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Abstract: Complete desorption of contaminants from electrode materials is required for the efficient
utilization and long service life of capacitive deionization (CDI) but remains a major challenge. The
electrodesorption capacity of CDI in the conventional electrode configuration is limited by the nar-
row electrochemical stability window of water, which lowers the operating potential to approxi-
mately 1.2 V. Here, we report a graphite anode-titanium cathode electrode configuration that ex-
tends the cathode potential to -1.7 V and provides an excellent (100%) electrodesorption perfor-
mance, which is maintained after five cycles. The improvement of the cathode potential depends on
the redox property of the electrode. The stronger the oxidizability of the anode and reducibility of
the cathode, the wider the cathode potential. The complete desorption potential of SO4?- predicted
by theoretical electrochemistry was the foundation for optimizing the electrode configuration. The
desorption efficiency of Cl- depended on the ionic strength and was negligibly affected by circulat-
ing velocities above 112 mL min™. This work can direct the design optimizations of CDI devices,
especially for reactors undergoing chemisorption during the electrosorption process.

Keywords: capacitive deionization; electrodesorption; cathodic polarization; cathode potential;
chloride ion

1. Introduction

Capacitive deionization (CDI), often referred to as electrosorption, is the process of
driving counter ions toward an electrode by applying an electrical potential between two
electrodes [1-4]. Ions such as CI-, F-, HCOs, SOs*, NOs-, ClO«, K*, Na*, Mg2, Ca2, Cd*,
Pb?, and Cu?* are held at the electrode-solution interface by an electrical double layer
(EDL) formed under the applied potential [5,6]. CDI is easily operated under ambient
conditions and low voltages (1.2 V) without requiring high-pressure pumps, thermal
heaters, distillation columns, or membranes [7,8]. Therefore, electrosorption has attracted
widespread attention in the adsorption processes of brackish water desalination [9-12],
wastewater treatment [13,14], and the purification of supplied water [6,15,16].

More importantly, in CDI based on EDL theory, contaminants from the electrodes
can be easily removed by shorting or reversing the electrodes in the absence of chemicals
[17]. However, this scenario is true only in ideal CDI operations, when the amount of
charge during adsorption equals that during desorption. In fact, electrodesorption by
shorting or reversing the electrodes cannot completely desorb the contaminants. Lee et al.
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[18] reported a 40-46% desorption efficiency at 10 mA/cm?. Lado et al. [19] studied differ-
ent regeneration modes—open-circuit potential (OCP), short circuit (SC), and reverse
voltage (RV)—in a CDI system equipped with asymmetric electrodes. The highest regen-
eration recovery in their study was 64%. Many recent research studies have reached sim-
ilar conclusions [20-22]. Electrodesorption is a widely acknowledged problem in CDI and
has defied solutions because the key factors of the existing regeneration technology re-
main unclear. The incomplete regeneration of electrode materials has increased the cost
of electrosorption and inevitably introduced secondary pollution.

This study employs a three-dimensional electrode reactor with the characteristics of
many small particles, which shortens the transfer distance between the reactant and the
electrode and hence increases the specific surface area of the working electrode [23-26].
However, recycling smaller particles from a solution in a three-dimensional electrode re-
actor is a difficult task and risks forming a new environmental pollutant [24]. Porous car-
bons such as activated carbon [25,27], activated carbon fibers [28], and carbon aerogels
[29] are commonly used as electrosorption electrode materials. Activated carbon is a pop-
ular choice, especially for particle electrodes in three-dimensional electrode reactors, ow-
ing to its high electrical conductivity, good mechanical strength, and low cost [30-33].
Under an electric field, the particles in a particle electrode can carry the same charge as
the adjacent electrode. Hence, electrode matching is another key requirement of three-
dimensional electrode reactors. If the electrodes are well matched, the overall perfor-
mance of the electrodesorption process is improved. Poorly matched electrodes can de-
grade the performance or cause electrode damage [34,35].

