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ABSTRACT: In this article, organic—inorganic hybrid
materials of polyaniline/a-zirconium phosphate (PANI/a-
ZrP) was synthesized by in situ oxidative polymerization
reaction and characterized by Fourier transformed infrared
(FTIR), field-emission scanning electron microscopic (FE-
SEM) and X-ray diffraction (XRD). The results showed that
polyaniline (PANI) was successfully grown on the surface of a-
zirconium phosphate (@-ZrP) nanoplates. The PANI/a-ZrP
nanocomposites were further applied to remove methyl orange
(MO), which was used as a model of organic pollutants in
aqueous solution. A synergistic effect of PANI and a-ZrP on
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promoting the adsorption removal of MO was observed. The PANI/a-ZrP nanocomposites exhibited excellent maximum
adsorption capacity toward MO (377.46 mg g~"), which is superior to that of PANI nanotubes (254.15 mg g~"') and much higher
than that of many other adsorbents. The adsorption isotherms of MO can be well-fitted with the Langmuir model and the
adsorption kinetics follows the pseudo-second-order model. MO adsorption decreased with increasing solution pH at pH > 4.0
implying that MO adsorption on PANI/a-ZrP may via electrostatic interactions between amine and imine groups on the surface
of PANI/a-ZrP and MO molecules. This study implies that the hybrid materials of PANI/a-ZrP can be suggested as potential
adsorbents to remove organic dyes from large volumes of aqueous solutions.
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1. INTRODUCTION

Many textile and printing industries that use dyes and pigments
release a large amount of highly colored effluent in their
wastewater. The used dyes may cause an eco-toxic hazard and
induce the potential danger of bioaccumulation.' Various
techniques including biological treatment, adsorption, chemical
oxidation, coagulation, membrane filtration, and photochemical
degradation have been used to remove dyes from colored
wastewater.” Among these techniques, adsorption is considered
as one of the best available technologies due to its effectiveness,
operational simplicity, low cost and low energy requirements.
Several adsorbents have been reported for removal of organic
dyes such as clay,3’4 rice husk,” activated carbon,® red mud,” and
fly ash.*® Activated carbon is one of the most widely used
adsorbents but it has some drawbacks such as costly
regeneration, high attrition rate and poor selectivity.'’ Other
materials like clay, rice husk, red mud, and fly ash are readily
available but of poor effectiveness. Thus, many present studies
focused their efforts on developing novel alternative adsorbents
with high adsorptive capacity and low cost.
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Recently, studies of organic—inorganic hybrid materials for
adsorbents applications have attracted a wide range of interests
because of their enhanced adsorption and multifunctional
properties. For example, Paul et al. reported that organic—
inorganic hybrid microporous organosilica shows very high
adsorption capacity toward metal ions like Fe**, Cu®', and
Zn**."' Swain et al. found that zironium(IV)/propanolamine
composites have good efficiency for removal of fluoride from
drinking water.'* Jin et al. fabricated poly(acrylic acid-
acrylonitrile) /attapulgite composite and found that it holds a
good adsorption selectivity to Pb** among numerous metal ions
and high adsorption capacity toward phenol."”” Wang et al.
found that polyacrylonitrile/ferrous chloride composite porous
nanofibers have excellent adsorption capacity toward Cr,O,*~
anion.'* Very recently, the use of nanomaterials as adsorbents
has received much attention because of the unique structural
and surface properties of them.'” However, the study of
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nanomaterial-based organic—inorganic composites for water
treatment is still in the early stage.

a-ZrP is a cationic layered compound, which is mainly used
as ion-exchanger, catalyst, sorbent and so on.'® Polyaniline
(PANI) is a common polymer that has many specific properties
such as high capacitive characteristics, low cost, ease of
synthesis, good environmental stability and adjustable electrical
conductivity.'’'® The presence of amino and imine groups on
PANI may provide possible adsorption sites for biding organic
and inorganic molecules. Incorporating the organic PANI to
the inorganic a-ZrP to obtain the organic—inorganic hybrid
materials of PANI/a-ZrP may preserve or even improve the
major features of each phase in the hybrid materials, and
furthermore, new properties may come from the synergy of
both components.”® Thus, utilizing a strategy to prepare
organic—inorganic hybrid material of PANI/a-ZrP for water
treatment would be of significance.

