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a  b  s  t  r  a  c  t

P25  or  self-prepared  TiO2 coated  polypyrrole  (PPy/P25  or  PPy/TiO2)  composites  as novel  adsorbents
were  prepared.  Their  adsorption–desorption  characteristics  for Methylene  Blue  (MB)  were  compar-
atively  investigated.  X-ray  photoelectron  spectroscopy  (XPS)  showed  that  PPy/TiO2 possessed  higher
doping  level  than  PPy/P25.  Thermogravimetric  analysis  (TGA)  indicated  that  PPy/TiO2 contained  more
PPy  than  PPy/P25.  The  results  of  water  vapor  adsorption  suggested  that  the  PPy/TiO2 composite  was
more  hydrophobic  than  PPy/P25.  The  adsorption  results  revealed  that  the  composites  pretreated  in the
solution  with  higher  pH value  exhibited  larger  adsorption  capacities.  The  ionic  concentration  in  MB
solution  slightly  impacted  the  removal  of  MB  by  the PPy/TiO2 composite.  The  adsorption  equilibrium
results  showed  that the adsorption  of  MB was  completed  in  a short  time  of  30  min.  Pseudo-second-order
and  Langmuir  isotherm  models  were  effectively  employed  to describe  the  adsorption  behavior  of  MB.
PPy/TiO2 and  PPy/P25  were  found  to have  better  removal  ability  for  MB  compared  with  pure  PPy;  espe-

cially  PPy/TiO2,  on  which  the  maximum  adsorption  amount  was  about  3.6  or 5.5  times  higher  than  that
of PPy/P25  or  pure  PPy,  respectively.  The  thermodynamic  analysis  indicated  that  the  adsorption  of  MB
was  spontaneous  and  endothermic  in  nature.  The  regeneration  experiments  exhibited  that  PPy/TiO2 can
be reused  at  least  seven  times  without  obvious  loss  of  its  original  adsorption  capacity.  Electrostatic  inter-
action,  hydrogen  bonding  and  hydrophobic  interaction  played  the  roles  in  MB  adsorption  performance.
It is expected  that  the  PPy/TiO2 composite  can  be  considered  as  a stable  adsorbent  for  dye  removal.
. Introduction

The generated dye effluents from dye industries can cause
erious water pollution problems if directly discharged into the
nvironment. Therefore, it is important to remove dyes from
ye wastewater. Recently, various treatment processes have been
idely employed to remove dyes from wastewater [1]. In these
ethods, adsorption has been proved to be a reliable treatment

pproach due to its low capital investment, abundant raw material
ource, simple in design and operation, and non-toxic [2,3]. How-
ver, the choice of appropriate adsorbent for real applications is
till a challenging issue. Although activated carbon is the present

esearch focus, it also has many shortcomings, such as relative high
ost of investment and operating, regeneration difficulty, and long
ime to adsorption equilibrium [4,5]. Therefore, the development of
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new adsorbents with excellent adsorption and regeneration capac-
ities becomes the research focus.

Polypyrrole (PPy) is one of the most commonly investigated
conducting polymers owing to its non-toxic nature, environmental
stability, low cost and simple preparation [6]. Because of the existed
positively charged nitrogen atoms in PPy matrix, PPy possessed the
adsorption ability through ion exchange or electrostatic interaction
[6–8]. Moreover, PPy can undergo protonation or deprotonation
processes when it is treated with acid or alkali solution, result-
ing in the change of its surface charges, followed by the doping or
dedoping of counter ions [9,10]. Owing to the reversible transfor-
mation capability, PPy would have excellent regeneration ability,
but this was  rarely reported. Nevertheless, pure PPy showed a
poor adsorption capacity [8,11]. Some publications have reported
that the composites formed through PPy polymerizing on the
surface of substrate materials can provide improved adsorption
capacity, as compared with pure PPy [12,13]. Baumik et al. [12]
prepared the PPy/Fe3O4 magnetic composite and found that its

