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ABSTRACT

The effects of ageing and incorporation of ion-exchange membrane on the electrosorption
performance of activated carbon (AC) electrodes-based electrosorption modules were
investigated. It was found that the surface area of aged electrode decreased while the aver-
age pore size increased. In addition, more surface functional groups, especially –COOH
groups were created on the electrode surface due to ageing. All these lead to a decrease in
the electrosorption capacity and electrosorption rate. Incorporation of ion-exchange
membranes can improve the desalination performance of the electrosorption module,
especially for the aged electrode.

Keywords: Ageing; Electric double layers (EDLs); Electrosorption; Functional groups;
Ion-exchange membrane

1. Introduction

Water shortage has become one of the major prob-
lems all over the world. It is generally recognized that
seawater desalination is a very attractive solution to
this problem. There are many desalination technolo-
gies which can remove ions from brackish solution.
Conventional desalination technologies, such as ion
exchange, thermal distillation, reverse osmosis, electric
dialysis, etc. [1–3] have issues in maintenance,
complex pretreatment, high temperature and high
energy-consumption [2,4].

Electrosorption is defined as potential-induced
adsorption of ions onto the surface of charged elec-
trode. When an electrical potential is conducted to an

electrode, charged ions migrate to the electrode and
create electric double layers (EDLs). Once the external
field is removed, the adsorbed ions are quickly
released back to the bulk solution [5]. Compared with
the conventional desalination technologies, electro-
sorption is an energy-efficient desalination process
due to the fact that it operates at a low electrode
potential (about 1–1.5V) at which no electrolysis reac-
tions occur [6]. In addition, this process is environ-
mentally friendly because it does not require
chemicals for regeneration [7–9]. Materials, such as
activated carbon, carbon aerogel, carbon nanofibers
and carbon nanotubes can be used as the electrosorp-
tion electrode [10–15]. Although carbon aerogel,
carbon nanofibers and carbon nanotubes have excel-
lent electrosorption performance, the manufacturing
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process of these materials is complicate and mass
production is expensive. Therefore, it is difficult to
utilize these materials for industrial applications. Acti-
vated carbon (AC) is the most competitive electrode
material for industrial application at present due to its
large specific surface area, easy availability as raw
material and low cost [14].

One major drawback of the electrosorption tech-
nology is that the electrosorption capacity of the elec-
trosorption module decreases along the carbon
electrode ageing [16,17]. With the ageing of carbon
electrode, the porous texture of the carbon material
and the electrical contact resistance will be changed.
Furthermore, surface oxygen groups will be created
on the surface of the carbon electrode [18]. Surface
oxygen groups can change the pseudo-capacity of the
carbon electrode [19], also bring about the decrease in
the electrosorption capacity and the charge efficiency
[16,20]. The electrosorption does not have high Cou-
lombic efficiency, which is defined by the amount of
ions removed per amount of charge. Once the elec-
trode is saturated with ions, it has to be electronically
discharged by shunting the electrode terminals, which
allow the ions to re-enter the bulk solution [21]. In
order to solve these problems, the “Charge Barrier”
Flow Through Capacitor was invented by Marc And-
elman in 2000 [22]. By adopting selective layers, such
as ion-exchange membrane, the charge efficiency can
be substantially improved.

In this study, the effects of electrode ageing on the
performance of activated carbon-based electrodes
modules will be investigated. The causes of these
effects will be explored from the changes in the mor-
phology and electrochemical characteristics of the
electrode and the surface functional groups during the
ageing process. Especially, incorporation of ion-
exchange membrane will be proposed as a solution to
reverse the negative effects of ageing. Its effectiveness
will be experimentally validated and the mechanism
behind this will be explored as well.

2. Materials and method

2.1. Electrosorption and membrane electrosorption

Adsorption experiments were carried out in a
flow-through system as depicted in Fig. 1. The system
consisted of a water tank, a peristaltic pump, an elec-
trosorption module, a conductivity meter, and a recti-
fier. AC electrodes were composed of activated carbon
powder and were supplied by the Beijing EST research
institute. The electrosorption module consisted of two
electrodes separated by a nylon spacer. Each assem-
bled electrode had an area of 150� 1800mm2 with a

thickness of 1.3mm. The distance between the two
electrodes was 1.5mm. The conductive layer was
graphite paper with a thickness of 0.3mm. AC
electrode was pasted on the graphite paper with con-
ductive adhesive (poly tetra fluoro ethylene and con-
ductive carbon black). Aqueous KCl solution was used
for the experiments and the flow rate of the peristaltic
pump was kept at 100mL/min. The polarity was chan-
ged after each cycle. Electrosorption module 1 was
aged at 1.5V for 225days (3600 cycles, each cycle
consisted of 45min of electrosorption and 45min of
regeneration), the electrosorption performance of elec-
trosorption module 1 had been tested before ageing.
When the electrochemical ageing of the electrodes was
achieved, the electrodes were removed from module 1,
and incorporated (together with ion-exchange mem-
branes) into the membrane electrosorption module 2 as
depicted in Fig. 2. The characteristics of ion-exchange
membranes are listed in Table 1.

