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Capacitive deionization (CDI) oﬀered a promising electrosorption technology for desalination. This study presented the feasibility of CDI for removing and recovering NH4+ from low-strength wastewater. The three-dimensional and porous reduced graphene oxide/titanium dioxide (rGO/TiO2) materials were successfully synthesized and investigated as potential material for CDI system. The structural and electrochemical properties of
rGO and rGO/TiO2 composites were analyzed, while the incorporated TiO2 was anatase phase and TiO2/rGO
mass ratio 20% delivered the best property. The eﬀects of applied voltage, circulating ﬂow rate, initial NH4+
concentration and regeneration conditions were investigated. The results demonstrated that rGO/20%TiO2
electrode performed much better electrosorption capacity and regeneration ability than the reference electrode
(rGO electrode). Furthermore, NH4+ electrosorption onto CDI electrode followed the Freundlich adsorption
isotherm and indicated a physisorption process according to kinetic studies. Additionally, hydrated radius and
valence notably aﬀected the alternative electro-behavior of CDI. In a co-existed system, electrosorption of ion
highly depended on the ion charge rather than hydrated radius.

1. Introduction
Water scarcity become one of the worldwide major problems and
advanced desalination technologies attracted attention to solve this
problem. Capacitive deionization (CDI) oﬀered an electrosorption
technology for brackish water desalination. This technology drew particular interest in recent years, owing to high energy eﬃciency, no
secondary pollution, low operation cost and easy regeneration [1–3].
Relied on the electric double layer (EDL) formed at solution/electrode
interface, CDI technology allowed the accumulation of the charged
dissolved ions onto the surface of the electrode via applied potential
diﬀerence [3]. The ion removal eﬃciency was related to the operation
parameters, such as applied voltage, initial ion concentration, solution
ﬂow rate, electrochemical adsorption/desorption methods and so on
[4,5]. After desalination, the CDI can be easily regenerated by changing
the polarity of the cell or via short-circuiting, as a result of recovery of
remained valuable components. As we all know that the design and
construction of the electrode material was the key to the CDI process.
Up to now, many porous carbon materials, such as activated carbon [6],
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carbon aerogels [7], graphene [8,9], were exploited as the feasible
electrode materials [10]. Amongst, graphene was greatly attractive
because of its remarkable properties, e.g., eco-friendly, high theoretical
surface area, extraordinary conductivity, good chemical inertia, unique
physical properties. Recently, the attempts to optimize the CDI behavior of graphene was focused on the structural optimum design. The
incorporation of metal oxides into graphene-based materials can distinctly inhibit the agglomeration tendency of the pristine graphene
sheets and improve the electrochemical performance [11]. In addition,
titanium dioxide (TiO2) was the commonly utilized metal oxide, possessing low cost, eco-friendly, highly hydrophilic and ease of anchoring
into structure [12]. In general, graphene served as a highly conductive
supporting matrix, providing a large surface area for the dispersion of
TiO2. Meanwhile, the introduction of TiO2 minimized the restacking
eﬀects of graphene sheets to develop a three-dimensional and porous
structure. Owing to the synergistic eﬀect between TiO2 and graphene,
the composite material may exhibit enhanced electrochemical responses and physical structure.
Ammonium (NH4+) ions were naturally found in the environment
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2.3. Characterization

because of the important part of the nitrogen cycle. It was previously
reported that typical domestic wastewater included 20–35 mg/L total
nitrogen, while NH4+ was accounted for 70–82% [13]. Furthermore,
2.5 million tons of ammonia nitrogen was discharged to water in China
every year [14], which led to severe eutrophication and posed a human
health hazard in drinking water [15]. Therefore, NH4+ removal and
recovery from wastewater received extensive research attention. Current methods contained struvite precipitation [16], biological treatment
[17], ion exchange [18], membrane process [19] and so on. However,
many challenges restricted their application. For example, struvite
precipitation was suitable for high ammonia concentration. Biological
treatment required large retention time and space. Ion exchange needed
complex regeneration to process secondary pollution. Membrane process was energy intensive with high operational cost. Thus, alternative
technology was investigated to eﬀectively treat wastewater containing
low NH4+ concentration. Previous studies showed that CDI can eﬀectively remove individual cation, e.g., Na+, Cu2+, Mg2+, Cr3+, from
aqueous solution, but few studies reported the ion selectivity performance of removing NH4+, especially in solution with multiple cations.
Since it was common for NH4+ with multiple cations to co-exist in
actual wastewater. To understand and assess the CDI removal behavior
of the co-existing cations containing NH4+ was meaningful.
In this paper, the feasibility of CDI for removing and recovering
NH4+ from low-strength wastewater was demonstrated. Three-dimensional and porous reduced graphene oxide/titanium dioxide (rGO/
TiO2) materials with diﬀerent TiO2/rGO mass ratio were achieved
through a simple synthesis route, then the physical and electrochemical
properties were characterized. The material with the best property was
chosen to prepare the CDI electrode, and the reduced graphene oxide
(rGO) electrode was also fabricated as reference. The batch tests were
conducted not only to evaluate the CDI performance on NH4+ removal,
but also to investigate the recovery eﬃciency obtained during the regeneration stage. The NH4+ ions electrosorption behavior was evaluated by kinetic models and isotherm models. Additionally, CDI experiments were conducted to identify the ion selectivity in both single
and mixed electrolyte solutions. The obtained essential parameters in
this research can be extended to further full-scale CDI application.

