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Abstract: Composite electrodes prepared by cation exchange resins and activated carbon (AC) were used to adsorb V(IV) in capacitive deion-
ization (CDI). The electrode made of middle resin size (D860/AC M) had the largest specific surface area and mesoporous content than two
other composite electrodes. Electrochemical analysis showed that D860/AC M presents higher specific capacitance and electrical double layer
capacitor than the others, and significantly lower internal diffusion impedance. Thus, D860/AC M exhibits the highest adsorption capacity and
rate of V(IV) among three electrodes. The intra-particle diffusion model fits well in the initial adsorption stage, while the liquid film diffusion
model is more suitable for fitting at the later stage. The pseudo-second-order kinetic model is suited for the entire adsorption process. The ad-
sorption of V(IV) on the composite electrode follows that of the Freundlich isotherm. Thermodynamic analysis indicates that the adsorption of
V(IV) is an exothermic process with entropy reduction, and the electric field force plays a dominant role in the CDI process. This work aims to

improve our understanding of the ion adsorption behaviors and mechanisms on the composite electrodes in CDI.

Keywords: capacitive deionization; composite electrode; vanadium; electrochemical behavior; kinetics

1. Introduction

As a rare metal, vanadium is commonly used in the iron-
steel, chemical, aerospace, new energy, and alloy industries
[1-2]. Leaching is the primary method to extract vanadium
from the vanadium-bearing resources [3—4], such as fly ash
[5] and stone coal [6]. Therefore, enriching and separating
vanadium from leachate are indispensable tasks in the extrac-
tion industry [7]. At present, the purification and enrichment
of vanadium from leaching solutions are mainly conducted
by solvent extraction (SX) and ion exchange (IX) [8], but
these two techniques have limitations. For example, the IX
process is time-consuming and the IX resin is less adaptable.
The SX process is less efficient, and the loss of the extraction
agent is harmful to the environment [9—10]. Thus, an emer-
ging ion separation and purification technique, capacitive de-
ionization (CDI), has been attracting the attention of many
researchers and was tried to be introduced into the field of
hydrometallurgy.

CDI uses the principles of ionic adsorption on electrode
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through electrostatic force [11]. When a low direct electrical
field is established, the charged ions are constrained toward
the oppositely charged electrodes and form an electric double
layer (EDL) on the surface of the electrodes [12—13]. Thus,
CDl is an economical, efficient, and environmentally friendly
separation technique. CDI originally is just proposed for
desalination of seawater or brackish water because it is char-
acterized by poor selective adsorption for ions [14].
However, some studies have demonstrated that the combina-
tion of capacitor deionization and IX can achieve the separa-
tion and enrichment of certain ions by using the composite
electrodes [15—17]. IX resins pose diverse functional groups
and present strong selective adsorption capacity for specific
ions. The composite electrode prepared by using the IX resin
and carbon material can improve the adsorption performance
of the electrode to the target ions [18—19]. Our group pre-
pared resin/activated carbon (AC) composite electrodes by
using AC and different IX resins, which have been success-
fully used to remove vanadium from a complex leaching
solution [20]. However, studies have only focused on the pre-
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paration of the composite electrodes and ion adsorption prop-
erties on the electrodes. Few studies have systematically in-
vestigated the effect of resin particle size on the properties of
the composite electrodes as well as the adsorption kinetics
and thermodynamics of ions. CDI is a nonlinear dynamical
process, and the ion adsorption on electrodes involves com-
plex ion motion and adsorption mechanisms. An understand-
ing of the properties and adsorption characteristics of elec-
trodes is essential to enhance the performance of CDI on the
separation of ions.

As mentioned, our previous study showed that D860, an
amino phosphoric acid chelating cation exchange resin, has
strong affinity to tetravalence vanadium (V(IV)), and the
composite electrode made of D860 and AC also presents
high adsorption capacity and strong selectivity for V(IV). In
the present study, D860 with different sizes was selected to
prepare composite electrode with AC and used to adsorb
V({V) from aqueous solution. The physical and chemical
properties of the composite electrode were investigated by
Brunauer—Emmett—Teller (BET), electrochemical and Fouri-
er transform infrared (FT-IR) spectroscopy analysis. The ad-
sorption kinetics, isotherms, and thermodynamics were also
evaluated to investigate the ion adsorption characteristics.

