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emically synthesized polypyrrole
with hydro-sponge characteristic as electrode in
water desalination†

Jiangtao Feng,a Qian Zhang,a Jiajing Wang,a Honghui Yang,a Hao Xu*a and Wei Yan*ab

In this article, the chemical oxidative approachwas employed to synthesize bulk sponge-like polypyrrole; p-

toluenesulfonate (pTSNa), sodium benzene-sulfonate (BSNa) and sodium nitrate (NaNO3) were chosen,

respectively, as doping agents to modify the sponge polypyrrole. The microstructure, specific surface

area and electrochemical activity of doped polypyrrole samples were characterized. Through repeated

expansion and contraction tests, it was proved that the bulk polypyrrole samples exhibited excellent

sponge property. To investigate the potential desalination ability, this type of sponge-characteristic

polypyrrole was processed into electrodes, and applied in saline solution to remove sodium ions by the

electrochemical approach. The results showed that the sponge polypyrrole performed wonderful

desalination effect with above 20 mg Na+ for per gram polypyrrole.
1. Introduction

In recent years, the electro-sorption, also known as capacitive
deionization, has attracted extensive attention for its high
energy-efficiency, non-chemical addition, and excellent ion
removal performance at high ionic concentration.1 This tech-
nique could realize efficient desalination at low voltages by the
reversible charge/discharge process on the capacitor electrodes.
Therefore, the electrode material with high adsorption capacity
is essential for the application of electro-sorption technology.2

Carbon-based materials, such as active carbon,3,4 carbon
nanotubes5,6 and graphene,7 have been widely studied as elec-
trodematerials for their porous structure, excellent conductivity
and large specic surface area. Since the carbon-based elec-
trodes are usually two-dimensional structure and the electro-
adsorption takes place on the electrode and aqueous solution
interface, the electro-adsorption capacity is drastically inu-
enced by the effective surface area. There are various
approaches to improve the effective surface area,8–10 however,
the low adsorption capacity still remain one of the drawbacks
that limit the application of carbon materials in the electro-
sorption process.

Recently, the conductive polymers (CPs) are becoming one of
the attractive candidates as electrode material to enhance the
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adsorption capacity.11–13 The ion exchange between the polymer
and the aqueous solution takes place simultaneously with
the charge/discharge (doping/de-doping) process of conducting
polymers.14 Furthermore, the ion exchange of conducting
polymers can be realized both in the interior (polymer matrix)
and on the surface of the electrode, which implies that it
is a three-dimensional process instead of two-dimensional
one.15 Thus, it is speculated that the CPs may display better
electro-sorption capacity than the conventional carbon-based
materials.

Among various CPs, PPy is considered to be an appropriate
electrode material for electro-sorption, given its intrinsic good
electrical conductivity, environmental stability, biocompati-
bility and the ease of synthesis.16,17 In addition, PPy usually
presents fast doping/de-doping process, which is benecial for
the rapid charge exchange (or ion exchange) in the polymer
matrix.18 More importantly, the conductive performance of PPy
can be substantially improved through the ion doping process
during its preparation procedure. According to literatures, there
are several ions that can be employed as the counter anions in
the matrix of PPy.19,20 The largest amount of the counter anions
in the doped PPy is about 30% in molar ratio.21,22 Whereas,
organic or inorganic ions can both be as the counter anions
doped in PPy matrix and can be exchanged by other ions.23 The
ion exchange type primarily depends on the size of the counter
anions. The anion exchange behavior is mainly exhibited when
PPy is doped with small anions because of the high mobility of
these ions in the polymer matrix.24,25 On the contrary, the cation
exchange is found to take place in the PPy doped with large-
sized anions, as these ions are trapped in the PPy matrix.15,26,27

Both anion and cation exchanges can be observed when the
dopant anions are medium size which is larger than the size of
RSC Adv., 2015, 5, 71593–71600 | 71593
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Cl�, NO3
�, SO4

2�, while smaller than that of polymeric dopants,
anionic polyelectrolytes or large surfactant anions.28,29 The
dopants could signicantly affect the physicochemical proper-
ties of PPy, such as conductivity, morphology, solubility and
adsorption performance,30–33 and this will further affect the
electro-sorption performance of PPy.

