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A B S T R A C T

A composite with self-doping nature, polythiophene (PTh)/TiO2 with impressive selectivity was synthesized in
the aqueous medium to support the mechanism on synergistic effect between PTh and TiO2. An interesting self-
doping of TiO2(O−) on the polythiophene in the PTh+/TiO2(O−) composite was also prepared with tunable
heterojunction structure by adjusting the solution pH. An impressive selective adsorption property with an
ascending order of Zn2+> Pb2+≫ Cu2+ was achieved in the single and competitive adsorption study, where
the adsorption for Cu2+ could be almost suppressed. This interesting selective adsorption was confirmed to be
caused by the dedoping of TiO2(O−) in the heavy metal ion solution due to the metastable doping form of PTh in
non-acid solution from the TGA and electrochemical point of view. While the selective adsorption of the com-
posite was also determined on TiO2. The general mechanisms on synergistic effect and on selective adsorption
were successfully convinced through the designed experiment, providing some reliable guidelines for designing
adsorbents with selectivity towards specific heavy metal ions. In addition, PTh+/TiO2(O−) composite with high
adsorption capacity for Zn2+ and Pb2+ can be readily applied in the practical application, especially in the Cu2+

rich waste water without capacity loss.

1. Introduction

Adsorption is a low-cost industrial separation technique for the
treatment of heavy metal ion-containing effluents, and it is particularly
effective when adsorbents with high adsorption capacity and selectivity
are applied [1,2]. Recent studies have focused on many interesting
adsorbents such as fly ash [3], graphene oxide and reduced graphene
oxide [4], dead biomass [5], inorganic minerals [6], molecular com-
pounds with different functional groups [1], and so on. However,
multiple heavy metal ions normally co-exist in natural and industrial
water environment, and adsorption capacity of these adsorbents is still
not high enough, especially in the wastewater where the ions compete
with each other for the adsorption sites [2]. Therefore, finding new
materials and methods for fabricating adsorbents with high adsorption
performance and selectivity remains challenging.

In this case, integrating a synthetic polymer and an inorganic mi-
neral to produce a unique organic/inorganic composite type adsorbent
have received growing investigation interest in recent years due to their
synergistic effect in the composite [7]. A chitosan based composite
adsorbent with clay was synthesized and found the interesting sy-
nergistic effect on the adsorption for binary mixtures of Pb (II) and Cd
(II) from water [8]. Lignosulfonate-graphene oxide-polyaniline (LS-GO-

PANi) composite was applied for Pb (II) adsorption and suggested that
the synergistic phenomena between PANi and LS-GO plays a key role in
the adsorption [9]. A similar synergistic effect is also found in our
previous work [10–13]. Even though the synthesis of composites is of
great interest in the adsorbent synthesis, little investigation has been
paid on the mechanism of the synergistic effect between the compo-
nents in a composite, leaving the mechanism still unknown. Without
the guidance of the mechanism, it would greatly restrict the develop-
ment of the design and synthesis for the composite adsorbents.

In another important aspect, in order to prepare adsorbent with
interesting selectivity, different types of conjugated polymers and in-
organic metal oxides have been used. Specifically, metal oxides have
demonstrated a special selective adsorption affinity to some heavy
metal ions, such as ferric oxides toward Pb (II) [14], manganic oxides
possess to Cu (II) [15], Zn(II) on silicic oxides, and many more [16].
While the conjugated polymer of polypyrrole, polyaniline and poly-
thiophene are promising candidates for the synergistic effect due to
their novel conjugated structure and tunable electrochemical properties
concerning the ion doping-dedoping process in the solution with dif-
ferent pH (Scheme 1) [17]. Even though there has been some published
literature concerning polymer/metal oxides for heavy metal adsorption,
there have been limited investigation on adsorption in multiple metal
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ion solution to take the selectivity of adsorption into consideration.
The aim of this study is synthesis of polythiophene (PTh)/TiO2

composite to get insight into the mechanism on the synergistic effect
between polymer and metal oxide, and on the selectivity for specific
heavy metal ion. Herein, the self-doping nature of the PTh/TiO2 was
characterized and discussed. Three important hazardous ions including
Pb (II), Zn (II) and Cu (II) were employed as the experimental targets
and applied in the single and competitive adsorption process to reveal
the selective adsorption property of PTh/TiO2 composite.

