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Abstract

In this study, hybrid aerogels containing carbon nanoparticles (CNP) and multi-walled carbon nanotubes (MWCNT) were
synthesized via sol-gel method using resorcinol/formaldehyde precursors through a hydrolysis-condensation reaction mecha-
nism. Porous carbonaceous structures were achieved by freeze-drying of the organic gels followed by controlled carbonization
under an inert gas. The samples were characterized by various techniques such as FTIR, BJH, FESEM, CV, and EIS. The
specific surface area and total pore volume of the aerogel sample were measured to be as high as 452 m%/g and 0.782 cm®/g,
respectively, thus enhancing the electric double-layer formation. Electrochemical tests on the samples showed a large specific
capacitance (212 F/g) and an excellent cyclic stability over 3000 cycles. Performance of the synthesized structures was subse-
quently assessed as electrodes in a capacitive deionization (CDI) process. At the operating conditions of 1.6 V voltage, flow
rate of 20 mL/min, and NaCl concentration of 1000 mg/L a promising adsorption capacity around 42.08 mg/g was achieved.

Keywords Desalination - Water treatment - CDI systems - Brackish water - Porous structures

1 Introduction

Due to the scarcity of freshwater supply, desalination of sea-
water and brackish water is of crucial importance and devel-
opment of sustainable desalination technologies is urging.
Acceptable limit of salt concentration in water, set by World
Health Organization (WHO) is 500 ppm [1]. Nowadays,
water is desalinated and commercially supplied by various
technologies like electrodialysis [2], reverse osmosis [3],
multi-stage flash [4], and multi effect distillation [5]. These
technologies are energy intensive due to evaporation process
or applying osmotic pressure for salt separation. Capacitive
deionization is a promising technology for desalination of
brackish water due to its environmental friendliness, ion
removal efficiency, and energy effectiveness since instead
of extraction of huge amount of water, ions are removed [6].
Besides, CDI technology offers wide applicability for water
softening [7], heavy metal [8], phosphate and nitrate removal
from water [9, 10] through a combination of chemisorption,
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physisorption, electrodeposition, electrophoresis, and dou-
ble-layer charging processes [11].

Capacitive deionization (CDI) is an electrochemi-
cal method in which ions in a solution are attracted by
electrodes charged with opposite polarity where they are
adsorbed in electric double layer created at the solid—liquid
interface. Prolonged use of electrodes results in their satu-
ration. The electrodes can easily be regenerated by revers-
ing the polarity or establishing a short circuit between the
electrodes to release the adsorbed ions into the solution.
Thus, CDI method can save energy like a supercapacitor
and simultaneously desalinate water [12]. The operation is
of cyclic mode, including adsorption/desalination cycle and
desorption/washing cycle sequentially [13]. Advantages of
the method include low voltage (to prevent electrolysis of
water), operation at ambient pressure and temperature, lack
of membrane, easy regeneration, no consumption or produc-
tion of toxic chemical by the system [1].