2. Experimental
2.1. Materials

D860 cation exchange resin with high affinity for V(IV),
which was purchased from Zhengguang Industrial Co. Ltd.,
China, and AC provided by Durban Activated Carbon Co.
Ltd., China, were utilized to prepare D860/AC composite
electrode in this study. Vanadyl sulfate (VOSO,) with analyt-
ical reagent (A.R.) grade was used to prepare V(IV) feed
solution (VO*). N-dimethylacetamide (DMAC) and
polyvinylidene fluoride (PVDF) with A.R. grade were ob-
tained from Sinopharm Chemical Reagent Co. Ltd., China
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Fig. 1.
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and Sigma Aldrich Chemical Reagent Co. Ltd., China, re-
spectively. High-purity graphite flake came from Haimen
Shuguang Carbon Industry Co. Ltd., China.

2.2. Preparation

2.2.1. Materials pretreatment

AC was ground to pass through a 38 pm sieve. D860 res-
in was soaked in Swt% NaOH solution, followed by washing
until the supernatant was nearly neutral. Thereafter, the resin
was soaked in 5vol% HCI solution for 24 h. The resin was
then washed with deionized water until the supernatant was
nearly neutral. After the cleaning procedure, the resin was fil-
trated and dried to the constant weight at 60°C. Finally, the
resin was ground in the vibration mill for 20 min and sieved
by the shaking screen to obtain the products with a particle
diameter of 37-45, 53-63, and 125—150 um, respectively. A
suitable amount of VOSO, was dissolved in deionized water
to prepare the V(IV) feed solution.
2.2.2. Preparation of composite electrodes

The preparation schematic of the composite electrode is
shown in Fig. 1. To fabricate composite electrodes, we first
prepared a composite material slurry by mixing 0.5 g AC, 0.5
g D860 resin, and 0.1 g PVDF in 4.0 mL DMAC, which was
stirred for 4 h at 25°C to ensure thorough dispersion. DMAC
was used as a solvent to fully mix the D860 and AC, and
PVDF was used to bind the high-purity graphite flake with
the composite material. Then, the slurry was painted on the
high-purity graphite flakes with dimensions of 50 mm
(width) x 100 mm (length) x 1 mm (thickness). The compos-
ite electrodes were prepared by drying for 4 h at 60°C in a va-
cuum oven to ensure that DMAC was completely volatilized.
The dry weight of the composite material on each graphite
was approximately 1.2—1.6 g. The composite electrodes us-
ing resins with particle size of 37-45, 53—63, and 125—-150
pm were labeled as D860/AC S, D860/AC M, and D860/AC
C, respectively.

Painting

m

Drymg

High-purity graphite flake Composite electrode

Schematic of preparation of composite electrode.
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2.3. Capacitive deionization experiments

The CDI cell, peristaltic pump, and constant voltage dir-
ect-current (DC) supply were used to form an electric ad-
sorption device [21]. The DC supply and peristaltic pump
were respectively provided by Zhaoxin Electronic Equip-
ment Co. Ltd., China, and Natong Peristaltic Pump Manufac-
ture Co. Ltd., China. The CDI cell used in this study was as-
sembled using parallel-aligned electrodes (five composite
electrodes and four graphite flakes), which were placed in a
polymethyl methacrylate tank. In the experiments, the high-
purity graphite flakes without coating were used as anode and
the D860/AC composite electrodes were used as cathode.
The flow rate was sustained at 30 mL/min, and the space
between the two electrodes was 3 mm. Each pair of parallel
electrodes was supplied a voltage of 1.0 V. 200 mL feed
solution with initial pH of 2.0 was pumped into the CDI cell
by peristaltic pump for circular treatment. The concentration
of vanadium in the solution was measured through the am-
monium ferrous sulfate titration method (GB/T8704.5—
2007) and the adsorption capacity of the composite elec-
trodes for vanadium was defined as:

_ CoxVo—C; XV,
- m

q x 100% (1)

where ¢, is the adsorption capacity of the composite elec-
trodes at time ¢ (mg/g), C, and V, are the ion concentration in
the aqueous solution (mg/L) and the solution volume (L) at
time t, respectively, Cy and V|, are the initial ion concentra-
tion in the aqueous solution (mg/L) and the initial solution
volume (L), respectively, and m is the mass of D860/AC
composite material on the graphite flake (g).

