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a b s t r ac t 
Based on pseudo-first-order and pseudo-second-order equations, the kinetic study on the adsorption/
desorption process of activated carbon upon various operation parameters using single-pass mode was 
conducted for the first time. An optimum flow rate for desorption was found, below or beyond which 
desorption rate could decrease due to the long retention and turbulence respectively. The adsorption 
rate rose with an increase of influent concentration but the increasing trend of adsorption capacity was 
not obvious, while desorption rate fell due to the decrease of concentration gradient between micropo-
res and external solution. The salt ions could not penetrate into or out of the whole electrode for thick 
electrodes within a reasonable period. As the applied voltage increased, the adsorption capacity of 
activated carbon increased while both the adsorption rate and the desorption rate decreased. Kinetics 
analysis indicated that the adsorption/desorption process of KCl in activated carbon electrodes fol-
lowed pseudo-first-order kinetics model.
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1. Introduction

Freshwater crisis has become an urgent problem not only 
in China but also in the whole world [1,2]. Undoubtedly, 
utilizing the seawater and brackish water is a feasible way 
to provide sustainable clear water for human beings [3]. 
Traditional desalination technologies, such as reverse osmo-
sis, multistage flash, multieffect distillation and electrodialy-
sis, have issues in maintenance, complex pre-treatment, high 
temperature and high energy consumption [4,5]. In contrast, 
capacitive deionization (CDI) with a simple operating pat-
tern, low costs of materials and low energy requirements is a 
potential alternative desalination technology [6,7].

CDI technology is based on static electroadsorption. Once 
a potential is applied onto the carbon electrodes, which is 
known as charging, the salt ions migrate into the electrodes 
and are held in the micropores forming electrical double 

layers (EDLs). When the potential is removed by short circuit, 
which is called discharging, the adsorbed salt ions are released 
back into the solution making the electrode regenerate and be 
ready for the next desalination process [8,9].

Although CDI owns many advantages compared with 
traditional desalination technologies, to become available 
and reliable, there is a great amount of works needed to do. 
In recent years, material is a hot spot, including modifying 
the zero charge by surface treatment [10], coating metallic 
oxide to improve wettability [11], manufacturing new car-
bon materials such as mesopore carbon [12], carbon nano-
tube, carbon nanofibers [13] and so on. Despite the fact that 
these new carbon-based materials have a better performance 
in CDI, their manufacturing process is complicated, and the 
mass production is costly; therefore, the commercial acti-
vated carbon with a low price and a large specific surface 
area is the most suitable material for large-scale application 
at present [14].
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Generally, a complete cycle of CDI consists of adsorption 
and desorption. Most researches focus on the  adsorption 
process. Kinetics is essential to estimate the electrosorption 
behavior of CDI. Pseudo-first-order and pseudo-second-order 
kinetic equations are the most common model that have been 
proposed to describe the electrosorption kinetics of CDI 
adsorption processes. Chen et al. [14], Park and Kwak [15] 
and Wang et al. [16] successfully used pseudo-first-order and 
pseudo-second-order kinetic equations to modeling the elec-
trosorption of NaCl on activated carbon electrode. Also, Bian 
et al. [17] used pseudo-first order to analyze the adsorption 
process in membrane capacitive deionization. Another way to 
model the electrosorption kinetics of CDI is by Nernst–Planck 
equation. Dykstra et al. [18] and Tang et al. [19] described 
the electrosorption process of CDI well with Nernst–Planck 
equation. Meanwhile, the activated carbon electrodes with 
different thickness [20] or asymmetric surface area [21] have 
a great influence on CDI. On the other hand, much fewer 
researches focus on the desorption process, which actu-
ally plays a significant role in the next adsorption process. 
Porada et al. [9] reported reversed-voltage desorption pro-
cess, during which the voltage level is changed to values 
opposite in magnitude to that during adsorption. It enhances 
the adsorption rate and total salt adsorption per cycle while 
problems could also be brought. Yao and Tang [22] explored 
the occurrence of re-adsorption that may impose a nega-
tive impact on electrode regeneration in CDI. However, to 
the authors’ knowledge, there is no report about the kinet-
ics study on the desorption process. Meanwhile, there is no 
detailed kinetic study upon different salt concentration and 
different electrode thickness during adsorption process in 
CDI with single-pass mode. Therefore, more research efforts 
are needed. 

