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ABSTRACT: Polymer/metal oxide composites are promising
candidates for the treatment of water pollution. Adsorption
selectivity as well as a large adsorption capacity are two key
factors for treating wastewater containing multiple ions.
Herein, a PPy+/TiO2(O

−) composite with a heterojunction
structure was first discovered to have novel selectivity toward
heavy metal ions. An interesting self-doping nature of
TiO2(O

−) together with SO4
2− for PPy+ was reported. This

interesting structure contributed to an impressive selective
adsorption capability with an ascending order of Zn2+ > Pb2+

≫ Cu2+ in a ternary ion system, where the adsorption for Cu2+

could be almost suppressed. Through the designed adsorption
experiments and characterization techniques including Fourier
transform infrared, thermogravimetric analysis, and X-ray
photoelectron spectroscopy, a universal synergistic mechanism for PPy+/TiO2(O

−) composite was first proposed and
confirmed. The doping and dedoping of metal oxide (dopant) from the polymer dictates the adsorption selectivity, where the
selectivity is determined by the interaction between TiO2 and heavy metal ions. This work may provide some useful guidelines
for designing adsorbents with selectivity toward specific heavy metal ions.

■ INTRODUCTION

Water pollution with heavy metal ions produced from the
industry of mining, painting, car radiator manufacturing,
batteries, and metal plating is increasingly becoming a
significant environmental problem.1 Adsorption is regarded
as a prospective treatment for heavy metal ions due to its low
cost, simplicity, and easy operational conditions and has
attracted wide attention from academic and industrial areas.2−4

However, several kinds of heavy metal ions can coexist in
natural and industrial water environments. These ions compete
for adsorption sites, leading to a decreased adsorption
capacity.3,5 Therefore, in addition to the large adsorption
capacity, the selective adsorption ability of the adsorbent is
especially important in the treatment of wastewater.6

Another important aspect to consider is the common
synergistic phenomenon in the composites, which demon-
strated many interesting properties such as solubility and
hydrophilicity compared to each component.7−11 Thus, design
and application of polymer/metal oxide composite have
attracted attention for wastewater treatment due to the
interesting synergistic effect between polymer and metal
oxides.6−11 Hu et al.12 synthesized graphene oxide/polypyrrole
(GO/PPy) composites for highly selective enrichment of
U(VI) from aqueous solutions, and the selective adsorption

capacity of U(VI) on GO/PPy composites was much higher
than those of U(VI) on GO and PPy due to the synergetic
adsorption. Khan et al.13 prepared a fibrous-type polymeric−
inorganic composite material: polypyrrole/Th(IV) phosphate
applied as a Pb(II) ion selective membrane electrode.
Selectivity was investigated in some binary separations like
Pb(II)−Zn(II), Pb(II)−Ni(II), Pb(II)−Cu(II), and Pb(II)−
Cd(II) on its column. The results suggested that synergetic
effect between PPy and Th(IV) phosphate increases the
selectivity toward Pb(II). Even though composite synthesis for
adsorption purposes is a subject undergoing intense study, the
mechanism of the synergistic effects in these studies was only
inferred without detailed investigation. Understanding the
mechanism behind the synergistic effects is very important,
which can provide a guideline to design an adsorbent with
improved adsorption capacity.
In this work, we selected PPy and TiO2 as the subjects for

studying the synergistic effects. Specifically, conjugated
polymer polypyrrole (PPy) is a promising candidate due to
its novel conjugated structure and redox properties, offering a
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rich electrochemical chain that undergoes ion doping and
dedoping on the pyrrolylium nitrogen (Scheme S1), which
may additionally experience interaction and synergistic effect
with metal oxides.14−18 Metal oxides have demonstrated a
selective adsorption affinity to some heavy metal ions such as
Mn oxides to Cu(II), Fe oxides to Pb(II), whereas Zn(II) can
be specifically attracted by Si oxides.19 The synergistic effect
between PPy and metal oxides may be expected to produce a
material with selective ion uptake. Even though there have
been some reports about PPy/metal oxides for heavy metal
adsorption,20−23 the adsorption capacity in multiple metal ions
solutions is limited.
Herein, this work aims to gain insight into the synergistic