For kinetics study, 200 mL feed solution with initial vana-
dium concentration of 1000 mg/L at 25°C was treated by
CDI and 1 mL solution was sampled at predetermined inter-
vals ranging from 0 to 380 min to determine vanadium con-
centration. Adsorption isotherm experiments were conduc-
ted at 25°C with different initial vanadium concentrations
from 820 to 1000 mg/L. A thermodynamic adsorption study
was conducted at the temperatures of 25, 30, 35 and 40°C,
using D860/AC M with initial vanadium concentration of
1000 mg/L. The adsorption time was fixed at 380 min for the
adsorption isotherm and thermodynamic investigation.

2.4. Characterization of composite electrodes

The composite electrode material was scraped from the
graphite flake with a blade for properties analysis. The poros-
ity of the electrode material was observed from the isotherm
adsorption branch with the Barrett—Joyner—Halenda (BJH)
method [22]. The specific surface area (Sggr) of the material
was determined through the BET method using ASAP
2020M surface and pore size analyzer (Micromeritics Instru-
ments, US).

The structural variations of the electrode material before
and after adsorption were examined using a Nexus spectro-
meter (Thermo Nicolet Co. Ltd., US). The FT-IR spectra of
the samples were noted in the range of 4000—450 cm™' at
room temperature.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were conducted by an electrochemical
workstation (AMETEK, VersaSTAT4, US). These measure-
ments were performed using a three-electrode cell consisting
of a counter electrode (platinum wire), a working electrode
(D860/AC electrode), and a reference electrode (Ag/AgCl) at
25°C. The CV measurements were conducted in the poten-
tial range of —0.3 to 0.9 V at a specific scan rate of 20 mV/s,
and the cyclic scanning was performed 3 times. EIS meas-
urements were conducted using alternating current perturba-
tion amplitude of 5 mV around the equilibrium potential
(0 V). The data were collected in the frequency range from
105 to 0.1 Hz.

2.5. Adsorption kinetic models

The pseudo-first-order kinetic model, which is commonly
used in liquid-phase adsorption, assumes that the adsorption
rate is controlled by physisorption [23]. The pseudo-second-
order kinetic model assumes that the adsorption process is
dominated by the chemical reaction [24], which involves
electron transfer or sharing between the adsorbate and the ad-
sorbent [25]. The Elovich kinetic equation is an empirical
formula derived from the chemistry theory of the gas—solid
interface. It is appropriate for most adsorption processes and
is mainly used to describe the chemical adsorption [26]. Be-
sides, the Weber—Morris (W—M) intra-particle diffusion
model [27], the Dumwald—Wagner (D—W) internal diffusion
model [28], and the Boyd liquid film diffusion model [29]
were adopted to ascertain the rate control step for vanadium
adsorption. The W—M intra-particle diffusion model is based
on the mass balance equation, which ignores the liquid film
diffusion resistance of the adsorbent surface. The model hy-
pothesizes that the diffusion of the ions inside the pores is the
main factor that affects the adsorption rate [27]. The Boyd li-
quid film diffusion model assumes that adsorption resistance
is concentrated at the boundary of the adsorbent particles
[29].

The pseudo-first-order, pseudo-secondary-order kinetic,
and Elovich kinetic models are presented as Egs. (2)—(4) re-
spectively [24]:

q: = go(1 —exp (=k;1)) @)
2
_ Ye sz
U= kot 3)
g, = bln(ab) + Int 4)

where ¢, and g, represent the amount of vanadium adsorbed
at time ¢ and at equilibrium, respectively (mg/g), &, is the
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first-order adsorption rate constant (min '), k, is the second-
order adsorption rate constant (g'mg '‘min'), b is the de-
sorption constant related to the surface coverage (g/mg), and
a is the initial adsorption rate (mg-g ' -min ).

The W—M intra-particle diffusion model is represented as
[30]:
g =kpt* +C )
where C is related to the thickness of the boundary layer, and
ki, represents the intra-particle diffusion rate constant
(mg-g"-min").

The D—W internal diffusion equation is based on the fol-
lowing equation [28]:

6

F=1- E ”ZIECXP(—H -B-1) (6)
The following equations were obtained through Fourier

transform:

2
°F
B-t=(n”2— /n_nT',F<O.85 @)

B-t=-0498—-In(1-F), F > 0.85 ®)
where F is the adsorption separation coefficient, F = ¢,/q.,
and B and n are the empirical coefficients of D—W internal
diffusion equation.

