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The adsorption behavior of polyaniline/TiO2 (PANI/TiO2) for phosphate from wastewater was investi-
gated, and the mechanism was interpreted in details in this study. PANI/TiO2 exhibited enhanced adsorp-
tion efficiency and high stability for phosphate removal in wide pH range (1–6) compared with PANI and
TiO2. The equilibrium time was much shorter than other similar sorbents reported, like HFO-201 and La-
201, and 60 min was enough for the adsorption of 98% phosphate (10 mg P/L). After 5 times reuse of the
NaOH (0.5 mol L�1) for desorption, phosphate solution was concentrated from 10 mg P/L to 180 mg P/L
without obvious loss of adsorption and desorption efficiency. The mechanism of the phosphate adsorp-
tion onto PANI/TiO2 was revealed with the aid of SEM, XRD, EDS, FTIR and XPS. Two adsorption sites
of protonated imino groups in PANI chains and the Ti(OH)n

(4-n)+ from TiO2 part were verified, and the bind-
ing force of Ti-P was the main pathway for the removal of phosphate. Generally, electrostatic interaction,
ion-exchange and hydrogen bond were demonstrated to be involved during the adsorption. The synergis-
tic effect of the PANI and TiO2 make the organic/inorganic composite a promising sorbent for phosphate
removal from wastewater.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Phosphorus, as one of the indispensable elements and essential
nutrients for human and other organisms is non-renewable and
depletable [1]. However, the enrichment of phosphate in the water
body would cause eutrophication and deterioration due to its
inevitable use in agriculture industry [2]. The discharge concentra-
tion standard of the total phosphorus is getting more and more
stringent, for instance, 0.5 mg P/L in China (GB 18918-2002) and
50 lg P/L in America (1994) [1]. Thus the removal of phosphate
from water is faced with tremendous challenges. Although various
methods, including chemical precipitation [3], crystallization [4]
and biological enrichment [5], were employed in the past decades,
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they are reported either costly or effect-unsatisfactory [6], which
can scarcely conform to the lower concentration discharge target .

Adsorption receives extensive attentions in recent years, due to
its low-cost and high-efficient features, as well as easy-recycle of
phosphate from dilute solution [7]. Among various adsorbents, like
alum sludge [8], metal oxides [9–11], hydrated ferric oxides [12],
periphyton [13], etc., the composites of organic polymer and inor-
ganic metal oxide were frequently reported as adsorbents for phos-
phate removal in recent decades [14–16]. The superior adsorption
performance of the composites is attributed to the advantages
inherited from their parent materials [17]. PANI and TiO2 were
both reported as sorbents for the adsorption of anionic dyes
[18,19], cationic dyes [20,21] and metal ions [22,23]. Wang et al.
found PANI exhibited high adsorption capacity for Hg(II) (about
600 mg/g) at pH 4–6, and the imine, protonated imine and amine
in the polymer matrix were verified to be the main sites for the
mercury adsorption [24]. Asuha et al. found that the maximum
adsorption capacities of the mesoporous TiO2 for methyl orange
(MO) and Cr(VI) are 454.5 and 33.9 mg/g [25]. However, the
research of PANI/TiO2 on the adsorption of pollutants from
wastewater was seldom reported. Cheng et al. synthesized
polyaniline-TiO2 composite nanotubes for the removal of orange
II and methyl orange, and the mechanism was interpreted to be
mainly photodegradation [26]. Given these findings, it inspired
us to exploit the synergistic effect of PANI and TiO2 for the adsorp-
tion of anions like phosphate.