The surface morphologies and structures of the resultant graphene
composite before and after the incorporation of TiO2 were examined
using a scanning electron microscopy (SEM, S-3400N II, Hitachi, Japan)
and a transmission electron microscope (TEM, JEM-200CX, JEOL,
Japan). The phase and crystallinity were characterized using an X-ray
diﬀractometer (XRD, DX-2000, Fangyuan, China) with Cu Kα
(λ = 1.54056 Å) radiation over a range of 2θ angles from 10° to 80°.
Raman spectra were obtained by Raman microscope (inVia, Renishaw,
England). A He-Ne laser (633 nm) was used as the light source for excitation. The BET speciﬁc surface area and pore structure changes were
determined by N2 (99.99%) adsorption–desorption at 77 K using a
surface analyzer (ASAP2020, Micromeritics, USA). Electrochemical
analyses were performed using a three-electrode system with 1 mol/L
NaCl as electrolyte, saturated calomel electrode as reference electrode
and platinum foil as counter electrode. The working electrode was
prepared as described in the literature [21] by pasting a mixture of the
active material (rGO or rGO/TiO2) with polymeric binder, naphthol,
onto glassy carbon electrode (inserted in a polyether ether ketone body
with an inner diameter of 3 mm). Cyclic voltammetry (CV) was analyzed by using an electrochemical workstation (CHI660E, Shanghai
Chenhua, China) with the sweep potential range from −0.4 V to 0.6 V.
The eﬀects of changes in the scan rate were examined by supplying
0.01 V/s to 0.1 V/s. The galvanostatic charge–discharge tests were
conducted with current density 1 A/g. Electrochemical impedance
spectroscopy (EIS) measurements were measured at the open circuit
potential over the frequency range from 100 mHz to 100 kHz with a
5 mV peak-to-peak voltage excitation.
2.4. Batch-mode electrosorption experiment
The CDI performances of the electrodes were evaluated with a
batch-mode experimental system including a CDI unit cell, an external
power supply, a peristaltic pump and a reservoir. The CDI unit cell
consisted of pairs of support plates, rubber gaskets, graphene-based
electrodes and insulating gauze, which was similar to the pervious reported cells [2,3]. The graphene-based electrodes were fabricated by
mixing electrode materials, polytetraﬂuoroethylene (PTFE) and conductive carbon black at a mass ratio of 8:1:1. Then, the mixed materials
were stirred thoroughly adding a small amount of ethanol for uniformity, pressed onto foam nickel substrate (40 mm wide, 60 mm long)
and dried overnight at 60 °C. The impacts of applied voltage, circulating
ﬂow rate and initial concentration on NH4+ removal were studied and
each experiment was repeated with triplicates. When the solution
passed through the CDI cell, the anions (Cl-) and cations (NH4+) were
adsorbed on the anode and cathode, respectively, to achieve the goal of
electrosorption. Before the electrosorption experiment, the electrode
was saturated by working solution to minimize the impact of physical
adsorption. The concentration of NH4+ was analyzed by Nessler's reagent spectrophotometric method. The electrosorption capacity (Qe)
and removal eﬃciency (η) were calculated by the following equations:

2. Materials and methods
2.1. Chemicals
The sulfuric acid (H2SO4, 98%), phosphoric acid (H3PO4), potassium permanganate (KMnO4), hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl, 37%), titanium trichloride solution, sodium
chloride (NaCl), naphthol (C10H8O), ammonium chloride (NH4Cl),
magnesium chloride (MgCl2), ferric chloride (FeCl3) and Nessler's reagent (Sinopharm, Beijing, China) were of analytical grade which were
used without any puriﬁcation. Deionized water was used in this study
to prepare all solutions.
2.2. Synthesis of rGO and rGO/TiO2 composites

Qe =

The graphite oxide (GO) with a concentration of 2 mg/mL was
prepared according to the method previously reported [20]. The asprepared GO suspension was mixed with a certain amount of titanium
trichloride solution and trace ammonia under ultrasonication. Then the
mixture was placed in a Teﬂon-lined autoclave at 180 °C for 12 h of
hydrothermal treatment to generate reduced graphene oxide/titanium
dioxide (rGO/TiO2) hydrogel. After that, the rGO/TiO2 composite was
obtained by freeze-drying at −40 °C of the aerogel. Due to the addition
of diﬀerent amounts of titanium trichloride solution, the TiO2/rGO
mass ratios were set as 15%, 20% and 25% for the as-prepared composites, namely rGO/15%TiO2, rGO/20%TiO2 and rGO/25%TiO2. The
rGO was fabricated by the same procedure in the absence of titanium
trichloride solution.