2. Experimental

2.1. Materials

Thiophene used in this study was purchased from TCI (Shanghai)
Development Co., Ltd and used as received. The other chemicals used in
this study were all purchased from Sinopharm Chemical Reagent Co.,
Ltd (China). All chemicals were analytical grade. The standard heavy
metal solutions used in the study were prepared using Pb(NO3)2, Cu
(NO3)2·3H2O and Zn(NO3)2·6H2O, respectively with deionized water.

2.2. Synthesis of the PTh, TiO2 and PTh/TiO2 composite

The synthesis of the adsorbents was carried out in a 500mL three-
jacketed glass reactor with a mechanical stirrer. 0.8 mL of HNO3 was
slowly added in 400mL of deionized water to prepare the acid solution
for better polymerization of thiophene (Caution! The HNO3 is highly
corrosive!). 20mL of titanium (IV) isopropoxide (0.066mol) was
dropwise injected into 400mL of deionized water in the flask and
stirred for 60min to prepare the TiO2 suspension solution. Then 3.6 mL
of thiophene (0.05 mol) was added in and stirred for 60min to make
sure the thiophene can be totally adsorbed on the TiO2 [18,19].
20.704 g of ammonium peroxodisulfate (APS, 0.1mol) was subse-
quently placed into the solution, and start heating to 50 °C in the
meantime (Caution! The ammonium peroxodisulfate is corrosive!). The
reaction was kept at 50 °C with whisking for 24 h. Finally, the obtained
powder was filtrated and dried at 50 °C for 24 h. The TiO2 and PTh,
which is compared in the investigation, were also synthesized with the
same procedure without thiophene monomer and ammonium perox-
odisulfate or TiO2 adding. The yield of PTh was 53.47%; the yield of
PTh/TiO2 was 92.69%.

2.3. Characterization instruments

The Fourier transform infrared spectra (FT-IR) of PTh, TiO2 and PTh
/TiO2 composite were obtained on a BRUKER TENSOR 37 FT-IR spec-
trometer by the KBr pellet method. The thermogravimetric analysis
(TGA) was performed on a Setaram Labsys Evo in N2 flow with the
heating rate of 10 °C/min. The zeta potential investigations were

conducted on a Malvern Zetasizer Nano ZS90. X-ray diffraction (XRD)
patterns were acquired on an X’Pert PRO Diffractometer, and the ex-
perimental range was set within 10–80°with wavelength of 1.5406 Å
using Cu-Kα radiation method. N2 adsorption and desorption isotherms
were recorded on a Builder SSA-4200 at 77 K. The specific surface area
is calculated using the multiple point BET method, and total pore vo-
lume and average pore radius were calculated based on the BJH method
(using the desorption branch). The scanning electron microscopy (SEM)
was performed on a JSM-6700F to investigate the morphology of
sample. Transmission electron microscopy images (TEM) were recorded
on a JEM model 2100 electron microscope. An inductive coupled
plasma emission spectrometer of Shimadzu ICPE-9000 was applied to
determine the concentration of the heavy metal ions.

2.4. Adsorption experiments

In the experiments in Section 3.2, the volume of the heavy metal
solution was kept at 20mL, and the dose of the adsorbent was kept at
2 g/L. A shaker with controllable temperature was occupied, and the
agitation speed was kept at 200 rpm. To eliminate the precipitation of
metal ions, the solution pH was kept at 5.

In the kinetic experiment, 400mg/L Pb2+, Zn2+ and Cu2+ solutions
were applied respectively in various contact time from 0 to 180min in a
single-ion system. In the single-ion isotherm study, various initial
concentration of Pb2+, Zn2+ and Cu2+ solutions were applied respec-
tively at 25, 35 and 45 °C for 3 h. For Pb2+ adsorption, the initial
concentration was kept at 100, 200, 300, 400, 600 and 800mg/L, re-
spectively; For Zn2+ and Cu2+adsorption, the initial concentration was
kept at 10, 50, 100, 200, 400 and 600mg/L, respectively. In the mul-
tiple-ion isotherm study, the Pb2+, Zn2+ and Cu2+ mixed solution with
initial concentration of 50, 100, 200, 300, 400mg/L, respectively were
investigated at 25 °C for 3 h. In the effect of pH experiment, the initial
concentration of 200mg/L heavy metal ion solution with initial pH
from 1 to 5 were used. The pH was carefully adjusted using con-
centrated HNO3 and NaOH solution (Caution! The HNO3 and NaOH are
highly corrosive!). The initial concentration was all kept as 400mg/L.
As for the calculation, the adsorption capacity and recycle efficiency
was calculated as follows:

=
−Q C C V
m

( )
e

e0
(1)

= ×
Q
Q

Recycleefficiency 100%e n

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 (mL) is the solution
volume; Qe,0 and Qe,n is the adsorption capacity at the initial and at n
cycle.