Additionally, another membrane electrosorption
module 3 was prepared with fresh electrodes. Electro-
sorption and membrane electrosorption were con-
ducted under constant potential conditions (1.5V). A
rectifier maintained a constant voltage between the
two electrodes during adsorption. KCl concentration
was measured by a conductivity meter (Shanghai
Leici, DDS-307A).

After the electrosorption experiments, the elec-
trodes were removed from module 1 and module 2
and washed with deionized water before they were
analyzed for morphology, surface functional groups
and electrochemical characteristics.

2.2. Morphology observation

The morphology of fresh AC electrode was
analyzed with a scanning electron microscope (SEM)
(Hitachi S-3400N). The Brunauer–Emmett–Teller (BET)

Fig. 1. Diagram of adsorption experiments.
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specific surface areas of AC electrodes were deter-
mined by using a surface analyzer (Micromeritics
ASAP 2020) with nitrogen (99.99% purity) adsorp-
tion/desorption at 77K. Prior to nitrogen adsorption,
the adsorbents were degassed under vacuum at 423K
for 6 h.

2.3. Surface functional groups determination

Surface functional groups on the electrodes were
determined by acid–base titration method as described
by Boehm [23]. An AC electrode sample (1.0 g) was
placed in containers with 100mL of the following
solutions respectively: sodium bicarbonate (NaHCO3),
sodium carbonate (Na2CO3), sodium hydroxide
(NaOH). The concentration of the aqueous solutions
was 0.02M. The containers were sealed with rubber
caps and shaken for 24 h at 298K. After that the
resulting suspensions were filtered and 10mL of the
accurately withdrawn aliquot of filtrates were titrated
up to pH 4.0 by 0.02M hydrochloric acid in order to
estimate the residual base. The titration value was
measured three times for each sample and then the

amount of functional groups was calculated using the
average of the three titration data.

2.4. Electrochemical characterization of AC electrodes

The electrochemical performance of AC electrodes
was evaluated by cyclic voltammetry (CV) using an
electrochemical workstation (Princeton PARSTAT
4000). The AC electrodes, Pt plate and Ag/AgCl were
used as the working electrode, counter and reference
electrode, respectively. Cyclic voltammetry was per-
formed at a sweep rate of 10mV/s with a potential
range of �1.2 to 1.2V at ambient temperature. During
a cyclic voltammetric measurement, the aqueous elec-
trolyte was 1mol/L NaCl. The resistivity of AC elec-
trodes was determined by an Electronic multimeter
(Peking SH3-DT9508B).

3. Results and discussion

3.1. Electrosorption performance

Electrosorption experiments of the fresh AC elec-
trode and the aged electrode were conducted by sup-
plying a solution of 1020mg/L of KCl at a flow rate
of 100mL/min. After applying a potential of 1.5V for
45min, the circuit was immediately shorted for
45min. Fig. 3 shows the concentration of the effluent
for each module. As can be seen in Fig. 3, desalination
occurred more efficiently with the fresh electrodes
than with the aged electrodes. When the potential was
applied, ions were quickly electro-sorbed, so that the
concentrations decreased from the initial 1020mg/L to
the minima of 212 and 287mg/L for the fresh
electrode and the aged electrode, respectively. The

1-Conductive layer; 2-Electrode; 3-Separator; 4-Anion exchange membrane (AEM); 

5-Cation exchange membrane (CEM) 

1 2 4 3 5 2 1

Fig. 2. Diagram of membrane electrosorption module.

Table 1
Characteristics of ion-exchange membranes

Characteristics Anion
exchange
membrane

Cation
exchange
membrane

Thickness (mm) 0.75 0.75

Chemical stability (pH) 1–10 1–10

Type Na-type Cl-type

Surface resistance (X cm2) 15 20
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average concentrations of the effluent during the elec-
trosorption period were 307 and 490mg/L for fresh
electrode and aged electrode, respectively. The electro-
sorption capacity of the fresh electrode was 10.22mg/
g, which decreased to 7.63mg/g for the aged
electrode. These results demonstrate that the desalina-
tion efficiency was decreased by electrochemical
oxidization.

During the regeneration process, the concentration
increased steeply when the circuit was shorted, show-
ing peak values of 4,442 and 3,876mg/L for the fresh
electrode and the aged electrode, respectively. Espe-
cially for the fresh electrode, this was around a four-
fold increase of the raw solution. Most of the ions
were desorbed within 10min after the circuit was
shorted. Because desorption proceeded rapidly, it was
easy to regenerate the electrode during the process
operation, meaning that it should be possible to
increase the recovery ratio of the feed solution by
reducing the regeneration time.

