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Relation between operating parameters and
desalination performance of capacitive
deionization with activated carbon electrodes

Danyang Liu,a Kuan Huang,a Leijie Xiea and Hao L. Tang*ab

Electrosorptive batch experiments were conducted for the development of a statistical model to describe

the relation between operating parameters and desalination performance of capacitive deionization (CDI)

with activated carbon electrodes. Results showed that the statistical model reproduced the data well, with

both regression and verification R2 values above 0.85. The exponents in the statistical model, shown as

2.79, −0.45, and 1.05 for the applied voltage, spacer thickness, and retention time, respectively, revealed

the importance of each factor in the correspondingly examined range. In addition, the effects of

interactions between the factors were judged as significant, which could be explained by the electrical

double-layer theory. The influence of initial salt concentration could be best characterized by the Langmuir

isotherm. This work demonstrates that direct modeling of desalination performance with operating param-

eters is feasible and the results can be used to guide practical engineering applications.
to predict the CDI behavior
cal modeling approach as a
complex process depending
the results can be used to
Introduction

As the availability of affordable clean water is becoming a
critical issue worldwide, research on desalination technolo-
gies for seawater, brackish water, produced water, treated
wastewater, etc. is of keen interest to scientists nowadays.
Handling, treatment, disposal, and beneficial reuse of these
waters have also been great challenges for industry and
regulators.1

To date, ion exchange, reverse osmosis, electrodialysis,
and evaporation have been the most commonly used desali-
nation technologies. However, their disadvantages including
by-product formation, complex pretreatment and operation,
and high energy consumption hindered many applications.
Capacitive deionization (CDI), or electrosorption as referred
in some literature, has emerged as a low-polluting, energy-
efficient, and cost-effective alternative to conventional desali-
nation technologies.2 It uses pairs of oppositely charged
electrodes to attract ions from the saline water flowing
between them, that is, cations move towards the cathode
while anions move towards the anode. After the electrodes
are saturated with ions, regeneration is performed by remov-
ing the electric field and the adsorbed ions are released into
the regeneration stream. Carbon materials are known to be
ideal candidate electrode materials due to their excellent elec-
trical conductivity and large specific surface area.3 Since
electrosorption of ions is an interfacial process, the use of a
high surface area porous carbon for maximum contact area
between the electrode and the water is beneficial for improv-
ing the desalination performance.4 Although many carbon
materials (carbon aerogel, ordered mesoporous carbon, car-
bon nanotubes, graphene, etc.) have been studied,5,6 acti-
vated carbon stands out as a commercially available and cost
efficient material.4,7 The good electrosorption performance of
activated carbon electrodes is attributed to the optimum pore
size for the passage of salt ions, and the mesostructure of
activated carbon also facilitates the easy movement for
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Fig. 1 Schematic diagram of CDI configuration and reactor setup.
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adsorption and desorption of ions.8 As a novel electro-
chemical process, CDI exhibits many advantages over conven-
tional desalination technologies. Unlike ion exchange, it does
not need salt for regeneration, and is therefore more
environmentally-friendly than resin-based processes.9 In
addition, it is a low-pressure non-membrane process oper-
ated at ambient conditions and low voltages with simple
pretreatment like cartridge filtration, and therefore, minimi-
zation of processing costs and waste can be achieved.10

As an emerging technology, CDI is still in the developing
stage and research remains to be done before it can be widely
applied as a commercial technology. For instance, to design a
CDI system, it is important to understand the relation
between operating parameters and its desalination perfor-
mance. Applied voltage, spacer thickness, and retention time
are such parameters and must be adjusted to achieve both
high salt electrosorption capacity and fast kinetics at the
same time during CDI operation. To date, isotherm-based
Langmuir and Freundlich equations have been typically
applied to describe the adsorption performance of CDI,11,12

and they are expressed below:

Langmuir:

qe = qmKLCe/(1 + KLCe) (1)

Freundlich:

qe = KFCe
1/n (2)

where qe is the amount of adsorbed salt at equilibrium (in
milligram per gram of activated carbon electrode, mg g−1), qm
is the maximum amount of adsorbed salt (in mg g−1), Ce is
the equilibrium concentration of salt in solution (mg L−1),
while KL, KF and 1/n are constants of the corresponding
system.