In most of relevant studies, the structure of the doped PPy
served as the electro-sorption electrodes, is two-dimensional by
their synthetic method.2,13 Sadly few studies are devoted to the
three-dimensional electro-sorption process using hydro-sponge
PPy as the bulk electrodes. It is reported that the hydro-sponge
PPy consisting of nano-tubes has very good water absorption
property and the water-storage capacity of 65 g g�1.34 In this
study, bulk polypyrrole with hydro-sponge performance was
successfully fabricated by the straightforward chemical poly-
merization without any dopant, which exhibited excellent
swellability. The hydro-sponge PPy was used as the three-
dimensional electrode without any other substrate to investi-
gate its electro-sorption desalination performance.
2. Experimental
2.1. Materials

Pyrrole monomer (Mr ¼ 67.09, 98%) purchased from Qingquan
Pharmaceutical & Chemical Ltd (Zhejiang, China) was distilled
under vacuum and kept in refrigerator under the protection of
nitrogen before use. Ferric chloride hexahydrate(FeCl3$6H2O,
Mr ¼ 270.29, 98%), sodium p-toluenesulfonate (pTSNa,
C7H7SO3Na, Mr ¼ 194.18, 99%), sodium benzene-sulfonate
(BSNa, C6H5SO3Na, Mr ¼ 180.16, 99%), sodium nitrate
(NaNO3, Mr ¼ 84.99, 99%) and sodium chloride(NaCl, Mr ¼
58.44, 99%) and graphite powder (99.83%) were analytical
reagent and used as received (Sinopharm Chemical Reagent
Co., Ltd, Shanghai, China).
2.2. Preparation of hydro-sponge PPy

The hydro-sponge PPy was synthesized by the chemical method
of in situ polymerization. The typical process is as follows:
pyrrole monomer (10 mmol) was mixed with 30 ml deionized
water and kept magnetic stirring for 60 min to ensure uniform
mixture. Then, 30 ml FeCl3 aqueous solution (1.0 M), as
oxidizing agent, was added dropwise into the mixture in 2
hours. The mixture solution was then stayed without any
agitation for another 24 h at ambient temperature. The as
prepared PPy, which is sponge-like in appearance, was
immersed in a large amount of deionized water at least for a
week to remove the oligomers of pyrrole and initiators. The
deionized water was changed every 12 hours.

Since FeCl3 was used as the oxidant during the synthesis, the
counter ion Cl� entered into the PPy matrix as dopant, there-
fore, this was denoted as PPy/Cl�. pTSNa, BSNa and NaNO3

were also employed as the dopant. To prepare the hydro-sponge
PPy doped with pTS�, BS� and NO3

�, the dopant was dissolved
in deionized water rstly. And the subsequent process was
similar with the synthesis of PPy/Cl� and FeCl3 was also used as
the oxidant in the synthesis process. Because of sodium salt was
71594 | RSC Adv., 2015, 5, 71593–71600
used as the dopant, the hydro-sponge PPy was immersed in HCl
(1.0 mol L�1) solution for 60 min to remove Na� from the as-
prepared PPy aer static synthesized for 24 h. Finally, large
amount of deionized water was used to equilibrate the hydro-
sponge PPy to the neutral state. The hydro-sponge PPy doped
with pTS�, BS� or NO3

� with different molar ratios(3 : 1, 2 : 1,
1 : 1, 1 : 2, 1 : 3) of pyrrole monomer and various dopants
(pTSNa, BSNa and NaNO3) were denoted as PPy/A�(3 : 1), PPy/
A�(2 : 1), PPy/A�(1 : 1), PPy/A�(1 : 2), PPy/A�(1 : 3), respectively.
Here, the A� could be pTS�, BS� or NO3