In this study, the adsorption/desorption performance 
of KCl upon various operational parameters on activated 
carbon has been studied. Pseudo-second-order and 
pseudo-second-order equations were used to model both 
adsorption and desorption processes, aiming to provide a 
better understanding of them in CDI.

2. Experiment

2.1. Fabrication of carbon electrodes 

Carbon electrodes used in this paper were prepared by 
mixing the activated carbon powder (YP-50F), carbon black 
(VXC72R) and polyvinylidene fluoride (molecular weight = 
53,400) dissolved in Dimethylacetamide (Dmac, 99%). The 
mixture was stirred for 12 h to ensure homogeneity, and then 
the mixed slurry was cast onto a titanium plate through a 
doctor blade with a thickness of 0.5 or 1 mm followed by dry-
ing at 60°C for 2 h to form a carbon electrode. To remove 
all organic residual remained in the micropores, the carbon 
electrode was further dried at 60°C in a vacuum oven for 2 h. 
The size of a single activated carbon electrode is 7 cm × 18 cm.

2.2. CDI cell configuration

A CDI cell consisted of a pair of electrodes that were 
separated by a nylon spacer (about 100 μm) to create a flow 
channel for water. Teflon gaskets were used to seal the cell, 

while two thick plastic end plates and twenty screws were 
utilized to hold the cell.

2.3. Capacitive deionization experiments

CDI experiments were conducted in the CDI cell(s) with a 
single-pass flow-by system as shown in Fig. 1. A given poten-
tial was applied to the CDI cell using a potentiostat (Maynuo, 
M8872). The adsorption process was conducted applying a 
pre-established potential. Then the desorption process was 
conducted through short circuit until the conductivity of 
effluent withdraw to the feed water. To minimize the pos-
sible influence caused by the difference of hydration radius 
between anion and cation, KCl was used as electrolyte solu-
tions, which was supplied by a peristaltic pump (BT-1002J). 
The conductivity of the effluent passing through the CDI cell 
was measured automatically by a conductivity meter (Multi 
3420) at intervals of 5 s (the minimal interval of the conduc-
tivity meter). 

2.4. Adsorption/desorption calculation and kinetic analysis

The amount of adsorbed (desorbed) KCl per unit mass of 
activated carbon electrodes was calculated from Eq. (1):
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where C (mM) and Cin (mM) are the effluent and influent con-
centration of KCl solution, respectively. M (g) is the mass of 
the activated carbon electrodes including cathode and anode. 
v (mL/min) is the flow rate. 

Pseudo-first-order and pseudo-second-order are 
employed to fit experimental data. The form of the equations 
are as follows:
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where k1 (min–1) is the pseudo-first-order desorption rate 
constant, and k2 [g·(mmol·min)–1] is the pseudo-first-order 
desorption rate constant. Qa(Qd) (μmol/g) is the amount of 
adsorbed/desorbed KCl at time t (min), and Q0 (μmol/g) is 
the total amount of adsorbed/desorbed KCl.

Fig. 1. Schematic diagram of CDI experiments.
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3. Results and discussion

3.1. Desorption performance upon different flow rates

The influence of the flow rate on the adsorption process 
has been studied by many researchers while few eyes were 
put on the desorption process. The effect of the flow rate on 
desorption process was studied.

The adsorption stage of all seven experiments was the 
same that the CDI cell was charged at a potential of 1.2 V 
for 30 min at a flow rate of 16 mL/min to reach the largest 
adsorption capacity. Desorption was carried out by short 
circuit at seven different flow rates (8, 16, 24, 32, 48, 80 and 
160 mL/min).

Figs. 2(a) and (b) present the concentration of effluent as a 
function of time during adsorption and desorption processes, 
respectively. The amount of KCl absorbed was 159.06 μmol 
for per gram of carbon electrodes when the adsorption was 
accomplished.