In this study, organic—inorganic hybrid material of PANI/a-
ZrP nanocomposites were synthesized by in situ oxidative
polymerization reaction. The aim of this work is to investigate
the possibility of using the PANI/a-ZrP nanocomposites for
the adsorptive removal of organic pollutants. Methyl orange
(MO) serves as a model compound of the harmful and water-
soluble organic pollutants, which are widely used in textile
industries and harmful to the environment. The adsorption
properties of MO on PANI/a-ZrP were studied by batch
experiment. The kinetics and isotherm models were applied to
study the adsorption mechanism. To the best of our knowledge,
this is the first example of using stable PANI/a-ZrP organic—
inorganic nanocomposites for efficient removal of MO from
aqueous solution. The PANI/a-ZrP nanocomposites can be
suggested as a suitable material for the efficient removal of
organic pollutants from aqueous solution.

2. EXPERIMENTAL SECTION

Chemicals. Zirconyl chloride octahydrate (ZrOCl,-8H,0, 98%)
and phosphoric acid (85%) were purchased from Sigma-Aldrich Co.
(USA). Aniline, ammonium persulfate (APS), tartaric acid, methyl
orange (MO), methylene blue (MB) and Congo red (CR) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (China). All
above reagents were used as received. Milli-Q ultrapure water (18.2
MQ-cm) was used for all the experiments.

Characterization. The morphologies of PANI/a-ZrP were
observed by a field-emission scanning electron microscope (FE-
SEM, Sirion 200). X-ray diffraction (XRD) patterns were recorded in
the range of 20 = 5—65° with a Philips X'Pert X-ray diffractometer.
Infrared spectra were recorded on a JASCO FTIR 410 spectropho-
tometer with the KBr pellet technology. The Barrett-Emmett-Teller
(BET) specific surface of PANI/a-ZrP was measured by a Micro-
meritics ASAP 2010 system at 77 K by the N, adsorption—desorption.
The UV—vis spectrum was carried out on a UV-3000 spectropho-
tometer. The zeta-potential was measured by a ZETASIZER 3000
HSA system.

Sample Preparation. The a-zirconium phosphate nanoplates
were prepared following the synthetic process described in an earlier
report.”! Briefly, 3.0 g of ZrOCl,-8H,0 was mixed with 30.0 mL of
H;PO, (6.0 M) in a sealed Teflon-lined pressure vessel and reacted at
200 °C for 24 h. After the reaction, the product was washed and
collected by centrifugation for three times. Then, the solid was then
dried at 65 °C for 24 h. The dried @-ZrP was ground with a mortar
and pestled into fine powders.

PANI/a-ZrP nanocomposites were prepared by in situ oxidative
polymerization reaction. First, 0.1 g of a-ZrP was dispersed in a 50:50
mixture of H,0O and ethanol (S0 mL) and the mixture was
ultrasonicated for about 10 min to obtain well-dispersed colloidal
suspensions. A desired amount of aniline (the mol ratio a-ZrP/aniline
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= 1:30) dissolved in ethanol was added dropwise to the above a-ZrP
colloidal suspensions under constant stirring at 750 rpm. These
mixtures were then stirred at room temperature for 24 h. Then the pH
of the solution was adjusted to 3.0 by adding definite amount of
tartaric acid. After that, the mixture was cooled in an ice—water bath,
subsequently by adding 10 mL of oxidant aqueous solution containing
definite amount of APS precooled in the ice—water bath for 5 min.
The polymerization reaction was carried out in the ice—water bath
under constant stirring. Finally, the dark green PANI/a-ZrP product
was obtained and the solid was centrifugated, washed with deionized
water and ethanol several times and dried in an oven at 60 °C. As
comparison, PANI/a-ZrP nanocomposites with @-ZrP/aniline mol
ratio = 1:5, 1:10, 1:15, 1:20, and 1:40 were prepared by the same in
situ oxidative polymerization reaction. PANI nanotubes were also
prepared by a similar route in the absence of a-ZrP.