�.
2.3. Preparation of PPy carbon paste electrodes

To examine the electrochemical properties of the as-prepared
hydro-sponge PPy, the PPy carbon paste electrodes were
prepared. For this purpose, the as-prepared hydro-sponge PPy/
A�, graphite powder and paraffin were placed in a mortar with
ratio of 10 : 60 : 30 (w/w) and milled for 30 min to thoroughly
mix. The mixtures were then inserted into the glass tubes with 4
mm in diameter, using the copper wire to make the electrical
connection. The surface of the resulting paste electrodes was
smoothed by a weighing paper.

The carbon paste electrode without PPy/A� as the control
material was also prepared by the same method except without
PPy/A� materials added in the preparation process.
2.4. Characterization and measurements

The morphologies were characterized by the eld emission
scanning electron microscopy (FESEM, JSM-6700F, Japan). FT-
IR spectra of the dried samples were obtained on a Bruker,
TENSOR37 infrared spectrometer with KBr pellets. The specic
surface area (SBET) was measured at 77 K using the Builder SSA-
4200 instrument (Beijing, China). The electrochemical activity
of the as-prepared PPy was recorded with a LK3200-type elec-
trochemical potentiostat (Tianjin LANLIKE Chemistry Elec-
tronic Technology CO., Ltd) using a three-electrode system. The
hydro-sponge PPy was prepared into carbon paste electrode as
the working electrode, the Pt electrode as the counter electrode
and the Ag/AgCl electrode as the reference, NaCl solution (1000
mg L�1) was as the electrolysis. The concentration of Na+ in
solution was measured by the Na+ selective electrode (6810, Rex)
which was connected to a pH meter (PHS-3C, Rex, Shanghai
INESA Scientic Instrument CO., Ltd).
2.5. Measurement of swellability

As shown in Fig. 1, the swellability of hydro-sponge PPy was
measured by recording the heights of the hydro-sponge PPy in
sopping and dehydration states, respectively. The swellability of
the PPy was calculated according to the following equation:

Expansion ratio ¼ height of PPy after sopping up

height of dehydrated PPy
(1)
This journal is © The Royal Society of Chemistry 2015



Fig. 1 Macroscopic appearance of hydro-sponge PPy in sopping and
dehydration states.

Fig. 2 Flow chart of the electro-sorption system.
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2.6. Measurement of the ratio of the desalination

The electro-sorption performance for Na+ was carried out using
the system shown in Fig. 2. In the experiment, the pristine
hydro-sponge PPy/A� (not the carbon paste electrode) was
directly served as the working electrode, connected to the power
supply by a platinum wire. The graphite electrode was used as
the counter electrode. The aqueous solution with different
concentrations of Na+ ew into the reaction vessel from the
bottom and ew out from the upper part. The Na+ ions were
adsorbed in the reaction vessel by the hydro-sponge PPy elec-
trode under the electro-sorption condition. The potential of was
2.0 V and the electro-sorption process lasted 60 min, then
measure the Na+ concentration of the solution. The removal
efficiency of the Na+ was calculated according to eqn (2):

Rð%Þ¼ C0 � Ce

C0

�100% (2)

where R is the removal efficiency; C0 (mg L�1) is the initial Na+

concentration; Ce (mg L�1) is the Na+ concentration aer
treatment.