Scheme 1. Interconversions between the various redox states in PPy (a polaron exists in six thiophene rings).
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3. Results and discussion

3.1. Characterization

Herein, PTh and PTh/TiO2 composite are synthesized through a
radical polymerization process using APS as an oxidation agent. At the
initial of the process, thiophene monomers are adsorbed on the surface
of TiO2, followed by the polymerization by the oxidant APS that could
remove one electron from each thiophene monomer through forming a
radical sulfate, which is similar to the polymerization of pyrrole
[18,19]. The formed PTh and PTh/TiO2 composite are illustrated using
FTIR spectra shown in Table 1 and Fig. S1. It can be noted some of the
characteristic peaks assigned to PTh are weak in the spectrum of the
composite, which may due to the overlap of strong peaks ascribed to
TiO2. In addition, the loading rate of PTh may be relatively lower when
the reaction is conducted in the aqueous medium due to the influence of
OH−[20]. Anyhow, the typical peaks situated at around 1676, 1554,
1407, 988 and 641 cm−1 assigned to polythiophene [21] and at
400–700 cm−1 attributed to TiO2 [22] can be still detected in the
spectrum of PTh/TiO2 composite, confirming the successful loading of

PTh onto TiO2. It is notable to observe the peaks at 1676 cm−1 could
also be assigned to C]O in the spectrum of PTh, suggesting that the
PTh prepared by using the synthesis method in the aqueous solution is a
polythiophene derivative. Specifically, several investigations indicated
that the polymerization of the heterocyclic compounds such as pyrrole
and thiophene is very easy to be influenced by the nucleophilic OH−,
and form the C]O on the β-C [23]. The PTh synthesized in the
chloroform is hydrophobic, and the hydrophobic property could influ-
ence the contact and interaction between the PTh and heavy metal ions
in the wastewater. Therefore, introduction of C]O would improve the
hydrophily of the PTh and improve the interaction between PTh and
heavy metal ions, exhibiting the advantage of the method we proposed
for the PTh polymerization.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.08.008.

The conceivable structure of the synthesized PTh/TiO2 composite is
illustrated in Scheme 1. This structure is carefully illustrated from the
characterization result and literature review, and a polaron is supposed
to exist in six thiophene ring because the length of the conjugated rings
are suggested to be quite short due to the interruption of the C]O

Table 1
Assignments of the FT-IR absorptions for the PTh, TiO2 and PTh/TiO2 composite before and after adsorption with Pb2+, Zn2+ and Cu2+[21].

Frequencies (cm−1) Assignments

Before adsorption After adsorption

TiO2 PTh PTh/TiO2 PTh/TiO2 Pb PTh/TiO2 Zn PTh/TiO2 Cu TiO2 Pb TiO2 Zn TiO2 Cu PTh Pb PTh Zn PTh Cu

3412 – 3353 3387 3202 3410 3519 3547 3436 – – – -OH stretching
vibration

– 1676 Overlapped Overlapped Overlapped Overlapped – – – 1669 1675 1673 eC]O or C]C in
thiophene ring

1629 – 1636 1621 1622 1628 1621 1619 1625 – – – -OH in-plane bending
vibration

– 1554 1552 1552 1553 1554 – – – 1554 1554 1554 C]C symmetric
stretching

– 1407 1407 1407 1407 1407 – – – weak weak 1417 CeC stretching
vibration

– – – 1380 1380 1380 1380,1375 1380,1375 1380 1380 1380 1380 NO3
−

– 1211 – 1211 SO4
2−

– 1156, 786 – – – 1156, 786 CeH aromatic
vibration

– 1029,665 994,652 995,966,624 983, 655 988,641 – – – 1042,661 1035,662 1046,657 C-S vibration
– – – – – 834 – – 834 – – 834 Cu2+