The present study on the electrodesorption process is based on our previous three-
dimensional electrode system but focuses on electrode matching to improve the cathode
potential. According to theoretical electrochemistry, the cathode potential plays a defini-
tive role. Here, the complete desorption potential is predicted in a theoretical electrochem-
istry analysis, and the extended cathode potential after matching the electrodes is dis-
cussed in detail. After performing electrosorption and desorption cycles, the electrode
configuration and the predicted complete desorption potential are applied to the elec-
trodesorption of SO« The effects of ionic strengths and circulation velocities on the de-
sorption efficiency are evaluated in electrodesorption batch tests.

2. Experimental
2.1. Apparatus

The three-dimensional electrode system adopted in the electrodesorption investiga-
tion was similar to our previous studies [36-38], and a structure diagram of the system is
shown in Figure 1.
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Figure 1. The reaction equipment in electrochemical experiments.
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2.2. Materials and Methods

All chemical reagents used for the experiments were analytically pure. All granular
activated carbon (GAC) was purchased from Youshi Technology Co. Ltd. (Ningbo,
China), and the characterization of the GAC was analyzed in our previous work [36].

The electrosorption of Cl-on GAC given here is based on our previous studies [37,38].
The desorption of Cl- was studied via two steps of experiments using a three-dimensional
electrode reactor at room temperature. First, after the completion of electrosorption, the
electrical field was removed, and the desorption solution was circulated at a flow rate of
112 mL min-'. After 3 h, desorption without cathodic polarization was complete, and a
-1.7 V cathode potential was immediately applied to the device. The pH of the desorption
solution was measured throughout the experiment to ensure that the pH was maintained
at the initial pH. Samples were taken from the reactor at different sampling times (15, 30,
60, 120, 180, 240, and 300 min).

The anion concentration was detected by ion chromatography (IC) (833 Basic IC Plus,
Metrohm Ltd., Herisau, Switzerland) with an anion separation column (Metrosep A Supp
4) and an IC conductivity detector. The desorption efficiency (De) of GAC was calculated
according to the following equation:

mw

De = 2% x 100 (1)

me

where me (mg) and mw (mg) are the mass of the anions adsorbed on the GAC and then
desorbed in the regenerated solution, respectively.

The anode and cathode potentials were measured in the three-electrode system. A
saturated calomel electrode (SCE) is used as the reference electrode and submerged in the
electrolytes. In this paper, all potentials are given relative to this electrode. A hole with a
diameter of 4 mm was opened at the lower half of electrodes for the salt bridge to cross
and fix. The potentials were monitored by a digital multimeter (UNI-T UT139C Bench
Digital Multimeter, Shanghai, China).