mechanism between polymer and metal oxide for the selective
adsorption of metal ions. The redox states, structure, textural
properties, and interaction between PPy and TiO2 were
characterized. Various adsorption experiments, including
kinetic, single, and multicomponent isotherms, were designed
and conducted to reveal the individual and competitive
adsorption properties for Pb(II), Zn(II), and Cu(II). Finally,
the mechanism of the synergistic effect between PPy and TiO2
was first proposed based on the pH experiments as well as
characterization results from Fourier transform infrared (FT-
IR), thermogravimetric analysis (TGA), and X-ray photo-
electron spectroscopy (XPS). This work provides a general
understanding of the mechanism for the synergetic effect
between a polymer and metal oxide for the selective adsorption
of heavy metal ions. The proposed mechanism may be of great
value in guiding the design of adsorbents with selectivity
toward certain heavy metal ions and are widely used in the
removal of pollutants from wastewater.

■ EXPERIMENTAL SECTION
Materials. Chemicals used in this study were of analytical grade

and purchased from Sinopharm Chemical Reagent Co., Ltd. Pyrrole
was distilled twice and stored in the dark before use. The standard
heavy metal solutions were prepared from Pb(NO3)2, Cu(NO3)2·
3H2O, and Zn(NO3)2·6H2O with deionized water.
Synthesis of PPy, TiO2, and PPy/TiO2 Composite. The PPy/

TiO2 composite doped with H2SO4 was synthesized using in situ
chemical oxidative polymerization.24 The TiO2 was prepared through
sol−gel method. N-Propanol and tetrabutyl titanate (AR) at a volume
ratio of 5:2 were carefully charged into H2SO4 solution (200 mL, 0.24
mol/L) and stirred for 24 h. The formed TiO2 suspension solution
was cooled down to 5 °C in the dark before 0.675 mL of pyrrole
monomer was added. Then, FeCl3 solution (25 mL, 1.0 mol/L) was
dosed dropwise into the mixture and stirred for another 24 h in dark.
The formed dark composite was filtrated and washed with 0.01 mol/L
H2SO4 solution several times to remove the oligomer and other
impurities. For comparison, pure TiO2 was prepared using the same
procedure but without adding pyrrole monomer and FeCl3; pure PPy
was synthesized using the same procedure but without adding TiO2.
Characterization. Fourier transform infrared (FT-IR) spectra of

PPy, TiO2, and PPy/TiO2 composite were performed on a BRUKER
TENSOR 37 FT-IR spectrometer by the KBr pellet method over a
range of 4000−400 cm−1. X-ray photoelectron spectroscopy (XPS)
spectra were recorded on a Kratos Axis Ultra DLD with an Al
monochromatic X-ray source (1486.71 eV). All binding energies were
referenced to the C 1s hydrocarbon peak at 284.6 eV. The ζ-potential
investigations were conducted on a Malvern Zetasizer Nano ZS90.
Thermogravimetric analysis (TGA) was investigated on a Setaram
Labsys Evo in N2 flow, and the heating rate was 10 °C/min. X-ray
diffraction (XRD) patterns were acquired on an X’Pert PRO
Diffractometer with a wavelength of 1.5406 Å (Cu Kα radiation
method) over a range of 10−80°. The N2 adsorption and desorption
isotherms were recorded on a Builder SSA-4200 at 77 K and the

specific surface area, total pore volume, and average pore radius were
calculated using a Builder analysis software. Scanning electron
microscopy (SEM) and energy-dispersive X-ray spectrum (EDS)
was performed on a JSM-6700F. Transmission electron microscopy
images (TEM) were recorded on a JEM model 2100 electron
microscope. The concentrations of heavy metal ions were determined
using an inductive coupled plasma emission spectrometer (ICPE-
9000, Shimadzu).

Adsorption Experiments. In all adsorption experiments, the
dose of adsorbent was 2 g/L and the volume of heavy metal solution
was 20 mL. All experiments were conducted in a shaker at a constant
temperature, and the agitation speed was kept at 200 rpm. To avoid
the influence of precipitation of metal ions on the adsorption, the
solution pH was kept at 5.

