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a b s t r a c t

More than 20 countries are still suffering problems of excessive fluoride containing water, and greater
than 8 mg/L fluoride groundwater has been reported in some villages in China. In order to meet the chal-
lenge in the drinking water defluoridation engineering, a high efficiency and affinity defluoridation adsor-
bent PPy/TiO2 composite was designed and synthetized by in-situ chemical oxidative polymerization.
Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction Investigator (XRD), X-ray photoelectron
spectroscopy (XPS), Thermogravimetric analysis (TG), N2 isotherm analysis, Scanning Electron
Microscopy (SEM) and Zeta potential analysis were conducted to characterize surface and textural prop-
erties of the as-prepared PPy/TiO2, and the possibility of fluoride adsorption was carefully estimated by
adsorption isotherm and kinetic studies. Characterization investigations demonstrate the uniqueness of
surface and textural properties, such as suitable specific surface area and abundant positively charged
nitrogen atoms (N+), which indicate the composite is a suitable material for the fluoride adsorption.
Adsorption isotherms and kinetics follow better with Langmuir and pseudo-second-order model,
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respectively. The maximum adsorption capacity reaches 33.178 mg/g at 25 �C according to Langmuir
model, and particular interest was the ability to reduce the concentration of fluoride from 11.678 mg/L
to 1.5 mg/L for drinking water at pH of 7 within 30 min. Moreover, the adsorbent can be easily recycled
without the loss of adsorption capacity after six cycles, greatly highlighting its outstanding affinity to flu-
oride, low-cost and novel to be used in the purification of fluoride containing water for drinking.
Furthermore, the adsorption mechanism was extensively investigated and discussed by FTIR investiga-
tion and batch adsorption studies including effect of pH, surface potential and thermodynamics. The
adsorption is confirmed to be a spontaneous and exothermic process with decreasing entropy, which
is prominently conducted through electrostatic attraction, and ionic exchange, and chelation may be also
involved. Hydroxyls and positively charged nitrogen atoms play important roles in the adsorption.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Fluoride is an essential element for humans and animals related
to the total amount ingested [1]. The presence of fluoride has ben-
eficial effects on the maintenance of bones and teeth at low con-
centrations (0.5–1.0 ppm), however various adverse problems
would be risen such as teeth mottling, neurological damage, bones
softening and so on within an excessive exposure [2,3]. Currently,
the problem in terms of fluoride contamination of groundwater
due to natural and anthropogenic activities has become one of
the most concerned issues in the environment protection in the
worldwide. The fluoride can be leached out by the rainwater from
minerals in the wild. The fluoride is also widely used in industrial
productions, such as nuclear, aluminum industries, semiconduc-
tors and fertilizer applications, resulting in a large amount of fluo-
ride containing wastewater [1]. The maximum fluoride allowable
concentration in drinking water set by World Health Organization
(WHO) is 1.5 mg/L [4]. However, more than 20 countries are still
suffering fluorosis problems of excessive fluoride containing water
[5,6], and greater than 8 mg/L fluoride groundwater has been
reported in some villages in China [7]. Thus, the fluoride containing
water has become a serious topic nowadays.

Various technologies, including adsorption [8], ion exchange
[9], electro-techniques [10], membrane separation [11], precipita-
tion [12], etc. have been proposed to solve fluoride issues. Adsorp-
tion, which is simple, low-cost and economical, is extensively
applied in water defluoridation applications [8]. To find an adsor-
bent with high adsorption capacity and fast adsorption kinetic
for fluoride removal, activated carbon [13], calcite [14], activated
alumina [1], rare earth oxides [15], etc. were extensively investi-
gated for water defluoridation. However, these materials have
inherent drawbacks including low adsorption capacity, long time
to achieve adsorption equilibrium, and poor regeneration possibil-
ity, restricting them to be applied in the purification of fluoride
containing drinking water. There is also few investigation testing
the possibility of adsorbent used in the purification of water to
the allowable concentration of 1.5 mg/L for drinking. To overcome
this challenge, an advance material design needs to be conducted,
and an adsorbent with high affinity, adsorption capacity and fast
kinetic for fluoride is urgent to be obtained.