The Boyd liquid film diffusion model is given as follows
[29]:
“In(1-F)=ky-t )
where kg is the film diffusion mass transfer coefficient
(min™").

2.6. Adsorption isotherm models

At a given temperature, the mass of an adsorbed solute at
various concentrations is given by adsorption isotherm mod-
els [31]. Different adsorption isotherm models have been
offered in this regard, and the most common and widely used
models are Langmuir and Freundlich isotherm equations.
The Langmuir isotherm model is based on the assumptions
that the adsorption of ions on the adsorbent surface is a
monolayer adsorption [32]. The Freundlich isotherm model

Int. J. Miner. Metall. Mater., Vol. 28, No. 11, Nov. 2021

assumes that the surface of the adsorbent is characterized by a
distribution of adsorption sites that have different adsorption
energies, and it describes the multilayer and reversible ad-
sorption over a heterogeneous surface [33].

The linear expression of the Langmuir and Freundlich
models are respectively given by the following equations
[31]:

C. 1 1

— = _'Ce+ 10

ge Qo K- Qo (10)
1

Ing. = — -InC, + InKx (11)
n

where C. is the equilibrium concentrations of vanadium
(mg/L), Qp depicts the maximum adsorption capacity (mg/g),
Ky is the Langmuir adsorption constant (L/mg), Kg is the
Freundlich adsorption constant, which represents the adsorp-
tion capacity (mg/g), and 1/n is the factor indicating how fa-
vorable the adsorption process is. n > 1 represents favorable
adsorption condition.

3. Results and discussion
3.1. Electrode properties

3.1.1. Sger and pore properties

The Sggr and pore properties of three D806/AC composite
electrodes are presented in Table 1. The composite electrode
with middle resin size poses higher Sgpr, mesopore volume
(Vies), micropore volume (V,,.), and mesopore percentage
(H,s) than the other two electrodes, indicating that the ap-
propriate resin size is conducive to the formation of a suit-
able pore structure and Sger for the electrodes. If the resin
particle size is extremely small, then the structure of the com-
posite material may be damaged and can cause blockage of
the pores, which is detrimental to the ions’ transfer and ad-
sorption. If the particle size is extremely large, then the com-
posite electrode material has a small specific surface area. In
addition, the material containing large particle resin is easily
detached from the graphite during preparation and use, and
the electrode surface is uneven. Thus, the resin particle size in
the resin/activated carbon composite electrode should be
moderate.

Table 1. Sger and pore properties of different composite electrodes

Electrode d/pm Sper/ (mz'gil) Vic / (sz'gil) Vines / (Cms'gil) Hines | %
D860/AC C 125-150 493 0.259 0.132 33.76
D860/AC M 53-63 562 0.312 0.267 46.11
D860/AC S 3745 529 0.279 0.144 34.04

Note: d is the particle size of resin.

3.1.2. FT-IR spectra

The FT-IR spectra of D860/AC M before and after vana-
dium adsorption are presented in Fig. 2. The peak at 3400
cm', which is assigned to the stretching vibration of ~OH

[34], shifts to 3434 cm ' after the adsorption. The adsorption
peak observed at 2938 cm ! corresponds to the C—H stretch-
ing vibration, which shifts to 2910 cm™" after the adsorption.
The adsorption peak observed at 1626 cm ™' is attributed to
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Fig. 2. FT-IR spectra of D860/AC M composite electrodes be-

fore (a) and after (b) adsorption.
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3.1.3. Electrochemical characteristics

The CV curves and Nyquist plot of three composite elec-
trodes are shown in Figs. 3 and 4, respectively. The area en-
closed by the CV curve represents the specific capacitance of
the electrodes. The specific capacitances of different elec-
trodes follow the ascending order: D860/AC C (15.24 F/g) <
D860/AC S (24.76 F/g) < D860/AC M (39.66 F/g), which is
the same as the order of Sger and H,,., (Table 1). The result
indicates that the specific capacitance of the composite elec-
trode strongly depends on Sger and H,,,, and the electrode
with larger Sger can provide more active sites for ions ad-
sorption [35].