In the kinetic experiment, the composite was dosed in 400 mg/L
Pb2+, Zn2+, and Cu2+ solutions, respectively, with various contact
times (0−180 min). In the single-ion isotherm investigations, the
composite was dosed in Pb2+, Zn2+, and Cu2+ solutions of various
initial concentrations for 3 h at 15, 25, and 45 °C, respectively. For
Pb2+ adsorption, the initial concentration was 100, 200, 300, 400, 600,
and 800 mg/L, whereas for Zn2+ and Cu2+ adsorption, the initial
concentration was 10, 50, 100, 200, 400, and 600 mg/L. In the
multiple-ion isotherm investigations, the composite was dosed in a
mixed solution of Pb2+, Zn2+, and Cu2+ with an initial concentration of
50, 100, 200, 300, and 400 mg/L at 25 °C for 3 h. The pH experiment
was conducted in the solutions with the initial pH from 1 to 5 and an
initial heavy metal ion concentration of 200 mg/L for 3 h. The pH
used was adjusted using HNO3 or NaOH concentrated solution.
(Caution! The HNO3 and NaOH solutions are highly corrosive!)

The adsorption capacity and recycle efficiency was calculated as
follows

=
−

Q
C C V

m
( )

e
0 e

(1)

= ×
Q

Q
recycle efficiency 100%ne,

e,0 (2)

where Qe (mg/g) is the equilibrium adsorption capacity, C0 and Ce
(mg/L) are the initial and equilibrium concentrations of heavy metal
ions, respectively, m (g) is the weight of adsorbent, V (L) is the
solution volume, Qe,n represents the adsorption capacity at the nth
cycle, whereas Qe,0 represents the adsorption capacity before the
recycle.

■ RESULTS AND DISCUSSION
Characterization. The structure of PPy/TiO2 composite

was illuminated by the FT-IR spectra as shown in Figure S1,
and the main characteristic bands are listed in Table S1. For
comparison, the spectra of TiO2 and PPy were also presented.
TiO2 showed only two broad peaks at 3419 and 400−700
cm−1. After being coated with PPy, it clearly exhibited the
combination of typical characteristic peaks of PPy (1551, 1457,
1317, and 1056 cm−1) and TiO2 (400−700 cm−1), evidencing
the successful formation of PPy/TiO2 composite. In addition,
the presence of a strong peak situated at 1056 cm−1 was
ascribed to Cβ−H, suggesting an α−α linking and regular
polymerization of PPy.18 The second dopant ion SO4

2− was
also detected. However, it was also noticed that the peaks
assigned to hydroxyl at 3419 and 1629 cm−1 of TiO2 and those
for Py ring (1524, 1442, 1284 and 1025 cm−1), respectively,
shifted to lower or higher wavenumbers, confirming the
conclusion from the density functional theory (DFT)
calculations25 that PPy is a p-type semiconducting polymer,
which donates its electron cloud density to TiO2, making TiO2
to be an n-type material in the PPy/TiO2 composite.
Therefore, following the DFT and the FT-IR results from
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the PPy/TiO2 composite, we proposed for the first time that
TiO2 could be a dopant, acting through the hydroxyl to dope
and undergo charge-transfer (CT) interactions with PPy in the
PPy/TiO2 system. The CT interaction model between PPy
and TiO2 proposed herein (Scheme 1) may well explain the
mechanism of the synergistic adsorption between PPy and
TiO2 and the selective adsorption for heavy metal ions
discussed in the later sections.
The N 1s XPS spectra shown in Figure 1 also confirm the p-

type doping state of PPy (PPy+(X−)). It can be deconvoluted

into two peaks, which reveals the presence of a secondary
component at 401.3 eV for the positively charged nitrogen
(−N+−) and a major component at 399.9 eV for the
pyrrolylium nitrogen (−NH−).18 It also verified that PPy
was completely in its oxidation state. In addition, the
proportion of positively charged nitrogen in the composite is
calculated to be 31.2% according to the peak area, suggesting a
doping level of 31.2% for PPy.18 This doping feature is also
confirmed by the ζ-potential investigation (Figure 2). The pH
of zero point charge (pHpzpc) of the composite was 10.3, close

Scheme 1. Synergistic Adsorption between PPy and TiO2 in the PPy/TiO2 Composite for the Selective Adsorption for Heavy
Metal Ions