maximum adsorption capacity for Cr(VI) could reach 169.4 mg/g
at 25 ◦C. Lim et al. [13] fabricated PPy/silica nano-composite and
testified that it could selectively adsorb Hg2+ with the amount of
0.97 mmol/g.
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However, the publications on the effect for the property of the
elected substrate material on the adsorption capacity of com-
osite were rarely reported. In this study, two kinds of titanium
ioxide, the self-prepared TiO2 (without calcination) and commer-
ial P25, were chose as the substrate materials to synthesize the
orresponding composite sorbents (PPy/TiO2 or PPy/P25). Then
heir physicochemical properties and adsorption–desorption per-
ormances for Methylene Blue (MB, cationic dye) were studied. Pure
Py was also tested for comparison. In normal sol–gel processing,
iO2 particles without calcination did not have complete crystal-
ization and showed mainly amorphous. Zhang et al. [14] and Hoang
t al. [15] indicated that the surface Ti atoms of the amorphous TiO2
ould not have full coordination, which existed in the forms of TiO5
nd TiO4. This resulted in more structure defects in the amorphous
iO2. Then the uncoordinated Ti atoms can act as active sites for
hemical binding through ester-like linkage, bridging and chelating
14]. While P25 possessed complete and perfect crystallization, so
ts defects were relatively low. Therefore, the different nature of
he amorphous TiO2 and P25 may  bring about the difference in
he adsorption performance of the prepared PPy/TiO2 and PPy/P25.
he adsorption results exhibited that the PPy/TiO2 and PPy/P25
omposites possessed higher removal efficiencies than pure PPy.
oreover, the PPy/TiO2 and PPy/P25 composites had different

dsorption ability though they had a similar specific surface, and
he adsorption amount of PPy/TiO2 was nearly 3.6 times higher than
hat of PPy/P25. This suggested that the property of the selected
ubstrate would severely impact the adsorption performance of
he prepared composites. Additionally, the regeneration experi-

ents indicated that the composites had the excellent adsorption
tability.

. Experimental

.1. Materials

P25 powder (P25, Evonik Degussa) was purchased from
uangzhou HuaLiSen Trade Co., China. Pyrrole (98%, Qingquan
harmaceutical & Chemical, Ltd., Zhejiang, China) was distilled
wice under reduced pressure, and then stored in the dark under
ow temperature. Methylene Blue (MB) was purchased from Bei-
ing Chemical Reagent Co., China. FeCl3·6H2O, CH3COOH, HNO3
65–68%), NaOH, n-propanol (99.9%) and tetrabutyl titanate (TBOT,
8%) were of analytical grade and used without further purifica-
ion. The deionized water used for all experiments was  obtained
rom the EPED-40TF Superpure Water System (EPED, China).

.2. Synthesis of adsorbents

The preparation process of PPy/TiO2 was described as follows.
irst, a mixture of TBOT and n-propanol with the volume ratio of
.5:1 was added into 0.16 mol/L of HNO3 solution (65 ◦C, 400 mL)
ith magnetic stirring for 2 h. A translucent TiO2 solution was

ormed, followed by cooling down to ambient temperature. Then
he TiO2 solution was transferred to a 500 mL  flask and cooled to
◦C with mechanical stirring. Afterwards, pyrrole (0.25 mL)  was
dded to the solution and stirred for 30 min, followed by adding
ropwise FeCl3 (1 mol/L, 10 mL)  solution in 1 h. Then the mixture
as reacted for additional 24 h statically. Finally the generated

lack solid was  filtered and washed with deionized water several
imes, and then dried at 50 ◦C for 24 h. The solid was  the PPy/TiO2
omposite.
For comparison, PPy/P25 was synthesized in the same recipe,
xcept that the TiO2 solution was replaced with P25 suspension
0.117 g/L). Pure PPy was synthesized in the same synthesis condi-
ions except no P25 adding.
nce 279 (2013) 400– 408 401

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained with X’Pert PRO
MRD  diffractometer using Cu K� radiation. Raman spectra were
recorded using Horiba HR800 Raman spectrophotometer. The BET
surface area (SBET), total pore volume (V) and average pore radius
(R) were measured at 77 K using Builder SSA-4200 (Beijing, China).
The oxidative states of the samples were determined using X-ray
photoelectron spectroscopy (XPS) on Kratos Axis Ultra DLD with
an Al monochromatic X-ray source (1486.71 eV). All binding ener-
gies (BEs) were referenced to the C1s hydrocarbon peak at 284.6 eV.
The thermogravimetric (TG) analyses were performed on Setaram
Labsys Evo in N2 flow and at a heating rate of 10 ◦C/min. The
morphologies were characterized by scanning electron microscopy
(SEM, JSM-6700F, Japan). The zeta potentials were measured with
Malvern Zetasizer Nano ZS90. Samples for zeta potential measure-
ment were prepared by adding 5 mg  of composite in 10 mL  NaCl
solution (10−3 mol/L) at different pH values (adjusted with diluted
HNO3 or NaOH solution).