One of the challenges of CDI implementation is selec-
tion of the electrode material possessing high specific
surface area, high porosity, high electrical conductiv-
ity, fast adsorption—desorption responses and chemical
and electrochemical stability within a wide range of pH.
Although various kinds of carbon materials like activated
carbon [14], carbon cloth [15], carbon nanotubes [16],
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carbon aerogel [17], activated carbon fiber [18], graphene
[19], various carbon allotrope hybrids [20] have previ-
ously been studied as electrode materials in CDI systems,
however, the performance requires further improvement.
To name a few of the recent studies, a carbon aerogel-
polypyrrole (CA-Ppy) composite (with an adsorption
capacity of 10.1 mg/g) from resorcinol and formaldehyde
precursors was prepared by Beke et al. through sol-gel
method for the desalination of NaCl solution using the
hybrid CDI method. [21]. In a study by Miao et al. the CA
and Ppy/CA-x anodes were coupled with CA cathodes for
capacitive deionization [22]. The CA was derived from
carboxymethyl cellulose (CMC). The polypyrrole (Ppy)/
CA electrodes were prepared by grafting Ppy on carbon
aerogel (CA) via in-situ polymerization. The desirable
desalination performance was attributed to the posi-
tively charged nitrogen atoms of Ppy which could capture
C1™ well through the surface redox reaction in CDI. Liu
et al. reported construction of CA from leather wastes,
rich in N, O and S, by a one-step activated pyrolysis pro-
cess [17]. Distortional carbon nanocrystallites (DCNs) as
well as the self hetero-doping provided uneven surface
charge distributions, resulting in electrons and ions con-
ductivities as well as water wettability improvement of
the electrode. The enhanced adsorption capacity was also
attributed to the structural defects and doping which could
act as active sites [17]. Liu et al. reported the preparation
of a nitrogen-doped hierarchical porous carbon aerogel
(N-HPCA) for high-performance CDI [23].The CA was
derived from commercial chitosan (CS). They concluded
that the N-doping largely enhanced the conductivity and
surface wettability of the carbon material resulting in an
enhanced CDI performance. Yeh et al. prepared the coco-
nut shell-based activated carbon electrodes by a two-stage
activation method using the activation process of KOH
etching plus CO, gasification method [24]. They suggested
that the controlled mesoporosity of the electrode led to
higher specific capacitance and better rate capability as
compared to the commercial one. They concluded that the
enhanced mesoporosity could facilitate the ion transport
and also could boost the accessible surface area resulting
in the improved capacitive ion storage.

Since in CDI electrosorption process mesosized pores
enhance the ion adsorption [6], the objective of this work
was to explore the performance of carbon nanotube/carbon
nanoparticle hybrid aerogel as the electrode active mate-
rial due to possession of high mesoprosity. Besides, as in
carbon aerogel, carbon nanoparticles are linked together
by covalent bridges and the contact points between the
particles and the pores introduce an internal resistance, to
increase the electrical conductivity of the electrode, in this
study carbon nanotubes (due to 1D scale and high aspect
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ratio) were embedded in the CA as charge nanocollectors
or nanopathways to reduce the internal resistance [25].

2 Materials and method
2.1 Materials

All the chemicals including resorcinol (R), formaldehyde
(F), and sodium carbonate © were supplied by Merck.
The COOH-functionalized multi-walled carbon nanotubes
(purity >95%) were purchased from Nanosany Corpora-
tion. The MWCNT was of 10-20 nm outer diameter and
10-30 pm length with SSA of 200 m%/g. The MWCNT elec-
trical conductivity was greater than 100 S/cm as claimed by
the manufacturer.

2.2 Preparation of aerogel

A typical aerogel was synthesized by dispersing 1.3 wt%
of the functionalized MWCNT in deionized water using an
ultrasonic bath for 3 h. Afterwards, 4—13 wt% of resorcinol
and formaldehyde with a molar ratio of R/F=2 and sodium
carbonate as a catalyst with a molar ration of R/C=200 were
added to the solution. The mixture was then resettled in a
mold and aged in an oven at 85 °C for 3 days. The result-
ing gel was then soaked in an organic solvent to exchange
the solvent with water before being freeze-dried to yield
the RF aerogel. The carbonaceous aerogel was obtained by
pyrolyzing the RF aerogel at 1050 °C under N, atmosphere
for 3 h [26-28].

2.3 Fabrication of the CDI electrodes

To fabricate the working electrode, the aerogel as the active
material was first ground adequately then it was mixed with
carbon black as conductive additive and PTFE as binder
with 75%, 20% and 5% proportion. Again, the mixture was
ground for more adhesion and was moisturized by adding
few drops of ethanol. The mixture was then pressed as a
5 cm diameter circle on a nickel foam plate with diameter
of 82 mm (Fig. 1) followed by drying at 80 °C for 12 h. The
active area of each electrode was about 20 cm?. The total
mass loading on each electrode was 1 g whereas the capac-
ity was reported based on the active aerogel. The electrodes
were finally applied in a CDI cell made of Ertalon where
they were separated by a hollow center silicon gasket with
2 mm thickness.