Metal oxides tailored with functionalized polymers to change
surface properties and improve the adsorption affinity for fluoride
can be an advanced design. In recent days, more and more investi-
gators pay their attention on polypyrrole (PPy) in adsorption due to
its good environmental stability, non-toxic nature, good biocom-
patibility, relatively low cost and useful properties for adsorbent
synthesis [16]. It was reported that PPy owns the excellent adsorp-
tion capacity for many contaminants through ion exchange or elec-
trostatic interaction by novel positively charged nitrogen atoms in
PPy matrix [16–18]. Moreover, PPy can undergo protonation or
deprotonation process when it is treated with acid or alkali solu-
tion, resulting in doping or dedoping of counter ions. Owning to
this reversible performance, adsorbents based on PPy can be easily
regenerated [16]. For further improving the exposure of adsorption
sites situated on PPy, the graft of PPy onto metal oxides have
received extensive attention. Al2O3, SiO2 and Fe3O4 modified with
PPy were synthesized and evaluated for methylene blue (MB)
removal, and the results showed that the adsorption capacity and
affinity of PPy for MB were remarkably influenced and improved
by metal oxides [16]. TiO2 is also a good candidate used as a carrier
in adsorbent tailoring thanks to its good stability, huge specific sur-
face area and non-toxic nature [19]. Meanwhile, the hydroxyl
groups attaching on the surface of TiO2 makes it easy to be
designed and modified [20]. Thus, TiO2 modified with PPy would
be a good design for the defluoridation from water.

In this study, TiO2 modified with PPy was carefully designed
and synthetized as a high affinity adsorbent to meet the acid test
of defluoridation by in-situ chemical oxidative polymerization.
FTIR, XRD, XPS, TG, N2 isotherm analysis, SEM and Zeta potential
analysis investigations were conducted to characterize surface
and textural properties of the as-prepared PPy/TiO2 composite. In
order to apply composites in the defluoridation engineering of
drinking water, the possibility was carefully estimated by adsorp-
tion isotherm and kinetic studies. Furthermore, the adsorption
mechanism was extensively investigated and discussed by batch
adsorption studies, including effect of pH, surface potential and
thermodynamics.
2. Experimental section

2.1. Materials

Pyrrole (98%) purchased from Zhejiang Qingquan Pharmaceuti-
cal & Chemical Ltd, was distilled twice and stored in the dark under
N2 atmosphere. Other chemicals used in this study were of analyt-
ical reagent grades, and acquired from Sinopharm Chemical
Reagent Co., Ltd (China). The deionized water was gained by
EPED-40TF Superpure Water System (EPED, Nanjing).
2.2. Synthesis of PPy/TiO2 composites

The PPy/TiO2 composite was synthesized in the TiO2 as-
prepared suspension solution by in-situ chemical oxidative poly-
merization. Firstly, a mixture of n-propanol and tetrabutyl titanate
with the volume ratio of 5:2 was carefully added into 200 mL of
H2SO4 solution (0.24 mol/L), followed by being stirred for 24 h.
Secondly, the formed as-prepared TiO2 suspension solution was
cooled to 5 �C in the dark, and then 0.675 mL of pyrrole monomer
was dosed. After being stirred for 30 min, 25 mL of FeCl3 solution
(1.0 mol/L) was then added dropwise to the mixed solution and
the solution was stirred for another 24 h. Finally, the PPy/TiO2

composite was carefully filtrated and washed with the deionized
water, and dried at 50 �C for 24 h under vacuum until the mass



Table 1
The FT-IR absorptions in the region of 400–4000 cm�1 and their assignments.

Frequencies (cm�1) Assignments

PPy TiO2 PPy/TiO2

1548 – 1543 CAC stretching vibration [39]
1473 – 1473 CAN stretching vibration [40]
1321 – 1310 CAH aromatic bending vibration [40,41]
– 1190 1191 Sulfate anion [1]
1047 – 1043 CAH in-plane bending vibration [42,43]
968 – 964 CAC out-plane bending vibration [38,39]
923 – 923 CAH out-plane bending vibration [40,41]
400–700 400–700 400–700 OATiAO [20,41]

Fig. 1. FTIR spectra of the PPy/TiO2 composite before and after adsorption with F�.
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became constant. For comparison, the pristine TiO2 as-prepared
was also synthesized with the same procedure without pyrrole
monomer and FeCl3 adding.