– – – – 828 – – 828 – – 828 – Zn2+

– – – – – 720 – – 720 – – Pb2+

400–700 – 400–700 400–700 400–700 400–700 400–700 400–700 400–700 – – – O–Ti–O

Scheme 2. The synergistic adsorption between PTh and TiO2 in the PTh+/TiO2(O−) composite for the selective adsorption for heavy metal ions.
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group in the chain [24–29]. On the other hand, the peaks ascribed to
–OH at 3412 and 1629 cm−1 in the spectrum of TiO2 and at 1029 and
665 cm−1 attributed to C-S in the spectrum of PTh shift in the spectrum
of PTh/TiO2 composite, which is also observed in the study of PTh/
titania nanotube composite [30,31], confirming the hypothesis on the
interaction between PTh and TiO2 in the composite that TiO2 with
hydroxyl (TiO2(O−)) plays as a dopant doping into the PTh chain. From
the FTIR spectra, the PTh is also be doped by SO4

2− derived from APS.
The interaction strategy between PTh and TiO2 proposed herein
(Scheme 2) would well explain the mechanism on the synergistic ad-
sorption between PTh and TiO2 in the selective adsorption for heavy
metals discussed in the later section.

The compounds in the composite can be also implied by the TGA
analysis. The TGA curve of the PTh, TiO2 as well as the composite
before adsorption is illustrated in Fig. 1(a). The TiO2 exhibits a two-
stage thermal degradation curve; the first one at 150 °C ascribed to the
elimination of the adsorbed water and the second on at 150–450 °C due
to the removal of the hydroxyls on the TiO2 [32]. While PTh and PTh/
TiO2 composite show a three-stage pyrogenic decomposition process,
which situated at 150 °C ascribed to the evaporation of the adsorbed
water, 150–450 °C due to the dedoping of the doping ions and over
450 °C assigned to degradation of PTh chain, respectively [33]. It can be
seen that the PTh can be 98% decomposition under 800 °C, showing the
lower thermo-stability of the C]O derivative PTh caused by the side
chain compared with that of pure PTh [34]. This result also confirms
the structure depicted in Scheme 1.

Zeta potential investigation is also carried out to get inside to the
structure of the composite. The pH of zero point charge (pHpzpc) of the
TiO2 is suggested as 8.41, which is reduced to 4.17 by PTh loading, as
shown in Fig. 1(c). However, it should be noticed that the synthesized
PTh keeps at negative charged state in the experimental range. Speci-
fically, the PTh should keep at its doping state when it is immersed in
acid solution, where positive charge and polaron can be detected [21].
In addition, the synthesized PTh cannot be n-type because n-type PTh is
relatively hard to achieve due to the strict condition [20,35]. The most
possible reason is the result of side chain introduced by water. The C]
O group gives out more negative charges for the PTh chain. The main

part of PTh should also be kept at its p-doping state before immersed
into the aqueous solution, which is confirmed by the XPS study in our
previous work [36].

The XRD spectra of PTh, TiO2 and PTh/TiO2 composite in Fig. 1 (d)
also give out the detail concerning the morphology. Typical crystalline
peaks at 25.3°, 37.8° and 48.1° ascribed to the anatase TiO2 are shown
in the pattern of TiO2, while a broad peak situated at around 25° due to
the π-π stacking is observed in that of PTh, confirming the pure anatase
form of TiO2 and amorphous structure of PTh [37]. The intensity of
these anatase peaks decrease considerably after loading with PTh,
suggesting that the TiO2 is coating with PTh. This coating can also be
confirmed by N2 isotherm and desorption isotherm investigation shown
in Fig. S2 and Table 2. The type-I shape of TiO2 is significantly changed
to type-II shape which is similar to that of PTh after coating with PTh,
suggesting that the PTh shell would change the pore shape of the TiO2

during the synthesis. From Table 2, it can be seen that the surface area
and pore volume of TiO2 is also reduced after coating, which is mainly
due to the block of the PTh on the pore. SEM, TEM and TEM-EDS in-
vestigation for TiO2 and PTh/TiO2 composite are also carried out for
the morphology, which are shown in Fig. 1(e–i) and Fig. S3. The coating
of PTh around TiO2 was clearly confirmed by the TEM-EDS images,
from which a clear Ti and O core (TiO2) can be observed to be wrapped
by S and C (PTh). In addition, the size of TiO2 increased after coating
with PTh from the SEM images, further indicating the coating of PTh.
From the TEM-EDS images, O element was also seen in the PTh part,
further suggesting the introduction of C]O group onto the side chain of
PTh using this method.