Experimental data of desorption process and kinetics fit-
ting curves were presented in Figs. 2(c)–(i). More details were 
shown in Table 1. It revealed that pseudo-first-order kinetics 
equation could fit the experimental data better than pseu-
do-second-order kinetics equation due to the higher value 
of the correlation coefficient (R2), indicating that the desorp-
tion process followed pseudo-first-order kinetics. At the 
flow rates ranging from 8 to 32 mL/min, the desorption rate 
went up with an increase of the flow rate suggesting that the 
adsorbed ions desorbed faster as the increase of the flow rate. 
At the flow rate of 8 mL/min, the retention time of the salt 
ions released from the carbon electrodes was longer than oth-
ers, which hindered the further desorption process, resulting 
in slowest desorption rate. With an increase of the flow rate, 
the salt ions released from carbon electrodes was able to be 
carried out from the CDI cell sooner benefiting the desorp-
tion process. While the flow rate increased continuously (48, 
80 and 160 mL/min), desorption rate decreased indicating 

 

 Fig. 2. (a) Concentration change of effluent during adsorption process; (b) concentration change of effluent at different flow rate 
during desorption process; and (c)–(i) desorption performance and kinetics fitting curves using different carbon electrodes.
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that the turbulence caused by the high flow rate could also 
limit desorption of the salt ions. In our study, the desorption 
rate reached the highest level at the flow rate of 32 mL/min.

3.2. Adsorption/desorption performance upon different influent 
concentration

Concentration has a significant impact on the adsorption 
performance of CDI as well as the desorption process. KCl 
solution with three concentrations (8, 12 and 16 mM) was 
used as the feed water in this paper. During the adsorption 
stage, the cell was charged upon a potential of 1.2 V for 30 min 
at a flow rate of 16 mL/min to reach the largest adsorption 
capacity and then entered into the desorption stage.

Fig. 3(a) shows experimental data of the effluent as a func-
tion of time with different concentrations (8, 12 and 6 mM). 
The adsorption capacity was 159.06, 161.19 and 162.44 μmol/g 
for 8, 12 and 16 mM, respectively, after the adsorption stage. 
The amount of KCl absorbed did not increase as much as the 
concentration increased. In a batch-mode experiment, the 
amount of adsorbed ions would notably increased as increase 
of the concentration [23]. Unlike batch-mode experiments, 
the concentration of influent is constant in the single-pass 

 

 

Fig. 3. (a) Concentration change of effluent upon different influent concentration; (b) adsorption performance and kinetics fitting curves 
of different influent concentration; and (c)–(e) desorption performance and kinetics fitting curves of different influent concentration.

Table 1 
The desorption parameters of pseudo-first-order and pseudo- 
second-order kinetics for KCl with different desorption flow rates

r Pseudo-first-order Pseudo-second-order
Q0 k1 × 10–1 R2 Q0 k2 × 10–3 R2

8 167.95 2.16 0.9531 213.01 0.98 0.9264
16 160.95 4.49 0.9888 178.34 3.83 0.9631
24 160.21 5.70 0.9958 172.40 6.02 0.9778
32 159.89 6.62 0.9983 169.52 8.04 0.9857
48 159.33 6.00 0.9999 170.69 6.63 0.9905
80 159.54 5.82 0.9999 171.36 6.29 0.9894
160 159.67 5.78 0.9992 171.61 6.20 0.9861
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mode so the carbon electrodes are much easier to reach their 
largest adsorption capacity. In the work of Kim et al. [24], 
the adsorption capacity of carbon electrodes using 5, 20 and 
80 mM NaCl solution was nearly unchanged.

Figs. 3(b)–(d) display both the experimental data and fit-
ting curves using pseudo-first-order and pseudo-second-order 
kinetics equation. More details are shown in Tables 2 and 3. 
It was found that pseudo-first-order kinetics equation could 
fit the experimental data better than pseudo-second-order 
kinetics equation indicating that the adsorption and desorp-
tion processes followed pseudo-first-order kinetics. With 
the increase of influent concentration, the adsorption rate 
increased while the desorption rate decreased. It could be 
attributed to the decrease of concenration gradient between 
micropores and external solution, since the amout of KCl 
absorbed was nearly the same whlist the concetration of 
influent increased, making the desorption rate slower. 

3.3. Adsorption/desorption performance upon different electrode 
thickness

The electrode thickness has a great influence on CDI. 
In the work of Porada et al. [20], despite the fact that the 
electrode thickness varied, what actually matters was the 
cathode/anode mass ratio. In this study, three types of elec-
trodes were used: type 1: electrodes of 0.5 mm casting thick, 
about 3 g; type 2: electrodes of 0.5 mm casting thick, about 
6 g; type 3: electrodes of 1 mm casting thick, about 6 g. The 
electrodes mass is the sum of anode and cathode, so type 
1 and type 3 had one CDI cell while type 2 had two cells. 
A potential of 1.2 V was applied until the carbon electrode 
reached the largest adsorption capacity and then removed by 
short circuit. The flow rate was maintained at 16 mL/min.