2.3. Characterization

The Fourier transform infrared (FTIR) spectra of PPy, TiO2 and
PPy/TiO2 composite before and after adsorption were recorded in
the range of 4000–400 cm�1 on a BRUKER TENSOR 37 FT-IR spec-
trometer by the KBr pellet method. X-ray diffraction (XRD) pat-
terns were measured on an X’Pert PRO MRD Diffractometer by
Cu-Ka radiation with wavelength of 1.5406 Å. The elements infor-
mation were determined using X-ray photoelectron spectroscopy
(XPS) on Kratos Axis Ultra DLD, with an Al monochromatic X-ray
source (1486.71 eV), and all binding energies (BEs) were refer-
enced to the C 1s hydrocarbon peak at 284.6 eV. The thermogravi-
metric (TG) analysis was measured on a Setaram Labsys Evo at a
heating rate of 10 �C/min in N2 flow. Textural properties including
specific surface area, total pore volume and average pore radius
were investigated at 77 K on a Builder SSA-4200 (China). The zeta
potential investigation was conducted on a Malvern Zetasizer Nano
ZS90.

2.4. Adsorption experiments

Standard fluoride solutions used in the study were prepared
from anhydrous NaF with the deionized water. All samples were
shaken in 20 mL F� solution at an agitation speed of 200 rpm.
Except co-existing ions, pretreatment and pH effect investigations,
the adsorbents were pretreated with HNO3 solution with pH = 1 to
improve the adsorption capacity throughout this study. In order to
obtain the optimized dosage, various dosages (0.5, 1, 1.5, 2, 2.5, 3 g/
L) of PPy/TiO2 composites were applied in 20 mg/L F� solution at
25 �C. In the isotherm investigation, PPy/TiO2 composites were
added into various F� initial concentrations of 10, 20, 40, 80, 100,
120, 150, 200 mg/L, and shaken at 25, 35, 45 �C, respectively for
3 h. For obtaining the kinetic data, the composites were suspended
in the solutions with four F� initial concentrations of 10, 20, 80,
150 mg/L, respectively in various contact time (0–180 min). To
investigate the effect of co-existing ions, 20, 40, 60, 80 mg/L Cl�,
NO3

�, HCO3
�, SO4

2�, CO3
2�, and PO4

3� ions were mixed with 20 mg/L
F� and applied in the study, respectively. In the mechanism inves-
tigation, the experiments were conducted at different pH (1–13)
values with different pretreatment pH (1–13) values in 20 mg/L
for 3 h, and the pH was adjusted using the HNO3 and NaOH solu-
tion respectively. The pH before and after adsorption was recorded
with a pH meter. In the thermodynamic study, 40 mg/L of F� solu-
tion was applied and shaken at 25, 35, 40, 45 �C, respectively for
3 h. In the desorption study, 80 mg/L of F� solutions were used
to obtain saturated adsorbed adsorbents. 20 mL, 0.1 mol/L of NaOH
were applied as elution agents for 60 min, and then 0.1 mol/L of
HNO3 was used as an active agent for another 60 min. Residual flu-
oride concentrations were determined by a fluoride-ion selective
electrode using TISAB (PXSJ-216F, Leici, Shanghai) with careful cor-
rection. The adsorption capacity and removal rate were calculated
according to equations as follows:

Qe ¼
ðC0 � CeÞV

m
; ð1Þ

Removal rate ¼ C0 � Ce

C0
� 100%; ð2Þ

where Qe (mg/g) is the equilibrium adsorption. C0 and Ce (mg/L) are
the F� concentration at initial and equilibrium state, respectively.m
(g) is the weight of adsorbent applied, and V (L) is the solution
volume.
3. Results and discussion

3.1. Characterization of the PPy/TiO2 composite

PPy was concluded to be non-toxic, good biocompatibility and
strong combination to TiO2 in our previous work [39]. The FTIR
spectrum of the PPy/TiO2 composite is shown in Fig. S1. For better
comparison, the spectra of PPy as well as TiO2 are also depicted.
Their assignments are also listed in Table 1. Peaks demonstrated
for pyrrole ring and TiO2 can be found in the spectra, confirming
the presence of PPy polymeric and TiO2 compound. The peaks
around 1188 cm�1 ascribed to the sulfate anion are also detected
in the spectra of PPy/TiO2, indicating that the sulfate anion was
doped in PPy matrix, and the peak intensity can be used to suggest
the doping level of the composite [21]. The FTIR spectra of the PPy/
TiO2 composite before and after F� adsorption is shown in Fig. 1. It
is interesting to be observed that the wavenumber of all peaks in
terms of PPy are blue-shifted after F� adsorption, and CAN, espe-
cially, is shifted from 1473 to 1482 cm�1. And the peak situated
at 1043 cm�1, which indicates CAH in-plane bending vibration,
disappears after adsorption. These can be explained that the skele-
tal vibration, which in terms of the delocalized p-electrons, is influ-
enced by the doping ions of PPy after F� adsorption [22]. This
feature indicates that F� is mainly attracted by PPy through elec-
trostatic attraction and the positively charged nitrogen atoms play
important roles in the adsorption [22]. A new peak situated in
848 cm�1, which was also reported by Zhong et al. [23], and an
additional peak at 530 cm�1 split from the TiO2 band are also found
in the spectrum after adsorption. These peaks demonstrate for Ti-F
stretching vibration, indicating that F� can be also adsorbed on the
composite by replacing hydroxyls on TiO2.