Fig. 1. Characterization of PTh/TiO2 composite: TG analysis of PTh, TiO2 and PTh/TiO2 composite before (a) and after (b) adsorption of Pb2+, Zn2+ and Cu2+; Zeta
potentials of PTh, TiO2 and PTh/TiO2 composite in different pH solution (c); XRD spectra of PTh, TiO2 and PTh/TiO2 composite (d); SEM, TEM images of TiO2 (e, g)
and PTh/TiO2 composite (f, h); TEM-EDS images of PTh/TiO2 composite (i).

Table 2
The textural properties of the PTh, TiO2 and PANi/TiO2 composite before and
after adsorption.

Composites SBET(m2/g) V(cm3/g) R(Å)

PTh 3.11 0.038 138.3
TiO2 163.36 0.37 39.5
PTh/TiO2 68.55 0.23 63.0
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3.2. Adsorption

3.2.1. Kinetic investigation
Equilibrium time shows the required time for removal in the ad-

sorption procedure, which is one of the important parameters in actual
application. Fig. 2 depicts the adsorption capacity in different contact
time of the composite for Cu2+ and Zn2+ together with that of Pb2+ for
comparison in a single ion system. It can be observed to be a quick
process, where over 90% of the equilibrium capacity for three ions can
be reached within the first 5 min for Cu2+ and Zn2+ and equilibrium
time for all three ions is about 20min. According to literatures [38,39],
the quick adsorption process can be achieved by ionic doping, ionic
exchange, electrostatic adsorption or chelation.

In order to know more about the adsorption pathway, the mass
transfer process and the rate-limiting step, and use the model to de-
scribe and predict the adsorption process, the kinetic data are fitted
with pseudo-first-order model [40], pseudo-second-order model [41]
and Weber-Morris [42] model.

3.2.1.1. The pseudo-first-order model.

= −
−( )Q Q e1t e

k t1 (3)

where Qe (mg/g) and Qt (mg/g) are the adsorption capacity at
equilibrium state and at time t (min), respectively; k1 (min−1) is the
rate constant of the pseudo-first-order model.

3.2.1.2. The pseudo-second-order model.

=

+

= →Q
Q k t

Q k t
h k Q t

1
, ( 0)t

e

e

2
2

2
2 e

2

(4)

Where k2 (g/(mg·min)) is the rate constant of the pseudo-second-order
model; h (mg/(g·min)) is the initial adsorption rate.

The fitting parameters of the two models are listed in Table 3. The
kinetic data in all cases can be better described by the pseudo-second-

order model due to the higher correlation coefficient values and the
closer value of the calculated capacity Qe,c to the experimental capacity
Qe,e. This result well suggests that the adsorption rate is controlled by
the chemisorption mechanism which may relate to the ionic exchange
and electron transfer [41].

3.2.1.3. Weber-Morris model.

= +Q k t Ct i
0.5 (5)

where ki (mg/g/min0.5) is the rate of the intraparticle diffusion; C
represents the thickness of the boundary layer. The mass transfer rate is
totally controlled by the intraparticle process when C=0, otherwise
the liquid film transfer and intraparticle transfer govern the mass
transfer rate stepwise [42].

Fig. S4 shows the plots for the three metal ions, which suggests
different adsorption sites for the ions. For Zn2+ and Cu2+, only one
diffusion process involved in the adsorption, suggesting that Zn2+ and
Cu2+ mainly adsorbed on the surface of the composite. For Pb2+, it can
be also adsorbed in the intraparticle of the composite apart from the
surface. The calculated parameters of the Weber-Morris model are also
listed in Table 3.

3.2.2. Selective adsorption investigation
To get insight of the selective adsorption mechanism, the PTh/ TiO2

composite was applied in the selective adsorption investigation in
single and multiple ions solution. Therefore the composite is applied for
the single-ion and multi-ion isotherm investigations for Zn2+ and Cu2+,
while Pb2+ adsorption is redo in the single-ion isotherm and also in-
vestigated in multi-ion isotherm for comparison [43]. In the present
study, the Langmuir [44] and Freundlich [45] models are applied to
find the best function which can describe and predict the adsorption
data well in the competition study.

3.2.2.1. The Langmuir isotherm.

=

+

Q Q K C
K C1e

m L e

L e (6)

=P
Q

Q
max single

max multiple

,

, (7)

Qe (mg/g) describes the equilibrium adsorption capacity; Qm,mass

(mg/g)/Qm,mol (mmol/g) represent the maximum adsorption capacity
in different units; KL (L/mg) is an Langmuir constant relate to the af-
finity between adsorbent and adsorbate; P factor is a dimensionless
parameter to estimate the selectivity for heavy metals.