Adsorption Experiments. All the adsorption experiments were
carried out in glass vials by using a batch technique. Before adsorption
experiments, a calibration curve was obtained from the UV—vis spectra
of the standard MO solutions (5—50 mg L™') at pH 4.0 (see the
Supporting Information, Figure S1). For the kinetic experiments, an
amount of $ mg PANI/a-ZrP was ultrasonically dispersed into 20 mL
of 100 mg L™" MO solution for 1 min, and then the mixture was
shaken for 24 h. Samples were withdrawn at appropriate time intervals
and supernatant liquid was separated by centrifuging at 10 000 rpm for
3 min. For the adsorption isotherm experiments, an amount of 5 mg of
PANI/q-ZrP was added to 20 mL of a MO solution (various
concentrations). After the suspensions were oscillated for 24 h, the
solid and liquid phases were separated by centrifugation at 10 000 rpm
for S min. Then the concentration of MO in the supernatant liquid
was determined by UV—vis absorption spectroscopy. The adsorbed
amounts of MO were calculated by using the following equation

(CO - Cz)V
T~ (1)
where C, and C, are the initial and equilibrium concentrations of MO
(mg L") respectively, V is the volume of solution (L) and m is the
mass of PANI/a-ZrP used (g). For the effect of pH, an amount of §
mg of PANI/a-ZrP was ultrasonically dispersed into 20 mL of 80 mg
L™" MO solution and the pH of the solution was adjusted by NaOH
and HCI with a pH meter.

m

3. RESULTS AND DISCUSSION

Characterization. The XRD patterns of @-ZrP nanoplates
and PANI/a-ZrP nanocomposites are shown in Figure 1. The
typical diffraction peaks at 26 = 11.6, 19.8, 25.0, 34.13, and
37.33° correspond to the primary diffraction of the (002),
(110), (112), (206), and (116) planes of the a-ZrP,
respectively.”’ The interlayer distance of (002) plane was
estimated from Bragg’s law, and the d-spacing is 7.6 A, in
agreement with previous reports.”"** The main characteristic
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Figure 1. X-ray diffraction patterns of (a) a-ZrP and (b) PANI/a-ZrP.
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peaks of the PANI/a-ZrP nanocomposites were almost the
same with that of a-ZrP, which indicated that the crystal
structure of PANI/a-ZrP was well-maintained after the grafting
process under polymerization reaction.”® The diffraction peaks
for the PANI were not observed, demonstrating the relative
thin layer and amorphous feature of the PANI synthesized by
this in situ polymerization reaction.”> The FTIR spectra of a-
ZrP and PANI/a-ZrP are shown in Figure 2. The peaks at 1620
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Figure 2. FTIR spectra of (a) a-ZrP and (b) PANI/a-ZrP.

and 1251 cm™" are attributed to the water bending vibrations
and P—OH stretching or deformation vibrations, respec-
tively.”>** These are the characteristic peaks of a-ZrP, which
also present in the FT-IR spectra of PANI/a@-ZrP. The bands at
1590, 1487, and 1307 cm™' are attributed to the C—C ring
stretching and C—H bending or C—N stretching vibrations of
PANI, implying the presence of PANI in the composites.****

FE-SEM images showed the size and shape of a-ZrP
nanoplates, PANI nanotubes and PANI/@-ZrP nanocompo-
sites. From Figure 3a, a-ZrP exhibits a uniform platelike
hexagonal morphology, with a lateral dimension of approx-
imately 300—600 nm and a thickness of about 20 nm. Figure 3b
shows the as-synthesized PANI nanotubes with an average
diameter of about 200 nm and very rough surface. Figure 3c
and 3d show clearly that the platelike a-ZrP structures were
encapsulated by PANI thin layer with uniform fibrillar
nanostructure. As compared to PANI nanotubes synthesized
in the absence of a-ZrP, it can be clearly seen that much smaller
and uniformly dispersed PANI fibrillar nanostructure were
grown on the a-ZrP surface, which could provide more active
binding sites for MO. The BET surface area of PANI/a-ZrP
nanocomposites was 30.40 m” g™\,