It can be seen from the two expressions that they are both
a function of salt concentration and reveal no direct relation-
ship between the operating parameters and the desalination
performance. Although some other CDI models13–16 are
recently proposed, they may not be easily used. Instead of
controllable operating parameters, these recent models were
developed based on intrinsic system configurations (e.g. pore
size distribution, surface area, capacitance, series resistance,
surface group, etc.) that are difficult to adjust during opera-
tion. It is important to have a model that is practical in
assisting system designs and operations.

Until now, direct modeling of the correlation between CDI
performance and these operating parameters is not available.
Statistical modeling has been widely used to elucidate the
influence of various factors on many system behaviors. Tang
et al.17 used statistical approaches to develop an empirical
model to evaluate the effects of operating parameters on
clean-bed head loss of crumb rubber filtration, and a high
correlation between predicted head loss data and actual data
was obtained, which outperformed the widely used Kozeny
This journal is © The Royal Society of Chemistry 2015
and Ergun equations. It was hypothesized that an empirical
model based on a statistical approach for describing salt
adsorption as a function of applied voltage, spacer thickness
and retention time could be a suitable tool to quantify the
influence of these operating parameters on CDI performance
for practical engineering use.

In this work, we conducted a series of electrosorptive batch
tests under various levels of three operating parameters
(applied voltage, spacer thickness, and retention time). The
objective of this study was to develop a statistical model for elu-
cidation of the relation between the operating parameters and
the desalination performance of CDI. The study will aid in the
practical engineering design and operation of CDI systems.

Materials and methods
CDI configuration and reactor setup

Fig. 1 presents the schematic diagram of the CDI configura-
tion and reactor setup. The CDI assembly consisted of stain-
less steel mesh as current collectors, commercially available
activated carbon as electrodes, and nylon mesh spacers to
separate the electrodes. The activated carbon cloth (ACC,
FM10) with a specific surface area of 1000 m2 g−1 and a thick-
ness of 0.5 mm was obtained from Chemviron UK. The ACC
was pre-rinsed with DI water until conductivity in the rinsed
water became stable and no more ions were further released.
All materials were cut into 3.5 × 3.5 cm2 dimensions and
assembled in sequence as shown in Fig. 1, and then the
entire stack of all layers was firmly pressed together with a
cable tie and placed in the reactor. The reactor included a
CDI cell, a conductivity meter, a potentiostat as external
power supply, and a magnetic stirring plate with a stirrer for
mixing.

Electrosorptive batch experiments

The electrosorptive batch experiments were carried out at
room temperature using 0.3 g of ACC as electrodes and 75
mL of NaCl solution (984 mg L−1) with an initial conductivity
of 2000 μs cm−1 – a typical value for some fresh water with
high salinity and treated wastewater that requires further
desalination to be reused. Prior to each experiment, the CDI
unit was equilibrated with the tested feed water to eliminate
Environ. Sci.: Water Res. Technol., 2015, 1, 516–522 | 517
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the influence of physical adsorption. The supply voltage was
adjusted by a DC potentiostat (RXN-305D, Shenzhen Zhaoxin
Power Co. Ltd., China). The spacer thickness was adjusted by
increasing or decreasing the layers of nylon mesh between
the ACC electrodes. The conductivity of the NaCl solution
was monitored by a conductivity meter (DDS-307, Shanghai
Yueping Scientific Instruments Co. Ltd., China). The relation-
ship between conductivity and NaCl concentration was
obtained by preparing a calibration curve prior to the experi-
ments. The electrosorption at retention time t (qt, mg g−1)
was calculated using the following equation:

qt = (C0 − Ct)V/W (3)

where C0 (mg L−1) and Ct (mg L−1) are the NaCl concentra-
tions at time zero and time t, respectively, V (mL) is the vol-
ume of the NaCl solution, and W (g) is the mass of ACC in
the CDI assembly.