3.2.2.2. The Freundlich isotherm.

=Q K Ce F e
n1/ (8)

KF (mg1−n·Ln/g) is a constant related to the adsorption capacity of
adsorbent when the equilibrium metal ions concentration equals to 1; n
states the degree of dependence of the adsorption on the equilibrium
concentration.

The isotherm data carried out in single-ion and multi-ion solution
are fitted with the models as shown in Fig. 3, and the isotherm

Fig. 2. Kinetic study on PTh/TiO2 composite for Pb2+, Zn2+ and Cu2+ fitted
with pseudo-first-order and pseudo-second-order model.

Table 3
Kinetic parameters for the Pb2+, Zn2+, Cu2+ adsorption onto the PTh/TiO2 composite based on the pseudo-first-order, pseudo-second-order and the Weber-Morris
model.

The pseudo-first-order model The pseudo-second-order model Weber-Morris model

Qe,c Qe,e k1 R2 Qe,c Qe,e k2 h R2 ki,1 C1 R2 ki,2 C2 R2

Pb 112.0 106.63 0.243 0.967 112.0 113.38 0.0365 469.20 0.999 1.39 0.2678 0.999 16.639 36.307 0.999
Zn 46.0 46.28 2.558 0.988 46.0 45.87 0.153 322.58 0.999 53.74 0 1 – – –
Cu 17.5 16.79 1.269 0.987 17.5 17.64 0.045 13.93 0.999 10.96 0 1 – – –
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parameters are listed in Table 4. The high correlation coefficient values
suggest that Langmuir can predict the adsorption data better in both of
single-ion and multi-ion solution, indicating that the adsorption should
be monolayer and homogenous [44]. The composite shows good ad-
sorption capacity for Zn2+ and Pb2+ that reach 1.138mmol/g and
0.79mmol/g, while low adsorption capacity for Cu2+ that is
0.142mmol/g at 25 °C. The adsorption capacity for metal ions also
show a positive correlation with temperature, which is often observed
in some ionic exchange and chelation adsorption [46].

To better illuminate the adsorption selectivity of the composite, the
composite is also applied in the multi-ion solution for the competition
study. P factor shown in Eq.(7) is introduced to correlate the data ob-
tained from single-ion adsorption with that the multi-ion one. It can be
reasonably understood that the adsorbent would have good adsorption
selectivity if the difference of the P values for different metal ions are
large, otherwise the adsorbent should lack adsorption selectivity. In
addition, the adsorbent should have large affinity towards certain
heavy metal ions if the value of P is closer to 1, otherwise it should have
low affinity if the value of P is closer to 0. The P values for three heavy
metals are recorded in Table 4. Encouragingly, the P values show a
descending order of Zn2+> Pb2+≫ Cu2+, where the adsorption of
Cu2+ is suppressed in the competition adsorption. In addition, it can
also be seen that the selectivity order of the polymer following the si-
milar trend of TiO2. Even though the P value of PTh also showed an
obvious descending order of Zn2+> Pb2+≫ Cu2+, however a positive
effect of the mixture ions on the adsorption of Zn2+, which is a totally

different phenomenon compared with that in PTh/TiO2 composite
where the mixture ions have negative effect on the Zn2+ adsorption,
was observed in the PTh, suggesting TiO2 plays more important role in
the selective adsorption than PTh. This makes sense because the content
of PTh is only 14.16 w/w% in the PTh/TiO2 composite according to the
TGA. However, it should be addressed is PTh still play an important
part in the selective adsorption of the composite because it protects the
hydroxyls on the TiO2 from combination with H+, thus increasing the
selectivity and adsorption capacity of PTh/TiO2 composite. It should be
noted that there is not a mechanism on selective adsorption that can
perfectly explain all the experimental results yet, and many factors such
as the cationic radius, hydration energy, Pauling electronegativity and
acidity/basicity of the interactive species were applied to explain the
result. However, the explanations contradict with each other in the
reported literature [47–49]. Herein, another different result was ac-
quired in this investigation that Zn2+> Pb2+≫ Cu2+, even though
Zn2+ has a smaller ionic radii and Pauling electronegativity (0.74 nm
and 1.65, respectively) than Pb2+ (0.97 nm and 2.33, respectively) and
Cu2+ (0.7 nm and 1.9, respectively). It indicated that the selectivity of
the adsorbent majorly depends on the adsorbent and adsorbate, and the
mechanism proposed before cannot well explain all these situations. A
reliable mechanism should be acquired.