3. Results and Discussion
3.1. Electrosorption and Desorption Cycles

Adsorption experiments were performed at 1.2 V and with open-circuit potential (OCP).
The experimental operations are detailed in our previous studies [38]. Figure 2a plots the ad-
sorption capacity of chloride ions over time. The Cl- adsorption capacity on GAC increased
from 12.76 pmol g to 18.11 umol g as the anode potential rose from the OCP to 1.2 V, re-
flecting the formation of an electric double layer between the electrode surface and chloride
ions. Similar phenomena have been reported by other studies [18,39]. Figure 2b plots the de-
sorption efficiency over time in the absence and presence of cathodic polarization. The exper-
imental results indicate that Cl- was desorbed with an efficiency of 83% when the electric field
vanished for 1 h. Unfortunately, 17% of the residual CI- failed to desorb from the GAC surface,
even after extending the desorption time, implying that 100% desorption is almost impossible
by chemical regeneration. This result is consistent with Zhang et al. [40], who studied the ad-
sorption of F- on a novel zirconium-modified-Na-attapulgite (Zr-A) adsorbent. They also re-
ported that desorption could not reach 100% within 120 min at pH 12.50, especially after six
desorption—adsorption cycles. This might be attributed to chemical adsorption occurring in
the electrosorption process. Lai et al. [41] similarly found that after the adsorption of phos-
phate, the regeneration rate of the absorbent material failed to reach 100% under a reversed
potential for 10 min, because chemisorption is the main adsorption mechanism. Previously
[36], we reported that the Cl- adsorption mechanism at a GAC surface is hydrogen bonding.
This mechanism was confirmed by monitoring the changes in anode potential on the GAC at
different times. In these experiments, the Cl- electrolyte was continuously recycled at cell volt-
ages of 0.3 and 1.0 V. The anode potentials on GAC at different times are shown in Figure 2d.
As the time increased from 15 to 300 min at a cell voltage of 1.0 V, the anode potential increased
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from 1.01 to 1.35 V. A similar phenomenon was observed when the cell voltage is 0.3 V. This
behavior can be explained as follows: When an anion is chemisorbed, the anions near the sur-
face tend to drive the electrons back into the electrode and the anode potential increases [42].
Therefore, chemical bonds are inferred to be involved in the electrosorption process, consoli-
dating the results of our previous theoretical analysis [43]. Biesheuvel et al. also reported that
ions can be physically and chemically adsorbed in the diffusion layer of the double layer [44].
For this reason, after removing the electric field, the electrosorbed Cl-in the EDL was released
into the solution but the chemically adsorbed Cl- was not desorbed; consequently, 17% of the
Cl remained. Xing similarly found that humics adsorbed by chemical adsorption on carbon
electrodes were often inefficiently desorbed in the regeneration process [45]. However, as
shown in Figure 2c¢, residual Cl- was completely desorbed under a -1.7 V cathode potential
applied for 1 h, indicating that cathodic polarization can effectively desorb chemically ad-
sorbed CI-. Thereafter, successive electrosorption and regeneration were achieved by circulat-
ing the solution. The duration of each electrosorption and regeneration phase was 5 h. Figure
2c plots the CI- concentration at the inlet and outlet over five consecutive electrosorption/re-
generation cycles. The CI- adsorption capacity was maintained with no sharp declines
throughout the five cycles, and the electrodesorption performance was maintained at 100%
during consecutive cycles. According to these results, cathodic polarization can effectively en-
hance the desorption ability for sustainable operation, thereby improving the practicability of
CDL
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Figure 2. Electrosorption and desorption cycles. (a) Comparison of CI~ adsorption capacity at OCP
and 1.2 V. (b) The concentration of Cl~ with and without cathodic polarization (c) cycles for adsorp-
tion and electrodesorption. (d) The curve of anode potential changed with cell voltage in the elec-
trosoption process.

3.2. Effect of Electrode Configuration

To study the key factors for ClI- complete desorption more intensively, electrodesorption
experiments were explored by varying the electrode configuration. The operation was carried
out by assembling the electrodes in five configurations, as shown in Table 1, where two were
symmetric and three were asymmetric. The cathode potential was measured by adjusting the
cell voltage and controlling the anode potential to +1.2 V, which is the electrochemical stability
window of water [46]. In addition, CI- oxidation may occur in the presence of the NaCl elec-
trolyte [47—49] when the anode potential is higher than +1.2 V. However, when the anode po-
tential was +1.2 V for Group 2, the cell voltage reached +15 V. To take into consideration the
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energy consumption, the measurement experiment of Group 2 was performed at the same cell
voltage as that for Group 5. Figure 3a and Table 1 show the experimental data measured in
the three-electrode system. Clearly, the cathode potential of Group 5 (-1.08 V) is higher than
that of the other groups, which was determined under the same anode potential (+1.2 V), es-
pecially for the titanium anode-titanium cathode combination. However, the cathode poten-
tial of Group 5 is much less than that of Group 2 (-1.7 V) when determined at the same cell
voltage. These results indicate that the cathode potential is dependent on the electrode config-
uration, which decreased in the order of Group 2 > Group 5 > Group 3 > Group 4 > Group 1.
Five sets of desorption experiments were performed under the acquired cathode potential.
After 5 h, the desorption experiments were nearly complete, and the results are shown in Fig-
ure 3b. The desorption efficiency increased as the desorption time increased from 0 to 300 min
for all groups. However, after 5 h, Group 2, Group 5, and Group 3 exhibited higher desorption
efficiencies of 100%, 95%, and 68%, respectively, compared with Group 4 and Group 1, with
values of 52% and less than 30%, respectively. The results indicate that different electrode
combinations greatly influence the desorption efficiency because the cathode potential de-
pends on the electrode combinations. Furthermore, an asymmetric electrode structure (G-Tj,
G-Pb, and G-Cu) is more propitious to the electrodesorption of Cl- than a symmetrical struc-
ture (Ti-Ti and G-G). In comparison to the previous reports, the desorption efficiency was
higher in our work (Table 2). However, further optimization of the operating conditions will
be needed for decreasing the desorption time.