Figure 1. (a) XPS N 1s core level spectra of PPy/TiO2 composite before and after the adsorption of Pb2+, Zn2+, and Cu2+. (b) Pb 4f, Zn 2p, and Cu
2p3 core level spectra of PPy/TiO2 composite after the adsorption of Pb2+, Zn2+, and Cu2+.
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to that of 10.4 for PPy, indicating the positively charged nature
of the pyrrolylium nitrogen.15

The CT interaction was effected by thermal degradation,
and PPy+(X−) began to deprotonate and dedope to
deprotonated-PPy when it was heated to a certain temper-
ature.26 Therefore, to further confirm the CT interaction in the
composite between TiO2, PPy, and dopant ions (TiO2(O

−)
and SO4

2−), thermogravimetric analysis (TGA) was carried out
and shown in Figure S2. PPy/TiO2 displayed a three-stage
degradation process: the first weight loss from room
temperature to 300 °C is assigned to the loss of hydroxyls
and the adsorbed water;27 the second weight loss interval
between 300 and 600 °C is ascribed to the loss of the doped
ions SO4

2−, which agrees with the results for PPy+(Cl−) that
the loss of chloride species started from slightly higher than
300 °C;26 the final weight loss above 600 °C may be due to the
further thermal decomposition of PPy. This weight loss
process is also verified by the proportion losses of each
component in the samples from the TGA result (Table 1). The
content of SO4

2− in the PPy was calculated to be about 18.73
w/w% based on a doping level of 31.2% from the XPS result
(for calculation details, please see the Supporting Information),
which fits well with the second weight loss interval of around
19.02 w/w% in the TGA experiment. In addition, the SEM−
EDS were performed for the elemental analysis to confirm the
existence of SO4

2− (Figure S3 and Table S2), and its content
(2.58 w/w%) fits well with the TGA results (the content of
SO4

2− and OH− in TGA was calculated to around 7.5 w/w%).
From the TGA study, the content of TiO2 in the composite
was more than 70%, suggesting that TiO2 may play a more
important role in the adsorption.

To better characterize the structure of PPy/TiO2 composite,
the XRD spectra of PPy and TiO2 were also investigated and
are shown in Figure S4. Amorphous PPy and anatase TiO2
with characteristic peaks at 25.3, 37.8, and 48.1° can be
confirmed.28 After being covered with PPy, those three
characteristic peaks almost disappeared, suggesting that the
anatase TiO2 was completely covered with amorphous PPy.29

This core−shell like feature is also supported by the N2
adsorption−desorption results (Figure 3). The textural

parameters are listed in Table S3. The surface area and pore
volume of TiO2 were extensively reduced after the
modification with PPy, which results from the blocking with
PPy. The core−shell like structure was confirmed by the SEM
and TEM images as shown in Figure S5. The lattice fringe of
TiO2 can be clearly observed in the core of the composite,
which was covered by an amorphous shell of PPy. This
structure was very stable, and TiO2 was still tightly covered by
PPy after dedoping (Figure S5c). No isolated TiO2 was
observed. The pore diameter of the composite was around 6.45
nm, much larger than the radius of heavy metal ions (0.97 Å
for Pb2+, 0.74 Å for Zn2+, and 0.7 Å for Cu2+), indicating that
the ions can diffuse through PPy to reach TiO2 without
resistance. It is also interesting to find that the isotherm of
TiO2 was changed from type II to type I after PPy
modification, further confirming the structural changes of the
pores.30 Nevertheless, this composite still showed a surface
area of 140.0 m2/g, providing sufficient sites for heavy metal
adsorption.

Adsorption Investigation. The detailed adsorption
properties including kinetic, regeneration investigation, and
field sample analysis were carried out and shown in Section S5
in the Supporting Information. The results showed that PPy/
TiO2 composite is a promising adsorbent for adsorption. The

Figure 2. ζ-Potentials of PPy, TiO2, and PPy/TiO2 composite in
different pH and the pH of zero-point charge.