3.2.3. Adsorption mechanism
FT-IR analysis before and after heavy metal adsorption of the TiO2

and PTh/TiO2 composite shown in Fig.S1(b–c) and Table 1 was

Fig. 3. Adsorption isotherms in single and multiple metal ion solution for the adsorption of Pb2+, Zn2+ and Cu2+ onto PTh/TiO2 composite (a, b, c), PTh (e, f, g) and
TiO2 (h, i, j), described with Langmuir and Freundlich model.
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conducted for the mechanism investigation: for TiO2, the peak ascribed
to the hydroxyls at 1629 cm−1 shows an obvious red shift to lower
wavenumbers after adsorbing Pb2+, Zn2+ and Cu2+, suggesting the
hydroxyls on the surface of TiO2 could interact with heavy metals after
dedoping. However, the peak shift for Cu2+ is relatively smaller than
the other two ions, confirming the unfavorablity of the adsorption for
Cu2+ on TiO2. The peak at around 1636 cm−1 assigned to the hydroxyls
of polythiophene/TiO2 also red-shifted to lower wavenumber after
adsorbing heavy metal ions, indicating the similar interaction between
composite and heavy metal ions. In the meantime, for PTh/TiO2 com-
posites, it can be clearly observed that the peak ascribed to C-S situated
at around 652 cm−1 also shifts to 624, 655, and 641 cm−1, respectively
after Pb2+, Zn2+, Cu2+ adsorption, respectively, indicating a new cir-
cumstance around the hydroxyl on the TiO2 and the sulfur on the PTh
chain after adsorption.

An interesting self-doping structure was illuminated at the begin-
ning that the TiO2 which has abundant of hydroxyls on the surface
would dope into the polymers as a dopant. The similar interaction be-
tween PTh and TiO2 in PTh/TiO2 composite was also observed by M.D
Lu et al. [30] and N. Hebestreit et al [25]. However, the doping state of
the PTh is even less stable than PANi and PPy from the viewpoint of
electrochemistry [50]. The standard electrode potentials of water,
oxygen and conducting polymers are summarized at Table 5. Specifi-
cally, when PTh is dipped in a non-acidic solution, reaction as follows
will happen:

O2+H2O+e=OH− (9)

PTh(A−)+e=PTh0+A− (10)

Reaction (10)−(9): PTh(A−)+OH−=PTh0+O2+H2O+A− (11)

Since the difference of the electrode potentials for (9) and (10) is
relatively large, the free energy of (11) is therefore large. Moreover the
kinetics of this reaction is very quick according to Li et al. [50].
Therefore, the reaction still occurs very easily and thoroughly, even in a
neutral solution where the concentration of the OH− is low. For PPy
and PANi, the difference between the electrode potentials is smaller,
therefore they would undergo ionic exchange or partial dedoping in the
non-acidic solution [50]. Thus, dedoping of SO4

2− as well as TiO2(O−)
would more thoroughly occur in the PTh+/TiO2(O−) composite when
the composite is dipped in the heavy metal ion solution where the
pH=5. This dedoping process is also confirmed by TG analysis shown
in Table S1 and Fig. 1(b). It is interesting to see that in the TGA results
of the composite after dipped water solution with the pH=5, a loss of
the dopant is evidently observed when compared the weight loss at the
second interval with that of the composite before dipping, confirming
the dedoping of the dopants. The similar trends were also observed in
that of composite after ion adsorption. The unstable doping state for the
PTh is also suggested by G. Tourillon et al. [51] and D. Oeter [52]. This
evidence further supports the conclusion that the dedoping process of
PTh occur in the heavy metal solution with pH=5. The hydroxyl group
on the TiO2 would be influenced less and less by the shell during the
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Table 5
Standard electrode potentials of water and oxygen and the electrode
potentials of conducting polymers [50].

Reaction E0 (V vs. NHE)

2H2O+2e−=H2+2OH− −0.828
O2+ 2H2O+4e−=4OH− 0.414
O2+ 4H++4e−=2H2O 1.229

Reaction E1/2 (V vs. NHE)

PPy(A−)+e−=PPy0+A− 0.023
PPy(OH−)+e−=PPy0+OH− −0.337
PANi(A−)+e−=PANi0+A− 0.268
PTh(A−)+e−=PTh0+A− 1.290
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dedoping process. Therefore, the hydroxyl group on the core TiO2 could
play more important role in the selective adsorption for heavy metal
ions.