The change of concentration of effluent using different 
electrodes is shown in Fig. 4(a). The adsorption capacity of 
types 1, 2 and 3 was 159.06, 159.07 and 157.07 μmol/g, respec-
tively. It indicated that all carbon electrodes became saturated 
after adsorption. The lowest concentration of effluent using 

type 3 in the adsorption process was 5.72 mM, which was 
higher than type 1 (4.95 mM) and type 2 (2.99 mM), suggest-
ing that the thick electrodes limited the adsorption process. 

Experimental data and fitting curves are displayed in 
Figs. 4(b) and (c). More details are presented in Tables 4 and 5. 
It was found that pseudo-first-order kinetics equation could 
fit the experimental data better than pseudo-second-order 
kinetics equation due to the higher value of the correlation 
coefficient (R2), indicating that the adsorption and desorption 
processes followed pseudo-first-order kinetics. Compared 
with type 1 and type 2, the adsorption rate of type 3 decreased 
by 66% and 49%, respectively, also revealing that increasing 
thickness of electrodes made the adsorption process become 
harder. Compared with type 1, the adsorption rate of type 

Fig. 4. (a) Concentration change of effluent using different carbon 
electrodes; (b) adsorption performance and kinetics fitting 
curves using different carbon electrodes; and (c) desorption 
performance and kinetics fitting curves using different carbon 
electrodes.

Table 2 
The adsorption parameters of pseudo-first-order and pseudo- 
second-order kinetics using different influent concentration

Cin Pseudo-first-order Pseudo-second-order
Q0 k1 × 10–1 R2 Q0 k2 × 10–3 R2

8 168.93 1.40 0.9595 216.19 0.61 0.9329
12 167.06 2.01 0.9597 199.48 1.13 0.9218
16 166.18 2.31 0.9668 193.63 1.45 0.9278

Table 3 
The desorption parameters of pseudo-first-order and pseudo- 
second-order kinetics using different influent concentration

Cin Pseudo-first-order Pseudo-second-order
Q0 k1 × 10–1 R2 Q0 k2 × 10–3 R2

8 160.95 4.49 0.9888 178.34 3.83 0.9631
12 164.14 4.31 0.98546 182.99 3.47 0.9576
16 165.00 4.18 0.98215 184.75 3.27 0.9524
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2 decreased by 34% due to two cells of type 2. The influent 
concentration of the later cell was below 8 mM until the for-
mer cell became saturated and resulted in a slower adsorp-
tion rate. For the same consequence, the influent concentra-
tion of the later cell was beyond 8 mM until the former cell 
completely regenerated leading to a slower desorption rate. 
Compared with types 1 and 2, the desorption rate of type 3 
decreased by 60% and 13%, respectively. The salt ions could 
not penetrate into or out of activated carbon electrodes in a 
reasonable period of time for thick electrodes, resulting in a 
slower adsorption/desorption rate. 

3.4. Adsorption/desorption performance upon various 
applied voltage

Applied voltage is a vital parameter in CDI. Considering 
that the amount of KCl absorbed may be too low at a low 
applied voltage (0.3 V), which could bring obstacles for mea-
surement and calculation; we used carbon electrodes of type 
2. During the adsorption stage, the cells were charged upon 
different potential for 50 min at a flow rate of 16 mL/min and 
then entered into desorption through short circuit. 

Fig. 5(a) shows experimental data of the effluent at dif-
ferent applied voltages. The adsorption capacity was 11.97, 
50.29, 111.85 and 159.07 μmol/g for 0.3, 0.6, 0.9 and 1.2 V, 
respectively. The amount of adsorbed KCl increased as the 
applied voltage increased. The higher applied potential 
would build the thicker electric double layer, and the salt 
ions were able to migrate into the deeper space of micropo-
res, increasing the ability of desalination. 