Water vapor adsorption was  regarded as a good means to
evaluate the surface hydrophobicity of adsorbent. The adsorbent
adsorbing a lower amount of water vapor was known to be more
hydrophobic [16,17]. The process was  similar to what was used by
Wu et al. [17], except that the drying condition was 50 ◦C for 8 h,
and the water vapor adsorption condition was 25 ◦C for 12 h.

2.4. Adsorption experiments

In order to study the influence of surface charge on the adsorp-
tion property, the adsorbents were pretreated with HNO3 or NaOH
solution (pH = 1.0–13.0, 5 mL). Then the pretreated adsorbents
were centrifuged and used to conduct the MB solution with-
out any processing (300 mg/L). The effect of ionic concentration
(0–0.3 mol/L) on the adsorption was carried out by adding Na2SO4
into the 300 mg/L MB  solution.

All adsorption experiments were carried out in dark condition
at 25 ◦C. The suspension containing 300 mg/L of MB  solution and
2 g/L of adsorbent was  stirred for 2 h. Then the suspension was
centrifuged at 4000 rpm for 5 min. The supernatant was analyzed
by the UV–vis spectrophotometer (Agilent 8453). The absorbance
value of MB  was read at the wavelength of 665 nm.

The adsorption rate R (%) and the amount of dye molecules
adsorbed onto the adsorbents Qt (mg/g) after the certain time t
were calculated from Eqs. (1) and (2), respectively:

R = C0 − Ct

C0
× 100% (1)

Qt = C0 − Ct

M
× V (2)

where C0 is the initial concentration (mg/L), Ct is the residual con-
centration at time t (mg/L), V is the solution volume (L), and M is
the adsorbent mass (g).

The adsorption equilibrium of MB  with different concentrations
(200, 300 and 500 mg/L) on PPy/TiO2 was  evaluated at 25◦C, with
2 g/L of PPy/TiO2 added and stirred for 2 h. The adsorption kinetics
was  investigated using the pseudo-first-order and pseudo-second-
order models. Their linear forms are described in Eqs. (3) and (4),
respectively:

log(Qeq − Qt) = log Qeq − K1

2.303
t (3)
t

Qt
= 1

K2Q 2
eq

+ t

Qeq
(4)
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indication of P25 [22]. For PPy/TiO2, its bands at 139, 260, 413 and
598 cm−1 have quite larger shifts, which deduced that PPy was
chemisorbed on TiO2 and the covalent-like binding was formed at
Fig. 1. XRD patterns of the PPy/P25 and PPy/TiO2 composites.

here t is the adsorption time (min); K1 (1/min) and K2
g/(mg min)) are the rate constants for the pseudo-first-order and
seudo-second-order models; Qeq (mg/g) is adsorption amount at
quilibrium state.

.5. Adsorption isotherms

Adsorption isotherms of MB  on PPy, PPy/TiO2 and PPy/P25
t 25 ◦C were obtained by mixing different concentrations
50–700 mg/L) of MB  solutions with 2 g/L of adsorbents. Lang-

uir and Freundlich isotherms are used to describe the adsorption
ehavior for MB,  which are described in linear forms according to
qs. (5) and (6), respectively:

Ceq

Qeq
= 1

QmaxKL
+ Ceq

Qmax
(5)

n Qeq = ln KF + 1
n

ln Ceq (6)

here Ceq (mg/L) is the MB  equilibrium concentration; Qmax (mg/g)
s the maximum adsorption capacity; KL (L/mg) is a constant that
elated to the heat of adsorption; KF (mg/g) represents the adsorp-
ion capacity when Ceq equals 1; 1/n  represents the degree of
ependence of adsorption on equilibrium concentration.

For thermomechanical analysis, the adsorption isotherm exper-
ments were repeated in 15 and 35 ◦C.

.6. Regeneration experiments

In order to test the regeneration ability, HNO3 or CH3COOH solu-
ion (C = 1.0–0.01 mol/L, 5 mL)  was used to desorb MB adsorbed
n the surface of PPy/TiO2. Then the desorbed PPy/TiO2 was  acti-
ated with 0.1 mol/L NaOH solution (5 mL). Finally the regenerated
dsorbent was reused for the further adsorption experiments.