Table 1. The different electrode configurations within the CDI devices for the experiments.

Group Anode Cathode Sign Cathode Potential/V
1 Titanium (Ti) Titanium (Ti) Ti-Ti -0.22
2 Graphite (G) Titanium (Ti) G-Ti -1.70
3 Graphite (G) Lead (Pb) G-Pb -0.88
4 Graphite (G) Graphite (G) G-G -0.71
5 Graphite (G) Copper (Cu) G-Cu -1.08
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Figure 3. Effect of electrode configuration. (a) The cathode potential development of different elec-
trode types. (b) The desorption efficiency of CI~ using different electrode types. (c) The correspond-
ing cathode potential (pink streak).
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Table 2. The comparison of desorption efficiency.

Electrode Reference Deso.rptlon Effi- Time/min Potential/V
ciency/%
GAC This study 100 300 -1.7
Fe20:/NORIT [50] 64 480 -3.0
Fe205/G5 [50] 80 480 -3.0
LiMn204 [51] <45 500 35

It is worth noting that the broadest cathode potentials measured in Group 2 and
Group 5 were —1.7 V and -1.08 V, respectively, at a cell voltage of +5.0 V (Figure 3a). The
anode potentials were +0.7 V and +1.2 V, respectively, implying that as the anode potential
of Group 2 increased continuously to +1.2 V, the scope of the cathode potential broadened
(3.5 Vin Figure 3a). That is, the graphite anode-titanium cathode electrode configuration
facilitated the extension of the cathode potential under the same conditions. This behavior
may be attributed to the different reducibilities and oxidizabilities of the different elec-
trode materials. In Groups 2, 3, 4, and 5, the reducibility values of the cathode materials
increased in the order of G < Cu < Pb < Ti, and the desorption efficiencies at the cathode
decreased in the order of Ti > Cu > Pb > G. Clearly, the reducibility declined, resulting in
a desorption efficiency decrease, although deviations appeared at the Cu and Pb cathodes.
This discrepancy might be related to the formation of an oxidation film on the surface of
the lead electrode in air. Supporting this idea, the researcher None stated that lead is easily
and rapidly oxidized to lead oxide over a wide temperature range [52]. Anode oxidizabil-
ity also significantly affects the desorption efficiency. The higher oxidizability of the
graphite anode than that of titanium likely explains the lower desorption efficiency of
Group 1 than of Group 2. Therefore, the cathode potential might be extended by increas-
ing the oxidizability and reducibility discrepancies between the anode and cathode. This
conclusion provides a direction for optimizing the design of CDI devices, especially reac-
tors that undergo chemisorption during the electrosorption process.

The electrodesorption process was also described based on theoretical electrochem-
istry. The desorption reaction for adsorbed Cl- from the GAC surface can be described by
the following simple chemical equation

Clrags— Cl_aq + GAC (2)

where ads and aq denote the adsorbed phase and solution phase, respectively.
The electrochemical potential of Cl- adsorbed on GAC and that in the solution can be
expressed as:

/Iaq = ,ngq + RTln[Cl(;q] — PoF (©)

— e -
Hads = Hads + RTln[Clads] - l/)F (4)
where 1° and p?Y,, are the standard state chemical potentials of Cl- in the liquid phase
Haq ads p quid p

and in the solid phase, respectively, R (8.314 ] mol! K-!) is the universal gas constant, T
(K) is the absolute temperature, F (96485 C mol™) is the Faraday constant, 14(V) is the
potential of the solution, and ¥ is the diffuse layer potential (where the value is relative
to the potential of the solution (¥;)).