Fig. 2. XRD patterns of the as-prepared TiO2 and PPy/TiO2 composite.

Fig. 4. TG analysis of the prepared TiO2 and PPy /TiO2 composite.

Table 2
The textural properties of the TiO2 and PPy/TiO2 composite.

Composites SBET (m2/g) V (cm3/g) R (Å)

PPy 6.35 0.04 148.8
TiO2 110.45 0.099 1.42
PPy/TiO2 95.71 0.065 1.37

J. Chen et al. / Journal of Colloid and Interface Science 495 (2017) 44–52 47
XRD patterns of the TiO2 and PPy/TiO2 are shown in Fig. 2. Main
diffraction peaks at 25.3�, 37.8� and 48.1� are characteristic peaks
of anatase TiO2, confirming the existence of TiO2 [21]. The degree
of crystallinity becomes lower, and the intensity deceases after
PPy modification, which may be due to the fact that PPy is mainly
amorphous [16]. However, it is evident that peaks in the XRD pat-
terns show no obvious difference between TiO2 and PPy/TiO2, indi-
cating that the polymer only cover on the surface of TiO2 without
incorporating into TiO2 layers [24].

To further demonstrate the presence of PPy and TiO2, the XPS
investigation is carefully conducted and shown in Fig. 3. Peaks
assigned to O 1s, Ti 2p, N 1s, C 1s and S 2p are detected in the full
scope spectrum of the PPy/TiO2, confirming that the PPy/TiO2 is
successfully synthetized. Meanwhile, N 1s XPS spectra can be
deconvoluted into two peaks at 399.9 and 401.3 eV which ascribed
to neutral nitrogen atoms (NH) and positively charged nitrogen
atoms (N+) in the PPy layer, respectively, indicating the covalent-
like binding between TiO2 and PPy [25]. It should be noted that
the positively charged nitrogen atom would result in more adsorp-
tion sites for F�, followed by a higher adsorption capacity. The pro-
portion of N+ in the PPy modified is calculated to be 25% in terms of
N+/NH from the peak area [25].

The thermogravimetric analysis is applied to determine the
content of PPy on the composite, and the result is shown in
Fig. 4. To obtain the content of hydroxyls situated in TiO2, the anal-
ysis of TiO2 is also conducted. It shows that there is a three-stage
process in the thermal degradation. The first weight loss, which
is attributed to the loss of physically and chemically adsorb water,
is calculated as 5.94 and 7.43 wt.% below 150 �C for TiO2 and PPy/
Fig. 3. XPS full scale and Ti 2p, N 1s core le
TiO2, respectively [24]. The second weight loss interval is found to
be between 150 and 600 �C, which is mainly ascribed to the ther-
mal decomposition of hydroxyls for TiO2 or hydroxyls and PPy
for the composite, are about 7.90 and 17.27 wt.%, respectively
[26]. Thus, PPy contents can be obtained through their difference
values to be 9.37 wt.%. The final weight loss excess 600 �C in the
analysis of PPy/TiO2 is possibly due to the thermal decomposition
of sulfate ions [21].

Textural properties of the PPy, TiO2 and PPy/TiO2 are investi-
gated using N2 isotherm study, and listed in Table 2. The specific
surface area of the as-prepared PPy/TiO2 reaches 95.71 m2/g,
showing a suitable specific surface area for adsorption sites expo-
sure and benefits to F� adsorption. It should be noted that its speci-
fic surface area is much lower than other adsorbents, showing the
physical adsorption may not be a main adsorption mechanism in
this case. Meanwhile, the specific surface area, total pore volume
and average pore radius of TiO2 reduce after modification with
PPy, which is mainly due to the pore block of PPy [16]. SEM image
shown in Fig. S2 confirms the spherical particle shape with
agglomerated diameter of about 800 nm of PPy. Moreover, the
cauliflower-like feature further indicates the formation of PPy on
the surface of TiO2 by comparison with the image of pure PPy [16].
vel spectra of the PPy/TiO2 composite.
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3.2. Adsorption investigations