The Nyquist plot consists of a nearly vertical line in the

0.002 -
0.001 -
0 -
T;n —0.001 -
N
< -0.002F [,
= fi! —— D860/AC C
-0.003F )i ----D860/AC M
L D860/AC S
~0.004F
—0.005
-1.0 -0.5 0 0.5 1.0
E/V
Fig.3. CV curves of different composite electrodes.
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the N—H stretching vibration, which shifts to 1641 cm ™ after
the adsorption. The adsorption peak observed at 1175 cm ' is
attributed to the P=O0 stretching vibration, which also shifts to
1188 cm" after the adsorption. Furthermore, the peak near
1074 cm™" is attributed to the N—C stretching vibration and
PO3™ anti-symmetric stretching vibration, which moves to
1095 cm™'. The adsorption peak at 923 cm™' is specified to
P—O—H functional group, which disappears after the adsorp-
tion. These changes indicate that the functional groups in
D860 resin were modified after reacting with vanadium as
shown in Eq. (12) [20].The new peak at 1099 cm™' is caused
by N—V coordination, which is associated with the migration
of N—H and N—C characteristic peaks. In addition, the migra-
tion of P=0 stretching vibration peak is also due to the chela-
tion bonds between resin and vanadium (Eq. (12)).

VO+2H" (12)

2

low-frequency region and a semi-circle in the high-fre-
quency region. The vertical line corresponds to the ion diffu-
sion inside the electrode, and the semi-circle is related to
charge transfer resistance on the interface between the elec-
trode and electrolyte [36—37]. A large semi-circle diameter
means a large contact resistance and a steep vertical line in-
dicates a small impedance for ions. Fig. 4 shows that
D860/AC M has the smallest diameter of the semi-circle in
the high-frequency region and the largest slope in the low-
frequency region, demonstrating that DS60/AC M has the
highest electric conductivity and lowest internal resistance,
which is conducive to ion adsorption on the electrode.

The alternating current impedance curve was fitted by

600 ——hse0acc
—e—DS60/ACM ¢ ® .
500 L—A— DB60/AC S / /
I
400 [ A
a FolA
Z . /'/"
N 300 d r 250
‘ ¢ Am 200
Au a
200 :‘ A= o 150
A T 100
50
100
0 50 100 150 200
Z'Q
0 1 1 1 1 1
0 200 400 600 800 1000 1200
Z'/Q

Fig. 4. Nyquist plot of different composite electrodes.
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ZSimpWin software. The results including those for the equi-
valent circuit are illustrated in Fig. 5. The adsorption dynam-
ic parameters of ions on the electrodes are presented in
Table 2, where R, represents the solution resistance and R
stands for the electron transfer resistance. The current flowed
through the solution and interface in turn, so R, and R, be-
long to the series relationship. Cy is the EDL capacitor. As
the interface electronic transfer voltage is determined by the
charge of the EDL, so R and Cy are in a parallel relationship.
W is the Warburg impedance, which is linked to the concen-
tration difference caused by diffusion and IX reaction. R, rep-

Int. J. Miner. Metall. Mater., Vol. 28, No. 11, Nov. 2021

resents the impedance of internal diffusion. The IX reaction
occurs at the same time as internal diffusion. Thus, W and R,
have the same chemical rate, which can be attributed to the
series relationship in the circuit. CPE is a constant phase
angle element, which is related to surface adsorption (Fig.
5(b)). When the ions are adsorbed on the electrode surface,
the surface non-uniformity of the electrode cannot be ig-
nored; thus, the CPE is introduced in the circuit. It can be
found from Fig. 5 that the experimental data are consistent
with the fitting values, thereby verifying the reliability of the
equivalent circuit.

2000
(a)
= D860/AC C experimental data
| o0 D860/AC C fitting value
o D860/AC M experimental data
o D860/AC M fitting value
A D860/AC S experimental data

1500

= ]

o

(b)

S 1000 L2 DSGO/AC S fitting value
)
500
O L
0 200 400 600
7'/0

800

1000

Fig.S. Equivalent circuit diagram of circuit fitting curve (a) and equivalent circuit (b).

