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GRAPHICAL ABSTRACT

« Nanostructured PANIs were prepared

by a facile sono-assisted method.

« Protonic acids impacted PANI
morphology and molecular structure.

« PANIs varied in Cr(VI) adsorption
properties depending on protonic
acids.

« A mechanism of electrostatic
adsorption followed by Cr(VI)
reduction was proposed.
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Polyaniline (PANI) nanoparticles and 1D nanostructures were prepared by a facile sono-assisted chemical
oxidation method in protonic acids like HCI, surfulamic acid (SA), citric acid (CA), taurine (TA) and neutral
deionized (DI) water for removal of aqueous Cr(VI). Results showed that all the prepared PANI nanostruc-
tures showed efficient adsorption for Cr(VI), however, their adsorption efficiencies varied depending on

the protonic acids and the consequent molecular structures of PANIs. Among them, the PANI-HCI pre-
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pared in strong HCl acid showed the highest adsorption capacity, followed in descending order by
PANI-SA, PANI-CA, PANI-TA and PANI-DI. The adsorption capacity was correlated well with oxidation
state and protonation extent of PANIs. Solution pH had an obvious effect on Cr(VI) adsorption, especially
for PANI-TA and PANI-DI. A mechanism of electrostatic adsorption followed by reduction of Cr(VI) to
Cr(IIl) was proposed by analyzing FTIR, zeta potential and XPS spectra of PANIs before and after Cr(VI)

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Hexavalent chromium (Cr(VI)) has drawn much attention
because of its toxic and carcinogenic influences on human health
and its extensive applications in industries like electroplating, min-
ing, leather tanning and pigment production [1-4]. To meet the
mandatory discharge limit of Cr(VI) (e.g. 0.5 mg/L for industrial
wastewater in China) (GB 8978-1996) [5], many treatment
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technologies such as reduction-precipitation, membrane separa-
tion, adsorption and solvent extraction have been developed
[1-4,6-10]. Among them, adsorption has been well studied since
it is efficient for simultaneous water deep purification and heavy
metal recovery. Because Cr(VI) exists in water as oxyanions like
Cr,027, HCrO, and CrO2-, adsorbents that are efficient for Cr(VI)
removal generally carry positively charged nitrogen-containing
functional groups as the major binding site [3,4,11-13].
Polyaniline (PANI) showed many advantages of ease of synthe-
sis, low cost, controllable conductivity and good environmental
stability [14]. It has been subjected to extensive studies in battery
electrodes, sensors and anticorrosion coatings. Because it carries
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large amounts of amine and imine functional groups, PANI and its
composites have also been used as adsorbents for inorganic and or-
ganic pollutants like Hg(Il) [15], dyes [16-18] and Cr(VI) [19].
Traditionally, PANI is prepared mostly in strong protonic acids like
HCl and H,SO,4, with aggregated granular as the main product. Re-
cently, PANI is also prepared in other protonic acids or neutral
water to modulate its morphology, processability and conductivity
[20,21]. For example, Cao et al. [22] reported for the first time that
functional protonic acids such as dodecylbenzenesulfonic acid in-
creased the solubility of PANI in common organic solvents. Zhang
et al. [21] reported that morphology and electrical properties of
PANI nanostructures depended on both dopant structures and
reaction conditions. Trchova et al. [23] and Stejskal et al. [24] re-
ported that depending on the acidity of the reaction solution, dif-
ferent PANI structures including granule, nanofiber and nanotube
could be obtained. Mahanta et al. [16] reported that by changing
dopants in PANI, its adsorption characteristics for anionic dyes var-
ied. However, there exists no quantitative study evaluating the ef-
fect of protonic acids on molecular structures of PANIs, and the
relationship between molecular structures of PANIs and their
adsorption properties for heavy metals is yet to be clarified.

The objectives of the current study were to: (1) characterize the
morphology and molecular structure of PANIs prepared by a facile
sono-assisted method in various protonic acids; and (2) study the
adsorption properties and associated mechanism of PANIs for
aqueous Cr(VI). Five PANI samples were prepared in aqueous solu-
tions of HCI, surfulamic acid (SA), citric acid (CA), taurine (TA) and
neutral deionized (DI) water. The polymerization course of aniline
was monitored by ultraviolet-visible (UV-Vis) spectra. The PANI
products were characterized by scanning electron microscopy
(SEM), Fourier transform infrared (FTIR) spectra, X-ray photoelec-
tron spectroscopy (XPS), zeta potential and surface area measure-
ments. A series of batch adsorption tests were conducted to
examine the effects of pH and Cr(VI) concentration on Cr(VI) up-
take. The associated mechanism was finally proposed based on
adsorption tests and instrumental analyses.