When the desorption of adsorbed Cl- occurs, the Gibbs free energy change (ArGm) is
given by:

; 6 ;
A:Grn = pg + RTIN[Clg] - oF - b * RTIn[Clags] - ¥F) (5)
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where pgq and pfy, are the standard-state chemical potentials of Cl- in the liquid phase

and in the solid phase, respectively; i is the diffuse layer potential (where the value is
relative to the potential of the solution (1)), and 1, is the potential of the solution, whose
value is zero; therefore, Equation (5) is expressed as:

AGp, = ygq- RTIn[Cl q]- 42, - RTIn[Cl 4] + YF ©)

and, finally

[Clag]
NG =0 - 4% +RTIn——
e ‘an ‘uads [Clads]
In the desorption process, the standard Gibbs free energy change of uncharged par-
ticles transferred from a solid phase to a liquid phase is the same as the difference in the
chemical potential between the solid phase and the liquid phase. Therefore, the standard
Gibbs free energy change in the standard state can be expressed as:

+ YF @)

6 _ 0 0
Aer_ ‘uuq-‘uuds )

The standard Gibbs free energy change is given by:
A,G2 = -RTInK4 )

where Ku is the desorption equilibrium constant.
According to Equations (8) and (9), we obtain

[Clag]
AGp, = -RTInK4 + RTIn ——— + F (10)
[Clads]
If
[Clag]
= 11
Q [Clags] an
Inserting Equation (11) into Equation (10), we obtain
AGy, =-RTInKy + RTInQ + ¢ F (12)
and, then
_ Q
A.Gpn = RTIn— +¢F (13)
Kq

When desorption reaction reaches equilibrium, Equation (13) can be expressed as:
RTIn< = -yF (14)
Kq

If cathodic polarization occurs, then the value of parameter ¢ is negative.
YF >0 (15)

Thus, Equations (13) and (15) show that CI- on the GAC surface is desorbed and en-
tered the solution because the Gibbs free energy change exceeded 0 when the cathode was
polarized. This is consistent with the experimental electrodesorption results at different
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cathode potentials (Section 3.2), implying that Cl- desorption is affected by cathodic po-
larization in the CDI process. However, as confirmed in the experimental electrodesorp-
tion results, the desorption efficiency cannot reach 100% when the cathode potential can-
not reach —1.7 V; that is, the cathode potential distribution must be sufficient to completely
desorb CI-. The Gibbs free energy of desorption depends on the cathode potential; specif-
ically, as the range of cathode potential broadens, the desorption becomes easier. Based
on the above analysis, we speculated that the incomplete desorption of the electrode in
previous studies [18,19,41], even under cathodic polarization, is linked to insufficient cath-
ode potential.

The electrodesorption process has successfully predicted the complete desorption
potential (1) that achieves complete Cl- desorption. The parameter [Claq] represents the
Cl- concentration in solution when the CI- have completely desorbed from the GAC elec-
trode, which can be derived from the equilibrium absorption capacity. The other param-
eter [Cl,g4s] represents the amount of Cl- adsorbed on the GAC surface. Its value is nearly
zero when the Cl- completely desorbs, but for a convenient calculation, we replaced the
value of [Cl,4s] by the detection limit of the ion chromatograph. During the elec-
trodesorption process, Ka was calculated by the method reported in our previous research
[38]. By Equations (11) and (13), the parameter ¢ (i.e., the potential of complete desorp-
tion) was determined as -1.64 V, close to the experimental value. Based on the above re-
search, anions’ electrodesorption can be carried out by matching the electrode configura-
tion after predicting the complete desorption potential.