. Results and discussion

.1. Characterizations of the samples

Fig. 1 shows the XRD patterns of PPy/P25 and PPy/TiO2. The
esults exhibited that PPy/P25 and PPy/TiO2 were mixed crystals,
or the characteristic diffraction peaks at 25.3◦ and 27.5◦ appeared

n their patterns correspond well to the (1 0 1) plane of anatase TiO2
nd (1 1 0) plane of rutile TiO2, respectively. However, the peak
ntensity of PPy/TiO2 is far weaker than that of PPy/P25, demon-
trating that PPy/TiO2 was mainly amorphous. It is also noted that
Fig. 2. TG analyses of the PPy/P25 and PPy/TiO2 composites.

no new peaks appear in the patterns of PPy/TiO2 and PPy/P25,
which suggested that PPy was  amorphous in the composite [18].

The TG analyses of PPy/P25 and PPy/TiO2 are shown in Fig. 2. The
first steep weight losses of about 6 wt% and 1 wt%  before 150 ◦C
for PPy/TiO2 and PPy/P25, respectively, can be attributed to the
adsorbed water [19]. Based on the TG analyses, the amount of PPy in
the PPy/TiO2 and PPy/P25 composites is approximately calculated
to be about 20 wt%  and 3 wt%, respectively, as the decomposition
of PPy would happen between 150 and 500 ◦C [20]. This indicated
that PPy/TiO2 contained more PPy than PPy/P25. When the temper-
ature exceeded 500 ◦C, the weight losses of PPy/TiO2 and PPy/P25
were different. PPy/P25 nearly does not show a weight loss; while
PPy/TiO2 has about 10% weight loss, which may be due to the
decomposition of NO3

− groups adsorbed on TiO2 and the residual
organics in self-prepared TiO2, and the dehydration of the hydrated
TiO2.

Fig. 3 shows the Raman spectra of PPy/P25 and PPy/TiO2. The
double peaks at 1341 cm−1 and 1546 cm−1 for PPy/TiO2, 1345 cm−1

and 1560 cm−1 for PPy/P25 are assigned to the C C backbone
stretching and ring stretching of PPy, respectively [21]. Clearly, con-
jugated PPy was  synthesized successfully. Meanwhile, the peaks of
PPy/TiO2 slightly shift to lower frequency, which suggested that
PPy/TiO2 had an increase in the conjugation length [21]. Besides,
the bands of PPy/P25 at 142, 393, 445, 507 and 630 cm−1 are the
Fig. 3. Raman spectra of the PPy/P25 and PPy/TiO2 composites.
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Table 1
Properties of different samples.

Samples SBET (m2/g) V (cm3/g) R (nm) Amount of water
vapor adsorbed (%)

PPy/P25 56.31 0.36 10.70 17.20
Fig. 4. XPS N1s core level spectra o

he interface [21,23]. Through the covalent-like binding between
iO2 and PPy, PPy/TiO2 showed more positively charged nitrogen
toms ( N+ ), which can be identified by the N 1s XPS spectra
as shown in Fig. 4). From the XPS spectra, the peaks at 399.9 and
01.3 eV are attributed to the neutral nitrogen atoms ( NH ) and
ositively charged nitrogen atoms ( N+ ) in PPy layer, respec-
ively. The proportions of N+ in the PPy coating layers were found
o be ca. 25% and 50% (in terms of N+/N) for PPy/P25 and PPy/TiO2,
espectively. Some publications reported that the doping level
N+/N) of PPy prepared in Fe(III) salt was about 0.25–0.3 [10,24].
t was obvious that the doping level of PPy in PPy/TiO2 was higher
n this study, owing to the existence of a strong interaction between
Py and TiO2. The protonated nitrogen atoms contributed to the dye
dsorption, resulting in PPy/TiO2 containing more adsorption sites,
ollowed by a higher adsorption capacity.

Fig. 5 shows the zeta potential values of PPy/P25 and PPy/TiO2
s a function of the solution pH. The zeta potentials of PPy/P25
nd PPy/TiO2 are positive and remain relatively constant over the
ange of 3–9. Additionally, the isoelectric point (pHiep) of PPy/TiO2
s slightly larger than that of PPy/P25, with the isoelectric points
re about 10.5 and 10.3, respectively. Above the isoelectric point,
he surface of adsorbent was negatively charged, and would be in
avor of adsorbing cationic dye, MB.