The electrosorption and membrane electrosorption
effluent of the fresh electrode and the aged electrode
is show in Figs. 4 and 5. As can be seen in Fig. 4,
desalination occurred more efficiently with the ion-
exchange membrane than without ion-exchange mem-
brane. The electrosorption capacity of the fresh elec-
trode was 10.22mg/g without the ion-exchange
membrane, which increased to 10.66mg/g with the
ion-exchange membrane (increased by 4.5%). From
Fig. 4, it was found that the electrosorption capacity
of the aged electrode was 7.63mg/g without the ion-
exchange membrane, which increased to 9.58mg/g
with the ion-exchange membrane (increased by
25.6%). It can be concluded that membrane electro-
sorption improves desalination efficiency, especially
for the aged electrode.

3.2. Microstructural changes in the aged AC electrodes

Fig. 6 is a SEM image of fresh AC electrode, which
shows that the fresh AC electrode is a continuous,
irregular network-like porous material. Fig. 7 shows
the nitrogen adsorption isotherms of the fresh elec-
trode and aged electrode. The measured microstruc-
ture characteristics such as BET, surface area, pore
size, and pore volumes of the two electrodes are listed
in Table 2. In contrast, electrochemical ageing had
some influence on the microstructure and pore struc-
ture. The relative volume of the pores in various pore
sizes ranges can be obtained from the histogram, as
shown in Fig. 8. The histograms indicated a sharp
maximum at about 2–2.5 nm. It was suggested that the
pore size was mainly that of mesopores (2–50 nm).
According to the previous studies, mesopores are

Fig. 3. The electrosorption effluent of different AC
electrodes (1.5V).

Fig. 4. The electrosorption and membrane electrosorption
effluent of fresh electrode (1.5V).

Fig. 5. The electrosorption and membrane electrosorption
effluent of aged electrode (1.5V).
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beneficial to the adsorption of ions, whereas microp-
ores (<2 nm) are not beneficial due to the electric
double layer overlapping effects [13]. Therefore, the
AC electrodes obtained in this study are ideal to study
the electrosorption related experiments.

After electrochemical ageing, the aged electrode
showed structure changes. There were losses in poros-
ity, especially in the micropore area. The average pore
size increased from 2.26 to 2.28 nm. But there were no
significant changes in the mesopore and macropore
area. The porous texture change in the aged AC

electrodes could be a consequence of the combination
of the direct oxidation by the anodically polarized
electrode according to Eqs. (1) and (2) [24], and the
indirect oxidation by electrogenerated oxidant species,
such as hydroxyl radicals according to Eqs. (3) and (4)
[25].

CþH2O ! C–Oþ 2Hþ þ 2e� ð1Þ

CþH2O ! C–OHþHþ þ e� ð2Þ

H2O ! HO� þHþ þ e� ð3Þ

OH� ! OH� þ e� ð4Þ

In the case of cathodic polarization, the direct
reduction (Eq. (5)) [24] by the electrode potential may
be responsible for the change in the porous texture.

CþH2Oþ e� ! C–HþOH� ð5Þ

3.3. Changes of surface groups on the AC electrodes
surfaces during ageing

Table 3 shows the measured surface functional
groups of the AC electrodes. After electrochemical

Fig. 6. SEM image of fresh AC electrode.

Table 2
Pore characteristics of fresh electrode and aged electrode

Sample BET surface (m2/g) Micropore surface area (m2/g) Total volume (m3/g) Average pore size (nm)

Fresh electrode 828 336 0.46 2.26

Aged electrode 753 275 0.42 2.28
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Fig. 8. Pore size distribution of fresh electrode and aged
electrode.
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Fig. 7. Adsorption isotherms of fresh electrode and aged
electrode.
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ageing, the total surface functional groups of the aged
electrode showed significant increase. The –COOH
groups of the aged electrode increased from 0.027 to
0.391mmol/g. The –COOR groups of the aged elec-
trode increased from 0.006 to 0.197mmol/g. The –OH
groups of the aged electrode decreased from 0.039 to
0.011mmol/g. It can be seen that electrode ageing
creates more surface functional groups, especially
–COOH groups.