2. Experimental
2.1. Materials

All chemicals in the current study were of analytical-reagent
grade. Prior to use, aniline was purified by distillation under re-
duced pressure. Potassium dichromate (K,Cr,O,) was dried at
110 °C for 2 h. All other reagents were used as received. Ultrapure
water (18.2 MQ cm, Millipore, USA) was used throughout the
adsorption tests, and diluted HCl and NaOH were used to adjust
pH of Cr(VI) solutions.

2.2. Preparation of PANI

PANI was prepared by a facile sono-assisted chemical oxidation
method. Four protonic acids (viz. HCI, SA, CA and TA) were used for
comparison with pure DI water, and their structures and properties
were listed in Table 1. Note that pH of the five media was in the
increasing order of HCl, SA, CA, TA and DI In a typical test,
0.911 mL (0.01 mol) of aniline was dissolved in 100 mL of
0.2 mol/L acid solutions or DI water, to which 2.282 g (0.01 mol)
of ammonium peroxodisulphate was added under continuous
ultrasonication (KQ-200VDE, Kunshan, China). The ultrasonication
was continued for 1 h and then the mixture was allowed to stand
still overnight to ensure the complete reaction. The precipitate
thus formed was washed with water until water became colorless.
The resultant materials were oven dried at 60 °C and kept in a

desiccator prior to use (designated as PANI-HCI, PANI-SA, PANI-
CA, PANI-TA, and PANI-DI, respectively).

2.3. Sample characterization

To study the polymerization courses of aniline in different pro-
tonic acids, 0.1 mL of mixture was withdrawn at certain time inter-
vals. After 40-fold dilution with water, the mixture was placed in a
1 cm cell of the spectrophotometer, and the UV-Vis spectra were
recorded with a UV1800 spectrophotometer (Shimadzu, Japan).
Surface morphologies of the as-synthesized PANIs were observed
by SEM (JSM-7500F, JEOL, Japan) with 10,000- and 50,000-fold
magnification. FTIR spectra were collected in 400-4000 cm™! using
a Thermo Nicolet IR 200 instrument (Thermo Electron, USA). Zeta
potential of the PANI suspensions (0.01 mol/L NaCl, pH range
2.5-10.5) was measured by ZetaPlus (Brookhaven Instruments,
USA). Surface area and pore size of the PANIs were determined
by N, adsorption-desorption at 77 K with the BET and BJH meth-
ods using an ASPA 2020 system (Micromeritics, USA). XPS mea-
surements of PANIs before and after Cr(VI) adsorption were
performed on a Thermo ESCALAB 250Xi spectrometer (Thermo Sci-
entific, USA) with an Al Ko X-ray source (1486.6 eV photons). Both
survey and high-resolution spectra of Ny, Sy, and Cry, were col-
lected and calibrated to the binding energy (BE) of C;s at
284.6 eV. Note that unless otherwise stated, PANIs after Cr(VI)
adsorption were prepared by equilibrating the as-synthesized
PANIs with Cr(VI) solutions (Cr(VI) Co = 50 mg/L, pHo unadjusted,
adsorbent dosage = 1 g/L, time = 24 h).

2.4. Batch adsorption tests

Batch tests were conducted to investigate Cr(VI) adsorption as a
function of initial Cr(VI) concentration (10-300 mg/L) and aqueous
pH (2-11) by the several PANI samples. Preliminary kinetic tests
demonstrated that adsorption equilibrium of Cr(VI) on PANIs was
achieved within approximately 24 h under the experimental con-
ditions. Therefore, an equilibrium time of 24 h was adopted for
all the adsorption experiments. To start the test, 0.04 g of PANI
was mixed with 40 mL of Cr(VI) solution on a shaking table
(THZ-98C, Shanghai, China) at 25 °C and 150 rpm. After reaching
equilibrium, the mixture was filtered, and the filtrate was analyzed
for both Cr(VI) concentration by a UV1800 spectrophotometer
(Shimadzu, Japan) using 1,5-diphenylcarbazide as the complexing
agent at 540 nm (GB 7467-87) [25] and total Cr concentration by