When the electro-sorption of the hydro-sponge PPy electrode
reaches saturation, then the hydro-sponge PPy connected to the
positive pole of the power and the graphite connected to the
negative pole with the deionized water instead of Na+ solution
to investigate the desorption property of the PPy samples. The
desorption process lasted for 60 min with the potential of 2.0 V
to insure the complete desorption. The ratio of desorption was
calculated according to eqn (3):

R0ð%Þ¼ ðCwe � CwoÞV
mQe

�100% (3)
This journal is © The Royal Society of Chemistry 2015
where R0 is the desorption ratio; Cwe (mg L�1) is the Na+

concentration of the deionized water aer desorption equilib-
rium; Cwo (mg L�1) is the initial Na+ concentration of the
deionized water; V (L) is the volume of the deionized water used
as the desorption solution; m (g) is the mass of hydro-sponge
PPy electrode; Qe (mg g�1) is the specic electro-sorption
capacity of hydro-sponge PPy in equilibrium state. Qe was
calculated by eqn (4):

Qe

�
mg g�1

�¼ R�V �C0

m
(4)

where R (%) is removal efficiency of the Na+; V (L) is the volume of
the Na+ solution used at the electro-sorption process; C0 (mg L�1)
is the initial Na+ concentration;m (g) is themass of hydro-sponge
PPy material.

3. Results and discussion
3.1. Swellability of as-prepared PPy

The swellability of the as-prepared PPy/A� was carried out by
calculating the expansion ratio of synthesized polypyrrole
samples during the sopping up/dehydration for 10 cycles. The
data in Table 1 shows the swellability of PPy/Cl� sample. The
PPy/A� with different molar ratios of Py and A�(A – represents
pTS�, BS� or NO3

�) were also studied (see Table S1†).
As observed, the expansion ratios of PPy/A� with different

anions exhibit the similar tendency. It declines slightly as the
sopping up/dehydration cycles going on. Still, all values main-
tain above 1.0 all the time. The data illustrate that PPy/A�

possess constant expansion performance during the experi-
ment process. All the expansion values are in the range between
1.03 and 1.38, which suggests that the hydro-sponge PPy doped
with different anions might have good adsorption performance
for the electro-sorption process.

The morphologies of the hydro-sponge PPy/Cl� before and
aer 10 sopping up/dehydration cycles are shown in Fig. 3. It can
be seen that the morphologies of PPy/Cl� are both cauliower-
like particles before and aer the sopping up/dehydration
cycles, which means the structure of the as-prepared PPy/Cl�

maintains intact aer the operation. However, the hydro-sponge
PPy/Cl� appears plump before the dehydration and wizened a
little aer the dehydration. This may be respect that the water
loss in the dehydration and the sopping up in the inverse process
of hydro-sponge PPy/Cl� and the microstructure of the hydro-
sponge PPy/Cl� is not broken in the sopping up/dehydration
cycles. The same phenomena also displayed in other PPy/A�

(A� represents pTS�, BS� or NO3
�). There was literature34 about

PPy with sponge performance. The microstructure of PPy was the
symbiotic state of bers and particles. And the contents of
particles controlled the swell–shrink performance. In this work,
the microstructures of all PPy samples appear pure particles,
which also had a well sponge performance. The swell–shrink
process could be repeated 10 times at least.

3.2. FT-IR spectroscopy analysis

The FT-IR spectroscopy analysis was employed to examine the
structure of the as-prepared PPy samples (Fig. 4). In the FT-IR
RSC Adv., 2015, 5, 71593–71600 | 71595



Table 1 Expansion ratio of PPy/Cl� for 10 sopping up/dehydration cycles

Cycle 1 2 3 4 5 6 7 8 9 10

Expansion ratio 1.17 1.15 1.15 1.13 1.13 1.13 1.13 1.13 1.11 1.09

Fig. 3 SEM images of hydro-sponge PPy/Cl� before (a) and after (b) 10 sopping up/dehydration cycles.
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spectra, the absorptions centered at 1541 and 1462 cm�1

correspond to the C–C and C–N vibration in pyrrole rings; the
peaks at 1298, 1180 and 1039 cm�1 can be attributed to the C–H
in-plane stretch vibration. The peak at 963 ascribed to the C–C
out-of-plane bending vibration, while other bands at 910 and
787 cm�1 are C–H out-of-plane deformation.35–37 In the FT-IR
spectra, the proles of the sample curves are similar with
each other except PPy/NO3