The study used a mixed-level factorial design to analyze
the influence of the operating parameters. Three levels of
applied voltage (0.6, 0.9, and 1.2 V) and spacer thickness (2,
4, and 6 mm) and 21 retention times from 0 to 60 min (0, 3,
6, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45, 48, 51, 54,
57, and 60 min) were investigated. The experiments started
with pristine ACC for each defined spacer thickness condi-
tion, and for each condition 63 cycles (3 voltages × 21 reten-
tion times) were performed. The maximum applied voltage
was selected based on a value lower than the voltage for
water electrodialysis (the voltage for water electrodialysis is
about 1.23 V), while the maximum spacer thickness and
retention time were selected based on practical engineering
considerations such as the control of the CDI device in a
small footprint while not sacrificing its desalination effi-
ciency. To elucidate the effect of salt concentration during
the electrosorption process, NaCl solutions with initial con-
ductivity from 100 to 2000 μs cm−1 were also tested under
operating conditions of 1.2 V applied voltage, 2 mm spacer
thickness, and 0–60 min retention time.
Fig. 2 Electroadsorption/electrodesorption behavior of a typical CDI
cell in batch experiments.
Statistical modeling

The statistical modeling process used a total of 189 electro-
sorption data sets (3 applied voltages × 3 spacer thicknesses
× 21 retention times) obtained from the CDI treatment of
NaCl solutions with an initial conductivity of 2000 μs cm−1.
Based on statistical requirements, 132 data sets (about 70%
of the data sets) were randomly chosen to initiate the regres-
sion and the remaining 57 data sets (about 30%) were used
to validate the corresponding regression results. Sigma Plot
10 (Systat Software Inc, Chicago, Illinois, USA) was used to
conduct statistical multiple nonlinear regression. A multipli-
cative power-law relationship was used to model the electro-
sorption as a function of applied voltage, spacer thickness,
and retention time. The statistical significance of each
parameter was evaluated based on a p-value of 0.05 (the
smallest choice of α that would allow the null hypothesis to be
518 | Environ. Sci.: Water Res. Technol., 2015, 1, 516–522
rejected). The coefficient of determination (R2) was used to
evaluate the modeling results. An R2 of 1.0 indicates that the
model addresses all the variability of dependent variables, and
it generally indicates a strong relation if R2 is large. However,
it does not guarantee a statistically valid model since a high R2

can occur with insignificant parameters if only a few data
observations are available.17 In this study, the model was vali-
dated by (1) examining the p-value of each parameter, and (2)
comparing the regression R2 and verification R2.

Results and discussion
CDI behavior

The electroadsorption/electrodesorption behavior of a typical
CDI cell is illustrated in Fig. 2, which shows the adsorption
and regeneration capability of the cell during the batch oper-
ation. A NaCl solution was used, because sodium and chlo-
ride occupy a large proportion of the electrosorption capacity
of the CDI electrodes due to their high concentration in tar-
get solutions in spite of their relatively low affinity compared
to other ions.18 After the ACC electrodes were saturated with
electroadsorbed ions and the electric field was removed, it
took approximately 10 minutes to completely restore to the
original state of initial conductivity, and greater than 90% of
the electrodesorption was completed in the first 3 minutes.
This batch operation test confirmed that complete regenera-
tion could be achieved and the ACC had been pretreated to
eliminate the interference of physical adsorption and the
obtained adsorption data used in the following modeling pro-
cess were all attributable to electrosorption.

Statistical modeling

A multiplicative power-law relationship, as a widely used
approach in statistical regressions, is expected to be able to
give better results compared to linear and power function
approaches.19 In this study, it was used to model the electro-
sorption as a function of applied voltage, spacer thickness,
This journal is © The Royal Society of Chemistry 2015



Fig. 3 Statistical model predicted data versus actual observations: (a)
regression results with 70% data; (b) verification results with 30% data.
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and retention time. The expression of the model was
presented as follows:

Electrosorption = K × [applied voltage]a × [spacer thickness]b

× [retention time]c (4)

where electrosorption, applied voltage, spacer thickness, and
retention time were presented in the units of mg g−1, V, mm,
and min, respectively, while K was a unitless constant charac-
teristic of the system.

Regression was performed with 70% of data sets and the
results are summarized in Table 1. The p-value of the constant
K was 0.0013, which was less than 0.05. The p-values of the
operating parameters – applied voltage, spacer thickness, and
retention time – were all less than 0.0001, showing that these
factors were significant. Standard errors of these factors gave
the ranges of the variability. In addition, the regression results
passed the normality test. Therefore, all factors included in the
model correlate with the desalination performance.