Effect of Solution pH on Adsorption. The pH
dependent adsorption of Methyl orange (MO) on PANI/a-
ZrP nanocomposites is shown in Figure 4a. As the increase of
solution pH, the adsorption of MO increased at pH < 4.0, while
the adsorption gradually declined at pH >4.0. The PANI/a-ZrP
nanocomposites showed the maximum adsorption capacity
toward MO at pH 4.0. Thus, the kinetic and isotherm
experiments were carried out at pH 4.0 in this study. To further
understand the influence of pH on the MO removal process,
we measured the values of zeta-potential of the PANI/a-ZrP
nanocomposites at different pH and show them in Figure 4b.
As can be seen, the electrostatic point of PANI/a-ZrP was
about 6.0, indicating that at pH below 6.0 the PANI/a-ZrP
nanocomposites are carrying positive charges due to the
protonation of the imine and amine groups. MO molecules
have the negative charges because of the anionic sulfonate
groups. So the strong electrostatic forces between the
protonated adsorbent and negatively charged MO anions
occurred at low pH value, leading to the enhanced MO
adsorption. However, at pH above 6.0, PANI/a-ZrP was

Figure 3. SEM images of (a) a-ZrP, (b) PANI, (c) PANI/a-ZrP (a-ZrP/aniline mol ratio = 1:20), and (d) PANI/a-ZrP (a-ZrP/aniline mol ratio =

1:30), respectively.
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Figure 4. (a) Effect of pH on the removal of MO by PANI/a-ZrP nanocomposites and (b) Zeta-potential of PANI/a-ZrP nanocomposites as a

function of pH.
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Figure 5. (a) Adsorption isotherms of MO on PANI nanotubes and PANI/a-ZrP nanocomposites and (b) Langmuir isotherm models for MO on

PANI nanotubes and PANI/a-ZrP nanocomposites.

negatively charged because of the competitive adsorption of
hydroxyl on imine and amine groups. Increasing pH might
result in increased electrostatic repulsive force, leading to low
adsorption of MO on PANI/a-ZrP. Further experiments of
Congo red (CR) and methylene blue (MB) adsorption on
PANI/a-ZrP nanocomposites as the function of pH were also
carried out to testify the above mechanism. As can be seen in
Figure S6 in the Supporting Information, under pH <4, the
adsorption of CR is first increased as an increase in pH, while
the adsorption of CR decreases slowly with pH increasing from
4.0 to 11.0. The adsorption behavior of CR on PANI/a-ZrP
nanocomposites as the function of pH is consistent with that of
MO, because both CR and MO are anionic dyes. However, the
adsorption percentage of MB is gradually increased when the
solution pH increases from 3 to 11. The different adsorption
behaviors of CR and MB on sample are due to the fact that they
carry opposite charges. These results further verify the pH
effect on the adsorption properties and the electrostatic forces
between the adsorbent and the dyes, which play an important
role in the adsorption process.

Adsorption Isotherm. The adsorption isotherms are
important data to understand the adsorption mechanism.
Adsorption isotherms of MO onto PANI nanotubes and
PANI/a-ZrP at 25 °C are shown in Figure Sa. It should be
noted that the pure @-ZrP almost does not adsorb MO at all the
pH range (see the Supporting Information, Figure S2). As can
be seen in Figure S3 in the Supporting Information, the PANI/
a-ZrP nanocomposites synthesized with a-ZrP/aniline mol
ratio = 1:30 has the highest adsorption capacity toward MO.
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Thus, all the adsorption experiments were carried out by using
this molar ratio. As shown in Figure Sa, the adsorption capacity
of MO on PANI/a-ZrP is much higher than that of MO on
PANI nanotubes, indicating that the nanostructures of PANI
on the surface of a-ZrP might play an important role in MO
adsorption. The binding sites of PANI/a-ZrP for MO mainly
exist on the surface of PANI/a-ZrP. To further study the
adsorption mechanism, Langmuir and Freundlich isotherm
equations were used to fit the experimental data. The
Langmuir26 and Freundlich®’ isotherm models are applied to
simulate MO adsorption on PANI nanotubes and PANI/a-ZrP
nanocomposites. The Langmuir model is expressed as