Experimental data and fitting curves are displayed in 
Figs. 5(b) and (c). More details are presented in Tables 6 and 7. 
It was found that pseudo-first-order kinetics equation could 
fit the experimental data better than pseudo-second-order 
kinetics equation due to the higher value of the correlation 
coefficient (R2), indicating that the adsorption and desorp-
tion processes followed pseudo-first-order kinetics. With the 
increase of applied voltage, the desorption rate decreased 
indicating that more KCl absorbed in the adsorption process 

resulted in a slower desorption rate. Besides, more salt ions 
were able to migrate into the deeper space of micropores that 
have complex and irregular pore structure, leading to the 
decrease of the desorption rate. 

The adsorption process was a bit complicated. With the 
increase of applied voltage, the salt ions have the ability to 
migrate into electrodes faster due to stronger electric force 
while the adsorption capacity also increased, which had a 
negative impact on the adsorption rate. It seemed that these 
two processes reached equilibrium at the applied voltages 
of 0.6 and 0.9 V due to the same adsorption rate constant 
(0.99 × 10–1 min–1). Compared with the adsorption rate at 0.3 V, 
the adsorption rate of 1.2 V decreased by 41%, which was con-
trary to the results of Chen et al. [14], in which the adsorption 
rate at 1.2 V was the fastest using 8.55 mM NaCl solution. This 
contrary could be attributed to the influence of the plate dis-
tance. The smaller plate distance could shorten the migration 

Fig. 5. Concentration change of effluent at various applied 
voltage; (b) adsorption performance and kinetics fitting curves 
using different carbon electrodes; (c) desorption performance 
and kinetics fitting curves using different carbon electrodes.

Table 4 
The adsorption parameters of pseudo-first-order and pseudo- 
second-order kinetics using different carbon electrodes

Type Pseudo-first-order Pseudo-second-order
Q0 k1 × 10–1 R2 Q0 k2 × 10–3 R2

1 168.93 1.40 0.9595 216.19 0.61 0.9329
2 165.11 0.92 0.9864 206.40 0.45 0.9656
3 174.29 0.47 0.9881 241.54 0.16 0.9784

Table 5 
The desorption parameters of pseudo-first-order and pseudo- 
second-order kinetics using different carbon electrodes

Type Pseudo-first-order Pseudo-second-order
Q0 k1 × 10–1 R2 Q0 k2 × 10–3 R2

1 160.95 4.49 0.9888 178.34 3.83 0.9631
2 162.85 2.22 0.9736 190.70 1.39 0.9372
3 161.12 1.78 0.9802 195.73 0.98 0.9543
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distance that would benefit for faster formation of the electric 
double layer; meanwhile, the smaller distance could lower 
resistance [25], suggesting that applied voltage would have 
greater influence on adsorption process with the increase of 
plate distance. In Chen’s work [14], the plate distance was 
4 mm, making the desalination performance more sensitive 
to the variation of applied voltage. In our study, the cathode 
and anode were separated by a nylon spacer with a thickness 
of only about 100 μm, which enormously decreased the time 
of ion movement from spacer to carbon electrodes and the 
solution resistance caused by plate distance, minimizing the 
influence of plate distance on adsorption performance. 

As Fig. 5(a) displays, the concentration of effluent at 0.3 V 
was steadier than others, indicating steadier solution concen-
tration between cathode and anode during adsorption pro-
cess could contribute to faster adsorption. Besides, more salt 
ions were able to migrate into the deeper space of micropores 
that have complex and irregular pore structure, resulting in a 
decrease of the adsorption rate. 

4. Conclusions

The adsorption/desorption performance and kinetics 
upon various operating parameters of activated carbon in CDI 
were investigated. It was found that there was an optimum 
flow rate for desorption. The long retention of water flow at 
a slow flow rate and turbulence caused by a high flow rate 
hindered the desorption process of adsorbed salt ions. With 
an increase of influent concentration, the decrease of concen-
ration gradient between micropores and external solution 
hinderd the desorption process. As the electrode thickness 
increased, it was harder for the salt ions to penetrate into 
or out of carbon electrode for thick electrodes, which led to 
a slower adsorption or desorption rate, suggesting that with 
the same mass materials, thinner carbon electrodes would 

be a better choice. And when the applied voltage increased, 
compared with the stronger electric force, the increase of the 
adsorption capacity has a greater impact on the adsorption 
rate, leading to a slower adsorption rate. Meanwhile, the more 
KCl was adsorbed, the slower desorption rate was. The results 
showed that the adsorption/desorption process of CDI with 
single-pass mode followed pseudo-first-order kinetics model.
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