The statistical model was further validated by the 57
remaining data sets. The predicted electrosorption data with
the actual observations during the experiments are illustrated
in Fig. 3. The 45° lines in the figure depicted the hypothetic
electrosorption estimates that were precisely equal to the
actual values. Each R2 value was calculated between the pre-
dicted data versus actual data and the 45° line. It was found
that the regression R2 and verification R2 values were 0.8559
(Fig. 3a) and 0.8648 (Fig. 3b), respectively, which were both
higher than 0.85. Therefore, the statistical model reproduced
the electrosorption data well and was a suitable tool for inter-
pretation of the relation between the operating parameters
and the desalination performance of CDI.

The data points deviating from the 45° lines imply under-
estimation or overestimation of electrosorption. The discrep-
ancy may be attributed to the intrinsic properties that were
not addressed by the modeling process. In addition, recent
publications20–23 detailed how the desalination performance
of CDI relates to the potential distribution and the electrode
stability during prolonged cycling. The research resembled
the practical start-up of a CDI system with pristine activated
carbon electrodes followed by continuous cycling and
allowing no extra time for pre-charging prior to a new cycle.
To improve the accuracy of the statistical data, the charging
time and the number of cycles may be controlled.

Interpretation of the modeling results

Fig. 4 is a 3D figure showing the distribution of the statistical
model predicted electrosorption data under various
Environ. Sci.: Water Res. Technol., 2015, 1, 516–522 | 519This journal is © The Royal Society of Chemistry 2015

Table 1 Parameters in the statistical model

Parameter Value Standard error p-Value Normality test

K 0.13 0.04 0.0013 Pass
a 2.79 0.19 <0.0001
b −0.45 0.06 <0.0001
c 1.05 0.08 <0.0001

Fig. 4 Statistical model predicted electrosorption under various
combinations of applied voltage and spacer thickness in 60 min CDI
treatment of a NaCl solution with an initial conductivity of 2000 μs cm−1.



Fig. 5 Pareto chart of the standardized effects showing the results of
factorial calculation. (Response is based on observed electrosorption
in mg g−1. Significance level = 0.05).
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combinations of applied voltage and spacer thickness. Based
on the results, it could be presumed that the operation of a
CDI system with good desalination performance would bene-
fit from a higher voltage, a smaller spacer thickness and a
longer retention time. Since these factors included in the
model correlate with electrosorption, the value of the con-
stant (a, b and c) related to each factor shows the importance
of that factor in the correspondingly examined range, as
discussed in sections below.

Effect of applied voltage. The exponent of applied voltage,
shown as 2.79 in this study, implied a substantial influence
of this operating parameter on electrosorption. The observed
positive correlation indicates that a higher voltage corre-
sponds to higher electrosorption, which is attributed to a
thicker electrical double layer (EDL) and stronger Coulombic
interactions between the electrodes and charged ions.24

Therefore, it can be deduced that a lower salt concentration
in the effluent of a CDI system can be expected with
increased applied potential. However, it should be noted that
the faster increase in electrosorption with an increase of
applied voltage could not be addressed by a linear relation-
ship. The exponent of 2.79 in the statistical model was
greater than 1, showing that as the applied voltage increased
from 0.6 to 1.2 V, the electrosorption response became expo-
nential. This was in agreement with the results of Porada
et al.14 who reported a nonlinear relationship between cell
voltage and salt adsorption. Porada et al.4 suggested an EDL
voltage of above 0.5 V during a symmetrical CDI cell design.
Tsouris et al.25 found that 1.2 V was an optimum value for
the applied voltage and increasing the voltage above this
value did not result in a greater removal capacity for ions.
This was attributed to the increased parasitic effects of water
electrolysis.26 Therefore, for best engineering practice, it is
recommended that CDI be operated at a cell voltage of 1.2 V
– a voltage slightly lower than the voltage for water electrodi-
alysis (1.23 V).