The textural properties and the amount of water vapor adsorbed

f PPy/TiO2 and PPy/P25 are listed in Table 1. As observed, the SBET,
otal pore volume and average pore radius of PPy/TiO2 are smaller
han that of PPy/P25, which may  affect MB  adsorption on PPy/TiO2.
esides, the amount of water vapor adsorbed on PPy/TiO2 is lower

Fig. 5. Zeta potentials analyses of the PPy/P25 and PPy/TiO2 composites.
PPy/TiO2 53.51 0.14 5.67 9.66

than that of PPy/P25. This showed that the PPy/TiO2 was more
hydrophobic than PPy/P25, which was in favor of the adsorption
of MB  on PPy/TiO2.

3.2. Adsorption experiments

3.2.1. Effect of surface charge and ionic strength
The surface charge of adsorbent would be changed when it was

pretreated with different treating agents (acid or alkali solution),
which may  affect its adsorption capacity, as shown in Fig. 6. The
adsorption capacities of PPy/P25 and PPy/TiO2 increase with the
increasing pH of the treating agents and reach the largest adsorp-
tion amount at the pH of 13, indicating that MB  could be easily
absorbed onto the surface of the alkali-treated adsorbents. This was
consistent with the zeta potentials analysis.
The publications suggested that the surface charge of PPy can be
changed when it was immersed in acid or alkali solution [9,10]. Its

Fig. 6. Effect of surface charge on the adsorption capacities of the PPy/P25 and
PPy/TiO2 composites.
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Fig. 7. Effect of ionic strength on the adsorption capacity of PPy/TiO2.

urface would be positively charged or negatively charged accord-
ng to Eqs. (7) and (8):

PyX + H+ ↔ PPyXH+, pH < pHiep (7)

PyX + OH− ↔ PPyXOH−, pH > pHiep (8)

here X is the counter anion. According to the results of zeta poten-
ial analyses, the surface of the adsorbents was negatively charged
hen the pH value of the treating agent was greater than 10.5.

hus, the cationic dye MB  can be adsorbed on their surfaces through
he electrostatic attraction. In contrast, the surface of the adsor-
ents was positively charged in the pH range of 1–10. Thereby, the
omposites exhibited poor removal efficiencies for MB  due to the
xistence of the electrostatic repulsion. However, the composites
till could adsorb MB.  This was an indication that the electrostatic
echanism was not the only mechanism for dye adsorption in this

ystem. PPy can also adsorb dye molecules via hydrogen bond-
ng and hydrophobic mechanisms [8]. Nevertheless, the adsorption
mount of MB  in the pH range of 1–10 was far less than that in
he pH range of 11–13, suggesting that the electrostatic interac-
ion was the main mechanism. Moreover, the adsorption efficiency
f PPy/TiO2 was larger than that of PPy/P25, although the latter
ad better BET analysis results. However, PPy/TiO2 contained more
dsorption sites and was more hydrophobic. This implied that the
dsorption capacity was controlled by several factors.

The effect of ionic concentrations on the adsorption perfor-
ance is shown in Fig. 7. The results showed that the effect of the

onic concentration was unobvious. Zhang and Bai [7] indicated that
he increase in ionic concentration reduced the electrostatic repul-
ion between the adsorbates, which would enhance the adsorption
mount; however, it also weakened the electrostatic attraction
etween the adsorbates and adsorbents with the opposite charges,
hich can decrease the adsorption capacity. With the effects of the

wo aspects, the adsorption capacity of PPy/TiO2 was  almost not
hanged at the different ionic concentrations.

.2.2. Adsorption isotherm
In order to describe the interaction between adsorbate and

dsorbent, the equilibrium adsorption isotherm was investigated.
ig. 8 shows the linear forms of the Langmuir and Freundlich mod-
ls for PPy, PPy/TiO2 and PPy/P25. It is clearly observed that the
egree of linearity of Langmuir model is better than that of Freund-
ich model. To be more specific, the experimental parameters of
sotherm models are listed in Table 2. According to the correlation
oefficients (R2), it was possible that the adsorption behaviors of
he adsorbents were preferably described by the Langmuir model.
nce 279 (2013) 400– 408

Moreover, the results of the error analyses are also displayed in
Table 2. The standard error of estimate (SEE) is calculated according
to Órfão et al. [25]. The isotherm model whose SSE value is smaller,
suggesting it is more appropriate for describing the adsorption
behavior. Obviously, the SSE value of Langmuir model is smaller
than that of Freundlich model, indicating Langmuir model provided
the better fit.