3.4. Electrochemical characteristics of AC electrodes

In order to check the changes in the electrochemi-
cal properties of the aged electrodes, cyclic voltam-
metric studies of the fresh electrode and the aged
electrode were carried out. Cyclic voltammograms
(CVs) of fresh electrode and the aged electrode
obtained in 1mol/L NaCl solutions at a scan rate of
10mV/s, with a potential range of �1.2 to 1.2V vs.
Ag/AgCl, are given in Fig. 9. After electrochemical
ageing, the aged electrode showed capacity loss
resulting from high internal resistance and pore block-
age characteristics. It is well known that the oxygen
functional groups are mainly located at the edges of
the basal planes and the entrance of the pores in acti-
vated carbons [26]. Besides, the oxygen functional
groups are ideal sites for water adsorption, favoring
the creation of water clusters at the entrance of the
pores and blocking of access of the electrolyte ions
down into their double-layer interfaces. The observed
decrease in voltammetric charges in the aged elec-
trodes direction proved the oxidation of AC electrodes
by long time electrosorption. The resistivity of the
fresh electrode and the aged electrode was 9.5 and
21.4X cm, respectively, which indicated the increase in
electrode resistance due to the creation of oxygen
functional groups during the ageing process.

3.5. Enhancement of electrosorption performance with ion-
exchange membrane

That ion-exchange membrane can improve desali-
nation efficiency could be explained with the adsorp-
tion and desorption mechanism of ions on the
electrode surface. Fig. 10(a) shows the transport of

ions when a potential is applied to a pair of elec-
trodes. At the anode surface, anions are adsorbed;
however, some cations are expelled and immediately
adsorbed by the cathode, which will decrease the
desalination efficiency. When the circuit is shorted
(Fig. 10(b)), the anions in the EDL move back to the
bulk solution from the anode surface to re-establish
electro-neutrality, which lead to desorption of ions;
however, some cations from the bulk solution could
move to the EDL by electrostatic force. Though the
EDL will disappear at the end of regeneration, if there
are many functional groups on the electrode surface,
ions may be adsorbed by those functional groups.
This will decrease the electrosorption efficiency of the
next cycle. Fig. 10(c) shows the transport of ions when
a potential is applied to the electrode with an ion-
exchange membrane at the end regeneration process.
In this case, some cations at the anode surface cannot
be expelled, let alone be adsorbed by cathode. Fig. 10
(d) shows the transport of ions during the desorption
process with the ion-exchange membrane. At the
anode surface, the anions in the EDL could penetrate
the anion-exchange membrane during the desorption
process, but cations in the bulk solution were rejected
by the anion-exchange membrane. Therefore, desalina-
tion efficiency was improved because of the selective
transport of ions between the EDL and the aged elec-
trode has a large bulk solution [6,27].

Table 3
Surface functional groups of fresh electrode and aged electrode

Sample –COOH (mmol/g) –COOR (mmol/g) –OH (mmol/g) Total groups (mmol/g)

Fresh electrode 0.027 0.006 0.039 0.069

Aged electrode 0.391 0.197 0.011 0.599
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Fig. 9. Cyclic voltammograms of fresh electrode and aged
electrode in 1mol/L NaCl aqueous solution at a sweep
rate of 10mV/s.
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Because the aged electrode has a large amount of –
COOH groups on the electrode surface, anion-
exchange reaction will happen, as follows:

–COOHþ KCl� –COOKþHCl ð6Þ

If an electrode has more –COOH groups, more K+

will be accumulated on the electrode. When a potential
was applied to the electrode, these K+ at the anode
surface were expelled and were immediately adsorbed
by the cathode, as show in Fig. 10(a). This explains
why the desalination efficiency of the aged electrode
was much lower than that of the fresh electrode. How-
ever, if the anode surface is covered with an anion-
exchange membrane, the K+ cannot be expelled during
the electrosorption process and moves to the EDL from
the bulk solution during desorption. Again, this
explains why the improvement in electrosorption with
ion-exchange membrane was more significant with
aged electrodes than with fresh electrodes.

4. Conclusions

The influence of aged AC electrodes and ion
exchange membranes on desalination efficiency in
electrosorption modules was investigated. Results
indicated that microstructure changes occurred on
the surface of aged electrodes. BET surface area of
the aged electrode decreased to 753 from 828m2/g
of the fresh electrode. The average pore size of the
aged electrode increased to 2.28 from 2.26 nm of the
fresh electrode. More surface functional groups, espe-
cially –COOH groups were formed on aged elec-
trodes, and this caused the decrease of the
electrosorption performance. With an initial concen-
tration of 1,020mg/L KCl and bias potential 1.5V,
the electrosorption capacity of aged electrodes
decreased to 7.63 from 10.22mg/g of fresh elec-
trodes. The selective ion-exchange membrane can
increase the electrosorption efficiency obviously,
especially for aged electrodes.

Fig. 10. The distribution and transport of ions at the electrode surface. Electrosorption mechanism without ion-exchange
membrane (a), and desorption mechanism without ion-exchange membrane (b), and electrosorption mechanism with ion-
exchange membrane (c), and desorption mechanism with ion-exchange membrane (d).
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