Q, - q.k. 4, (2)

The Freundlich isotherm model can be expressed by the
following formula

Q. =kc!" (3)

where C, is the equilibrium concentration of MO in the
supernatant (mg L™'); g,, represents the maximum adsorption
capacity of MO on per weight of adsorbent (mg g™'); k. is the
Langmuir constant related to the energy of adsorption (L
mg~') and Q, is the amount of MO adsorbed on per weight of
adsorbent after equilibrium (mg g™'); The Freundlich constant
k is correlated to the relative adsorption capacity of the
adsorbent (mg g™'), and 1/n is the adsorption intensity. The
fitting parameters for MO adsorption isotherms based on the

dx.doi.org/10.1021/am300335e | ACS Appl. Mater. Interfaces 2012, 4, 2686—2692
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Langmuir and Freundlich isotherm equations are listed in Table
1. The Langmuir isotherm model fitted experimental data are

Table 1. Summary of the Langmuir, and Freundlich
Isotherm Model Parameters for the Adsorption of MO on
PANI nanotubes and PANI/a-ZrP Nanocomposites

Freundlich model

Langmuir model parameters parameters
ky
e (Lmg  gn
adsorbent (mg?g) -1) (mg/g) R? n k R?
PANI/a- 370 0.36 377 0.999 2.18 53.3 0.82
ZrP
PANI 250 0.037 254 0.999 2.95 S3.2 0.89

shown in Figure Sb. The Freundlich isotherm model fitted
experimental data can be seen in the Supporting Information,
Figure S4. The fitting results showed that the relative coefficient
(R*) of the Langmuir model was higher than that of the
Freundlich model, indicating that the adsorption of MO on
PANI nanotubes and PANI/a@-ZrP nanocomposites both follow
the Langmuir isotherm model but not the Freundlich model.
The fact that the sorption data of MO fitted with the Langmuir
isotherm indicates that the adsorption of MO on these
materials is a monolayer adsorption and the binding energy
on the whole surface of PANI/a-ZrP nanocomposites is
uniform.”® On the basis of the Langmuir equation, the values of
Gm are 254.15 and 377.46 mg g~' for PANI nanotubes and
PANI/a-ZrP nanocomposites, respectively. These values are
quite in agreement with the experimental data shown in Figure
Sa. The results demonstrate that the as-synthesized PANI/a-
ZrP nanocomposites have a superior adsorption capacity
toward MO. The superior adsorption capacity is due to the
thin layer of PANI fibrillar nanostructures formed on the a-ZrP
hexagonal nanoplates, which provide more active sites (amine
and imine of nitrogen) for MO adsorption. For comparison, the
maximum adsorption capacity of MO on PANI, PANI/a-ZrP
nanocomposites and other adsorbents is listed in Table 2. It can

Table 2. Comparison of the Maximum Absorption Capacity
of MO on PANI/a-ZrP Nanocomposites with Other
Different Adsorbents

adsorption capacity
adsorbents mg g~ pH ref

modified sporopollenin 523 30
activated carbon 9.49 40 6

orange peels 20.50 s7 31
banana peels 21 S7 31
hyper-cross-linked polymer 70.92 32
Zn/Al-LDO 181.90 6.0 33
lapindo volcanic mud 333.30 30 34
NH;"*-MCM-41 366.57 5.6 35
polyaniline microspheres 154.56 36
polyaniline nanotubes 254.15 40  our work
polyaniline/a-ZrP 377.46 4.0  our work

be seen that the hybrid material of PANI/a-ZrP has the highest
adsorption ca(t)pacity toward MO as compared to the other
adsorbents.***® The nanostructure of the hybrid material
with thin layer of fibrillar PANI is responsible for the ultra high
adsorption capacity. In addition, the adsorption capacities of
CR and MB on PANI/a-ZrP nanocomposites were also
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investigated (see the Supporting Information, Figure S7). The
maximum adsorption capacities calculated by the Langmuir
equations are 500 mg g~' for CR and 156.25 mg g~ for MB,
respectively. PANI can be easily discharged into neutral salt in
basic solution.”” Thus, 0.5 M KOH was used for the desorption
study. It was found that more than 90% MO can be desorbed
from the PANI/a-ZrP composites by using 0.5 M KOH. For
recycle study, about 80% of MO removal was retained after 5
cycles of reuse. The superior adsorption capacities and easily
recyclable and reusable properties indicate that the PANI/a-
ZrP nanocomposites could be a potential candidate for large
volume wastewater treatment in the textile/printing industry. It
could be further extended to treat other kinds of organic
pollutants using this adsorbent in future practical applications.