According to the Langmuir model, the maximum adsorption
amounts of MB  on PPy, PPy/P25 and PPy/TiO2 were 49.72, 79.05
and 273.22 mg/g, respectively. It was clear that the composites
possessed better adsorption performance than pure PPy, indicat-
ing the introduction of substrate material was  effective. Moreover,
PPy/TiO2 exhibited better adsorption ability than PPy/P25, which
implied that the properties of the substrate materials would affect
the adsorption capacity of the prepared composites. From the XRD
results, the PPy/TiO2 composites were mainly amorphous; thus,
TiO2 in the PPy/TiO2 composite possessed more defects than P25
in PPy/P25 [14,15]. This resulted in the formation of the covalent-
like binding between PPy and TiO2, followed by the increased N+

groups, and then the enhanced capacity. Table 3 lists the compar-
ison of the adsorption capacity of PPy/TiO2 with that of activated
carbons previously investigated. It can be seen that the adsorption
capacity of PPy/TiO2 was not less than that of activated carbon.
More importantly, PPy/TiO2 had an obvious superiority that its
equilibrium time was much shorter than that of activated carbon.
This suggested that the PPy/TiO2 adsorbent we prepared can be
considered as a promising adsorbent for dye removal from waste-
water.

Additionally, the adsorption isotherms of MB  by PPy/TiO2 at
temperature of 15 ◦C and 35 ◦C were also studied. The calculated
data are listed in Table 4. It was  observed that the adsorption ability
of PPy/TiO2 increased with the rising temperature. This may  be due
to an increase in thermal energy of the adsorption species which
leaded to higher adsorption capacity [12]. This indicated that MB
adsorption by PPy/TiO2 was  endothermic in nature.

3.2.3. Thermodynamic study
The thermodynamic parameters such as changes in standard

Gibbs free energy (�G◦), entropy (�S◦) and enthalpy (�H◦) for the
adsorption of MB  by PPy/TiO2 were determined by using Eqs. (9)
and (10):

ln KL = �S◦

R
+ −�H◦

RT
(9)

�G◦ = −RT ln KL (10)

where R (kJ/(mol K)) is the gas constant and T (K) is the temperature.
KL (L/mg) is the constant of the Langmuir model. The related param-
eters were calculated and listed in Table 4. The positive value of �H◦

indicated that the process was  endothermic in nature, while the
positive value of �S◦ suggested that an increase in disorder at the
solid–solution interface during the adsorption of dye. The decrease
in �G◦ values with the increasing temperature determined that the
adsorption process was spontaneous.

3.2.4. Adsorption kinetics
Apart from possessing a high adsorption capacity, it is essential

for an adsorbent to exhibit rapid adsorption kinetics in removing
adsorbate from solution. Fig. 9a represents the influences of contact
time and initial concentration on the adsorbed MB  on PPy/TiO2. It
is obvious that MB  uptake was  rapid and a minimum contact time

was  sufficient enough for the removal of MB from water. There-
fore, it is feasible that 2 h was  chosen as the adsorption time in
the following adsorption experiments. In addition, the adsorption
amount increased with the increase in the initial concentration.
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Fig. 8. Adsorption isotherm of MB  on pure PPy, PPy/P25 and PPy/TiO2, the linear forms for (a) Langmuir isotherm model and (b) Freundlich isotherm model.

Table 2
Parameters of Langmuir and Freundlich adsorption isotherm models at 25 ◦C.

Adsorbent Langmuir model Freundlich model

Qmax (mg/g) KL (L/mg) R2 SSE (mg/g) KF (mg/g) n R2 SSE (mg/g)

PPy 49.72 ± 1.45 0.22 ± 0.02 0.999 1.45 20.75 ± 3.14 5.20 ± 1.46 0.827 3.47
PPy/P25 79.05 ± 3.27 0.13 ± 0.01 0.997 2.63 24.67 ± 1.31 3.84 ± 0.24 0.985 1.70
PPy/TiO2 273.22 ± 3.90 0.26 ± 0.08 0.999 6.23 152.77 ± 14.00 8.50 ± 1.73 0.870 12.49

Table 3
Comparison of the adsorption properties of different adsorbents for MB.