η=

(C0 - Ce ) V
m
C0 − Ce
× 100%
C0

(1)
(2)

where C0 and Ce represent the initial and equilibrated concentrations of
NH4+, respectively. V is the volume of the solution and m is the mass of
the active material in the electrode, 0.15 ± 0.005 g.
Recovery eﬃciency (ηdes) indicated how much ions were released
back to the solution during the regeneration stage and was calculated
by the Eq. (3):

ηdes =
2

Qd
× 100 %
Qe

(3)
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Fig. 1. SEM images of rGO (a), rGO/15%TiO2 (b), rGO/20%TiO2 (c) and rGO/25%TiO2 (d) composites.

TEM data.
These samples were further characterized using Raman spectroscopy (Fig. 4). All Raman spectra exhibited two remarkable peaks at
about 1345 cm−1 and 1595 cm−1, corresponding to the D band and the
G band, respectively. Notably, the D band was related to the defect and
disordered structure and G band corresponded to the crystalline graphitic carbon [22]. With the increase in the TiO2/rGO mass ratio from
15% to 25%, the relative intensity ratio (ID/IG) value of the rGO/TiO2
increased from 1.05 to 1.08 and all of them were larger than that of rGO
(1.02), suggesting much improved structural disorder and defects present in rGO/TiO2 composites. It was generally accepted that the presence of defects and disordered structure can generate more accessible
surface area and accumulate more charges, which was beneﬁcial to the
charge transfer in the adsorption process [23,24].
The pore characterization of the prepared samples was obtained by
nitrogen adsorption–desorption tests. As we all known, large speciﬁc
surface area and suitable pore size distribution were crucial for electrosorption electrode materials [25]. As shown in Fig. 5, the proﬁles of
all samples can be classiﬁed as type IV isotherms, together with a
hysteresis hoop at relative pressure (P/P0) above 0.4 which indicated
the presence of mesoporous characteristic [1]. Compared with that of
rGO, rGO/15%TiO2 and rGO/25%TiO2, the hysteresis hoop area of
rGO/20%TiO2 was considerably enlarged, which further conﬁrmed that
this material had a suitable TiO2/rGO mass ratio and eﬀectively prevented the aggregation of individual graphene sheets during reduction.
The speciﬁc surface area, pore volume and average pore size of all
samples were listed in Table 1. From Table 1, it was clear that the
doping of TiO2 can eﬀectively improve the speciﬁc surface area and
pore structure. Additionally, rGO/20%TiO2 had larger speciﬁc surface
area, pore volume and average pore size than rGO/25%TiO2, which
illustrated the occurrence of agglomeration phenomenon. When TiO2
was doped excessively, the pores were blocked and the speciﬁc surface

where Qd is the electro-desorption capacity.

3. Results and discussion
3.1. Properties of rGO and rGO/TiO2 composites
The morphologies of rGO, rGO/15%TiO2, rGO/20%TiO2 and rGO/
25%TiO2 composites were observed by SEM and TEM. From the SEM
images (Fig. 1), the rGO showed relative monolithic structure and rGO/
TiO2 composites exhibited typical cross-linked three-dimensional network feature with interconnected pores, which may facilitate the
transport of electrons and ions during the charge-discharge process and
prevent the agglomeration and restacking of rGO. As shown in Fig. 2,
The TEM images clearly corroborated the transparent sheet-like structure of rGO and large amount of TiO2 nanoparticles were distributed
among the rGO sheets in rGO/TiO2 composites. Additionally, the possibility of agglomeration of TiO2 particles increased with the increase in
TiO2/rGO mass ratio from 15% to 25%. The agglomeration phenomenon blocked the pores and occupied the adsorption points, resulting in
the reduction of speciﬁc surface area and electrosorption capacity. The
inset high-resolution TEM images showed the good polycrystallinity of
the attached TiO2 nanoparticles which were anatase phase.
To further clarify the crystallographic structures of the composites,
XRD tests were carried out. As depicted in Fig. 3, rGO exhibited a strong
intense (0 0 2) peak at 2θ about 25°, and the typical (0 0 1) peak (about
10.3°) of GO disappeared, indicating the most oxygen-containing
groups on GO were removed [8]. All the rGO/TiO2 composites showed
similar XRD pattern and the peaks at 25.3°, 37.8°, 48.1°, 53.9°, 62.7°
and 75.0° can be indexed to TiO2, which corresponded to the reported
values in JCPDS card (021-1272) [9]. The results of XRD experiments
conﬁrmed that the TiO2 nanoparticles were anatase phase in rGO/TiO2
composites, which was in good agreement with the high-resolution
3
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Fig. 2. TEM images of rGO (a), rGO/15%TiO2 (b), rGO/20%TiO2 (c) and rGO/25%TiO2 (d) composites. The inset in (b–d) were high-resolution TEM images.