Effect of spacer thickness. The exponent of spacer thick-
ness, shown as −0.45 in this study, implied that the factor
inversely correlated with electrosorption. Smaller spacer
thickness means shorter distance for the ions to travel to the
electrodes under an applied potential, which improves the
desalination performance. In addition, because the adsorp-
tion capacity of electrodes is mainly affected by the EDL
capacity due to the electrostatic attractive force between the
ions and the electrodes,10 a smaller spacer thickness leads to
the formation of a thicker EDL and lower electric resistance
in the solution between the electrodes, both of which are
beneficial for electrosorption. Although a smaller spacer
thickness is theoretically preferred for higher electrosorption,
for best engineering practice, there should be a thorough
consideration of the increased potential of short circuit and
clogging and decreased saline water treatment capacity if the
spacer thickness is made too small.

Effect of retention time. Jande and Kim16 included the
flow rate as a factor in the modeling of single-pass CDI opera-
tion, and suggested a different effect compared with that of
520 | Environ. Sci.: Water Res. Technol., 2015, 1, 516–522
batch-mode CDI. Retention time is a term that illustrates the
length of period that saline water stays in contact with the
CDI electrodes. The term is applicable in both batch-mode
and single-pass CDI operations, and was therefore modeled
in this study instead of the flow rate. The exponent of reten-
tion time, shown as 1.05 in the statistical model, implied a
positive correlation between this operating parameter and
electrosorption. This is because an increased retention time
allows the solution to complete the required ion transfer for
purification. Li and Zou26 observed a steep adsorption at the
beginning of the CDI process, indicating a high adsorption
rate constant followed by a decreasing trend with lowered
conductivity in the solution as the retention time increased
further. The exponent of 1.05 found in this study demon-
strated a close-to-linear relationship which resembled the
first phase at the beginning of the CDI process, indicating
that the electrodes were not saturated yet in the modeling
process of the batch experiments. Therefore, increasing the
retention time before the saturation of electrodes is benefi-
cial for electrosorption. For best engineering practice, it is
recommended that the optimum retention time be deter-
mined based on the inflection point of the electrosorption
curve. Before the inflection point, there is an approximately
linear relationship as revealed in the statistical model and
the improved electrosorption can be obtained by increasing
the retention time through decreasing the flow rate or
increasing the number of CDI cells connected in parallel,
which allows more time for ion transfer from the saline water
to the CDI electrodes. After the inflection point, the improve-
ment of electrosorption by increasing the retention time
slows down as revealed by Li and Zou,26 and there would be
practical considerations to balance the footprint and cost of
CDI systems for engineering applications.

Interactions between the factors. A mixed-level factorial
calculation with the assistance of MINITAB 15 (Minitab Inc.,
State College, Pennsylvania, USA) was conducted to analyze
the standardized effects of each factor and their interactions,
and the results are shown in Fig. 5. The threshold value, as
This journal is © The Royal Society of Chemistry 2015



Fig. 6 Langmuir, Freundlich, and logarithmic model predicted
electrosorption versus actual observations in 60 min CDI treatment of
NaCl solutions with different initial conductivities from 100 to 2000 μs
cm−1.
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denoted by the vertical line in the Pareto chart of the stan-
dardized effects, was determined to be 1.97 with a signifi-
cance level of 0.05. It is not surprising to find that the indi-
vidual factors were significant and their standardized effects
were in agreement with the absolute values of their expo-
nents (|applied voltage| > |retention time| > |spacer thick-
ness|). It is worth mentioning that all interactions between
the factors were judged as significant, since their p-values
were less than 0.05. This is because the applied voltage,
spacer thickness and retention time all affect the electro-
sorption by the same mechanism, which is the EDL theory
describing the Coulombic interactions and facilitation of ion
transfer to the electrodes as discussed in the previous sec-
tions. Being more specific, AC indicates the combined effect
of applied voltage and retention time, as a higher voltage
relates to less required time to complete ion transfer. AB pre-
sents the combined effect of applied voltage and spacer
thickness, as a higher voltage and a smaller spacer thickness
both contribute to a thicker EDL. BC describes the combined
effect of spacer thickness and retention time, as a smaller
spacer thickness also results in less required time to com-
plete ion transfer. ABC is an indication of the combined
effect of all three factors. Among the effects of these interac-
tions, the interaction between applied voltage and retention
time showed a much higher effect than others, suggesting a
wise move to firstly adjust these two operating parameters to
obtain the desired desalination performance for engineering
practice.
Table 2 Parameters in the Langmuir, Freundlich, and least-squares fitting
logarithmic equations