Table 1
Properties of the selected acids for preparation of PANIs.
No Acid Structure PK, PH (0.2 mol/L)
1 HCl H—CL -8 0.56
2 SA (‘)‘ 1 0.72
HO*ﬁ*NHz
(6]
3 CA 0. OH 3.15 1.68
4.77
HO 6.40
HO OH
(6]
)
4 TA 0 1.50 5.36
\\S _OH 9.06
HZN/\/ \\
0]
5 DI - - 7.50
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an inductively coupled plasma emission spectrometer (IRIS advan-
tage ICP-AES, Thermo Scientific, USA). Every sample was analyzed
in duplicate to guarantee accuracy of the data. Adsorption capacity
(Qe, mg/g) and Cr(VI) (or total Cr) removal rate (R, %) were obtained
using the following equations:

(Co—Ce) xV
OT (1)

Qe =
Co—Ce
Co
where Cy and C, (mg/L) are initial and equilibrium concentrations of
Cr(VI) (or total Cr), V(L) is volume of Cr(VI) solution, and M (g) is dry

mass of adsorbents.

R—

x 100% 2)

3. Results and discussion
3.1. Polymerization of aniline

The polymerization courses of aniline, as recorded by evolution
of UV-Vis spectra and solution color with time, differed signifi-
cantly among the several protonic acids (Fig. 1(a-e)). In strong
acidic solutions of HCI and SA (Fig. 1(a and b)), on addition of oxi-
dant, the reaction mixtures were first colorless and then progres-
sively turned dark blue. Accordingly, three peaks characteristic of
blue pernigraniline salt appeared at wavelengths of 300, 540, and
680 nm and become stronger with the progress of reaction [20].
After about 20 min, the bands at 540 nm and 680 nm disappeared
to give rise to bands at 800 nm and 410 nm (assigned to polaron
transitions) [26], while the other band at 300 nm remained con-
stant. Meanwhile, the reaction mixtures turned dark green, indi-
cating the formation of emeraldine salt, the final product of the
aniline polymerization [27,28]. In 0.2 mol/L CA (Fig. 1(c)), a totally
different variation of UV-Vis spectra and solution color was pres-
ent. Throughout the 1 h polymerization, the dispersion kept bright
yellow and presented two small peaks at 280 nm and 410 nm, sug-
gesting the production of small amounts of aniline oligomers [27].
After overnight standing, however, the final UV-Vis spectra and
dark-green solution color were nearly the same as that of PANI-
HCI and PANI-SA. The polymerization courses in weak TA and neu-
tral water were nearly the same (Fig. 1(d and e)). At the start of
polymerization, the spectra had an extremely strong absorption
at 280 nm characteristic of free aniline. This was because the pH
values under both conditions (Table 1) were higher than pK, of ani-
line (viz. 4.6) [24,29], making free aniline molecules the primary
form of aniline monomer. After oxidant addition, the solution
turned brown and turbid immediately. Accordingly, the peak at
280 nm decreased, while a new peak characteristic of aniline olig-
omers appeared at 410 nm. After 1 h reaction, the neutral aniline
molecule was nearly exhausted, and the reaction for production
of PANI was triggered as indicated from the UV-Vis spectra. The
final products showed the similar UV-Vis spectra as the above
PANIs, indicating that they had the similar backbone structure of
emeraldine salt.

3.2. Characterization of PANI

The resultant PANI samples were further characterized by SEM,
FTIR, zeta potential, surface area and pore size measurements. As
shown in Fig. 2, polymerization of aniline in strong HCI led to PANI
aggregated particles. When we changed HCI to other weak protonic
acids, nanostructured PANIs like nanoparticles and 1D nanostruc-
tures were produced. Specifically, polymerization of aniline in SA
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led to PANI nanoparticles with diameters of hundreds of nanome-
ters, while polymerization of aniline in less acidic solutions (viz. CA
and TA) and neutral water led to 1D nanostructures. Depending on
the preparation media, the 1D nanostructures differed significantly
in size and shape. For example, PANI-CA was straight and smooth,
of ca. 150-250 nm in diameter and ca. 2.5 pm in length. PANI-TA
was relatively flexible, of ca. 80-100 nm in diameter. While
PANI-DI was straight as that prepared in CA, but of a smaller diam-
eter (ca. 100-150 nm) and a shorter length (ca. 1 pm). The above
results demonstrated that morphology of PANIs could be con-
trolled by simply varying the protonic acids during the sono-
assisted preparation process. It was suggested that both the
solution pH and the chemical structure of protonic acids could af-
fect the PANIs’ morphology. Detailed formation mechanisms of
PANI nanostructures could be found in the review of Stejskal
et al. [24].