In this study, the PANI/TiO2 composite was fabricated for phos-
phate removal from contaminated water. It was found that PANI/
TiO2 possessed high adsorption efficiency for phosphate in wide
pH range (1–6) and can be readily regenerated by low concentra-
tion NaOH (0.5 mol L�1) solution. The effects of pH, temperature,
dosage, as well as the competing anions on the adsorption of phos-
phate were studied; the kinetics and isotherms of the adsorption
process were also investigated by fitting the experimental data
with typical kinetics and isotherms models. The application of
the novel sorbent in actual municipal wastewater and the concen-
tration of phosphate by adsorption-desorption recycles were both
carried out to test the practicability in industry. Moreover, the
structural changes on the polyaniline and TiO2 during adsorption
process were demonstrated to propose the adsorption-desorption
mechanisms of the phosphate by PANI/TiO2.
2. Materials and methods

2.1. Materials

Aniline (99.5%, Sinopharm Chemical Reagent Co., Ltd, Shanghai,
China) was distilled under reduced pressure twice, and then stored
in dark at 0 �C in N2 atmosphere before used. Analytical grade
reagents of ammonium persulphate (APS), HNO3, HCl, KH2PO4,
NaCl, NaOH, Na2SO4, NaNO3 purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) were used as received. The
actual municipal effluent was derived from a municipal wastewa-
ter treatment plant in Xi’an (China). The working solutions of dif-
ferent phosphate concentrations were prepared by diluting the
stock KH2PO4 solutions (1000 mg P/L). The deionized water used
for all the experiments was prepared by an EPED-40TF Superpure
Water System (EPED, China).
2.2. Preparation of PANI/TiO2

PANI/TiO2 was formed by the chemical oxidative polymeriza-
tion of aniline monomer in the TiO2 solution prepared by the sol-
gel hydrolysis according to the literature [27]. The typical process
is as follows: the dispersed TiO2 sol in 100 mL HNO3 (0.1 mol L�1)
was magnetically stirred for 1.0 h. Then, aniline (1.8 mL) monomer
was added and stirred for 1 h. APS solution (0.1 mol L�1) was added
and reacted for 8 h at ambient temperature. Finally, the composite
was filtrated and washed with a large amount of deionized water
and dried at 50 �C for 48 h. For comparison, the PANI, TiO2 was also
prepared followed the process as above.

2.3. Sample characterization

Samples were washed for several times by deionized water and
dried at 50 �C for 48 h before all characterizations maintained
below. The morphology of the composites at different stages was
characterized by scanning electron microscopy (SEM, JSM-6700F,
Japan; JJSM-6390A, JEOL instrument), and the energy dispersive
X-ray spectrometry (EDS) was used to determine elements of the
adsorbents. The Brunauer-Emmett-Teller specific surface area
(SBET), total pore volume (V), and average pore radius (R) were
determined by the Builder SSA-4200 (Beijing, China) at 77K using
the Barrett-Joyner-Halenda (BJH) method. X-ray Diffraction (XRD)
were analyzed by an X’Pert PRO MRD Diffractometer using Cu-Ka
radiation (k = 1.5418 Å). The X-ray photoelectron spectroscopy
(XPS) was performed on Kratos Axis Ultra DLD with an Al
monochromatic X-ray source (1486.71 eV), and all binding ener-
gies (BEs) were referenced to the C1 s hydrocarbon peak at
284.8 eV. FT-IR spectra of samples were measured using the KBr
pellet method on a BRUKER TENSOR 37 FT-IR spectrophotometer
in the range of 4000–400 cm�1.The zeta potentials of adsorbents
were measured with Malvern Zetasizer Nano ZS90, through adding
5 mg sample in 10 mL NaCl solution (10�3 mol L�1) at different pH
values (adjusted with diluted HNO3 or NaOH solution).

2.4. Adsorption and desorption studies

All the batch adsorption experiments were conducted on a tem-
perature controlled shaker at 200 rpm in dark. Then the suspension
was centrifuged. Phosphate concentration was determined photo-
metrically with the molybdenum blue method [28]. NaOH
(0.1 mol L�1) and HCl (0.1 mol L�1) were used as elution and acti-
vation agents. In the adsorption kinetics experiment, the suspen-
sion was sampled at regular intervals, and filtrated immediately
with Syringe-driven Filter (0.45 lm). In order to study the effect
of competing anions (SO4

2�, NO3
� and Cl�) (in the sodium salt form),

the phosphate adsorptions were measured in presence of these
three ions. NaOH solution was used for the phosphate stripping.
The adsorption rate (R), adsorption capacity (qt), desorption capac-
ity (qde) and efficiency (Rde) based on the corresponding adsorption
rate and capacity were calculated by Eqs. (1)–(6) in Appendix S1,
respectively.