Adsorption Kinetics. The adsorption kinetics are used to
evaluate the adsorption characteristics of MO on the PANI
nanotubes and PANI/a-ZrP nanocomposites. As can be seen in
Figure 6a, the adsorption amount increased rapidly in the initial
stage in first 60 min, and then slowed down until the sorption
process reached equilibrium. The beginning rapid step of MO
sorption is due to the surface physical sorption because of the
existence of a large number of sorption sites (amine and imine
of nitrogen) on the surface of PANI nanotubes and PANI/a-
ZrP nanocomposites. The subsequent slow step is attributable
to the limited active adsorption sites available on the surface of
the adsorbents, and the MO adsorbed on the surface would
further hamper the diffusion of other MO, resulting in a rather
long time to reach the equilibrium.'” It is also observed from
Figure 6a that the amount of MO adsorbed by PANI/a-ZrP
nanocomposites is larger than that adsorbed by PANI
nanotubes, which is consistent with the results of the
adsorption isotherms (Figure 4a). The pseudo-first-order
model and pseudosecond-order model were used to simulate
the kinetics adsorption of MO onto both the PANI nanotubes
and PANI/a-ZrP nanocomposites (Figure 6b). The pseudo-
second-order kinetic model can be expressed by the following
equation37

t 1 t

Q  kQ’ Q @

where Q, and Q, are the amounts of MO adsorbed on the
adsorbents (mg g™') at equilibrium and at time t (min),
respectively, and k, is the rate constant (g-mg™'min). As can be
seen in Figure 6b, the plots of t/Q, versus t is linear for the two
kinds of materials (correlation coefficient R* = 0.999 and 0.999
for PANI/a-ZrP and PANI nanotubes, respectively). As
compared with the pseudo-first-order model (see Table 3 and
the Supporting Information, Figure SS), the pseudo-second-
order model is better to describe the adsorption kinetics of MO
on PANI/a-ZrP and PANI nanotubes.

4. CONCLUSIONS

In this study, novel organic—inorganic hybrid material of
polyaniline/a-zirconium phosphate nanocomposites were
synthesized by in situ oxidative polymerization and MO
adsorption onto the hybrid materials was investigated.
Characterized results showed that PANI was successfully
grafted on the surface of @-ZrP. The maximum adsorption
capacity of PANI/a-ZrP toward MO was 377.5 mg g/, which
is much higher than that of many other adsorbents. The
mechanical and chemically stable inorganic a-ZrP can be a
good substrate for the growth of smaller and uniformly

dx.doi.org/10.1021/am300335e | ACS Appl. Mater. Interfaces 2012, 4, 2686—2692



ACS Applied Materials & Interfaces

@ (b) 6]
300 = PANLoZrP
o PANI
~_~ 44
o S
g 21 ®
=
=4 —a— PANI-o-ZrP 24
o PANI
1004
° 0
0 40 80 1200 1600 0 400 800 1200 1600
Time(min) Time(min)

Figure 6. (a) Adsorption kinetics curves and (b) pseudo-second-order kinetic plots for the adsorption of MO with initial concentration of 100.0 mg

L™ by PANI nanotubes and PANI/@-ZrP nanocomposites.

Table 3. Kinetics Parameters for the Adsorption of MO on PANI Nanotubes and PANI/a-ZrP Nanocomposites

first-order kinetics second-order kinetics
adsorbent Gexp (Mg/g) k;(1/min) 9ea(mg/g) R ky(g/(mg-min)) qea(mg/g) R
a-ZrP/PANI 308 3.5x107° 66.5 0.966 2.8 x 107* 310 0.999
PANI 243 41 x 1073 104.0 0.966 1.5 x 107 247 0.999
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