3.2.1. Effect of dosage
The adsorbent dosage is vital for the cost in engineer. The effect

of the composite dosage on F� removal from the aqueous medium
is depicted in Fig. 5. It is shown that the removal rate increases
with the composite dosage due to abundant adsorption sites avail-
able at first stage, followed by an increase cease for the decrease of
the adsorption driving force. The adsorption capacity also
decreases as dosage increases due to the limit of adsorbates con-
centration [27]. Specifically, the removal rate increases from
58.8% at a dosage of 0.5–96.1% at a dosage of 3 g/L, reflecting that
the amount of composite have a significant effect on the F� adsorp-
tion. It is worthy to be noted that the adsorption capacity increases
Fig. 5. Effect of adsorbent dosage on the adsorption capacity and removal efficiency
of F� onto the PPy/TiO2 composite.

Fig. 6. Adsorption isotherms for F� onto PPy/TiO2 composite at various
temperatures.

Table 3
Adsorption equilibrium parameters acquired from the Langmuir and Freundlich models in

Langmuir Model

Qm (mg/g) KL (L/mg) RL

25 �C 33.178 0.086 0.0549–0.538
35 �C 16.869 0.224 0.0218–0.446
45 �C 16.686 0.331 0.0149–0.232
slightly when the dosage is larger than 2 g/L. To meet the water
standard set by WHO, the 2 g/L of dosage was chosen as an opti-
mized dosage.

3.2.2. Adsorption isotherms
It’s a prerequisite to obtain the adsorption isotherm to evaluate

the adsorption capacity of composite and the possibility using it in
the purification of fluoride containing water. Adsorption capacities
at different F� initial concentration at different temperature are
shown in Fig. 6. Isotherms illustrate L-type, with a steep initial
increase when the concentration is low, followed by a plateau for
high concentration.

Data are described using Langmuir [28] and Frendlich [29]
models to further obtain the information derived. Langmuir model
can be given as the following equation:

Qe ¼
QmKLQe

1þ KLQe
ð3Þ

where Qm (mg/g) represents the maximum adsorption capacity, KL

(L/mg) is Langmuir constant relate to the affinity between the
adsorbent and adsorbate. Meanwhile, the effect of equilibrium
parameter RL can be obtained as follows:

RL ¼ 1
1þ KLC0

ð4Þ

Data points are fitted to Langmuir model, and the correspond-
ing parameters are listed in Table 3. It can be seen that points
follow well with Langmuir model (R2 > 0.99), including that the
F� adsorption onto the composite is monolayer, and adsorption
sites distribute uniformly [30]. The maximum adsorption capacity
reaches 33.178 mg/g at 25 �C, which is much larger than that of
other composites (Table 4). The adsorption of F� also deceases
markedly as temperature increased, reflecting that the interaction
between F� and PPy/TiO2 is exothermic. It’s quite different from
that obtained by Ensar Oguz [1], whose adsorbent shows temper-
ature independence on F� adsorption capacity. RL acquired are all
in the range of 0 < RL < 1, further confirming that the composite
is favorable for F� removal [31]. In order to evaluate the available
of composite using for fluoride removal for drinking water to
meet the WHO guideline value (1.5 mg/L), an operating line of
Ce = 1.5 mg/L is used and shown in the Fig. 6. The initial solution
the adsorption of F� onto the PPy/TiO2 composite at various temperatures.

Freundlich Model

R2 Kf (mg1�n�Ln/g) 1/n R2

0.999 7.291 0.447 0.932
0.998 6.089 0.224 0.955
0.999 5.790 0.235 0.960

Table 4
Comparison of sorption capacities of various sorbents for F�.

Adsorbent Adsorption capacity (mg/g) Ref.

Polyaniline 0.77 [44]
Activated carbon 2.50 [45]
Activated alumina 3.86 [45]
Carbon nanotubes 4.10 [46]
Nano-hydroxyapatite/chitosan 6.16 [47]
Polypyrrole 6.37 [18]
Al2O3/carbon nanotubes 14.90 [48]
Hydrous ferric oxide 16.50 [49]
Nanocrystalline TiO2 25.31 [50]
Polypyrrole/TiO2 33.17 This study
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concentration is calculated and predicted using obtained iso-
therms. If Ce = 1.5 mg/L, C0 is calculated to be 11.678 mg/L. That
is to say that even the initial concentration of F� reaches
11.678 mg/L, the concentration of F� in water can still be efficiently
reduced below 1.5 mg/L after the adsorption of PPy/TiO2 compos-
ite. It should be noted that the fluoride concentrations in the
ground water of some village reach the highest of �8 mg/L. In
other words, PPy/TiO2 could receive great novel to be used in the
purification of fluoride containing ground water for drinking. Thus,
PPy/TiO2 shows outstanding affinity to fluoride than that of other
adsorbents (Table 4).