Fig. 4. Raman spectra of rGO (a), rGO/15%TiO2 (b), rGO/20%TiO2 (c) and
rGO/25%TiO2 (d) composites.

Fig. 3. XRD images of rGO (a), rGO/15%TiO2 (b), rGO/20%TiO2 (c) and rGO/
25%TiO2 (d) composites.

rate, the enclosed area increased and the shape slightly distorted to
some extent, revealing excellent rate capacity [26]. Evidently, rGO/
20%TiO2 displayed the largest enclosed area, which indicated the largest speciﬁc capacitance and best electrosorption performance. This
result agreed well with the highest surface area observed, which undoubtedly facilitated the adsorption of the ionic species [27]. The
speciﬁc capacitance (Cs) was an eﬀective parameter to character the
electrochemical performance of the electrode material, which was
calculated based on the CV curves according to the following equation:

area and pore volume reduced, which further veriﬁed the TEM analysis.
3.2. Electrochemical properties of rGO and rGO/TiO2 composites
In order to investigate the electrochemical properties of the rGO and
rGO/TiO2 composites as electrodes materials, CV and galvanostatic
charge–discharge measurements were performed, which were sensitive
to the capacitive characteristics of electrodes for adsorption/desorption
capacity [2]. Fig. 6 provided CV curves for rGO and rGO/TiO2 at different scan rates from 10 to 100 mV/s, the current density response
increased accordingly. All the CV curves showed nearly rectangular
shapes with no obvious redox peaks, indicating the ideal electrical
double layer (EDL) capacitive behaviors [3]. With the increase in scan

Cs =

∫ I dV
2νmΔV

(4)

where Cs is the speciﬁc capacitance, F/g. I is the response current, A. V
is the potential, V. v is the potential scan rate, V/s. As shown in Fig. 7,
4
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Fig. 5. Nitrogen adsorption–desorption isotherms of rGO (a), rGO/15%TiO2 (b), rGO/20%TiO2 (c) and rGO/25%TiO2 (d) composites. The inset in (a–d) were pore
size distribution curves.

composites under the current density of 1 A/g during 20 cycles were
shown in Fig. 8. Cycle lifetime was an important factor to elucidate the
stability and recyclability of the active material. From Fig. 8a–d, it can
be seen that the shape of each cycle was similar and exhibited good
reproducibility, indicating excellent capacity retention and stability in
repeating charge–discharge processes. The 20th charge–discharge cycle
was depicted in Fig. 8e, which displayed a nearly symmetric triangular
shape with a low potential drop, further suggesting ideal EDL capacitive
behavior and excellent electrochemical reversibility [3]. Consistent
with the above CV analysis, the rGO/20%TiO2 delivered the best capacitance performance, as judged by its longest discharge time.
To further understand the electrochemical performance of rGO and
rGO/TiO2 composites, EIS tests were carried out. As shown in Fig. 9, all
the Nyquist plots showed two regions between Z’ (impedance axis) and
-Z’’ (real axis) appeared with the semicircle and straight lines in the
high and low frequency zones, respectively. The semicircle at high
frequency represented the charge transfer resistance (Rct) and the inclined line at low frequency corresponded to the ion-diﬀusion process
in the electrolyte resulting from the Warburg impedance (Zw) [23,29].
Clearly, the slopes for rGO/TiO2 composites were larger than that for
rGO, suggesting the faster ion diﬀusion behavior of rGO/TiO2 composites. Meanwhile, the Rct values of rGO and rGO/TiO2 composites were
calculated and listed in Table 1. From Table 1, it can be seen that rGO/

Table 1
BET and EIS results of rGO and rGO/TiO2 composites.
Samples

Speciﬁc surface
area (m2/g)

Pore Volume
(cm3/g)

Average Pore
Size (nm)