Though the PANI samples differed a lot in their morphologies,
they exhibited the very similar BET surface area, total pore volume
and pore size distribution (Table 2). Specifically, PANI-HCI showed
the lowest surface area (22.4 m?/g) and the lowest total pore vol-
ume (0.10 cm?®/g), while PANI-TA showed the highest surface area
(29.4 m?/g) and the highest total pore volume (0.16 cm?/g). All
PANIs showed a wide pore size distribution in the range of 1.8-
300 nm, and about half of the contribution to specific surface area
came from the pores of 1.8-4 nm.

FTIR spectra for PANIs prepared in HCI, SA, CA, TA and DI are la-
beled from top to bottom (Fig. 3(A)). It was obvious the five PANIs
presented similar characteristic bands at 1578, 1492, 1304, 1248,
1145 and 822 cm™!. These bands agreed well with the bands of
PANI (emeraldine salt) reported by Trchova et al. [23] and Yan
et al. [30] as shown in Table 3, suggesting the backbone of PANI
prepared in this work were identical with one another and they
were mostly in the form of emeraldine salt. However, there were
still some obvious differences among the PANIs: (1) With decrease
of solution acidity (Fig. 3(A)-a-e), the Q/B ratio (the ratio of quinoid
and benzenoid units, obtained by taking area ratios of the bands at
1578 and 1492 cm™!) indicating oxidation state of PANI [31] obvi-
ously decreased. (2) The characteristic absorption peaks at
1145 cm™! (corresponding to electron delocalization degree) and
1248 cm ! (corresponding to -NH*- in protonic acid doped PANI)
[23,28] became lower in intensity with decreasing acidity of the
preparation media. (3) In the weak acidic solution and neutral
water, small peaks appeared at 1445 and 1415 cm™!, which were
associated with phenazine-like or branched structures in aniline
oligomers [23,28]. (4) Most of PANIs presented a band at
1043 cm™!, which could be assigned to S=0 stretching in sulfonate
groups (due to -SOsH in SA and TA or sulfonation of benzene rings)

or sulfate counterions (associated with imine) [23]. The above re-
sults demonstrated that though the as-synthesized PANIs had sim-
ilar backbones of emeraldine salt, they differed significantly in
detailed molecular structures including oxidation state, proton-
ation extent, electron delocalization degree and oligomer content
that were expected to influence their adsorption properties.

Zeta potentials of the PANIs were measured as a function of
solution pH. As shown in Fig. 4(A), the PANI-HCI, PANI-SA and
PANI-CA showed the similarly shaped zeta potential versus pH
curves. They had a pHpzc (point of zero charge) in the range of
5.0-6.0, which was consistent with the conventional PANI in previ-
ous studies [15]. By contrast, the PANI-TA showed a lower pHpyc at
about 4.0, and the PANI-DI showed no pHpzc in the studied pH
range (i.e. pHpzc < 2.8). This indicated that the PANIs prepared in
strong acidic solutions exhibited the similar surface charges with
pH variation. When the preparation media were changed to weak
TA or neutral DI, sulfonation of benzene rings occurred and more
sites with negative charges were introduced into the PANI struc-
tures, causing the shift of pHpzc to lower values.

3.3. Adsorption properties of Cr(VI)

3.3.1. Adsorption isotherms

Fig. 5 shows Cr(VI) adsorption isotherms onto the several PANIs
(Qe versus C, plots) at pH 4.0 (fixed by acetate buffer) at 25 °C. The
experimentally collected equilibrium adsorption data were fitted
into Langmuir and Freundlich equations:

C. G 1

Langmuir: —=—+ 3
& Qe Qm kLQm ( )
1
AR @
Freundlich: InQ, =Ink +% InC, (5)

where C, (mg/L) is Cr(VI) equilibrium concentration, Q. (mg/g) is
equilibrium adsorption capacity, Q,, (mg/g) is the maximum
adsorption capacity, k; and kr are constants for the two models, n
is Freundlich variable indicative of adsorption favorability, and R;
is separation factor indicative of adsorption favorability. The con-
stants were calculated and presented in Table 4. It was observed
from the correlation coefficients (R?) that the experimental data
could be well fitted by both Langmuir and Freundlich models for
all PANIs, indicating that adsorption of Cr(VI) by PANIs was not lim-
ited to just a monolayer mechanism. Depending on the protonic
acids, PANIs showed different adsorption capacity and adsorption