Meanwhile, Freundlich model expressed as the following
equation

Qe ¼ KFC
1=n
e ð5Þ

which is also applied to depict the isotherm data, and the fitted
parameters are also listed in Table 3. The fitted constant KF, which
is related to the adsorption capacity of adsorbent, is also reduced
as the temperature increase, which is consistent with Langmuir
results. However, the R2 acquired is lower than that of Langmuir,
further confirming that F� adsorption on the composite is
homogeneous.

3.2.3. Kinetics
Fig. 7 shows the excellent capability of PPy/TiO2 to adsorb F� in

various initial concentration within different time. In order to meet
the WHO guideline value for fluoride in drinking water, F� contain-
ing water with initial concentration of 10 mg/L which obtained in
isotherm study is also specifically investigated. Kinetics show
mainly a two stages process that the adsorption capacity increase
dramatically at the first stage, followed to be a constant after
60 min, showing a good affinity to F� and the unique advance of
PPy/TiO2. The half-life of the process (t50) also increases with the
F� initial concentration, confirming the rate of adsorption is initial
concentration dependent. Nevertheless, it is still much shorter
than that of other adsorbents. Moreover, when the composite is
Fig. 7. Contact time versus the adsorption capacity of F� onto PPy/TiO2 composite
at various initial concentrations.

Table 5
Kinetic parameters obtained from the pseudo-first-order and pseudo-second-order model

C0 (mg/L) Qe,exp (mg/g) The pseudo-first-order model

K1 (1/min) Qe,1 (mg/g) R2

10 4.29 0.283 4.05 0.808
20 8.70 0.273 8.09 0.708
80 15.25 0.091 13.33 0.949
150 19.55 0.021 17.79 0.859
applied in the F� containing water with the initial concentration
of 10 mg/L (simulating the fluoride concentration in the high fluo-
ride containing ground water of some village), the concentration of
F� is reduced less than 1.5 mg/L within 30 min. Thus, the compos-
ite shows a bright future to be used in the purification of fluoride
containing water for drinking.

Kinetic data are further described using the Lagergren first-
order [32] and pesudo-second-order model [33]. The Lagergren
first-order model which regarding that the adsorption is related
to diffusion can be described as

Q t ¼ Qeð1� e�k1tÞ ð6Þ
While the pesudo-second-order model which determines

whether the adsorption process is controlled by chemisorption
gives:

Q t ¼
Q2

e k2t
1þ Qek2t

ð7Þ

where Qe (mg/g) and Qt (mg/g) are the adsorption amount at equi-
librium state and at time t (min), respectively; k1 (min�1) and k2 (g/
(mg�min)) are the rate constants of two models, respectively. k2 can
be used to estimate the initial adsorption rate h (mg/(g�min)) as
follows:

h ¼ k2Q
2
e ðt ! 0Þ: ð8Þ

Fitting parameters are listed in Table 5, and typical lines are also
depicted in Fig. 6. Data fit better to the pesudo-second-order model
than the Lagergren first-order model, and predicted adsorption
capacities are closer to the experimental one, revealing that the
adsorption can be well described by the pesudo-second-order
model, and the chemisorption involves in adsorption [34,35]. Fur-
thermore, the initial adsorption rate h increases with initial con-
centrations due to the fact that the adsorption is a passive
process using concentration gradient as a driving force. And it is
novel that the initial adsorption rate is fast enough for drinking
water purification when C0 = 10 mg/L.
3.2.4. Influence of coexisting ions
Influence of coexisting ions such as chloride, nitrate, carbonate,

sulfate, bicarbonate and phosphate ions in water on the F� adsorp-
tion onto the as-prepared composite is conducted. Results are
depicted in Fig. 8. It shows that the adsorption capacity, admit-
tedly, dips with the ion charge increases. Nevertheless, the coexist-
ing anions still have slight negative effect on F� adsorption. This is
because that the co-existing ions would compete for the same
adsorption sites with F�, and co-existing ions with more charge
is more competitive. But the adsorbent has better affinity to F- than
to other ions; as a consequence, F� adsorption shows little drop
under the competition of other ions. It should be noted that the
effect of coexisting ions on F� adsorption ability is slight even in
the presence of phosphate with high concentration, showing a
stable adsorption nature of PPy/TiO2.
s of F� adsorption onto the PPy/TiO2 composite at various initial concentrations.