Rct (Ω cm2)

rGO
rGO/15%TiO2
rGO/20%TiO2
rGO/25%TiO2

184.19
207.69
382.08
201.33

0.115
0.129
0.137
0.135

2.60
4.11
4.59
4.30

2.70
2.24
1.73
2.42

the corresponding Cs values of the rGO/TiO2 materials submitted a
noticeable increase compared to rGO. Typically, the observed Cs values
were 325.8, 291.9, 178.8 and 160.0F/g for rGO/20%TiO2, rGO/
15%TiO2, rGO/25%TiO2 and rGO at 10 mV/s, respectively. rGO/
20%TiO2 had larger Cs value than rGO/25%TiO2, which implied that
excessive TiO2 may partially block some pores to decrease the contact
active sites with electrolyte solution. Furthermore, the Cs value dramatically decreased with the increase in scan rate, which was related to
the experiment time. The lower scan rate provided enough time for ions
to transport or penetrate into the porous electrode surface. Besides,
higher value of scan rate also promoted the inherent resistivity for ion
transport that inhibited the EDL formation [28].
The curves of galvanostatic charge–discharge for rGO and rGO/TiO2

5
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Fig. 6. CV curves for rGO (a), rGO/15%TiO2 (b), rGO/20%TiO2 (c) and rGO/25%TiO2 (d) composites at various scan rates.

structure for ion and electron transport. In conclusion, the optimized
rGO/20%TiO2 composite with excellent structural and electrochemical
properties was chosen for the downstream CDI experiments.

3.3. CDI performance
To estimate the impacts of applied voltage, circulating ﬂow rate and
initial NH4+ concentration on desalination behavior of the fabricated
electrodes, batch mode experiments were conducted in NH4Cl solution
and the resultant proﬁles were shown in Fig. 10. All the results were
obtained when the concentration of NH4+ didn’t change anymore and
the electrosorption saturation reached.
Fig. 10a showed the changes of Qe under diﬀerent applied voltage
which was set from 1.4 V to 2.0 V with an interval of 0.2 V. It can be
seen that Qe of NH4+ increased with the increase in applied voltage.
The higher applied voltage led to stronger electrostatic interaction and
wider EDL, which increased more free electric charges on the electrode
and enhanced CDI performance [30,31]. Apparently, at any certain
voltage, rGO/20%TiO2 electrode performed better electrosorption
ability compared to rGO electrode, and the maximum Qe value for rGO/
20%TiO2 electrode was 8.52 mg/g, which was much higher than that
(6.64 mg/g) for rGO electrode. This result indicated that rGO/20%TiO2
with enhanced structural and electrochemical properties improved
electrosorption capacity. Furthermore, as reported by Feng [32] and

Fig. 7. Speciﬁc capacitance of the prepared composites at diﬀerent scan rate.

TiO2 composite showed lower Rct value than rGO, which indicated that
the incorporation of TiO2 can facilitate the charge transfer. It was
evident that rGO/20%TiO2 composite showed the lowest Rct value and
the steepest line gradient, which eﬀectively impeded the aggregation
and restacking of rGO and provided a favorable conductive network
6
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Fig. 8. Galvanostatic charge–discharge curves at 1 A/g for rGO (a), rGO/15%TiO2 (b), rGO/20%TiO2 (c) and rGO/25%TiO2 (d) composites. The 20th cycle charge–discharge curve for the prepared composites (e).

initial NH4+ concentration increased, the active sites of the electrodes
were able to contact more NH4+ ions and the concentration gradient of
NH4+ ions increased, which may enhance the adsorption capacity [34].
However, the charge eﬃciency decreased at higher initial concentration and the number of ions freshly introduced into the system was
much greater than that adsorbed, which led to lower η at higher concentration [2]. Consequently, CDI was envisioned to be suitable water
desalination technology when treating low ionic content wastewater.
The eﬀect of circulating ﬂow rate on the electrosorption performance was reported in Fig. 10c and d. On the contrary to the applied
voltage, the Qe of NH4+ decreased with the increase in circulating ﬂow
rate. This phenomenon was attributed to that higher ﬂow rate caused
less contact time for NH4+ ions transfer required for the electrosorption
[35]. In addition, it was more likely to desorb the adsorbed NH4+ ions
into the solution by ﬂushing the EDL at higher ﬂow rate. After a clear
observation in Fig. 10d, the saturation time for the electrodes was observed, which increased with lower circulating ﬂow rate. The saturation
time were 60, 80 and 90 min at 45, 35 and 25 mL/min.
The regeneration and reusability performance of the electrode is an
important parameter for ensuring long and stable CDI behavior in addition to saving additional operational costs [36]. It was noted that the
regeneration of the electrodes was usually carried out by a simple shortcircuiting or a reverse polarity. Hence, three kinds of electrode regeneration methods, namely (I) short-circuiting regeneration, (II) reverse polarity regeneration, (III) ﬁrstly reverse polarity 15 min, then
short-circuiting regeneration, were chosen to compare recovery eﬃciency (ηdes). The operation parameters were chosen as 2.0 V applied
voltage, 35 mL/min circulating ﬂow rate and 1.0 mmol/L initial NH4+
concentration for electrosorption and 50 mL/min circulating ﬂow rate
for electro-desorption. The results showed that the NH4+ concentration
increased continuously until the balance was reached for methods (I)
and (III), while the short-circuiting time were 35 min for method (I) and
15 min for method (III) before the NH4+ concentration got stable.
Otherwise, the NH4+ concentration reached the maximum after reverse
polarity within 15 min and then gradually decreased for method (II).
This phenomenon was due to the NH4+ ions from one electrode to

Fig. 9. Nyquist plots of the prepared composites and the inset was the corresponding equivalent electric circuit.