Fig. 2. SEM photographs of (a) PANI-HCI, (b) PANI-SA, (c) PANI-CA, (d) PANI-TA and (e) PANI-DI with 10,000- (upper) and 50,000-fold (lower) magnification.
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Table 2
Specific surface area, total pore volume and pore size distribution of the as-synthesized PANIs.
Samples PANI-HCl PANI-SA PANI-CA PANI-TA PANI-DI
BET surface area, m?/g 22.38 23.19 24.66 29.36 24.26
Total pore volume, cm?/g 0.10 0.11 0.14 0.16 0.10
Pore size distribution, % 1.8-4 nm 45.98 47.42 40.42 41.57 48.43
4-10 nm 19.55 18.78 15.19 17.38 16.07
10-100 nm 27.81 28.46 35.62 33.59 30.69
>100 nm 6.66 5.34 8.79 7.45 4.80
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Fig. 3. FTIR spectra of (a) PANI-HCI, (b) PANI-SA, (c) PANI-CA, (d) PANI-TA and (e) PANI-DI (A) before and (B) after Cr(VI) adsorption.

Table 3

Characteristic FTIR vibrational frequencies of polyaniline [23,30].

Interatomic bond

Vibrational frequency,
cm™!

C=C stretching in quinoid ring 1578
C=C stretching in benzenoid ring 1492
C—N stretching in benzenoid ring 1304
C—N™* stretching in protonic acid doped PANI 1248
C=N stretching in quinoid ring 1145
C—H bending out of the plane of para-substituted 822
aromatic ring
S=0 stretching 1043

affinity for Cr(VI). Specifically, PANI-HCI showed the highest maxi-
mum adsorption capacity (Q,, 182 mg/g), followed in the descend-
ing order by PANI-SA (164 mg/g), PANI-CA (145 mg/g), PANI-TA
(111 mg/g) and PANI-DI (92 mg/g). The values of R; (in the range
of 0-1) obtained from the present studies reflected the adsorption
of Cr(VI) oxyanions on PANI adsorbents were favorable. The values
of n (in the range of 1-10) of Freundlich model also confirmed the
favorable adsorption of Cr(VI) on PANIs.

3.3.2. Impact of solution pH

Solution pH had a significant impact on Cr(VI) removal, with
apparent inhibition observed at high pH values (Fig. 6(A)). Com-
pared with PANI-TA and PANI-DI, the other three showed a less
pronounced decrease of Cr(VI) removal ratio with the increase of
pHe (pH at adsorption equilibrium). For example, the Cr(VI) re-
moval ratio by PANI-HCI and PANI-SA kept nearly 100% in the
pHe range of 2.0-6.0. Further increasing the solution pH. above
7.0 slightly decreased the removal ratio to about 80%. Different

from PANI-HCI and PANI-SA, the Cr(VI) removal ratio by PANI-TA
and PANI-DI decreased abruptly throughout the studied pH range,
from nearly 100% at pH. 2.0 to less than 40% at pH. 8.0. Total Cr re-
moval by PANI-HCI and PANI-TA showed a very different trend as
compared with Cr(VI) removal. As shown in Fig. 6(B), the best re-
moval of total Cr occurred at pH, 3.0-6.0 for PANI-HCI or around
pHe 4.0 for PANI-TA, and further decrease or increase of pHe signif-
icantly inhibited the total Cr removal. Throughout the studied pH
range, the total Cr removal ratio was generally lower than the
Cr(VI) removal ratio, especially in strong acidic solutions. For
example, at pHe 2.0 the difference between the removal ratios of
total Cr and Cr(VI) was the highest, i.e. about 33% for both PANIs.
Similar trends of Cr(VI) removal as a function of pH were also re-
ported for other adsorbents in previous literatures [4,13,32].

The observed impact of solution pH on Cr(VI) removal could be
explained by both the electrostatic attraction mechanism between
Cr(VI) oxyanions (e.g. CrO>~,HCrO, and Cr,02") and nitrogen-
containing groups on PANIs and the reduction mechanism of Cr(VI)
to Cr(IlI). As previously reported, both the physicochemical proper-
ties of PANI and Cr speciation substantially changed with pH vari-
ation [15]. At low pH values (e.g. pH < 5.0 for PANI-HCI), nitrogen
atoms of imine groups were preferentially bound by protons (as
indicated by solution pH. > pHy (initial pH) in Fig. 6(C)), causing
the PANI surfaces carrying positive charges (Fig. 4(A)) that was
favorable for adsorption of anionic Cr(VI) species (primarily
HCrO, below pH 6.0, calculated by MINTEQ software, the same be-
low). Moreover, because of high redox potential value of Cr(VI) and
electron donor groups on PANI surfaces, there was a possibility
that Cr(VI) anions, either in solutions or binding on the positively
charged PANI surfaces, were reduced to Cr(IIl) (proved by further
XPS analyses). And the reduction was especially facilitated with
the decrease of pH since protons participated in this reaction
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Table 4
Isotherm constants for Cr(VI) adsorption by PANIs at 25 °C.
Sample Langmuir Freundlich
Qm ki R R? ke n R?