The phosphate enrichment was implemented by reutilizing the
stripping solution (0.5 mol L�1 NaOH was used) for five cycles with
0.125 L stripping solution per g adsorbent. Both of the adsorption
and desorption were equilibrated for 24 h at 25 �C at an oscillator
with 220 rpm.
3. Results and discussion

3.1. Morphological and structural properties

The morphologies of composite were composed of uniform
granules with 1 lm of average diameter according to the SEM
image in Fig. 1a. The pretreatment by NaOH-HCl and adsorption
of phosphate did not change the morphology of the composite
(see Fig. S1). The textural properties of samples are listed in Table 1.
No significant change occurred in the SBET (m2 g�1), V (cm3 g�1),
and R (nm) of three samples during the treatment and the



Fig. 2. Effect of pH on adsorption efficiency.

Fig. 1. Characterizations of PANI/TiO2: (a)SEM images, (b)FTIR spectra, (c) Zeta potential as a function of pH.

Table 1
Textural properties of the different samples.

Samples (PANI/TiO2) SBET(m2 g�1) V(cm3 g�1) R(nm)

Before pretreatment 11.60 0.04378 755
NaOH-HCl treated 11.81 0.03797 643
After adsorption 12.56 0.03706 590
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adsorption. It was indicated that there was no obvious relationship
between the morphology, textural properties and the adsorption.

In the FTIR spectrum of PANI/TiO2, the characteristic peaks of
both PANI and TiO2 were all observed by comparing with the spec-
tra of PANI and TiO2 in Fig. 1b. The broad peak at 500–700 cm�1

corresponded to the Ti-O-Ti bending mode. For PANI, the charac-
teristic peaks of benzenoid units located at 1501, 1381, 1303,
1248, 826 and 801 cm�1, and quinoid units at 1576, 1340 and
1144 cm�1 [29]. The peak at 1144 cm�1 was attributed to the dop-
ing imine in the PANI chain, implying the synthesized PANI in
PANI/TiO2 was the emeraldine salt (PANI-ES) [30]. The peak at
1576 cm�1 in the PANI spectrum shifted to 1583 cm�1 and the
hydroxyl wide peak at 3330 cm�1 on TiO2 also changed in the spec-
trum of PANI/TiO2 indicating the chemical reactions occurred dur-
ing the composition. The EDS (Fig. S2a) also confirmed the
composite of TiO2 and PANI. No characteristic peak of the doped
PANI was observed in the XRD pattern of PANI/TiO2 (Fig. S3), which
was reported to be amorphous [31]. The crystalline of TiO2 in the
synthesized composite was mainly anatase.

The properties of surface potential at different pH plays a signif-
icant role for an adsorbent in terms of electrostatic interactions
between the adsorbent and adsorbate [32]. From Fig. 1c, it can be
seen that the potential of TiO2/PAN decreased with the pH and
pHZPC of the composite was about 8.56. When the solution pH is
above 8.56, the composite is negatively charged, resulting in anion
repulsion between sorbents and phosphate; when pH was below
8.56, electrostatic attraction of the phosphate ion on the adsorbent
occurred due to the positive charge on the composite.
3.2. Adsorption studies

All the adsorption experiments were performed with the sor-
bents dosage of 2 g L�1, which was determined by varying the
dosage of the PANI/TiO2 (Fig. S4).