Table 2. Parameters of equivalent circuits

Electrode R,/Q Cq/F R4 /Q w R /Q
D860/ACC 4221 0.0058 769.7 0.0046 362.8
D860/ACM 5449 0.0471 624.8 0.0099 60.42
D860/ACS 4814 0.0096 391.0 0.0672 148.9

Table 2 shows that R, of the three composite electrodes
does not change significantly. It is only related to experi-
mental conditions such as temperature and ion concentration.
R, increases with the increase of resin size in the composite
electrode, indicating that the electrode made of coarser resin
has higher electrode conductivity. The surface of the elec-
trodes may be occupied by more resins as the resin size in-
creases, thereby resulting in the increase of R because the
resin is non-conducting. Cy is consistent with the specific ca-
pacitance measured by CV. The R, values of different elec-
trodes follow the ascending order: D860/AC M < D860/AC
S <D860/AC C, which is negatively correlated with the H,,.
of the electrodes. The increase in the diffusion path generally
leads to an increase in R,. Thus, we can infer that the meso-
porous may facilitate ion diffusion within the composite elec-
trode. The R, of D860/AC M is the smallest, so the diffusion
path is the shortest, which shows that this composite elec-
trode may be suitable for ion adsorption in CDI.

3.2. Effect on adsorption capacity of V(IV)

The adsorption capacity for V(IV) calculated according to
Eq. (1) at different times is shown in Fig. 6. The equilibrium
adsorption capacities of different electrodes for V(IV) follow
the order: D860/AC C < D860/AC S < D860/AC M. The
composite electrode with more mesoporous percentage has a
larger equilibrium adsorption capacity. We find evidence that
the electro-sorption capacity has a close relation with the V.
of the electrode materials, and V(IV) is mainly adsorbed in
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Fig. 6. Adsorption curves of composite electrodes with differ-
ent resin particle sizes.
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the mesoporous content of the composite electrode [38].
3.3. Adsorption kinetics

The electrode adsorption process includes three consecut-
ive steps in general. The ions in the aqueous solution migrate
through the liquid film to the electrode surface (liquid film
diffusion). The ions diffuse from the electrode surface to the
internal pores of the electrode (intra-particle diffusion). Fi-
nally, the ions are adsorbed at active sites on the pore wall
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(adsorption reaction). Commonly, the last step is fast and
negligible, so the adsorption rate is controlled by one of the
former two or perhaps both steps. The adsorption of V(IV) on
the electrodes can be divided into two stages, i.e., the first fast
adsorption stage (stage 1) and the second gradual adsorption
stage (stage II) (Fig. 7). Stages I and II were fitted with the
W-M intra-particle diffusion and Boyd liquid film diffusion
models, respectively (Fig. 7). The fitting parameters are
shown in Table 3.
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Fig.7. Adsorption fitting of V(IV) using W—M intra-particle (a) and Boyd liquid film (b) diffusion models.

Table 3. Fitting parameters of V(IV) adsorption in different models

W-M intra-particle diffusion

Boyd liquid film diffusion

Adsorption kinetics model

kip/ (mg-g™'min"") R kg / min”™! R

Stage [ 2.6415 0.9791 0.0182 0.9164
D860/AC C

Stage 11 0.2090 0.8499 0.0141 0.9912

Stage I 3.9540 0.9981 0.0107 0.9801
D860/AC M

Stage 11 1.4654 0.9497 0.0107 0.9902

Stage 1 3.2987 0.9805 0.0178 0.9839
D860/AC S

Stage I1 0.6994 0.9266 0.0132 0.9836

Note: ki, and kg are adsorption rate constants; R? is goodness of fit.

The fitting lines in Fig. 7 do not go through the origin, in-
dicating that the adsorption rate was not controlled by sole
step [39—40]. The kinetic fitting parameters in Table 3 show
that the intra-particle diffusion model fits well at stage I while
the liquid film diffusion model presents good R* at stage 1I.
We can conclude that at stage I, the ions passed through the
liquid film to reach the electrode surface under the combina-
tion of electrostatic attraction and electric field force. Then,
the intra-particle diffusion occurred leading to a slow diffu-
sion rate in the internal particles due to the pore resistance.
D860/AC M had the largest intra-particle diffusion constant,
which was consistent with the impedance of internal diffu-
sion (Table 2). The D—W internal diffusion model was used
to fit the adsorption process of the ions at stage I, and R* is
greater than 0.99 (Fig. 8), which verified the conclusion that
the intra-particle diffusion is the rate-controlling step at stage I.

During the adsorption process, the EDL charge gradually
increased and the charge on the electrode surface was offset.