Equation Parameter Value

Langmuir qm 26.1783
KL (×10−4) 8.2038
R2 0.9746

Freundlich KF 0.0565
1/n 0.7783
R2 0.9550

Logarithmic a 3.8873
b −15.993
R2 0.9722
Isotherm-based models

Initial salt concentration was not considered as an operating
parameter for the statistical model in this study. However, its
influence has been well characterized by isotherm-based
models, i.e. Langmuir and Freundlich equations. To further
investigate the CDI behavior under the influence of initial
salt concentration, five electrosorptive batch experiments
with NaCl solutions were carried out under an applied volt-
age of 1.2 V and a spacer thickness of 2 mm. The initial con-
ductivity of NaCl solutions was 100, 200, 500, 1000, and 2000
μs cm−1, respectively. The obtained electrosorption data were
fitted by Langmuir, Freundlich, and the least-squares fitting
logarithmic equation, which is expressed as follows:

qe = a × ln(Ce) + b (5)

where qe is the amount of adsorbed salt at equilibrium (mg
g−1), Ce is the equilibrium concentration of salt in solution
(mg L−1), while a and b are constants characteristic of the
system.

Fig. 6 shows the correspondence between the actual data
and the three fitting lines. In general, all models reproduced
the data well, and high correlations between actual salt
adsorption and predicted salt adsorption were obtained.
Table 2 shows that the Langmuir equation correlated better
with the experimental data according to an R2 of 0.9746
This journal is © The Royal Society of Chemistry 2015
followed by the logarithmic equation (R2 = 0.9722) and
Freundlich equation (R2 = 0.9550). This implied that the ion
sorption could be described by the Langmuir isotherm, indi-
cating monolayer adsorption.27 It can be deduced that as the
saline water flows between a series of electrode pairs, the
electrosorption of each pair decreases as the electrolyte solu-
tion concentration drops.18 This implies that during the oper-
ation of a CDI device with multiple pairs of electrodes in
series, the electrodes in front may have saturated, while the
electrodes in the end may not. For best engineering use, it is
important to propose a design that can make the best use of
the saturation capacity of all electrodes to avoid frequent
regeneration and increase water production.

Other researchers conducted similar experiments to plot
salt concentrations versus electrosorption with different mate-
rials as electrodes,11,12,26,28 and their data were in agreement
with Langmuir isotherms as well, indicating monolayer cover-
age of the electrode surface area.29 This phenomenon sug-
gests that the monolayer adsorption is primary during the
electrosorption process. Since the electrosorption behavior of
CDI would follow the Langmuir isotherm, the desalination
performance at other feed salt concentrations could be pre-
dicted by the isotherm-based model for engineering use.
Environ. Sci.: Water Res. Technol., 2015, 1, 516–522 | 521
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Conclusions

CDI is a complex process and modeling is an important
approach for gaining a thorough understanding of its desali-
nation performance for practical engineering use. In this
paper, a series of electrosorptive batch experiments were
conducted for the development of a statistical model to
describe the relation between operating parameters (applied
voltage, spacer thickness, and retention time) and desalina-
tion performance of CDI with activated carbon electrodes.
The statistical model was validated by statistical require-
ments. It reproduced the data well, with both regression and
verification R2 values above 0.85. It can be deduced that oper-
ation of a CDI system with good desalination performance
would benefit from a higher voltage, a smaller spacer thick-
ness and a longer retention time. The exponents in the statis-
tical model, shown as 2.79, −0.45, and 1.05 for the applied
voltage, spacer thickness, and retention time, respectively,
revealed the importance of each factor in the correspondingly
examined range. In addition, the effects of interactions
between the parameters were judged as significant, which
could be explained by the electrical double-layer theory. The
influence of initial salt concentration could be best character-
ized by the Langmuir isotherm, which can be used to predict
the desalination performance at other feed salt concentra-
tions. This work demonstrates that direct modeling of desali-
nation performance with operating parameters of CDI is fea-
sible and the results can be used to guide practical
engineering applications. A future study will explore how the
modeling process described in this paper depends on other
electrode materials and salt constituents.
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