Adsorbents Qmax (mg/g) Equilibrium time (h) References

PPy/TiO2 273.22 0.5 This work
Bamboo-based activated carbon 454 48 [26]
Activated carbon 270 >400 [27]
Rattan sawdust-activated carbon 294.12 24 [28]
Activated carbon from oil palm wood 90.9 – [29]
Bamboo-based activated carbon 183.3–286.1 24 [30]

Table 4
Thermodynamic and Langmuir parameters for MB  adsorption on PPy/TiO2 at different temperature.

Temperature (K) Qmax KL (L/mg) �G◦ (kJ/mol) �S◦ (J/(mol K)) �H◦ (kJ/mol)

288 250.62 0.090 −8.05
223.39 55.98298  273.22 0.29 −11.23

308  298.50 0.41 −12.48

Table 5
Parameters of the pseudo-first-order and pseudo-second-order models.

C0 (mg/L) Pseudo-first-order model Pseudo-second-order model

Qeq
a (mg/g) K1 (1/min) Qeq

b (mg/g) R2 K2 (g/(mg min)) Qeq
b (mg/g) R2

200 99.74 0.14 0.97 0.5328 2.79 99.70 1.00
300  149.57 0.12 49.60 0.8231 0.010 150.37 0.9999

p
v
m
a
Q
t
d
g
h
b

500  238.56 0.11 86.08 

a Qeq is from the experimental measurement.
b Qeq is calculated from the kinetics model.

Fig. 9b and c is the kinetics curves of PPy/TiO2, and the related
arameters are calculated and listed in Table 5. According to the
alues of the correlation coefficients, the pseudo-second-order
odel (R2 = 0.9999–1.0) was more appropriate for describing the

dsorption behavior of MB.  Furthermore, the calculated values of
eq from the pseudo-second-order model approximately equaled

o the experimentally obtained values. Besides, the rate constant

ecreases with the increase in the initial concentration of MB,  sug-
esting that it needed a longer time to adsorption equilibrium at a
igher initial concentration (as shown in Fig. 9a). It was  probably
ecause there was an electrostatic repulsion between the adsorbed
0.8419 0.0054 240.38 0.9999

and free MB  molecules hindering the transport of the free MB from
the bulk solution to the surface of PPy/TiO2 [7].

3.3. Regeneration experiments

Based on the effect of surface charge on the adsorption, it was
feasible that the acid solution can be employed to realize desorption

of the adsorbed MB.  Two kinds of acid solutions with different con-
centrations (0.01–1.0 mol/L), HNO3 or CH3COOH, were employed
to investigated the desorption performance, as shown in Table 6.
It was noted that the desorption efficiencies rose with the increase



406 J. Li et al. / Applied Surface Science 279 (2013) 400– 408

F : (a) a
a

o
s
b
e
C
w

t
t
b
b
t
c
T
t
p

T
C

ig. 9. Adsorption performance of PPy/TiO2 for MB  with different concentrations
dsorption of MB; (c) pseudo-second-order kinetic plots for the adsorption of MB.

f the acid concentration due to the enhanced electrostatic repul-
ion. Besides, the desorption efficiency of CH3COOH solution was
etter than that of HNO3 under the same concentration. This can be
xplained by using the similar compatible principle. Consequently,
H3COOH solution (1.0 mol/L) was available for desorption of MB,
ith the desorption efficiency of 81.63%.

The desorbed PPy/TiO2 was activated with 0.1 mol/L NaOH solu-
ion. Afterwards, the regenerated PPy/TiO2 was utilized to adsorb
he same concentration of MB  in order to study its adsorption sta-
ility. Fig. 10 shows the adsorption stability of PPy/TiO2. It can
e seen that the adsorption capacity of PPy/TiO2 is still higher
han 93% after regeneration for seven times, indicating that this

omposite possessed excellent adsorption capacity and stability.
he slight decrease of the adsorption capacity may  be attributed
o the incomplete desorption of MB  adsorbed on PPy/TiO2. Com-
ared with activated carbon, PPy/TiO2 exhibited a comparable

able 6
omparison of the desorption properties of different adsorbents.