�. The excessive peaks at 1705 and
1383 cm�1 attributed to the N–O asymmetric stretch and
symmetric stretch were observed in the FT-IR spectrum of PPy/
NO3

�, indicating that PPy was doped by NO3
�.38 Meanwhile,

there are no distinct peaks for the existence of pTS� and BS� in
the FT-IR spectra of PPy/pTS� and PPy/BS�. This phenomenon
is from the reasons as follows: rstly, a large amount of the HCl
solution and a large amount of deionized water washing
removes the pTS� and BS� from PPy more easily than NO3

�;
secondly, the characteristic absorption peaks for pTS� and BS�

are not distinguished from that of PPy. However, the obvious
characteristic peaks of PPy here conrmed the polymerization
of pyrrole and the similar backbone of each PPy samples.39

Combining to the synthesis process, the as-prepared PPy
Fig. 4 FT-IR spectra of PPy/A� samples.

71596 | RSC Adv., 2015, 5, 71593–71600
samples show typical cauliower morphologies except the
different size (please see the SEM images).

3.3. BET measurement

The specic surface area of materials has dramatic inuence on
the adsorption performance. Therefore, the specic surface area
of various PPy/A� samples was studied. As shown in Table 2,
changing the doping quantity greatly inuences the specic
surface area of PPy/A�. Among all samples, PPy doped with
nitrate ions has larger specic surface area than the PPy doped
with sulfonate ions. The maximum specic surface area of 9.02
m2 g�1 is obtained on PPy/NO3

�withmolar ratio of 1 : 3, which is
nearly twice higher than that of PPy/Cl�. In contrast, the surface
area of PPy/pTS� (1 : 1) is quite small for only 1.09 m2 g�1, which
is consistent with the small grain diameter shown in the SEM
images (Fig. S1–S3†). This may be ascribed to the close attach-
ment between these small-size particles. As speculated, the
porosity of the accumulated structure may be affected, rendering
the small BET value.

3.4. Electrical properties of PPy samples

The cyclic voltammetry(CV) curves of different PPy/A� carbon
paste electrodes are shown in Fig. 5. To compare the variety of the
electrochemical performance of the same PPy/A� with various
molar ratios, the CV curves of the PPy/A� with different molar
Table 2 Specific surface areas of PPy/A� doped with different
counter-ions

Samples Specic surface area (m2 g�1)

Py : dopant Uncertainty 3 : 1 2 : 1 1 : 1 1 : 2 1 : 3

PPy/Cl� 4.43 — — — — —
PPy/pTS� — 2.34 5.15 1.09 3.75 5.37
PPy/BS� — 2.86 5.03 6.03 7.61 8.17
PPy/NO3

� — 7.78 0.60 7.69 8.40 9.02

This journal is © The Royal Society of Chemistry 2015
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ratios of pyrrole monomer and A� (pTS�, BS�, NO3
�) in the

synthetic process are also given (see Fig. S4†). From the CV
curves, it can be seen that the area surrounded by the CV curves
of PPy/pTS�(2 : 1), PPy/BS�(1 : 2) and PPy/NO3

�(1 : 1) are larger
than that of the PPy doped with the same anion in other ratios
(Fig. S4†), and it is also larger than that of the as-prepared PPy/Cl�.
Meanwhile, the specic capacitances of the carbon paste elec-
trodes with or without the PPy/A� materials were also computed
according to the CV curves. And the values are 2.41 F g�1 for
carbon paste electrode without PPy/A�, 13.96 F g�1 for carbon
paste electrode with PPy/Cl�, 25.34 F g�1 with PPy/NO3

�,
37.23 F g�1 with PPy/BS�, and 48.56 F g�1 with PPy/pTS�,
respectively. To compare with the electrodes with PPy/A�, the
specic capacitance of carbon paste electrode without PPy/A� is
so small that it can be neglected in the further experiments. In
theory, larger area means better electrochemical performance
and better capacitance performance, which is in favor of the
electro-sorption for the electrochemical switchable ion
Fig. 5 CV curves of different carbon paste electrodes with or without
PPy/A� (electrolysis: 1000 mg L�1; scan rate: 100 mV s�1).