2.4 CDI set-up and experiments

The experiments were conducted in batch mode by circulat-
ing the solution through the system. In each test, the solution
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Fig. 1 Schematic of the set-up
(a) and the fabricated electrode
(b) (a)
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was pumped through a peristaltic pump into the electrosorp-
tion unit cell, and returned into the reservoir under ambient
conditions. The reservoir was 250 mL. The salt concentra-
tion was continuously measured and monitored by a conduc-
tivity meter (PrismaTech company) using a predetermined
calibration curve. The voltage was applied by RN-3005D
power supply. The saturated electrodes were regenerated by
shorting the electrodes and washing them with fresh water

(Fig. 1).
2.5 Characterization

The morphology and microstructures of the samples were
studied by a MIRA3 TESCAN-XMU field emission scan-
ning electron microscope (FESEM). For identification of
the surface functional groups, FTIR spectra were recorded
using a Bruker Vector 33 spectrometer with KBr pellets. To
determine the BET specific surface areas of the samples,
adsorption—desorption isotherms of N, at 77 K were meas-
ured by an adsorption instrument (Belsorp mini-II). Pore
size distribution was evaluated using the BJH method. To
study the crystallinity of the structures, X-ray diffraction
(XRD) analyses were carried out on a Philips PW 1825 dif-
fractometer using Co Ka radiation (wavelength of 1.79 A)
under 49 kV and 30 mA with a step size of 0.002° and 0.5 s
per step.

Electrochemical behavior of the sample was studied in a
1.0 M NaCl electrolyte at room temperature using either a
three-electrode system or a two-electrode system. The work-
ing electrode was prepared by mixing the active materials
(80%) with acetylene black (15 wt%) and polytetrafluoro-
ethylene (PTFE) (5 wt%). The mixture was then coated on
a stainless steel substrate (1 cm?) as current collector and
dried at 80 °C for 4 h before being pressed under 15 MPa.
The reference electrode was Ag/AgCl and the counter elec-
trode was platinum. Electrochemical impedance (EIS) and
cyclic voltammetry (CV) were then measured. Superca-
pacitive characteristics of the sample was evaluated by an

electrochemical workstation (PGSTAT 204 Autolab, Neth-
erland). The specific capacitance derived from the discharge
curve was calculated by [24]:

IAt
C=—= M

mAV
where [ (A) is the current, ¢ () is the discharge time, m (g) is
mass of the loaded material on the electrode, AV (V) is the
potential change during the discharge process.

3 Results and discussion
3.1 Characterization of the electrodes

Structural texture of the synthesized aerogel can be seen
in Fig. 2. It is shown that carbon nanotubes are covered by
carbon nanoparticles which are formed during the carboni-
zation process most likely by seeding on their walls since
the CNTs diameters (> 50 nm) are larger than the widths
reported by the manufacturer (10-20 nm). In addition to
large individual carbon particles, strings of interconnected
smaller particles are depicted acting as conductive binder
in the network of CNTs. It seems that spreading the carbon
nanotubes throughout the structure strengthens the frame-
work. The porous structure is formed as a result of solvent
removal during the drying process and material decomposi-
tion through pyrolysis process.

X-ray diffraction (XRD) pattern was recorded to analyze
the crystallinity and structural order of the sample. Figure 3
shows that the dominant phase is amorphous and the struc-
ture is disordered. The major peaks emerged at 20 =30° and
51° correspond to 002 and 100 planes of graphitic carbon,
respectively [29, 30].

FTIR analysis was carried out to identify the functional
groups on the aerogel surface (Fig. 3). The absorption bands
emerged near 1142 cm™' and 1562 cm™ correspond to the
C-0O-C vibrations and C=C stretching vibrations of the
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Fig.2 FESEM images of the
aerogel
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Fig.3 a XRD pattern and b FTIR spectrum of the aerogel

aromatic rings. The broad band at 3415 cm™! is assigned to
the stretching vibrations of O—H bond indicating the exist-
ence of water on the surface [31]. Presence of surface oxy-
gen containing groups enhance hydrophilicity of the aerogel.