3.3. Application to Electrodesorption of SO+

To confirm the applicability of the proposed technique to general anion elec-
trodesorption, we matched the electrode configuration and predicted the complete de-
sorption potential for the electrodesorption of SO4*-. Based on the electrochemical descrip-
tion of SO4*, the complete desorption potential was calculated as —1.45 V, lower than that
of CI~. Therefore, the graphite anode-titanium cathode electrode configuration was an ap-
propriate choice for SO4?- electrosorption. Figure 4a plots the experimentally obtained de-
sorption efficiency of SO4?- at different desorption times. The electrodesorption results of
SO« were improved from those of Cl-; and after 3 h, the desorption efficiency reached
100%, indicating that SO4*- desorption occurs more easily than Cl- desorption because the
complete desorption potential is lower than —1.7 V. The low cathode potential require-
ments were attributed to the weak chemical bonds between SO42- and GAC [38,53]. In a
previous report on the adsorption of sulfanilamide to activated carbon, the higher effect
of Cl- compared to SO+ on the adsorption capacity was similarly attributed to different
bond strengths (strong versus weak chemical bonds) [54]. Therefore, we speculate that the
potential of complete desorption depends on the strength of the formative chemical bonds
between the anions and electrode materials during the electrosorption process.
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It is worth noting that the prediction of complete desorption potential is applicable
only to anions with desorption ability under the same chemical conditions. Unlike CI-,
anions such as ReOs are not desorbed because they strongly adhere to GAC at the chem-
ical condition of CI- desorption, as revealed in our previous work [38]. Therefore, the ap-
plication of a prediction method of desorption potential is not appropriate for the adsorp-
tion of ReOs on GAC.

3.4. Effect of lonic Strength

The effect of ionic strength was investigated by cycling desorptive solutions with 0.1
mol L CI- and SO+ ranging from 0 mg L to 6000 mg L. As shown in Figure 4b, the
desorption efficiency first increases and then decreases with an increase in the ionic
strength from 0 to 6000 mg L-1. The highest desorption efficiency is obtained when the
SO+ concentrations are 2000 and 4000 mg L1, with values that are two times higher than
that of 6000 mg L SO4*-, meaning that the desorption efficiency is strongly dependent on
ionic strength. This phenomenon results from the fact that the EDL is compressed under
a higher ionic strength [55,56], resulting in a lower diffuse layer potential (1). The elec-
trode potential can be approximately represented by the diffuse layer potential; the de-
sorption efficiency, therefore, decreases with an increase in ionic strength due to the lower
cathode potential based on the electrodesorption mechanism. In addition, the decrease in
the desorption efficiency in desorptive solutions without SOs?- is probably due to the
lower solution conductivity.

3.5. Effect of Circulating Velocity

Ionic migration in CDI devices is dependent on the circulation of the solution. The
effect of circulating velocity on the desorption process was studied at different circulating
velocities of the solution, and the result is shown in Figure 4c. The desorption efficiencies
after 5 h under circulating velocities of 75, 112, 140, and 168 mL min~! were approximately
94%, 100%, 100%, and 100%, respectively. It is worth noting that the higher circulating
velocity caused a higher desorption efficiency. This trend seems to be in good agreement
with other reports [19,57]. Circulating velocity increases convection, thereby reducing
stagnant or boundary layer thickness that tends to accelerate ion transfer [58]. When the
circulating velocity is 112 mL min, the desorption efficiency reached the maximum of
100%, and the difference in desorption efficiency is not obvious when the circulation ve-
locities are greater than 112 mL min™'. This can be attributed to the electric field. Due to
the electric field external to the electrode, mass transfer through the boundary layer will
be enhanced [59,60]. Thus, the optimal circulating velocity is 112 mL min.

4. Conclusions

We presented a graphite anode-titanium cathode electrode configuration that in-
creases the cathode potential to 1.7 V. At an operating cathode potential of -1.7 V, the
system provided an excellent (100%) electrodesorption performance and maintained this
performance after five cycles. The boosting of the cathode potential was associated with
the redox property of the electrode. Strengthening the oxidizability of the anode and the
reducibility of the cathode, widened the cathode potential. Applying the optimal electrode
configuration to SO+ electrodesorption, the desorption efficiency remained at 100% after
3 h. The CI- desorption efficiency was found to depend on the ionic strength and was
independent of circulating velocities exceeding 112 mL min-'. Our approach can predict
the cathode potential of complete desorption and can guide the design optimization of
completely desorbing CDI devices.
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