Environment pH during adsorption is of importance, which can
influence not only phosphate species but also the surface proper-
ties of sorbents [16]. According to Fig. 2, the optimal pH for adsorp-
tion was below 6. When the pH increased above 6, the P removal
rate decreased significantly, due to the competing of the hydroxyl
group on the sorbent in alkaline condition and the anion repulsion
between sorbents and phosphate according to the Zeta potential
study. This phenomenon was regarded as a strong confirmation
for the existence of electrostatic interaction. Fig. S5 showed that
the pH during the adsorption for 24 h stabilized at about 3, at
which the main form of phosphate was H2PO4

� (Fig. S6) [2], reveal-
ing that H2PO4

� was the main form when the adsorption occurred.
In addition, according to Figs. 1c and 2, when the surface poten-

tial of the PANI/TiO2 was negatively less than �30 mV at pH 11,
there was still 18% of P adsorption, which indicated that there is
not only electrostatic attraction, but also other interactions involv-
ing in this part of adsorption.

The adsorption efficiency against time at different temperatures
was determined to investigate the adsorption kinetics. The adsorp-
tion equilibrium of phosphate on PANI/TiO2 could be achieved in
60 min for the selected temperatures with more than 98% of
adsorption efficiency. In order to investigate the adsorption rate-
controlling mechanism of phosphate adsorption process, the data
were analyzed by the Pseudo-first-order, Pseudo-second-order,
Elovich mass transfer and Power function kinetic models [33–35],
respectively. The data plots and fitted curves are depicted in
Fig. 3a, b, and c with the corresponding expression formulas and
parameters listed in Table S1.

Evidently, the adsorption process fitted well with the
Pseudo-second-order model for the highest correlation coefficients
(R2) and lower S.D. value (calculated by Eq. (7) in Appendix S2)
compared with other models, which was in accord with most of
sorbents reported [36,37]. It was indicated that the adsorption
process of phosphate onto PANI/TiO2 was mainly monolayer and
chemical adsorption [21,38].

Choi et al. [33] found that temperature has positive effect on
the phosphate adsorption capacity onto the synthesized MIO



Fig. 3. Adsorption kinetics plots at 298 K (a), 308 K (b), 318 K (c) and 298 K with anions (d).
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magnetite, which was attributed to that the phosphate was not
physically but chemically adsorbed onto the MIO. The endothermic
nature of the phosphate adsorption was also reported by many
researchers [39,40]. Interestingly, opposite conclusion was also
reported for phosphate adsorption by Zheng et al. [41], who found
a slight decrease in the phosphate uptake by mesoporous hybrid
film with the temperature increasing. According to the Fig. S7
and Table S1, the effect of temperature on phosphate adsorption
was faint, and the initial adsorption rate (h = k2qe

2) were tempera-
ture independent. According to the temperature effect and the
kinetics study, it might be concluded that the adsorption of phos-
phate onto PANI/TiO2 was both physical absorption and
chemisorption, and chemisorption was the rate-controlling step.

The isotherm studies with various initial concentrations were
carried out at 298 K for 24 h. The experimental data are manifested
in Fig. 4a, where the equilibrium adsorption capacity was
Fig. 4. The isotherm studies (a) experimental data; (b) the isotherm m
improved with the increasing of initial phosphate concentration.
Oppositely, the phosphate removal rate decreased. Four isotherm
models, the Langmuir, Freundlich, Temkin and D-R isotherm mod-
els, were employed to investigate the interaction between phos-
phate and PANI/TiO2 composite (Fig. 4b and c).

According to the value of R2 and S.D. of each model (Table S2
and Fig. 4c), the applicability of the above three models for the
adsorption of phosphate onto PANI/TiO2 followed the order as:
Langmuir > Temkin > Freundlich > D-R. The experimental data can
be fitted to Langmuir isotherm model best. The maximum phos-
phate adsorption capacity of PANI/TiO2 was calculated to be
12.11 mg g�1.