1.2+ 4 pgeo/ac C

e DS60/AC M

1oL aDS60/ACS
0.8}
2 06t
04}
02}

0 1 1 1
0 20 40 60 80 100

t / min

Fig. 8. Adsorption fitting of V(IV) using D—W diffusion model.
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Thus, the electrostatic attractive force was gradually reduced
and the driving force for the liquid film diffusion was gradu-
ally reduced to make the liquid film diffusion rate smaller
than the intra-particle diffusion rate. Thus, the liquid film dif-
fusion is the rate-controlling step at stage II. Table 3 shows
that the composite electrode with more abundant mesopor-
ous content has the larger adsorption rate constant, indicating
that the ions diffuse more easily in mesopores, which is in ac-
cordance with the results of EIS and the equivalent circuit
analysis.

The adsorption processes of V(IV) on the composite elec-
trodes were also fitted by the pseudo-first-order and pseudo-
second-order kinetic models. The results are presented in
Fig. 9 and Table 4.

We found that both the pseudo-second-order and pseudo-
first-order kinetic models could successfully depict the ad-
sorption process at stage I. R* was above 0.99, indicating that
the chemical adsorption and physical adsorption occurred
simultaneously during the adsorption of V(IV) on the com-
posite electrodes. Nevertheless, the R* of the pseudo-second-
order kinetic model (0.988—0.999) was higher than that of the
pseudo-first-order kinetic model (0.958—0.966) at stage II.
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Fig. 9. Adsorption kinetic curves obtained from two kinetic
models.

During the adsorption process, V(IV) was stored first in the
EDL and then exchanged with the resins [21]. The IX reac-
tions were characterized as chemical and were more com-
plex and slower than the electrostatic attraction. Thus, at
stage II, the adsorption of V(IV) was mainly controlled by
chemisorption.

Table 4. Kinetic parameters of V(IV) adsorption on composite electrodes

Pseudo-first-order

Pseudo-first-order

Adsorption kinetics model ky/ R Geexp/ Gecal! ky/ R Gecal !
min'' (mg-g") (mg'g')  (gmg''min’) (mg-g")

Stage I 0.0046 0.988 0.0002 0.987

D860/AC C 26.70 29.30 34.74
Stage II 0.0186 0.9576 0.0028 0.988

DSGUAC M Stage I 0.0176 0.9937 45.63 4320 0.0003 0.9976 .50
Stage II 0.011 0.9663 : : 0.0003 0.9997 '

I 0262 991 . .

D860/AC S Stage 0.026 0.9910 31.75 29.52 0.0007 0.9893 40.13

Stage II 0.0146 0.9644 0.0011 0.997

Note: k; and k;, are adsorption rate constants; g ., is the experimental adsorption capacity; g. . is the calculated adsorption capacity.

The Elovich kinetic equation was primarily used to char-
acterize the chemical adsorption process of gas on the solid
surface [41], and it was used in the present study to investig-
ate the adsorption of V(IV) in CDI. Table 5 shows that this
model does not fit the adsorption well for the D860/AC C
and D860/AC S electrodes, implying that the adsorption pro-
cess of V(IV) on the composite electrodes is different from
the gas adsorption. The ion adsorption was affected by the in-
termolecular action and relative molecular mass, and the ions
should pass through the liquid film to be adsorbed [42]. This
process was relatively slow and different from the gas ad-
sorption. Thus, the adsorption of V(IV) on D860/AC C and
D860/AC S did not fit the Elovich kinetic equation.
However, the EIS analysis indicated that D860/AC M had
small R (Table 2) and ions had better diffusion performance
on it than the two electrodes. Thus, the Elovich kinetic equa-
tion fit the adsorption of V(IV) on D860/AC M better than
that on D860/AC C and D860/AC S.

Table 5. Elovich model parameters for V(IV) adsorption on
electrodes

Kinetics al b/
model Electrode K (mg-g''min’") (gmg")
~ DSGU/ACC 09305  0.6971 0.1199
Elovieh  pggoac M 09911 1.9406 0.0912
DSGO/ACS 09662  2.1805 0.1403

3.4. Adsorption isotherms

Fig. 10 shows the linear fitting of the Langmuir and Fre-
undlich models for the experimental results and the fitting
parameters are shown in Table 6. The isotherm plots (Fig. 10)
and derived parameters (Table 6) show that the adsorption of
vanadium on the composite electrode is more fitted to the
Freundlich model (R* = 0.998) than the Langmuir model
(R* = 0.975), suggesting that V(IV) is adsorbed heterogen-
eously onto the composite electrode as multilayers [33]. In
addition, the Freundlich model indicates that the adsorption
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Fig. 10. Linear fitting curves of Langmuir (a) and Freundlich (b) isotherm models of V(IV) adsorption on D860/AC M.