Table 1. Proportion of Each Component in PPy, TiO2, and PPy/TiO2 Composite before and after Adsorption

temperature

<300 °C (water/hydroxyl) 300−600 °C (hydroxyl/doping ions) >600 °C (PPy)

PPy 15.39 w/w% (water) 19.02 w/w% (doping ions) 5.80 w/w% (PPy)
TiO2 14.57 w/w% (water/hydroxyl)
PPy/TiO2 12.15 w/w% (water/hydroxyl) 7.50 w/w% (hydroxyl/doping ions) 4.84 w/w% (PPy)
PPy/TiO2 Pb 14.17 w/w% (water/hydroxyl) 11.38 w/w% (hydroxyl/doping ions) 9.06 w/w% (PPy/M2+)
PPy/TiO2 Zn 16.04 w/w% (water/hydroxyl) 9.51 w/w% (hydroxyl/doping ions) 8.23 w/w% (PPy/M2+)
PPy/TiO2 Cu 16.04 w/w% (water/hydroxyl) 9.51 w/w% (hydroxyl/doping ions) 4.37 w/w% (PPy/M2+)

Figure 3. N2 adsorption and desorption isotherms of PPy, TiO2, and
PPy/TiO2 composite.
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adsorption equilibrium can be achieved within 5 min for Zn2+,
7 min for Cu2+, and 40 min for Pb2+, evidencing a fast
adsorption. It can be recycled using HNO3 and NaOH, which
has low cost and easy to operate. Thus, it can be effectively
used in field conditions.
To understand the adsorption properties and selective

adsorption nature, and quantify the maximum adsorption
capacity of PPy/TiO2 composite, isotherm studies at different
temperatures in single- and multicomponent (ternary) systems
were carried out (Figure S6).31 The equilibrium experimental
data were fitted using typical Langmuir32 and Freundlich33

models to illuminate the adsorption affinity and capacity,
whereas Dubinin−Radushkevich34 and Temkin35 models were
used to estimate the adsorption free energy and heat.36

Relevant parameters and details about the models are
summarized in Tables 2 and S4. Considering the value of R2

and the accuracy of the Qm calculated, the equilibrium data can
be well described by the Langmuir model, followed by the
Freundlich and Temkin models in all the cases, whereas the
Dubinin−Radushkevich model is the least capable of
predicting the adsorption. Therefore, the following discussions
were mainly based on the Langmuir fitting results.
From the Langmuir model, PPy/TiO2 composite showed an

outstanding maximum adsorption capacity up to 0.677 mmol/
g for Pb2+, 1.197 mmol/g for Zn2+, and 0.141 mmol/g for
Cu2+, respectively, in single-ion solutions. The absorption
capacities of this material were competitive with the recently
reported adsorbents (Table S5, Supporting Information).
Moreover, it is noticeable that Qm in the Pb2+ and Zn2+

adsorption spectra increased steadily with temperature, which
may result from the ionic exchange adsorption nature.22 This
phenomenon was also reported for other PPy-based
adsorbents such as a PPy/chitin composite that adsorbed
Pb2+ and Cd2+ 37 and PPy/sawdust composite used for Zn2+

adsorption.38 In contrast, the temperature did not obviously
influence the Cu2+ adsorption. The adsorption of Cu2+ may
have a different adsorption mechanism with Pb2+ and Zn2+.
The multiple-ion solution was applied to further investigate

the selective adsorption property of PPy/TiO2 composite,
which is important in adsorption engineering but is rarely
reported.6 The adsorption isotherm data could be well
described by Langmuir model, indicating that the adsorption
in the multi-component system was still monolayered.39,40 It is
reasonable that the adsorption capacities (Qm) deteriorated
due to the competition between heavy metals for the
adsorption sites. To better correlate the data obtained from
single-metal equilibrium with the multimetal data, the P factor,
a dimensionless parameter shown in eq 3, is introduced.