PANI-HCI 182 0.061 0.14 0.96 36.81 341 0.98
PANI-SA 164 0.060 0.14 0.93 36.94 3.72 0.97
PANI-CA 145 0.081 0.11 0.98 30.81 3.35 0.98
PANI-TA 111 0.043 0.19 0.95 25.61 4.03 0.97
PANI-DI 92 0.057 0.15 0.98 24.63 4.38 0.99

2 The R, values were obtained with the initial Cr(VI) concentration (Cp) of
100 mg/L.

[33,34]. Due to the electrostatic repulsion between Cr(Ill) cations
(primarily Cr** and Cr(OH)?** below pH 4.5) and the positively
charged PANIs, the resultant Cr(Ill) species were apt to stay in
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Fig. 6. Impact of the equilibrated solution pH (pH.) on (A) Cr(VI) removal and (B)
total Cr removal by PANIs and (C) correlation of pHe with the initial pH (pHo);
solution pHyp = 2-11 (adjusted by dilute HCl and NaOH solutions), Cr(VI) Co = 50 mg/
L, adsorbent dosage =1 g/L.

aqueous solutions, causing the removal ratio of total Cr substan-
tially lower than Cr(VI) at low pH values. With increasing pH, how-
ever, the imine groups underwent deprotonation (as indicated by
solution pH. < pHp in Fig. 6(C)) and the PANIs carried negative
charges (Fig. 4(A)) that was unfavorable for Cr(VI) (primarily
CrO%~ above pH 6.0) adsorption. Besides, the reduction of Cr(VI)
to Cr(IIl) (primarily Cr,0O5 precipitate above pH 5.0) was substan-
tially inhibited at high pH values. Therefore, both Cr(VI) and total
Cr removals were remarkably decreased. Competition of OH™ with
Cr(VI) anions for the adsorption sites might also be responsible for
the decreased Cr(VI) adsorption at high pH values. The different
adsorption behaviors of the several PANIs for Cr(VI) were sug-
gested to be due to their different molecular structures.

3.4. Adsorption mechanism(s) of Cr(VI) by PANI

To gain further insights into the adsorption mechanism of Cr(VI)
on PANI, FTIR, zeta potential and XPS of PANI before and after
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Cr(VI) adsorption were studied. As shown in Fig. 3(B), FTIR spectra
of PANIs underwent several substantial changes after Cr(VI)
adsorption. First, most of the FTIR bands shifted to higher wave-
lengths, suggesting Cr adsorbed on PANI surfaces significantly
influenced the functional groups. Second, the band at 1248 cm™!
was substantially depressed in all PANIs and the band at
1145 cm™' became sharper and lower in intensity. This indicated
that -NH** - in protonic acid doped PANI was the primary adsorp-
tion site for Cr(VI), and the adsorbed Cr(VI) or Cr(III) could restrict
electron delocalization in PANI structure. Note that PANI-HCI,
which presented the highest intensity of band at 1248 cm™!,
showed the highest Q,, for Cr(VI). After Cr(VI) adsorption, this band
disappeared in PANI-HCI and PANI-SA, while in the other PANIs
this band still existed though its intensity greatly decreased. This
suggested that the different adsorption properties of PANIs were
correlated with the different content of -NH™ - and the different
utilization efficiency of -NH™ - for Cr(VI) adsorption among the
several PANIs. The full utilization of -NH™ - in PANI-HCI and
PANI-SA was probably associated with the small sizes of countera-
nions like CI~ and SA~, which made anion exchange between
counteranions and Cr(VI) oxyanions easier. Third, the Q/B ratio in-
creased after Cr(VI) adsorption. For example, for PANI-HCI and
PANI-SA the ratio increased above 1.0. This suggested that oxida-
tion of the polymer backbone might accompany Cr(VI) adsorption.
Fourth, the small peaks at 1445 and 1415 cm™' became stronger
and even appeared in PANI-HCI and PANI-SA, indicating that
adsorption of Cr(VI) could result in oxidation of PANI and conse-
quent production of aniline oligomers. Finally, the band around
3400 cm~! was greatly strengthened and broadened after Cr(VI)
adsorption.

