remarkable removal selectivity towards Cl− compared toH2PO−

4 , 
andSO2−

4 . This removal selectivity greatly differs from pristine elec-
trodes, showing that the polymeric redox feature of the conducting 
polymer is a facile way of enhancing the anion Cl− selectivity of the 
electrode. To conclude, the investigation of PAni-modified porous car-
bon electrode for water desalination and anion removal and recovery 
pave the way to a high-performance electrode for CDI technology. 
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