=P
Q

Q max,single

max,multiple (3)

where Qmax,single and Qmax,multiple are the maximum adsorption
capacity of heavy metals in single- and multicomponent
systems. Obviously, the higher the affinity toward one metal,
the higher the value of P is; and the higher selectivity the
composite has, the bigger is the difference in the P values for
different metal ions. The P values of the composite for three
heavy metals are presented in Table 2. It is interesting to see
that the P values showed a descending order of Zn2+ > Pb2+ ≫
Cu2+, and the adsorption of Cu2+ was almost completely
forbidden in the multicomponent system, suggesting that PPy/
TiO2 composite can be applied to separate and recycle heavy

metals from Cu2+-rich electroplating effluent without the
influence and competition of Cu2+. It should be noted that
there is not a mechanism about selective adsorption that can
perfectly explain all the experimental results yet, and the
reported results contradicted each other in the previously
reported work. For example, Xu et al.41 reported the selective
adsorption of heavy metals was in the order of Cu(II) > Co(II)
> Ni(II) for a SG−H2L

2 composite, and they suggested that it
may be caused by the cationic radius, hydration energy, and
acidity/basicity of the interactive species in the adsorption
process. However, contradicting results were observed by Ali et
al.42 that the selective adsorption order for a Mn−MoS4
composite followed the order Hg2+ > Ag+ > Pb2+ > Cu2+ >
Cd2+ > Ni2+ > Zn2+ > Co2+, in which the selectivity is based on
the Hard−Soft−Acid−Base theory. In addition, Ag+, which
carries only one positive charge, outperforms other ions with
greater charges, challenging the theory that more charged ions
would have higher adsorption priority. Another contradicted
result was obtained by Chandra et al.43 A selective adsorption
capability of Hg2+ > Cu2+ > Cd2+ > Pb2+ > Zn2+ was observed
in PPy. However, a totally different selectivity of Hg2+ > Zn2+ >
Cd2+ > Pb2+ > Cu2+ was achieved for polypyrrole/reduced
graphene oxide composite. Herein, a different phenomenon
was reported for a PPy/TiO2 composite, which had selective
adsorption capability in the order of Zn2+ > Pb2+ ≫ Cu2+, even
though Zn2+ has a smaller ionic radii and Pauling electro-
negativity (0.74 and 1.65 nm) than Pb2+ (0.97 and 2.33 nm)
and Cu2+ (0.7 and 1.9 nm), suggesting that the selectivity of
the adsorbent depends on the adsorbent as well as the
adsorbate, and the mechanism previously proposed cannot well
explain all these situations.
To elucidate the selectivity of PPy/TiO2 composite,

competitive adsorption studies of PPy and TiO2 was also
conducted, all the results are summarized in Figure S6d−i and
Table 2. It is interesting to notice that that TiO2 showed a
similar adsorption behavior in a multicomponent system to the
PPy/TiO2 composite. Such a behavior was not observed for
PPy. In addition, TiO2 did show similar selectivity order to that
of PPy/TiO2, which follows Zn2+ > Pb2+ > Cu2+. Therefore, it
can be deduced that the selectivity for heavy metals for this
composite was determined by TiO2 instead of PPy. It can be
hypothesized that Pb2+ and Zn2+ are favored by TiO2 and PPy/
TiO2 composite but not Cu2+, even though PPy has a good
affinity toward Cu2+, which can be only adsorbed by PPy by
the limited imine groups. However, the reason why a metal
oxide has strong affinity toward specific heavy metal ions could
not be given. Inspired by the work conducted by Oyetade et
al.,44 which used DFT calculations to simulate the combination
of ions with acid-functionalized multiwalled carbon nanotubes
on a lattice structure scale, we hypothesize herein that the
selectivity of metal oxide to heavy metal ions should be related
to the compatibility of the lattice structures of metal oxides
with heavy metal ion hydroxide. Further investigation will be
the subject of our future work.
From the fitting results of Dubinin−Radushkevich and

Temkin model, it can be seen in Figures S7, S8 and Table S4
that the adsorption free energy (E) and heat (B) also followed
the increasing trend in temperature, which is consistent with
the results from the Langmuir model. However, these two
models cannot describe the data well; therefore, the values of
the adsorption free energy (E) and heat (B) are not used to
determine the adsorption mechanism.
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Synergistic Adsorption and Selective Adsorption
Mechanism. Inspired by the interesting selective adsorption
properties of PPy/TiO2 composite, we continued to design
and carry out experiments to investigate the mechanism of the
synergistic adsorption between PPy and TiO2, and the selective
adsorption mechanism for heavy metals.
Adsorption Sites. FT-IR analyses before and after heavy