Shown in Fig. 4(B) were the zeta potential versus pH curves for
PANI-HCI before and after Cr(VI) adsorption. It was obvious that
after Cr(VI) adsorption, the pHp,c of PANI-HCI shifted to a slightly
higher pH at 6.0, and the absolute values of zeta potential in-
creased remarkably. As reported in previous studies, the specific
adsorption of cationic species on solid surfaces contributed to the
increased positive charge and the higher pHpzc, and vice visa
[35,36]. Therefore, it was reasonable to conclude that the change
of surface charges of PANI-HCl was primarily due to the specific
adsorption of cationic Cr(Ill) species which were produced from
Cr(VI) reduction.

XPS spectra of PANI-HCI and PANI-TA surfaces before and after
Cr(VI) adsorption were studied to gain further insights into the
Cr(VI) removal mechanisms (Table 4, Fig. 7). As shown in Table 4,
the as-synthesized PANI-HCI comprised 76.5% C, 9.3% N, 10.4% O,
1.7% Cl and 2.1% S, while the as-synthesized PANI-TA comprised
76.7% C, 88% N, 12.7% O and 1.8% S. As compared with
PANI-HCI, PANI-TA showed a much lower content of dopants
(sum of ClI and S) due to its lower protonation extent and lower
imine content. After equilibrating PANIs with Cr(VI) solutions,
the appearance of Cr was in accordance with the decrease in N,
Cl and S contents, suggesting that adsorption of Cr(VI) was mainly
associated with nitrogen, probably through anion exchange with
the dopants in PANI structures. The different elemental contents
of PANI-HCI after Cr(VI) adsorption under different pH conditions
demonstrated that solution pH influenced the Cr(VI) adsorption
significantly.

High-resolution spectra of N5 (Fig. 7(A)) showed that before
Cr(VI) adsorption, N5 of PANI-HCI (Fig. 7(A)-a) could be fitted into
two peaks at 399.6 and >400.0 eV, corresponding to nitrogen atoms
in amine (-NH-) (N2) and doped imine (-NH"-) (N1) functional
groups, respectively [15,37]. Close peak areas for these two nitro-
gen species demonstrated that PANI-HCI was in its emeraldine salt
state [14,37]. After Cr(VI) adsorption at three different pH values
(i.e. pHe 2.0, 4.7 and 9.5), the total N content decreased from 9.3
atom¥% to 8.8, 8.6 and 9.1 atom%, respectively. Besides, of the two

peaks N2 stayed relatively constant, while N1 substantially
decreased and even disappeared after Cr(VI) adsorption at pHe.
9.5. Simultaneously, a new peak appeared at 398.3 eV which could
be assigned to imine group (-N=) (N3, at pHe 4.7 and 9.5) [15]. In
contrast to PANI-HCI, PANI-TA presented a much lower N1 content
than N2, and after Cr(VI) adsorption at pH, 4.6, N1 was completely
transformed to N3. Analyses of Ny spectra indicated that protonic
acids significantly affected the PANI molecular structures (e.g.
imine content or Q/B ratio and protonation extent) and the Cr(VI)
removal process associated closely with the nitrogen groups (espe-
cially the imine group). In agreement with deprotonation of imine
nitrogen, Cly, and S, peaks were significantly decreased after
Cr(VI) adsorption, and the decrease correlated well with the solu-
tion pH. Peak fitting of Cl,, (Fig. 7(B)) demonstrated that Cl in
PANI-HCI existed primarily in three forms: chloride anion (CI1), an-
ionic chloride resulting from the charge transfer between chlorine
and PANI chain (CI2) and covalently bonded chlorine (CI3) [15].
After Cr(VI) adsorption at pHe 2.0, CI1 was greatly decreased, caus-
ing substantial decrease in total Cl content from 1.7 to 1.3 atom%
(Table 5). Because the proton concentration was extremely high
at such a low pH, we suggested the decrease of CI1 was primarily
because of the anion exchange between Cl~ and Cr(VI) anions.
When Cr(VI) adsorption occurred at pHe 4.7 and 9.5, ClI1 com-
pletely disappeared due to both the anion exchange and the depro-
tonation reactions and the residual chlorine (0.4 atom¥%) was
mainly in covalent-bond chlorine form. In contrast with Clyp, Syp
spectra (Syp3;z 168.3 eV, assigned to -SOsH and SOf{, Fig. 7(C))
[38] were relatively stable, probably due to the larger size of
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Fig. 7. XPS spectra of high-resolution scan of (A) Nys, (B) Cl,p, (C) S2p and (D) Cr,, for
PANI-HCI (a) before and after Cr(VI) adsorption at (b) pHe 2.0 and (c) pH. 4.7, (d)
PHe 9.5 and PANI-TA (e) before and after Cr(VI) adsorption at (f) pH. = 4.6.
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Table 5

Distribution of C, N, O, Cl, S and Cr on PANI surfaces (a) before and (b) after Cr(VI) adsorption.