Table 6. Isotherm model constants for V(IV) adsorption on D§60/AC M

Langmuir constants

Freundlich constants

K/ (L'mg™) Qo / (mgg") R Ky /(mgg) 1/n R
0.0004 185.19 0.975 0.23 0.78 0.998
sites for V(IV) are not unique, indicating that V(IV) not only ~2.90
is adsorbed on the AC to form EDL, but also interacts with
resins, as validated by the kinetic study. Moreover, the value 2951
of the Freundlich constant (1/n = 0.78) proved that V(IV) is -3.00 |
easily adsorbed by D860/AC M. 305k
3.5. Adsorption thermodynamics 1 Sk
Based on the van’t Hoff equation, the enthalpy change 315k )1;2: =1(':96§693x_ 8.86778
(AH) and entropy change (AS) of the adsorption process can ‘
be calculated as [43] —3.20 = Experimental value
AH AS 1 Least square method fitting
lnkd = _ﬁ + ? (13) 325r ) ) ) )
. . . 3.20 325 330 335
where R = 8.314 J/(mol-K), k4 is the thermodynamic equilib- 77/ (103 K™
rium constant, and 7 is the absolute temperature (K). The AS Fig. 11.  Fitting curve of van’t Hoff equation of V(IV) adsorp-

and AH can be calculated from the intercept and slope of the
fitting line. The equation was used to fit the adsorption exper-
imental data as shown in Fig. 11.

The Gibbs free energy was obtained by the following
equations [44]:

AG = —RTlnky (14)
AG=AH-T-AS (15)

Thus, the adsorption thermodynamic parameters of V(IV)
on D860/AC M can be obtained as shown in Table 7.

Table 7 shows that AH is negative, indicating that the ad-
sorption of V(IV) in CDI is an exothermic process, thereby
raising the temperature is not conducive to the ions adsorp-
tion on the composite electrodes. In addition, the decrease of
entropy with the adsorption (AS < 0) means that the system
disorder degree was reduced as free moving vanadium ions
in the aqueous solution were adsorbed on the electrodes [45].
AG > 0 indicates that the chemical potential was elevated
with the adsorption. Besides the change in chemical poten-

tion on D860/AC M.

Table 7. Thermodynamic parameters of V(IV) adsorption on
D860/AC M

T/K AG/(Kmol") AH/(kJmol") AS/(J-mol K"

298 7.27
303 764 -14.71 —73.73
308 8.01
313 8.38

tial, an electric field force also had a nonvolumetric function
in the CDI process. Therefore, AG cannot be used to judge
the direction of the adsorption in CDI. If the decrease of the
electric potential energy is more than the increase of chemic-
al potential energy, then the change of the total energy of the
CDI system is less than 0 and the adsorption process can pro-
ceed. The ions move under the action of an electric field
force, which leads to the reduction of electric potential en-
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ergy. The reduced potential energy is converted into kinetic
energy for ion migration and chemical potential energy for
IX reaction, which shows that the electric field force plays a
dominant role in the CDI process.

4. Conclusions

(1) The appropriate resin size was conducive to the forma-
tion of a suitable pore structure for the composite electrodes.
The composite electrode made of middle resin size
(D860/AC M) had the largest specific surface area and meso-
porous content than the other two composite electrodes.
Electrochemical analysis results also showed that D860/AC
M exhibited higher specific capacitance and EDL capacitor,
and significantly lower impedance of internal diffusion,
thereby causing the D860/AC M to present the highest ad-
sorption capacity and fastest adsorption rate for V(IV) in
CDL

(2) The adsorption process of V(IV) on the composite
electrodes in CDI can be divided into two stages. The ion ad-
sorption on the composite electrodes was controlled by intra-
particle diffusion in the initial stage and the liquid film diffu-
sion determined the adsorption in the second stage.

(3) During the V(IV) adsorption process, the vanadium
ions were first adsorbed on the EDL and then exchanged with
the resin in the composite electrode. Physisorption and
chemisorption occurred simultaneously in the entire process.
Moreover, the adsorption isotherms indicated that V(IV) was
adsorbed heterogeneously on the composite electrode as
multilayers in CDIL.

(4) The adsorption of V(IV) on the composite electrode in
CDI was an exothermic process with entropy reduction.
Moreover, the adsorption of ions in CDI was strongly de-
pendent on the electric field.
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