It was reported that binding energy involving in physisorption
process was in the range of 1–8 kJ mol�1, corresponding to the
parameter b (1.81 kJ mol�1) from Temkin isotherm model
[42,43]. As for the D-R isotherm model, the mean free energy of
odels plot; (c) the D-R model plot and corresponding parameters.
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adsorption (E) was adopted to determine the adsorption mecha-
nisms. The range of 8 and 16 kJ mol�1 was assigned to be ion-
exchange in the adsorption process, less than 8 kJ mol�1 to be
physisorption [13]. The E value was 4.69 kJ mol�1 close to
8 kJ mol�1, showing that the adsorption process was physical in
nature and ion-exchange interaction might involve.

Three common anions, including SO4
2�, NO3

�, and Cl�, were
employed to investigate the effect of the coexisting anions and
the ionic strength on the phosphate adsorption onto PANI/TiO2.
The effect of NO3

� and Cl� was very slight, and the present of
SO4

2� can impact phosphate adsorption significantly, even though
the concentration was very low (Fig. S8). In order to study the ionic
strength effect on adsorption, the concentration of Cl� (NaCl) was
expanded. The trend of P adsorption capacity (Fig. S8) implied that
the ionic strength would influence the adsorption, indicating the
existence of electrostatic interaction during adsorption process
[44].

In addition, the adsorption kinetic study in the presence of
SO4

2�, NO3
�, and Cl� was also achieved. The experimental data

was fitted with Pesudo-first-order and Pesudo-second order mod-
els (Fig. 3d and Table S3). It can be concluded from the results that
the influence of three anions on the adsorption followed the order
of SO4

2� > NO3
� > Cl� by comparing k1, k2 and the initial adsorption

rate (k2qe2), and the existences of these anions would not change
the adsorption mechanism. The chemisorption mechanism was
still the rate-controlling step. The remarkable influence of SO4

2�

was observed in most sorbents reported, and two mechanisms
were promoted: rising the solution pH [45] and the ligand
exchange with phosphate [46,47]. As the pH in this study during
the adsorption was stable at about 3 (Fig. S5), the competing
adsorption through ligand exchange with phosphate was assumed
to be the major influencing mechanism by SO4

2�.
3.3. Desorption studies

Desorption efficiency is an important factor in evaluating the
utilizability of the sorbents. According to the Figs. 1c and 2, alkaline
environment in solution was favor for desorption of the adsorbed
phosphate from PANI/TiO2. Fig. 5a depicted desorption efficiencies
by NaOH with different concentrations and the corresponding re-
adsorption efficiencies. The desorption efficiency increased slightly
with the concentration of NaOH increasing and the maximum des-
orption efficiency was 95% by 2 mol L�1 NaOH. However, this
group showed unexpectedly poor re-adsorption performance,
which was assumed that higher concentration of NaOH would
exhibit irreversible impact on the sorbents.
Fig. 5. The desorption and re-adsorption studies on PANI/TiO2, (a) Effect of NaO
Desorption kinetics was investigated by 0.5 mol L�1 NaOH
(Fig. S9). It was indicated that in the first 60 min the desorption
rate increased rapidly and reached above 85%. Then the data point
rose slowly and finally reached above 98% after 8 h.

The reusability of the composite sorbent for imitated wastewa-
ter (10 mg P L�1) and actual municipal wastewater (53 mg P L�1)
was both assessed, and the results are illustrated in Fig. 5b. The
adsorption efficiency maintained above 96% for imitated wastewa-
ter and 50% for actual wastewater after eight cycles of phosphate
adsorption-desorption, indicating the sorbent in this study was rel-
atively stable for engineering application.

In this study, the stripping solution was reused to enrich the
phosphate for further recovery, which could also lowered the des-
orption cost (Fig. S10 and Table S4). It was found that the regener-
ated sorbent also exhibit 98% of phosphate removal rate after 5
cycles, indicating the reuse of the NaOH solution would not
decrease the adsorption efficiency. The phosphorus was concen-
trated from 10 mg/L to 180 mg/L, revealing the enrichment of the
phosphate by PANI/TiO2 was feasible and efficient.