Fig. 6 Influence of time on the adsorption/desorption ratio of PPy/Cl�.

Table 3 Specific electro-sorption capacity of PPy/Cl� electrode in diffe

Concentration experiment (operating voltage: 2.0 V op

Initial concentration of Na+ (mg L�1) 20

PPy/Cl� The removal efficiency of Na+ (%) 27
Specic electrosorption capacity
(mg(Na+)/g(PPy/Cl�))

4

This journal is © The Royal Society of Chemistry 2015
exchange (ESIS).14 So the PPy/pTS�(2 : 1), PPy/BS�(1 : 2) and
PPy/NO3

�(1 : 1) are selected to examine the electro-sorption
properties of PPy doped with various anions in the following
section.

On the other hand, PPy/pTS�(2 : 1) and PPy/BS�(1 : 2) have
different patterns with PPy/NO3

�(1 : 1) and PPy/Cl�. There is a
tiny reduction peak appearing at �0.25 V vs. Ag/AgCl in the CV
curves of PPy/pTS�(2 : 1) and PPy/BS�(1 : 2). Generally
speaking, the cyclic voltammogram of polypyrrole could have 4
peaks, representing cation ejection, anion insertion, cation
insertion and anion ejection, respectively.40 According to liter-
atures, the reduction peak at�0.25 V vs. Ag/AgCl corresponds to
the cation insertion process, which can be represented by the
following formula:24

(PPy)0n(PPy)
+
nA

� + C+ + e / (PPy)02nA
�C+ (5)

This phenomenon can be analyzed from the fact that BS�

and pTS� both possess the similar structure that belongs to the
aromatic sulfonate series. Therefore, PPy/pTS�(2 : 1) and PPy/
BS�(1 : 2) have the cation exchange performance. However, PPy/
NO3

� samples do not exhibit the peak relating to the cation
insertion process, which indicates that they have the same
electrochemical activity with that of PPy/Cl�. They display the
electric double layer capacitance performance, and the electro-
sorption of cations would be different from that of PPy/
pTS�(2 : 1) and PPy/BS�(1 : 2).
3.5. PPy/A� electrodes used in the electro-adsorption/
desorption

3.5.1. Inuence of Na+ concentration. Considering the
details of the electro-sorption and energy consumption in this
study, the desalination experiment was carried out at the voltage
of 2.0 V in a 40 ml reaction vessel at room temperature. The
PPy/Cl� sample was chosen as the working electrode to examine
the inuence of the original Na+ concentration on the electro-
sorption performance. Five Na+ concentrations were chosen,
namely 200 mg L�1, 500 mg L�1, 1000 mg L�1, 2000 mg L�1 and
35 000 mg L�1, and the results are shown in Table 3.

As observed, although the removal efficiency of Na+ decline,
the adsorption quantity of Na+ into the as-prepared PPy mate-
rials gradually rises along with the increase of initial Na+

concentration during one hour in the concentration range of
200–2000 mg L�1. With the Na+ concentration further
increasing to 35 000 mg L�1, the number of ions in the solution
greatly enhances, which indicates that the current efficiency of
the electrode system is promoted under the same voltage.
rent Na+ concentrations

erating time: 60 min)

0 500 1000 2000 35 000

.38 26.37 20.61 20.84 32.55

.58 10.99 17.18 34.74 949.45

RSC Adv., 2015, 5, 71593–71600 | 71597
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Therefore, better removal efficiency (32.55%) and specic
electro-sorption capacity of 949.45 mg g�1 under the high Na+

concentration is achieved.
The reason why Na+ concentration of 35 000 mg L�1 was

chosen is that is the standard Na+ concentration of sea water
according to the literatures.41 For practical consideration, this
value was included to examine the adsorption effect of PPy
electrode for salt water with high concentrations. A high specic
electro-sorption capacity of 949.45 mg g�1 was obtained in one
hour, which suggests that this kind of PPy material with a great
saturated electro-sorption capacity can be adapted to the desa-
lination of high salt concentration solution.