The pseudo-second-order model

K2 (g�min/mg) h (mg/(g�min)) Qe,2 (mg/g) R2

0.039 0.752 4.39 0.998
0.036 2.775 8.78 0.999
0.013 2.996 15.18 0.997
0.011 4.213 19.57 0.999



Fig. 10. Adsorption recycle stabilities of the PPy/TiO2 composite for F� adsorption.

Fig. 8. Effect of various concentrations of co-exist ions on the adsorption of F� onto
PPy/TiO2 composite.
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3.3. Adsorption mechanism

3.3.1. Effect of initial pH
Adsorption characteristics are strongly influenced by the initial

pH of the water. Thus, the composite is exposed under pH range
from 1 to 13 to optimize the adsorption process and understand
the adsorption mechanism. Results illustrated in Fig. 9 shows that
the adsorption capacity increases with pH when pH < 7, and
reduces after that. Such a trend was also reported in other adsorp-
tion system [1]. Generally, the composite surface is hydroxylated
in the aqueous solution. The hydroxylated surface and the hydro-
xyl composite would develop charge and adsorption sties for F�

adsorption. It is acknowledged that F� could be specifically
adsorbed on the composite through ionic exchange as follows if
the adsorption is pH-dependent [36]:

Composite-OHþHþ $ Composite-OHþ
2 ð9Þ

Composite-OHþ
2 þ F� $ Composite-OH2 � F ð10Þ

Composite-OHþ
2 þ F� $ Composite-FþH2O ð11Þ

2½Composite-OH� þ 2F� þ 2Hþ $ 2Composite-OF2�

þ 4Hþ ! 2Composite-Fþ 2H2O ð12Þ
The ionic exchange process is confirmed by pH changes after

adsorption. The data shown in Table S1 indicate that a certain
number of hydroxyls were released after the F� adsorption, result-
Fig. 9. Effect of solution pH on the adsorption capacity of the PPy/TiO2 composite
for F�.
ing from the ionic exchange process. This is specifically in accor-
dance with the results obtained in FTIR. The adsorption is found
to be unfavorable in the acid condition, which is attributed to the
formation of hydrofluoric acid with weak ionization [1]. Mean-
while, the adsorption capacity is low at alkaline range, and this is
due to the competition with OH�. The optimized pH is around 7,
which falls into the pH range of drinking water, showing a suitabil-
ity to apply the composite in drinking water defluoridation.

To further investigate the stable adsorption nature of PPy/TiO2

as-prepared and reduce the treatment cost, the recycle strategy
is proposed. Considering that F� is hard to be adsorbed on the com-
posite at pH = 13, 0.1 mol/L NaOH is applied as a desorption agent.
Recycle results depicted in Fig. 10 show a good stability after six
cycles, and the adsorption capacity even improves in the second
cycle. This may be due to the dislodging of impurities in the pore
after alkaline treatment [20]. The near 100 percent regeneration
of the composite sorbent at room temperature for so many adsorp-
tion cycles further confirm the primary physical nature of adsorp-
tion such as ionic exchange for fluoride onto the composite
adsorbent. Results make the composite more attractive in drinking
water defluoridation engineering for its low treatment cost and
high removal efficiency.
3.3.2. Effect of surface potential
For the further investigation on the surface potential, the zeta

potential study is carefully carried out. The pH of zero point charge
(pHpzpc) is obtained as 10.3 (Fig. 11), showing a unique affinity for
Fig. 11. Zeta potentials of the PPy/TiO2 composite.



Fig. 12. Effect of surface potentials on the adsorption capacity of the PPy/TiO2

composite for F�.

Scheme 1. The possible mechanism for the adsorption of F� onto PPy/TiO2

composite from aqueous medium.
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F� adsorption through electrostatic attraction due to the positive
charge on the surface in wide pH range. The effect of surface poten-
tial on the adsorption capacity is shown in Fig. 12. The adsorption
capacity of the composite decreases with the pH of the pretreat-
ment solution, and the maximum adsorption capacity at pH = 1
of the pretreatment solution is noticed. Literatures [16,37] pointed
out that some charges may be carried on the surface of PPy when
composites were pretreated in a solution through the following
equations:

PPyXþHþ $ PPyXHþ ðpH < pHpzpcÞ ð13Þ

PPyXþ OH� $ PPyXOH� ðpH > pHpzpcÞ ð14Þ
where X is the counter anions. Moreover, the nitrogen atom situ-
ated on the PPy matrix could still be positive charged. It can be
noticed that the adsorption capacity begins to decrease at
pH > 10, which consists well with the pHpzpc (10.3), stating that
the electrostatic attraction may play an important role in F� adsorp-
tion. It should be noted that the adsorption capacity is still high
with pretreatment of pH = 7 solution, confirming that the compos-
ite could be safely applied in the drinking water purification with-
out changing the pH of water.