Specific surface area of the sample was measured to be
452 m*/g by standard BET (Brunauer—Emmett—Teller) anal-
ysis conducted at boiling temperature of nitrogen (77 K).
The plot of adsorption/desorption of N, at various rela-
tive pressures are depicted in Fig. 4. Nitrogen is adsorbed
into the micropores at low relative pressures (beginning of
the curves) and then starts filling the mesopores at higher
relative pressures. According to IUPAC classification,
the isotherms are of IV type whereas the hysteresis loop
with closure around P/P;~0.4 is of H3 type. Presence of
the hysteresis loop is due to the capillary condensation in
mesoporous regions [32]. The pore size distribution deter-
mined by BJH (Barrett-Joyner-Halenda) model showed
existence of micro and meso pores where t-plot measure-
ment confirmed the dominance of meso pores (2-50 nm) in
the structure (Table 1). Meso pores provide less resistance
for ion transport through porous electrodes. Pores with small
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Table 1 Structural properties of CNT_C aerogel

Mean pore diameter (nm)  Sggr (m% Q)

Smic (m2/ g)

Smeso (mZ/g) thal (1’1’13/g) Vmicro (m3/g) Vmeso (m3/g)

MWCNT-C Aerogels 6.9 452.3

180.7

271.6 0.782 0.188 0.594

sizes increase the steric hindrance and restrict the mobility
of ions. Hierarchical structures with meso pores enteries of
micro pores facilitates fast adsorption rate as well as high
capacitance [33]. According to Fig. 4 (inset), the pore sizes
were not uniform and the mean pore size was assessed to
be around 6.9 nm. The high specific surface area and pore
volume are characteristics of aerogel structure.

Cyclic voltammetry was conducted to study the elec-
trochemical behavior of the aerogel. Figure 5a shows the
CV curves at various scan rates (5—-100 mV/s) represent-
ing quasi-rectangular shapes indicating desirable capacitive
behavior and stability [34, 35]. As the scan rate increases the
current response increases accordingly and the CV curves
maintain their shapes implying that the ion transport is rapid
and the electrode has a satisfactory rate performance and
small internal resistance [36, 37]. Lack of recognizable
redox peaks indicates that no major Faradic reaction hap-
pens and NaCl electrosorption occurs through electrical dou-
ble-layer mechanism [38]. Galvanostatic charge—discharge
(GCD) measurement of the sample at different current den-
sities (1-16 A/g) is demonstrated in Fig. 5b. GCD curves
show almost isosceles triangles indicating the symmetry
between charge and discharge and representing an excel-
lent reversibility and capacitive properties of the electrode
material and almost the linear voltage—time dependence.
The ohmic resistance of ionic transport and diffusion into
the pores is reflected in the voltage drop (iR) at the turning
point of charge/discharge profile which can be reduced by
mesoporosity [24]. Figure Sc depicts the specific capacitance
vs. scan rate (mV/s). As the scan rate increases the specific
capacitance decreases which could be due to insufficient
time for the electrolyte ions to diffuse into the electrode
pores. At high scan rates the slope decreases indicating low
resistance for ion diffusion [17]. Figure 5d shows the spe-
cific capacitance vs. current density (A/g). It can be seen
that the specific capacitance at 1 A/g is as high as 293 F/g
(measured by 3 electrode cell and 212 F/g measured by two-
electrode cell) which can be attributed to the high surface
area and desirable pore size distribution [39]. As the current
density increases the specific capacitance decreases which
could be due to Ohmic drop and sluggish kinetics of elec-
trochemical activities. To examine the stability of the elec-
trode, capacitance retention of the electrode was measured
in 3000 cycles. It can be seen from Fig. Se that the electrode
retained more than 95% of its initial capacitance during the
repeated charge—discharge process. To investigate the con-
ductivity of electrode material and internal resistance of the

electrode, electrolyte and ion diffusion into the electrode,
electrochemical impedance spectroscopy was utilized. The
Nyquist plot seen in Fig. 5f is fitted to and interpreted by an
equivalent electric circuit (Fig. 5g). It shows a semicircle in
the high frequency region and an oblique line corresponding
to Warburg impedance at low frequency region related to the
diffusion in electrolyte. The large slope suggests fast ion dif-
fusion rate [22, 40, 41]. Charge transfer resistance (R) can
be evaluated from the diameter of the semicircle which is in
parallel with double-layer capacitance (Qy,) at the interface
between the electrode and electrolyte solution. The starting
point of the semicircle (R,) represents the bulk resistance
including the contact resistance.