Adsorbents Adsorbates 

PPy/TiO2 MB

Activated carbon from waste tires
Red 31 

Black 5 

Coconut shell granular activated
carbon

Peach red 

Mustard yellow 

Commercial activated carbon
Congo Red
dsorption equilibrium curves of MB;  (b) pseudo-first-order kinetic plots for the

regeneration property, as shown in Table 6. These results demon-
strated that the PPy/TiO2 adsorbent we prepared possessed better
regeneration ability.

3.4. Adsorption mechanism

It was essential to understand the adsorption mechanism for a
good adsorbent. Surface charge of adsorbent played an important
role in adsorption. The adsorption capacity of PPy/TiO2 was varied
with its surface charge. When the pH value of the treating agent
was  greater than the pHiep of PPy/TiO2, its surface would carry
negative charges. Then, it could adsorb cationic dye MB  through

the electrostatic attraction. On the contrary, it would be posi-
tively charged when the pH value of the treating agent was  lower
than the pHiep, followed by the inhibited adsorption ability due
to the existence of electrostatic repulsion. This confirmed that the

Desorption agent DE (%) References

0.01 mol/L CH3COOH 54.26

This work

0.1  mol/L CH3COOH 66.18
1.0 mol/L CH3COOH 81.63
0.01 mol/L HNO3 20.51
0.1 mol/L HNO3 25.94
1.0 mol/L HNO3 32.09

Ethanol 30–40%
[5]

Ethanol 40–50%

60% acetone 58%
[31]

40% isopropanol 88%

KOH 32.5%
[32]

Surfactant 65%
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Fig. 10. The adsorption stability of PPy/TiO2 for 300 mg/L of MB.

lectrostatic interaction was the main adsorption force. How-
ver, it was also observed that PPy/TiO2 still adsorbed MB  when
he pH value of the treating agent was lower than the pHiep,
hich indicated that the hydrogen bonding was another adsorp-

ion mechanism. The poor removal efficiency suggested that
ydrogen bonding was not as significant as the electrostatic inter-
ction. Besides, the water vapor adsorption experiments confirmed
hat PPy/TiO2 was more hydrophobic than PPy/P25. Since the

B adsorption results demonstrated that PPy/TiO2 possessed a
igher adsorption capacity than PPy/P25. This suggested that the
ydrophobic interaction was also the adsorption mechanism for
B adsorption. Therefore, the electrostatic interaction, hydro-

en bonding and hydrophobic interaction played the roles in MB
dsorption together, and the electrostatic interaction played the
ajor role.

. Conclusions

In this paper, the PPy/TiO2 and PPy/P25 composites were syn-
hesized, characterized and compared to studying the adsorption
erformance for MB.  The substrate material (P25 or self-prepared
iO2) seriously affected the physicochemical properties and
dsorption capacities of the corresponding PPy/P25 or PPy/TiO2.
he results of XRD patterns indicated that they have different crys-
al form and crystallinity. Raman analyses suggested that PPy was
hemisorbed to TiO2 with the formation of a covalent-like bind-
ng. TGA results indicated that PPy/TiO2 contained more PPy than
Py/P25. XPS analyses exhibited that the amount of the N+

toms for PPy/TiO2 was  twice as large as that for PPy/P25. The
dsorption results indicated that the surface charge of composites
as impacted by the pH values of the treating agents, followed

y affecting the removal efficiency of MB.  The largest efficiency
as reached when the pH value of the treating agent was 13.0.
B adsorption was rapid and it could reach equilibrium in a short

ime of 30 min. Its adsorption behavior was well described by the
seudo-second-order model and Langmuir isotherm model. The
alculated maximum adsorption amounts of PPy/TiO2 and PPy/P25
ere larger than that of pure PPy; especially PPy/TiO2, its max-

mum adsorption amount was about 3.6 or 5.5 times higher than
hat of PPy/P25 or pure PPy, respectively. The thermodynamic anal-
sis indicated that the adsorption of MB  was  spontaneous and
ndothermic in nature. Desorption studies revealed that 1.0 mol/L
H3COOH was an appropriate desorption agent. After activated

ith 0.1 mol/L NaOH solution, PPy/TiO2 could be reused for six

imes without appreciable loss of its original capacity. Electro-
tatic interaction, hydrogen bonding and hydrophobic interaction
layed the roles in MB  adsorption performance. We  believe that

[

nce 279 (2013) 400– 408 407

the PPy/TiO2 composite is a promising adsorbent in the removal
of cationic dye from the wastewater, by comparing its adsorption
equilibrium time, adsorption and regeneration capacities with that
of activated carbon.
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