Atomic concentration, %

C N 0 c S Cr
PANI-HCI Before Cr(VI) adsorption 76.5 9.3 104 1.7 21 -
@ pH, 2.0 72.5 8.8 14.1 1.3 2.0 1.3
After adsorption @ pH, 4.7 69.2 8.6 17.6 0.4 2.0 2.2
@ pH, 9.5 772 9.1 11.8 0.4 0.2 13
PANI-TA Before Cr(VI) adsorption 76.7 8.8 12.7 - 1.8 -
After adsorption @ pH. 4.6 73.7 8.4 15.1 - 13 1.5
H H H H 4. Conclusion
N N N —
+- +- .
cram CrvI) Cr(vI) We have successfully prepared various nanostructured PANIs
@ with different morphologies, molecular structures, surface charges
adsorption and adsorption properties by changing the acidity and protonic
acids of the preparation media through a facile sono-assisted
method. The PANI nanoparticles prepared in strong HCl and SA
H H H H . . . . . .
N N N N— acids presented the highest ratio of quinoid and benzenoid units,
X. A the highest extent of protonation and a relatively high pHpc. While

doping L dedoping

Scheme 1. The proposed adsorption mechanisms of Cr(VI) on PANIs.

sulfate anions and stronger bonding of sulfonate groups.
High-resolution spectra of Cryp, (Fig. 7(D)) could be fitted with only
one doublet-peak with Cr,ps, being situated at 577.6 eV, which
could be assigned to Cr(Ill) (Cr1) [4,39]. This indicated that the ad-
sorbed Cr on PANI-HCI and PANI-TA existed primarily in its triva-
lent form, implying that the adsorption process involved the full
reduction of Cr(VI) to Cr(IIl). Similar observations for Cr(VI) reduc-
tion were also reported for adsorbents including fibrous adsorbent
[4], biomass [39-41] and polyaniline [33]. By comparison of the Cr
content (Table 5), it could be concluded that PANI-HCI showed bet-
ter adsorption properties than PANI-TA and the optimal adsorption
of total Cr occurred in weak acidic solutions.

Based on this study, we proposed an adsorption followed by
reduction mechanism of Cr(VI) uptake by PANIs shown in
Scheme 1. When mixing Cr(VI) solutions with PANIs, the electro-
static interaction between protonated imine groups on the adsor-
bent surface with aqueous Cr(VI) oxyanions caused Cr(VI)
adsorption on PANI surface. Any factors (e.g. PANI preparation con-
ditions, water chemistry conditions) that influenced the physico-
chemical properties of PANI and Cr speciation would influence
the Cr(VI) adsorption. Depending on the protonic acids, the
as-prepared PANIs differed in their detailed molecular structures
including oxidation state, protonation extent and oligomer content
etc. and surface charges. Because protonated imine groups were
the primary adsorption sites for Cr(VI) and electrostatic interaction
was the primary adsorption mechanism, PANIs prepared in strong
HCI, SA, and CA solutions presenting the highest Q/B ratio, the
highest protonation extent and the highest pHpzc showed the best
adsorption capacity for Cr(VI). The impact of solution pH on Cr(VI)
was due to the deprotonation of imine groups under high pH val-
ues and the competitive adsorption of OH™ with Cr(VI) oxyanions.
Because of the strong oxidizing ability of Cr(VI), we proposed that
Cr(VI) adsorbed on PANI surfaces could react with the PANIs and
consequently caused the full reduction of Cr(VI) to Cr(Ill) and the
production of peroxidation products like fully oxidized pernigran-
iline and aniline oligomers.

the PANI 1D nanostructures prepared in weak acids and neutral
water contained higher contents of aniline oligomers and carried
more negative charges. The different surface charges and molecule
structures, especially the different content and efficiency of pro-
tonated imine groups, were deemed as the primary reasons for var-
ied adsorption properties of PANIs for aqueous Cr(VI). Based on
FTIR and XPS spectra, a mechanism of electrostatic adsorption fol-
lowed by reduction of Cr(VI) to Cr(Ill) was proposed for Cr(VI) up-
take by PANIs. Findings of the current study have profound
application in tuning PANI structures by protonic acids for removal
of heavy metals from polluted waters.
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