3.5.2. Inuence of reaction time. The Na+ concentration of
1000 mg L�1 was chosen to examine the effect of contact time
on adsorption performance. Along with the operation going on,
both the adsorption capacity and desorption capability
increases. The adsorption rate tends to be stable in 3 hours at
2.0 V, while desorption rate reaches a stable value of 50% in 2
hours in desorption experiments (Fig. 6).

3.5.3. Inuence of counter ions on the desalination. In this
section, the hydro-sponge PPy doped with pTS�, BS� and NO3

�

as working electrodes were used to remove Na+ from the solution
(1000 mg L�1) by electro-sorption. The adsorption removal ratios
of PPy/A� with various pyrrole and dopant ratios are shown in
Fig. 7. The adsorption removal behavior of the hydro-sponge PPy
electrodes with different dopants is clearly different from each
other. Meanwhile, the adsorption removal behavior of the hydro-
sponge PPy/A� with different ratios of the same counter ion is
also different. Among all the samples, PPy/pTS� exhibits better
adsorption removal efficiency in all ratios of the dopant.

On the other hand, the PPy/A�(pTS�, BS�, NO3
�) with the

optimal doping ratio, which has the best adsorption removal
behavior towards Na+, is also discrepant. The optimal doping
ratio is 2 : 1 for PPy/pTS�, 1 : 2 for PPy/BS� and 1 : 1 for PPy/
NO3

�, and the best removal efficiencies are 33.04%, 30.56% and
31.75%, respectively. According to eqn (4), the specic electro-
sorption capacities were computed as 27.53, 25.47 and 26.46
mg g�1, which are higher than that of PPy/Cl� in the same
concentration of Na+ solution. While the specic electro-
sorption capacity of these three materials for the high Na+

concentration solution (35 000 mg L�1) are 1148.29, 1102.79
and 1108.92 mg g�1, respectively. This phenomenon indicates
that the doping ions have disparate effect on PPy, which leads to
the differences of electrochemical activity and microstructure.
As a result, the optimal doping ratio of PPy/A� differs according
to different counter ions.
Fig. 7 Desalination efficiency of (a) PPy/pTS�, (b) PPy/BS�, (c) PPy/
NO3

� electrodes in different doping ratios; other operation conditions:
Na+ concentration of 1000 mg L�1; voltage at 2.0 V; adsorption time
for 3.0 h.
3.6. Stability of desalination

The reusing and desorption properties of the hydro-sponge PPy/
A� electrodes were also studied to conrm the stability of this
type of electrode as shown in Fig. 8. The adsorption rates of the
electrodes decline dramatically from 30% to around 13% in the
rst 3 cycles. The adsorption rates decline slightly aer reusing
for 3 times. Comparing the data, it is found that PPy samples
doped with pTS� and BS� have better stability than that of the
PPy doped with Cl� and NO3

�.
71598 | RSC Adv., 2015, 5, 71593–71600
This is because that the ion exchange behavior of PPy in
electrochemical process is associated with the size of the doped
ions. The pTS� and BS� ions belong to medium size ions,28 and
Cl� and NO3

� ions are smaller ones.24,25 Therefore, the desali-
nation performance of the PPy/A� is different due to the size of
the dopants. This is because physical-sorption also plays a role
in the former processes. Aer a few cycles, the sites of physical
adsorption tend to be saturated.