Ryoo [33], the incorporation of TiO2 can improve the hydrophilicity of
the electrode and increase the number of electrochemically active sites
during the charge–discharge process, which may result in high electrosorption capacity for CDI electrodes.
To investigate the eﬀect of initial NH4+ concentration on CDI performance, the experiments were carried out by changing the concentration from 0.5 to 2.0 mmol/L. From Fig. 10b, it can be seen that Qe
increased as the initial NH4+ concentration increased. When the initial
concentration was 2.0 mmol/L, the maximum Qe values of rGO and
rGO/20%TiO2 electrodes reached 9.44 mg/g and 11.31 mg/g, respectively. However, η decreased as the initial NH4+ concentration increased. The maximum η values of rGO and rGO/20%TiO2 electrodes
reached 37.8% and 51.6%, respectively, at 0.5 mmol/L. Generally, the
initial ion concentration had a large impact on the EDL, whose thickness was inversely proportional to the solution concentration. As the

7
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Fig. 10. Electrosorption capacity of the rGO and rGO/20%TiO2 electrodes with respect to diﬀerent operation conditions: (a) Applied voltage. The circulating ﬂow
rate was 35 mL/min and initial NH4+ concentration was 1.0 mmol/L. (b) Initial NH4+ concentration. The applied voltage was 2.0 V and circulating ﬂow rate was
35 mL/min. (c) Circulating ﬂow rate. The applied voltage was 2.0 V and initial NH4+ concentration was 1.0 mmol/L. The changes of NH4+ concentration under
diﬀerent circulating ﬂow rate for rGO and rGO/20%TiO2 electrodes (d).

Fig. 11. Regenerated electrosorption capacity of rGO electrode (a) and rGO/20%TiO2 electrode (b).

methods, the method (III) exhibited the best regeneration performance,
because of the shorter regeneration time and higher ηdes. In this research, the regeneration method (III) was selected to study regeneration
ability of the electrodes, namely ﬁrstly reverse polarity 15 min, then

migrate to the other electrode after the polarity reversed [4] and the
adsorption rate was higher than the desorption rate. According to Eq.
(3), the calculated ηdes were 77% (method I) and 83% (method III) for
rGO/20%TiO2 electrode, respectively. Among the three regeneration
8
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Fig. 12. Electrosorption isotherms of NH4+ on the electrodes, (a) Langmuir isotherm, (b) Freundlich isotherm.

heterogeneous energetic distributions of the adsorption surface and the
interactions among the adsorbed species, where the adsorption can be
extended to multilayer coverage [39]. On the other hand, the Langmuir
isotherm assumes a monolayer adsorption on the homogeneous surface,
where the adsorbed species have no interactions. From Fig. 12 and
Table 2, it was clear that the electorosorption obeyed both Langmuir
isotherm and Freundlich isotherm, but the experimental data correlated
better with Freundlich model than Langmuir model according to the R2
values. The Freundlich adsorption equation, derived from Henry’s law,
was obtained under low concentration solute [40]. Furthermore, the 1/
n was smaller than 1, which represented the adsorption of NH4+ onto
charged surface of electrodes was a favorable process. Normally, lower
value of 1/n indicates more beneﬁcial adsorption [41]. Hence, rGO/
20%TiO2 electrode (0.332) exhibited a higher potential electrosorption
capability than rGO electrode (0.436).

short-circuiting 15 min. As shown in Fig. 11, the regenerated electrosorptive capacity of rGO electrode decreased from 6.64 mg/g to
6.11 mg/g, while rGO/20%TiO2 electrode decreased from 8.52 mg/g to
8.02 mg/g during ten electrosorption-desorption cycling operations.
The decrease in regenerated electrosorptive capacity may be ascribed to
a portion of adsorbed ions still occupying the pores of the electrodes
and fouling of the electrodes [37]. Compared with the reduction of
8.0% in electrosorptive capacity of rGO electrode after 10 cycles, the
electrosorptive capacity reduced only 5.9% for rGO/20%TiO2 electrode, which indicated that rGO/20%TiO2 electrode had excellent and
stable reusability for CDI.
3.4. Electrosorption isotherm
To estimate the electrosorption behavior, Langmuir and Freundlich
isotherms were employed to ﬁt the experimental data for electrosorption of NH4+ with various initial concentrations, as shown in Fig. 12.
Here, the Freundlich and Langmuir models can be expressed by Eqs. (5)
and (6) [38,39]:

Freundlich: lnqe = lnKF +

Langmuir:

1
ln Ce
n

3.5. Electrosorption kinetics
In addition to electrosorption behavior, adsorption kinetics is another crucial parameter in investigating the CDI process. Therefore, the
two most commonly used models (pseudo-ﬁrst order model and pseudosecond order model) were applied to assess the kinetics mechanism at
diﬀerent applied voltage. The pseudo-ﬁrst order model and pseudosecond order model equations were presented by Eqs. (7) and (8)
[42,43]:

(5)

Ce
1
C
=
+ e
qe
qm KL
qm

(6)

where Ce is the equilibrium concentration; qe is the amount of NH4+
adsorbed at equilibrium; qm is the maximum adsorption capacity; KL is
the Langmuir constant related to the adsorption energy; KF is the
Freundlich constant related to the relative adsorption capacity of the
adsorbent; 1/n (between 0 and 1) is known as the Freundlich coeﬃcient, representing an indication of the adsorption tendency of the
adsorbate [38]. The parameters and regression coeﬃcients R2 of rGO
and rGO/20%TiO2 electrodes for Langmuir and Freundlich isotherms
were shown in Table 2. The Freundlich isotherm describes the

rGO
rGO/20%TiO2

Langmuir
KL

R2

KF

1/n

R2

12.6
13.6

1.64
3.04

0.980
0.994

2.14
3.80

0.436
0.332

0.995
0.998

pseudo - second order model: t qt = 1 (K2 qe2) + t qe

(8)

where qe and qt are
adsorption capacity at equilibrium and at t
min; K1 and K2 are pseudo-ﬁrst order and pseudo-second order constants, respectively. Fig. 13 showed the ﬁtting results of the kinetic
models to the experimental data at various voltage. The ﬁtting parameters obtained were summarized in Table 3. It can be seen that the
equilibrium adsorption capacity and equilibrium time increased with
the increasing applied voltage. This result may be ascribed to the increased surface charge on the electrodes with the increase in applied
voltage, resulting in longer adsorption equilibrium time [44]. From the
correlation coeﬃcients R2 values, it was evident that both two models
can be used to approximate the experimental data (R2 > 0.99). For
rGO/20%TiO2 electrode, the measured equilibrium adsorption capacity
at 1.4 V, 1.6 V, 1.8 V and 2.0 V were 4.64, 5.32, 5.63 and 8.52 mg/g,
respectively. Meanwhile, for rGO electrode, the measured values were
3.72, 4.69, 5.09 and 6.64 mg/g, respectively. Hence, considering the

Freundlich

qm(mg/g)

(7)

NH4+

Table 2
Parameters determined by ﬁtting of Langmuir and Freundlich isotherms for CDI
performance of rGO and rGO/20%TiO2 electrodes.
Electrodes

pseudo - first order model: ln(qe − qt ) = ln qe − K1 t
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Fig. 13. Electrosorption kinetics of NH4+ on the electrodes, (a, c) pseudo-ﬁrst order model, (b, d) pseudo-second order model.

monovalent ions (NH4+ and Na+), divalent ion (Mg2+) and trivalent
ion (Fe3+) were studied in our research. Their hydrated radii are sorted
in ascending order: NH4+ (3.31 Å) < Na+ (3.58 Å) < Mg2+
(4.28 Å) < Fe3+ (4.57 Å). Individual cation electrosorption removal
experiments were conducted to compare the diﬀerent cations with respect to their removal capacity by rGO/20%TiO2 electrode. The electrolyte solutions were NH4Cl, NaCl, MgCl2 and FeCl3 with initial concentration of 1.0 mmol/L, respectively. The operation parameters
obeyed the above-mentioned working conditions. Generally, for CDI
process, it is well known that ions with higher valence and smaller
hydrated radius can be more eﬀectively removed because of stronger
electrostatic force [41]. Fig. 14a showed the electrosorption capacities

experimental results of NH4+ equilibrium adsorption capacity, pseudoﬁrst order model ﬁtted better than pseudo-second order model. Thus,
the electrosorption of the electrodes could be regarded as a physical
adsorption process. The ﬁtted equilibrium adsorption capacity for rGO/
20%TiO2 electrode was larger than rGO electrode at each applied voltage, indicating that the TiO2 doping can eﬀectively improve the CDI
performance.
3.6. Competitive coexisted cations removal
Since the real wastewater contained a variety of cations, the competitive removal study was necessary to be conducted. Typical