By comparing PANI/TiO2 with other composite sorbents on
phosphate adsorption (Table S5), it can be found that PANI/TiO2

outstood for wide pH range, quick equilibrium and excellent regen-
eration ability, indicating PANI/TiO2 as a potential sorbent for
phosphate (Appendix S4). Therefore, it is necessary to uncover
the adsorption-desorption mechanisms in the process.
3.4. Adsorption-desorption mechanisms

FTIR spectra of PANI/TiO2 before and after adsorption were ana-
lyzed to determine the changes of functional groups (Fig. S11). No
significant change happened during the treatment and adsorption
process. The assignments of characteristic peaks are listed in
Table S6. Notably, the peak at 1144 cm�1 was associated with high
electron delocalization in PANI, which was assumed as the doping
form of the PANI [30]. This peak disappeared after NaOH treat-
ment, and appeared again in the following HCl treatment and
phosphate adsorption, corresponding to the presence of hydrogen
sulfate or chlorine counter-ions [48]. In addition, the doping of
SO4

2� (from APS when synthesis) and NO3
� was verified at

1044 cm�1 [49] and 1388 cm�1 [50]. It was indicated that during
the pretreatment and adsorption, there occurred deprotonation
and protonation.

According to the EDS analysis (Fig. S2 and Table S7), when the
synthesized PANI/TiO2 was pretreated by NaOH, the sulfur weight
content decreased significantly, so as the oxygen weight content,
implying the de-doping of SO4

2� on the PANI chains. The chlorine
H concentration, (b) adsorption-desorption cycles in wastewater samples.
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presented after HCl pretreated, indicating the doping of protonic
acid. After adsorption, the phosphorus was detected with the
decrease of the chlorine. The amount of chlorine ion after adsorp-
tion was determined by silver mirror reaction in Mohr method (see
Appendix S2). The adsorption of phosphate caused 0.52 mmol L�1

of chlorine ions increasing compared with the control group
(Table S8), indicating the ion-exchange of phosphate and chlorine
ion. Theoretically, the maximum release amount of chlorine ion
by ion-exchange reaction should be equal to the amount of phos-
phate in solution (Cp = 0.32 mmol L�1), the extra release of chlorine
anions would be deliberated later.

The adsorption efficiencies by PANI and TiO2 (Table S8) showed
that TiO2 played predominant role in the phosphate adsorption
(89.1%) and the adsorption of phosphate by PANI was only
10.68%, which was much different with the result of ARG adsorp-
tion by PANI/TiO2 reported before [50], indicating that the involv-
ing mechanisms differed greatly.

In addition, further study by XPS characterization was fulfilled.
The B.E. of S 2p3/2 component at about 168.0 eV before adsorption,
and Cl 2p3/2 at 197.6 eV after adsorption were detected in Fig. S12.
The P2p component was also detected at about B.E. of 133.14 eV.
Zhang [51] reported that the binding energy of phosphate captured
by amine structure from D-201 was observed at 131.9 eV, while
the La�P interaction had a higher binding energy. Therefore, the
binding energy at 133.14 eV was attributed to the higher interac-
tion of Ti and P in this study. On the basis the higher contribution
of TiO2 in the phosphate adsorption (Table S8), the Ti�P interaction
Fig. 6. The curve-fitted N 1s core-level spectrums o

Fig. 7. The phosphate adsorption proce
may be the main mechanism. The properly curve-fitted N 1s core-
level spectrums of PANI/TiO2 before and after adsorption are
shown in Fig. 6a and b. The two major peaks at B.E. of
399.3 ± 1 eV and 398.1 ± 1 eV are assigned to the amine (�NH�)
and imine (=N�) structures, respectively [29,30]. Also, a small sig-
nal peak can be observed at >400 eV, attributed to the positively
charged nitrogen (N+) [30]. No significant change was observed
from Fig. 6a and b, indicating that the adsorption of phosphate
would not affect the structure of the PANI chains.

Taking account into the analyses above, the adsorption process
on TiO2 parts in the synthesized sorbents can be deduced as fol-
lows in Fig. 7.