3.7. Comparison of physical-adsorption and electro-
adsorption

It is speculated that the physical-sorption is inevitable to
contribute to the adsorption capacity in the adsorption
This journal is © The Royal Society of Chemistry 2015



Fig. 8 Adsorption rate of PPy/A� in the cycle experiments.

Fig. 9 Comparison of physical-adsorption and electro-adsorption in
the experiment.

Fig. 11 Desorption rates of PPy/A� electrodes in static state and flow
state.

Paper RSC Advances
process.42 For the hydro-sponge PPy, the ions in water can
get fully contact with the electrode surface, and certain
amount of water can be stored in the hydro-sponge PPy
electrode. However, as shown in Fig. 9, the physical-sorption
is not very important in the electro-sorption process. This
means that the hydro-sponge PPy/A� prepared in this study
has an excellent electrochemical capacitive adsorption
property, and the physical-sorption as a kind of irreversible
adsorption behavior has slight inuence on the adsorption
performance.
Fig. 10 The adsorption capacity of PPy/A� electrodes in static state
and flow state.

This journal is © The Royal Society of Chemistry 2015
3.8. Comparison of static-state adsorption and owing-state
adsorption

The electro-sorption behavior of the PPy/A� electrodes in the
static state and owing state were investigated to compare the
adsorption performance in different conditions, shown in
Fig. 10. There is no signicant difference for the adsorption
quantity of Na+ on the PPy/A� electrodes during three hours
operation. The adsorption quantity of Na+ on PPy/pTS, PPy/BS�

and PPy/NO3
� was 26.97 mg g�1, 25.57 mg g�1 and 22.93 mg g�1

in the static desalination, while 28.58 mg g�1, 27.66 mg g�1 and
26.3 mg g�1 in owing state. The slightly larger adsorption
quantity in the owing condition than that of static condition
may result from the efficient mass transfer in the owing
condition. But the adsorption capacity of the hydro-sponge PPy/
A� electrodes was not signicantly inuenced by the contact
way of the solution and the electrode.

However, as observed in Fig. 11, the desorption performance
of the hydro-sponge PPy/A� electrodes in the static state and
owing state are dramatically different. The desorption rates of
the PPy electrodes doped with different anions are 27.94%,
42.74% and 48.29% in static conditions. But in the owing
state, all desorption rates of the PPy electrodes doped with
different anions are 100%. That means Na+ ions are completely
removed off, which indicates that the owing state plays posi-
tive effect on the desorption process in this study. This
phenomenon would be more benecial for the cyclic utilization
of the electrode.
4. Conclusions

Without any templates and cross-linker, the hydro-sponge PPy
with great swell–shrink properties were synthesized through the
chemical polymerization using FeCl3 as oxidant. Aer the swell-
shrink cycling process for ten times, the PPy/Cl�, PPy/pTS�,
PPy/BS� and PPy/NO3

� samples all exhibited excellent sponge
properties. SEM images demonstrated that the micro
morphology of polypyrrole remained the same aer several
swell–shrink cycles. Although the as-prepared polypyrrole
samples showed the granular structure, their structures still
possess certain self-supporting ability. In the desalination of
sodium ions in the electro-sorption experiment, the Na+
RSC Adv., 2015, 5, 71593–71600 | 71599
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removal efficiency of PPy/Cl�, PPy/pTS�, PPy/BS� and PPy/NO3
�

electrodes from aqueous solution were investigated. The results
indicated that the PPy/pTS� (molar ratio of 2 : 1) demonstrated
the best electro-sorption effect of sodium ions with specic
electro-sorption capacity reaching at 27.53mg g�1 in 1000mg L�1

of Na+ solution and 1148.29 mg g�1 in 35 000 mg L�1 of Na+

solution, which was higher than other synthesized PPy materials.
Flow state situation brings about a signicant impact on the
regenerative efficiency of PPy. Under this circumstances,
desorption ratio can reach 100%, so the ow condition is more
benecial for reuse of this kind of electrode.
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