metal adsorption for TiO2, PPy, and PPy/TiO2 composite
were performed (Figure S1b−d) to determine the adsorption
sites, and the main characteristic peaks are listed in Table S1.
For TiO2, the peaks assigned to hydroxyls at 3419 and 1629
cm−1 showed an obvious redshift to higher wavenumbers after
adsorbing Pb2+, Zn2+, and Cu2+, suggesting an interaction
between the hydroxyls on the surface of TiO2 and heavy
metals.45 The peak shift of Cu2+ was relatively smaller,
confirming the result obtained by the competitive isotherm
investigation that adsorption of Cu2+ was not favorable for
TiO2. As for PPy and PPy/TiO2 composite, a redshift was
clearly observed for the peak ascribed to C−N at around 1442
cm−1 as well, and its intensity became very weak after
adsorption, indicating a new environment around the pyrrolic
nitrogen on the PPy chain.26 This result may be one of the
important evidences for the ionic exchange and dedoping of
TiO2(O

−) during adsorption.
Synergistic Adsorption and Selective Adsorption

Mechanism. It is difficult to interpret the selective adsorption
order of Zn2+ > Pb2+ ≫ Cu2+ for PPy/TiO2 composite if using
the Hard−Soft−Acid−Base theory or the properties of heavy
metals only. Therefore, the synergistic adsorption between
TiO2 and PPy in the selective adsorption process was also
considered. As we discussed above, TiO2(O

−) along with
SO4

2− acted as dopants and were involved in the charge-
transfer interaction with PPy in the composite. However, the
unstable oxidization doped state of PPy is relatively easy to
dedope or exchange dopants with rich ions such as NO3

− in
the heavy metal ion solution at pH > 3,46 and some imine
could be formed. To illuminate this process, XPS investigations
on the composite after adsorption was conducted. The N 1s
spectra of PPy/TiO2 after adsorption are depicted in Figure 1,
and the assignments and their ratio of peak area are presented
in Table 3 to illustrate the changes of N. It shows an
interesting result: a decreased ratio of −N+−, an increased
ratio of N−, and an unchanged ratio of −NH−; confirming
a certain degree of dedoping for the composite. However, the
TGA results shown in Table 1 inferred that the mass of doping
ions (300−600 °C) still increased after adsorption, suggesting
that the dedoped ions should be TiO2(O

−) instead of SO4
2−;

some TiO2(O
−) may be also exchanged by NO3

−.26 It is
reasonable because SO4

2− has a large size and is relatively hard
to dedope from the PPy chain. From the XPS result, another
interesting result can be also noticed is that for favorable ions
of Pb2+ and Zn2+by PPy/TiO2, the dedoping rate was much
lower (larger A(−N+−)/A(N−)) than for Cu2+. It can be
inferred that Cu2+ may be adsorbed on PPy in a different
manner than Pb2+ and Zn2+. This is due to the chemical
equilibrium between metal ion and PPy, where the dedoping
process can be promoted by heavy metal ions if they have the
following interaction with PPy

− − == = − ++ −PPy( N )X PPy( N ) HX (4)
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This reaction can be also confirmed by the XPS spectra of Cu
2p, in which the Cu−N can be obviously detected after
adsorption (Figure 1b), suggesting the main adsorption site for
Cu2+ is on the PPy through the imine. The similar shape line
was also found in Cu/N-doped TiO2.

4747 As for Pb2+ and Zn2+,
the peaks for Pb−N and Zn−N were overlapped and only
hydrated (Pb−O and Zn−O) and nitrated forms can be
detected,48,49 confirming that Zn2+ and Pb2+ were mainly
adsorbed on TiO2, whereas Cu

2+ was adsorbed by PPy on the
imine group, which further supports the hypothesis that Zn2+

and Pb2+ are more favored by TiO2. From the XPS result, it
can also be seen that the oxidation rate of PPy after adsorption
decreased to around 20%, which can be attributed to the
hydrolysis in the non-acid aqueous solution.
Taking the above into consideration, the mechanism for the

synergistic adsorption on PPy/TiO2 composite is proposed as
follows: TiO2(O

−) together with SO4
2− acted as the dopants

for PPy and were involved in charge-transfer interactions
within PPy in the PPy/TiO2 system. After the composite was
dosed with heavy metal ions from the solution at pH higher
than 3, the exchange/dedoping process of dopants occurred.
Some TiO2(O