By discussing the interesting dedoping properties of PTh/TiO2

composite above, the synergistic and the selective adsorption of the
composite can be well explained by following process. Specifically, the
dedoping of TiO2(O−) occurs after the composite is immersed into the
heavy metal solution with the pH=5. To keep the TiO2 electroneutral,
the positively charged heavy metal ions would be attracted and doped
onto TiO2(O−). Thus, the adsorption selectivity should be determined
by TiO2, which is clearly observed in the competition experiment. In
this synergetic system, PTh plays an important part in protecting the
hydroxyls on the TiO2 from combination with H+, thus increasing the
selectivity and adsorption capacity of PTh/TiO2 composite. The ex-
periments by adjusting the solution pH shows that the adsorption ca-
pacities for Pb2+, Zn2+ and Cu2+ increase with the pH (as shown in
Fig. 4), which supports the proposed synergistic mechanism well. It is
due to the reason that the dedoping process of PTh can be greatly
forbidden in the acidic solution, resulting in the deterioration of the
adsorption capacities for heavy metal ions. H+ would also be adsorbed,
but the competitive capacity of H+ should be much lower than metal
ions due to the low concentration of H+ (pH=5). We convince that the
adsorption selectivity of the polymer/metal oxide should be determined
by metal oxide, while polymer promote the adsorption through the
dedoping process. Inspired by the doping and dedoping nature of the
composite, the regeneration by using HNO3 as the eluent agent to re-
cycle the adsorbent was investigated and confirmed; the composite can
be also employed in the simulated waste water without adsorption
capacity loss (Shown in Supplementary data).

4. Conclusions

An adsorbent PTh+/TiO2(O−) composite with novel selective ad-
sorption towards Zn2+ and Pb2+ with high Cu2+ tolerance is synthe-
sized in aqueous medium for synergetic effect study and adsorption
application. The mechanism on the selectivity of the polymer/metal
oxide composites towards heavy metal ions is evidently confirmed in
this paper. The coating of PTh around TiO2 is characterized, and it
suggested that the TiO2 which has abundant of hydroxyls on the surface
would be another dopant to dope into the polymer, forming an inter-
esting self-doping heterojunction structure of PTh+/TiO2(O−). The
unique synergistic composite shows a similar adsorption selectivity as
TiO2 that Zn2+> Pb2+≫ Cu2+, where the adsorption of Cu2+ is sup-
pressed in the multiple-ion solution. The composite can be thus applied
in the metal ions adsorption application without the influence of Cu2+.

Finally, the mechanism on the novel selective adsorption is proposed
with evidence. The dedoping of TiO2(O−) from PTh due to the me-
tastability of the doping state of PTh happens in the non-acidic solution,
leading to the doping of heavy metal ions (M2+) onto the TiO2(O−) and
achieving the selective adsorption finally. This encouraging mechanism
could be a general guideline for adsorbent design for the adsorption
engineering, by which the composite with specific adsorption se-
lectivity can be designed and synthesized to meet specific demand in
some situations. However, the mechanism on the selective adsorption
on TiO2 remains unclear. A hypothesis for the selectivity can be pro-
posed herein that it may due to similarity of the lattice between the
heavy metal oxide and TiO2. However, it still lacks evidences to identify
this hypothesis. Further work will be conducted on this aspect.

5. Supplementary data

The supplementary figures including FTIR spectra of PTh, TiO2,
PTh/TiO2 before and after Pb2+, Zn2+ and Cu2+ adsorption (Fig. S1);
N2 adsorption and desorption isotherm curves of PTh, TiO2 and PTh/
TiO2 composite (Fig. S2); TEM images of TiO2 and PTh/TiO2 composite
on a smaller scale (Fig. S3); multi-linear Weber-Morris model fitted
curves of PTh/TiO2 composite (Fig. S4) and the supplementary tables
including the proportion of each component in PTh, TiO2 and the PTh/
TiO2 composite before and after water or heavy metal solution treat-
ment were supplemented (Table S1). In addition, results of adsorption
experiments for application including regeneration study and field
sample analysis were also shown in the Supplementary data.
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