3.3.3. Thermodynamics
The thermodynamics investigation is carried out to study the

mechanism of the adsorption behavior under various temperature.
Thermodynamic parameters including enthalpy (DH0/kJ�mol�1),
Gibbs free energy (DG0/kJ�mol�1) and entropy (DS0/J�K�1�mol�1)
could be acquired from thermodynamic equations as follows:

DG� ¼ DH� � TDS� ¼ �RT lnKT ð15Þ

lnKT ¼ DS�

R
� DH�

RT
ð16Þ

where R (J/(mol�K) is the gas constant equaling 8.314; KT (L/mg)
referred to adsorption affinity could be determined by (C0 � Ce)/
Ce. The plot of lnKT versus 1/T is depicted in Fig. S3, and fitting
results are listed in Table 6. The enthalpy (DH0) is negative, reveal-
Table 6
Thermodynamic parameters of F� adsorption onto the PPy/TiO2 composites

DH (kJ/mol) DS (J/(K�mol)) T (K) DG (kJ/mol)

�21.393 �62.804 25 �C �2.741
35 �C �1.851
45 �C �1.400
ing that the adsorption favors in low temperature, which is in
according with the result of isotherm investigation. The entropy
(DS�) shows a negative value, stating that the adsorption is a
randomness-decrease process. While negative values of Gibbs free
energy indicate that the adsorption is a spontaneous process. Values
of Gibbs free energy could be applied to describe the adsorption
mechanism: (1) The adsorption is mainly physical when the value
is between �20 and 0 kJ/mol, (2) the joint action of physical sorp-
tion and chemisorption in �20 to �80 kJ/mol, (3) chemisorption
in the range of �80 to �400 kJ/mol. The values of Gibbs free energy
in this study acquired range from 0 to �3 kJ/mol, further confirming
that electrostatic attraction may occupy important roles in the
adsorption [38].

Taking all the results discussed above into consideration, F�

could be specifically adsorbed on the composite through ionic
exchange by replacing hydroxyl or H2O situated in the hydroxy-
lated surface on the composite, but it is not the prominent adsorp-
tion mechanism according to the Gibbs free energy (from 0 to
�3 kJ/mol). Furthermore, the pretreatment with low pH solution
could improve the F� adsorption due to electrostatic attraction
with the positive charged composite and this mechanism may be
the major cause for F� adsorption. It could not be neglected that
the adsorption rate is controlled by chemisorption from the kinet-
ics study, and it can be deduced that the nitrogen atoms situated
on the PPy matrix could play a role of specific adsorption sites to
chelate with F�. Thus, chelation may be also involved, even though
insignificant, in the adsorption. The plausible F� adsorption mech-
anism of the PPy/TiO2 is evidently proposed and shown in
Scheme.1.
4. Conclusions

Herein, a high efficiency and affinity defluoridation adsorbent
PPy/TiO2 composite was carefully designed and synthetized by
in-situ chemical oxidative polymerization. And the low-cost and
novel adsorbent is confirmed that it can be applied in the purifica-
tion of fluoride containing water for drinking. Surface and textural
characterizations and abundant positively charged nitrogen atoms
(N+) show a suitability for fluoride adsorption by composite. The
maximum monolayer adsorption capacity reaches 33.178 mg/g at
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25 �C, nearly fifty-five times more than the adsorption capacity of
PANI, fivefold that of PPy, and twice the amount of hydrous ferric
oxide. The concentration of F� containing water after adsorption
can be reduced below 1.5 mg/L within 30 min for drinking water
at pH of 7 even its initial concentration reached 11.678 mg/L. The
adsorption can be well described by the pesudo-second-order
model, revealing that the chemisorption is involved in the adsorp-
tion. The initial adsorption rate h is also found to increase with the
initial concentrations. Moreover, the adsorbent can be easily recy-
cled without adsorption capacity loss after six cycles, greatly con-
firming the outstanding affinity to fluoride. The adsorption is
confirmed to be a spontaneous and exothermic process with
decreasing entropy, which is prominently conducted through elec-
trostatic attraction, ionic exchange, and chelation may be also
involved. The detailed information about using the adsorbent to
treat the real wastewater containing F� is projected to be con-
ducted in our future work.
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