3.2 CDI performance

Among several electrochemical reactions and processes
involved in CDI system, like capacitive ion storage, ion
kinetics, and non-Faradic chemical surface charge, and car-
bon redox reactions, water chemistry, the main reaction is
the ion storage which is strongly influenced by surface area
and pore size distribution [42]. Performance of CDI sys-
tem is mainly assessed by its electrosorption capacity. For
a given feed water composition and electrode geometry and
material, the capacity is affected by key operating param-
eters like applied voltage, initial ion concentration, and flow
rate of solution passing over the electrodes.

For ion electrosorption in CDI system, the applied voltage
plays as driving force. Theoretically, higher applied volt-
age is associated with more free electric charge on the elec-
trode surface and stronger electrostatic forces resulting in
enhanced ion removal. However, since the standard potential
of water electrolysis is 1.23 V, the increase in voltage should
be limited. Hence, the electrode potential is a crucial factor
to avoid redox reactions and minimize the power consump-
tion. In practice, a slightly larger voltage than 1.23 V may be
applied due to existence of resistance in the circuit. Deioni-
zation curves versus time at various voltages are depicted in
Fig. 6a. The decrease in the solution electrical conductivity
is an indication of ion adsorption. In this work, the voltage
varied between 1.2 and 1.8 V and the cell voltage of 1.6 V
which resulted in high capacity (Fig. 6b) was fixed for the
next experiments as consistent with the previous studies [11,
43].

During the experiment, the solution pH changed from
6.58 to 7.55. The increased pH might be caused by reduction
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of dissolved oxygen in the solution reservoir producing
OH™ [33]:

HO; + H,0 +2¢~ — 30H (E" = 0.87V) )

2C1~ - Cly(aq) + 2e~(E" = 1.39V) 3)

At higher voltage, oxidation of chloride can lower the
pH [33], noting that the resistance at contact points causes
a drop in the applied voltage.

Ion concentration affects the electrical conductivity of
the solution so that lower concentration translates to slower
kinetics. It also alters the ionic strength that determines the
hydrated ion diameter. Higher ionic strength leads to smaller
hydration shell and easier transport of ions into pores [33].
A balance between ion accessibility for electrosorption and
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co-ion electrostatic repelling within confined pores deter-
mines the optimal ion concentration [44]. Figure 7a shows
variation of electrical conductivity with time at various ini-
tial salt concentrations and the affected adsorption capacity
is demonstrated in Fig. 7b. Initially, as the ion concentration
increases the capacity also sharply increases up to a point
where further increase in concentration has small effect on
the capacity which can be due to the lack of excess adsorp-
tion sites. This behavior has been observed in previous stud-
ies [40, 45].

Variation of electrical conductivity with time at various
flow rates is depicted in Fig. 8a and the variation of adsorp-
tion capacity can be seen in Fig. 8b. Low flow rate is in
favor of EDL formation [40] and as the flow rate increases
the residence time of ions in the cell decreases; however,
better mixing is achieved. Therefore, the adsorption capacity
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Fig. 7 Variation of electrical conductivity vs. time at various initial salt concentrations (a), variation of capacity vs. concentration (b)
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reservoir

is affected by the resultant of these opposing effects up to
a point where the electrode gets saturated and the capacity
does not remarkably change with the flow rate.

To study the kinetics of the electrosorption process, which
is linked to the mass transport rate of ions driving from bulk
solution onto the surface of electrode, the experimental data

was fitted to the pseudo-second order model (Eq. 4):
t 1 r
7. “

where ¢, and g, are capacities at time (¢) and at the equi-
librium state, respectively, and k, is the rate constant
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Table 2 Parameters of pseudo-second order kinetic model for various
concentrations

Concen- e exp. (mg gil) k2 (g e cac (ng gil) R
tration mg~! min~!)