Table 3
Parameters determined by ﬁtting of electrosorption kinetic models for CDI performance of rGO and rGO/20%TiO2 electrodes.
Electrodes

Voltage (V)

pseudo-ﬁrst order model

pseudo-second order model

K1

qe(mg/g)

R2

K2

qe(mg/g)

R2

rGO

1.4
1.6
1.8
2.0

0.249
0.160
0.174
0.107

3.70
4.67
5.00
6.51

0.999
0.998
0.995
0.993

0.298
0.101
0.075
0.024

3.77
4.84
5.27
7.18

0.999
0.999
0.999
0.999

rGO/20%TiO2

1.4
1.6
1.8
2.0

0.138
0.107
0.101
0.053

4.62
5.21
5.56
8.61

0.998
0.991
0.994
0.996

0.076
0.030
0.028
0.006

4.84
5.76
6.11
10.33

0.999
0.999
0.999
0.999
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Fig. 14. (a) Normalized equivalent electrosorption capacity of diﬀerent cations on rGO/20%TiO2 electrode in single electrolyte solution. (b) Concentration variation
in the co-existed electrosorption system with the initial concentration 1.0 mmol/L of each cation.

with diﬀerent TiO2/rGO mass ratio through a simple synthesis route.
The incorporation of TiO2 with anatase phase enhanced the structural
and electrochemical properties, while rGO/20%TiO2 which delivered
the best property was chosen to fabricate the CDI electrode. The NH4+
removal and recovery by CDI were inﬂuenced by operation conditions
(applied voltage, circulating ﬂow rate and initial NH4+ concentration)
and regeneration method. In addition, rGO/20%TiO2 electrode performed better electrosorption capacity and regeneration ability than
rGO electrode. The Freundlich adsorption isotherm described the NH4+
electrosorption onto CDI electrode was favorable. The kinetic studies
substantiated the physical adsorption process. Furthermore, the eﬀect
of co-existing cations was also investigated and selectivity of CDI was
determined based on the hydrated radius and valence. Electrosorption
of ion highly depended on the ion charge rather than hydrated radius in
a co-existed system. The ﬁndings of this study demonstrated that CDI
was feasible and eﬀective for removing and recovering NH4+ from lowstrength wastewater. The obtained essential parameters in this research
can be extended to further full-scale CDI application.

of diﬀerent cations on rGO/20%TiO2 electrode in single electrolyte
solution, respectively. Because one divalent/trivalent cation was associated with two/three-valence charge to neutralize the negatively
charged surface of the electrode. Considering the normalized equivalent
electrosorption capacity (valence × mmol/g), the order of the NH4+,
Na+, Mg2+ and Fe3+ was as follows: trivalent cation (Fe3+,
1.68 mmol/g) > divalent cation (Mg2+, 0.64 mmol/g) > monovalent
cation (NH4+, 0.47 mmol/g and Na+, 0.37 mmol/g). For cations with
same valence, the one with smaller hydrated radius would be strongly
attracted. For cations with diﬀerent valence, the highly charged multivalent ions would be strongly attracted. Fig. 14b presented the cation
concentration variation in the coexisted electrosorption system with the
initial concentration 1.0 mmol/L of each cation. As shown in Fig. 14b,
all cations were greatly reduced during the early period of the electrosorption stage. The monovalent cation (NH4+) reached its lowest
concentration after charging for 40 min, then the concentration increased. However, the concentration of the bivalent cation (Mg2+) or
trivalent cation (Fe3+) decreased continuously of the charging period.
This phenomenon indicated that the NH4+ occupied the charged electrode and reached the saturated condition at 40 min. Then the cations
with higher valence (Mg2+ and Fe3+) replaced the monovalent cation
(NH4+) on the electrode surface. The replacement behavior can be
explained by the driving force towards divalent/trivalent cations in the
electric ﬁeld was greater than that towards monovalent cation (NH4+).
Therefore, electrosorption of ion highly depended on the ion charge
rather than hydrated radius in a co-existed system [32]. After a careful
observation, it can be found that at the initial stage (the ﬁrst 10 min),
NH4+ preferably electro-adsorbed over Mg2+ and Fe3+, while the removal eﬃciency of NH4+ was marginally higher than that of Mg2+ and
Fe3+ despite of the same initial concentration. This process can be attributed to the smaller hydrated radius and larger diﬀusivity coeﬃcient
of NH4+, which led to better pore accessibility. The normalized
equivalent electrosorption capacity in the co-existed electrosorption
system of NH4+, Mg2+ and Fe3+ were 0.22, 0.59 and 1.55 mmol/g,
respectively, indicating that the removal eﬃciency of NH4+ was inhibited. Because Mg2+ and Fe3+ occupied part of adsorption sites on
the rGO/20%TiO2 surface, resulting in the decrease in the NH4+ adsorption.
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