−) ions were dedoped or exchanged by the
counteranions (i.e., NO3

−) in the solution with high
concentration of NO3

−.50 After being dedoped, the negatively
charged TiO2(O

−) needs to be electrically neutralized. In
solutions at pH = 5, heavy metal ions would be preferentially
attracted to TiO2(O

−) and the selective adsorption was mainly
achieved at TiO2 site, resulting in the interesting phenomenon
that the selectivity of the composite is determined by TiO2
instead of PPy. Therefore, PPy/TiO2 composite displayed
better affinity to Zn2+ and Pb2+ than Cu2+, just as TiO2 did. In
other words, the novel selectivity is achieved through the
synergistic adsorption between PPy and TiO2. For the
adsorption mechanism, according to our previous
work,15,16,29 hydroxyls become negatively charged after
dedoping from PPy and electrostatically attracted heavy
metal ions with positive charge. The electrostatic attraction
was an important mechanism for the adsorption. In addition,
the chelation of pyrrolylium nitrogen with lone pair electron to
the heavy metal ions with unoccupied orbital could be another
important mechanism for the adsorption after dedoping.
Therefore, the adsorption mechanism could be expressed as
follows

‐ +

→ ‐ ···

− +

− +

2composite O (hydroxyl) M (heavy metal ion)

2composite O M (electrostatic attraction)

2

2
(6)

‐

+ → ‐ →+ +

N

N

composite : (pyrrolylium nitrogen)

M (heavy metal ion) composite : M

(chelation)

2 2

(7)

It should be noted that even though PPy had adsorption
capacity to heavy metals through chelation, the loading of PPy
was lower compared to TiO2 from the TGA result. It can be
concluded that the selective adsorption property of this PPy/
TiO2 composite was still determined by TiO2.
We conducted the experiments by adjusting the pH of the

solution (Figure S9) to confirm this synergistic mechanism.
The adsorption capacities for Pb2+, Zn2+, and Cu2+ increased
with the increased pH. It can be explained by that the
dedoping of dopant and dopant exchange would be greatly
improved at low concentration of H+, resulting in the increased

availability of TiO2(O
−) adsorption site and enhanced

adsorption capacity for heavy metal ions.26 In addition, the
amount of imine group could be also increased at high pH,
which may also increase the adsorption capacity.29 All these
results support the synergistic mechanism we proposed.

■ CONCLUSIONS
Herein, the mechanism on the synergistic adsorption between
polymer and metal oxide in a polymer/metal oxide composite
was proposed for the first time, as well as the self-doping
nature of metal oxide on polymer. An interesting charge-
transfer structure is formed between the coated PPy in its
oxidized p-type doping state and TiO2 in n-type state. This
interaction results in the interesting selective adsorption
property that Zn2+ can be selectively adsorbed with 77.81
mg/g adsorption capacity, whereas the adsorption for Cu2+ is
totally suppressed in a multiple-heavy-metal-ion solution. The
results from the FT-IR, XPS, and TGA confirm that the
exchange/dedoping of TiO2(O

−) occurred during the
adsorption process. The selectivity of the composite is
determined by the component TiO2. This proposed mecha-
nism satisfactorily explains the interesting properties of the
synergistic effect and the selective adsorption in PPy/TiO2
system. This mechanism may also be applicable to other
polymer/metal oxide composites where polymer can conduct
doping−dedoping process, such as polythiophene and polyani-
line. This work may also provide a guideline to get insight into
the mechanism on the selective adsorption in other adsorbents.
The low cost and easy recycling make the adsorption method
very attractive for wastewater treatment. It should be also
mentioned that Pb2+ and Zn2+ cannot be separated by PPy/
TiO2. The mechanism of special adsorption affinity of TiO2 to
Zn2+ and poor affinity to Cu2+ remains unknown. It may be
related to the compatibility between the lattice structures of
metal oxides and heavy metal ion hydroxide. Further
investigation will be conducted in our future work in this case.
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