(mg/L)

538 20.5 0.0097 21.73 0.9897
1000 42.08 0.0115 42.01 0.9561
1840 49.24 0.0414 52.63 0.9868

(g mg~! min~!). Figure 9 shows satisfactory correlation
between the experimental data and the linearized kinetic
model. The parameters (g, and k,) can be obtained from
slope and intercept of the curves. Table 2 shows that as the
solution concentration increases, the rate constant and the
equilibrium capacity also increase. The calculated ¢, is con-
sistent with the experimental capacity (g,).

The effective surface area (A,;) was calculated by the
following equation [44]:

Na+qENA

Aeﬁ" =

5
My,ci ®
where ry,, is the radius of hydrated Na* (3.58 A) [46],
N, is Avagadro number (6.02 X 10* mol™"), My, is the
molecular weight of NaCl (58.44 g mol™!). At 1000 mg g™*
salt concentration, Aeﬁ was evaluated to be around 38.5% of
the BET specific surface area. This can be attributed to the
rather small mean pore diameters so that the pores (< 6.4—8
A in width depending on the electrolyte concentration) can-
not be effectively used due to the EDL over- lapping effect
of micropores [47]. The electrical double-layer thickness is
typically of a few nanometers. In CDI, the EDL overlapping
takes place within confined pores of the charged electrodes
limiting accessible surface area for ions [47].
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Table 3 Capacity of various electrode materials
Electrode material NaCl concentra-  Flow rate Capacity Specific capacitance References
tion (mg/L) (mL/min) (mg/g) (F/g) at the applied conditions

Graphene bonded CNFA 500 25 15.7 220 [48]
N-doped aerogel 500 25 17.9 153 [23]
Leather waste carbon aerogel 500 10 20.92 97.57 [17]
RGO/ACF-10 400 15 7.2 193 [49]
MWCNT/PVA 584 10 13.07 474 [47]
Activated carbon 58.4 10 6.03 72.5 [47]
N-CNFA 1000 50 17.29 356.4 [40]
CNFA 12.81
Bio-based carbon: [13]

CCS 500 25 16.1 109.9

PC 500 12.3 16 120

DSAC 250 10 22.5 400
Ordered mesoporous carbon (OMC) 500 20 10.83 - [50]
PCF 500 Static 30 - [44]
Carbon aerogel (CA) 500 75 2141 - [46]
Carbon aerogel (CA) 50 400 0.58 220 [39]
CNT 5000 10 8.25 15.03 [51]
AC 1168 Static 3.96 - [52]
CA/Ppy composite 800 Static 15.7 360.1 [21]
CA 115
Ppy/CA-2 500 - 34.03 148.8 [22]
CNT-doped carbon aerogel 1000 20 42.08 212 This work

Table 3 lists the adsorption capacities of various car-
bonaceous electrode materials in CDI cells. Compared to
these materials, the synthesized electrodes in this work is
quite promising since the continuous carbon nanotubes and
the interconnected carbon particles enable fast electron/ion
transport. Besides, high specific surface area and high mes-
oporosity provide adequate ion transfer passage way.

4 Conclusion

In this investigation, carbon aerogel containing carbon nano-
tubes was synthesized by traditional sol-gel method. Vari-
ous characterization techniques confirmed the outstanding
structural properties and electrochemical behavior of the
aerogel (specific capacitance of around 212 F/g and cyclic
stability over 3000 cycle). The sample was subsequently
utilized in a capacitive deionization system as the electrode
active material. Effect of various operating parameters like
applied voltage, initial salt concentration, and solution flow
rate were studied in a recirculating CDI cell. It was observed
that the system operated well at a voltage a bit larger than the
standard potential of water electrolysis because of the cir-
cuit resistances. Increase in the flow rate initially improved
the capacity until establishing a mild plateau. Furthermore,

increase in the salt concentration raised the adsorption
capacity. The kinetic of the electrosorption process prop-
erly followed the pseudo-second order model and the salt
concentration remarkably dropped within initial 10 min.
Notably, the flexible synthesis approach allows the fabrica-
tion of many other hybrid carbon aerogels to further improve
the CDI performance.
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