According to Figs. S3 and 1b, TiO2 part synthesized in this study
was mainly hydrated titanium oxide for the lack of calcining. Sugi-
moto et al. reported that hydrated titanium oxide, expressed as Ti
(OH)n(4-n)+, had three complex species including Ti(OH)22+, Ti(OH)3+

and Ti(OH)4 in different pH range [52]. When the hydrated tita-
nium oxide was treated by NaOH, the main species of micro-
emulsions was Ti(OH)4 ((a) in Fig 7). Then it transferred to be Ti
(OH)22+ and Ti(OH)3+ mixtures ((b) in Fig 7) with chlorine anions
adsorbed by electrostatic interaction when treated by HCl. The
chlorine anions in TiO2 before and after adsorption were verified
by EDS analyses (Fig. S13 and Table S9). During the adsorption of
phosphate, the original phosphate solution with pH of about 6
increased the pH of adsorption solution, the Ti(OH)22+ species were
transformed into Ti(OH)3+, and corresponding chlorine anions fled
from the structure, which accounted for the extra chlorine released
f PANI/TiO2 before (a) and after (b) adsorption.

ss happened on synthesized TiO2.



Fig. 8. The proposed doping and ion-exchange during adsorption process.
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from sorbent after adsorption. Sugimoto et al. [53] also reported
that the increase of pH would enhanced the adsorption of OH�

on Ti(OH)4, thus causing the micro-emulsions charged negatively,
resulting in the desorption of phosphate, and the closed ring of
recycle was formed.

To conclude the above analysis, the electrostatic interaction,
ion-exchange, and hydrogen-bond, as well as Ti�P interaction
involved in the adsorption of phosphate on the part of TiO2.

Although the contribution of PANI on the adsorption of phos-
phate was puny (Table S8), the reversible redox properties of PANI
were significant in the regeneration of the sorbent [54]. The
adsorption process of phosphate involving protonation, deprotona-
tion and ion-exchange reaction was deduced in Fig. 8. Herein, eight
characteristic species of PANI chains are used to demonstrate the
adsorption process happened on PANI part.

(a) The synthesized PANI chains were PANI-ES state, doping
with NO3

� and HSO4
� (Fig. S11 and Table S6);

(b) When eluted by NaOH, the PANI-ES were transformed into
PANI-EB state by de-doping;

(c) Protonic acid doping by HCl introduced chlorine anions into
PANI chains as the counter anions (Fig. S14 and Table S10);

(d) Ion-exchange of phosphate and chlorine ions occurred dur-
ing adsorption, confirmed by EDS;

(e) The exhausted adsorbent was treated by NaOH (0.1 mol L�1),
excess OH� may make the PANI-EB negatively charged, and
desorption was achieved.

Combining the analyses of phosphate adsorption on TiO2 and
PANI, the adsorption mechanism of PANI/TiO2 was suggested and
sketched in Fig. S15.
4. Conclusion

PANI/TiO2 synthesized in this study was a promising adsorbent
for phosphate removal. The encouraging properties as sorbent
for phosphate contained the wide pH range of application (1–6),
rapid adsorption equilibrium (60 min), and easy desorption-
regeneration (maintained 95% adsorption efficiency after 8 cycles),
and also low-cost desorption and concentration (from 10 to
180 mg g�1 by 5 mL of 0.5 mol L�1 NaOH). The faint effect of tem-
perature revealing both physical absorption and chemisorption
occurred during the adsorption process. The adsorption
mechanism was interpreted to be the collaboration of electrostatic
attraction, hydrogen-bond interaction, and ion exchange reactions
by FTIR, EDS and XPS. And the main site for adsorption of phos-
phate was attributed to TiO2 part, which is different with previous
study for dye adsorption.

Given reports on the adsorption capacity by PANI and TiO2 for
cationic and anionic dyes, as well as metal anion, the superiority
of PANI/TiO2 as a perspective sorbent, should be fully developed,
and co-adsorption of pollutants should be the next focus to maxi-
mize its potential.
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