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ABSTRACT

In the present study, a polyaniline/sunflower stem pith (PANI/SSP) composite was synthesized using
in situ polymerization and used as an adsorbent for the detoxification of Cr(VI) from sewage. The
work involved batch experiments to investigate the effect of operating parameters such as contact
time, pH, temperature, adsorbent dosage, and initial concentration of Cr(VI) on the extent of adsorp-
tion by PANI/SSP. The composite was characterized by ATR-FTIR, SEM, TEM, TG-DTG, and XPS. The
adsorption process followed the Langmuir isotherm model, and the calculated saturated adsorption
amounts obtained from the model ranged from 27.73 to 42.96 mg/g with temperature increasing from
298 to 338 K. Kinetic studies demonstrated that the pseudo second order model is able to provide a
realistic description of the adsorption kinetics. A thermodynamic analysis indicated that the removal
of Cr(VI) by PANI/SSP is endothermic (AH® = 37.38 KJ/mol). The regenerated PANI/SSP can be reused
successfully for four successive adsorption-desorption cycles. Hence, we conclude that PANI/SSP can
be used as an adsorbent for the detoxification of Cr(VI)-contaminated water.

Keywords: Polyaniline/sunflower stem pith composite; Hexavalent chromium; Langmuir model;

Pseudo second order model

1. Introduction

Chromium is a heavy metal pollutant that is a serious
threat to humans due to its mobility and persistence in
nature. It is primarily present in effluents produced by elec-
troplating, leather tanning, steel fabrication, and the metal
finishing industry [1]. In the environment, it is present in
two forms, namely, hexavalent chromium and trivalent
chromium, where the toxicity of Cr(VI) is 500 times higher
than that of Cr(IIl) [2]. Therefore, several countries across
the world strictly control the emission of Cr(VI).

There are some traditional physicochemical treatment
methods for the removal of Cr(VI) such as ion exchange,
chemical precipitation, membrane separation, and adsorp-
tion. Among these methods, adsorption is the most effective
and versatile method for the detoxification of Cr(VI) due to
its simplicity, its low operating cost, and the abundance of
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adsorbent. The selection of adsorbent is a key factor in the
adsorption of Cr(VI) [3], a widely sourced, environmentally
friendly adsorption material with low cost was our first
choice.

Biomass materials such as boiled sunflower stems and
heads [4,5], coconut coir [6], sawdust [7], and litchi peel
waste [8] have attracted intense attention because of their
potential novel detoxification of Cr(VI). However, there are
still several problems associated with the process such as
low removal capacity and slow kinetics; therefore, cellulose
fiber should be modified further to enhance their adsorp-
tion capacity for Cr(VI).

Polyaniline, a conductive polymer, could have wide
applications as the reductant of Cr(VI) due to its low cost
and great stability, as doped polyaniline can remove Cr(VI)
through an ion exchange reaction. However, one of the
disadvantages of polyaniline is its poor process ability. To
address this issue, researchers developed composites of
polyaniline and porous materials with high specific areas.
The polyaniline/mesoporous material hybrid is being
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widely investigated for the detoxification of Cr(VI) from
sewage through synergistic adsorption and reduction, for
instance, there are reported cases of using polyaniline/
magnetic mesoporous carbon hybrid [9], polyaniline/mag-
netic mesoporous silica [10], and other materials.

Sunflower (Helianthus annuus L.) is an important oilseed
crop. Sunflower stems are present in farming and forestry
residues, and the most common disposal method for sun-
flower stems is incineration; however, this method causes
serious air pollution. The sunflower stem pith (SSP), a nat-
ural porous material, is well known to have a large specific
surface area; hence, the combination of SSP and polyaniline
could not only effectively improve the processability of the
polyaniline but also add value to SSP by reducing the pol-
lution caused by incineration.

Based on the presented premise, our research team
conducted in situ polymerization for preparing polyani-
line/sunflower stem pith (PANI/SSP) composites for the
detoxification of Cr(VI)-contaminated water using ammo-
nium persulfate (APS) as an oxidant. To better understand
the mechanism of using adsorption for Cr(VI) removal, we
investigated the adsorption isotherms, kinetic models, ther-
modynamic parameters, and the effects of other parameters
such as the initial concentration of Cr(VI), pH, dosage of
fiber composite materials, and reaction times. The results
suggest that PANI/SSP is an ideal candidate for the detoxi-
fication of Cr(VI) from sewage.

2. Materials and methods
2.1. Materials

Sunflower stems were collected from the agricultural
fields of a village in Zhaoyuan County (China). The SSP
was separated from the bark, continuously washed with
distilled water to remove impurities and dried thereafter in
sunlight until all the moisture was evaporated. Finally, the
SSP was cut into 1.5 cm pieces for use. Analytical-grade ani-
line was freshly distilled under reduced pressure (0.1 MPa)
and then stored in a refrigerator at 4°C prior to use. All
other chemicals, including APS, hydrochloric acid, sodium
hydroxide, and potassium dichromate, were of analytical
grade and used without further purification.

2.2. Preparation of PANI/SSP

The APS was dissolved in hydrogen chloride solution
and then added to a three-neck round-bottom flask with a 1
L capacity for presoaking SSP (6 g on a dry-weight basis); the
time allowed for dispersion was 20 min. Aniline was added
to the reaction system under continuous stirring (350 rpm)
to initiate the polymerization reaction. After a specific reac-
tion time, the in situ polymerization was stopped, and the
mixture was filtered. Subsequently, the PANI/SSP was suf-
ficiently washed to remove any unreacted chemicals and
then conditioned at room temperature for at least one night.

The optimum process conditions were obtained by sin-
gle-factor experiments and determined to be a reaction tem-
perature of 298 K, an ammonium persulfate/aniline molar
ratio of 1.5 mol/mol, a hydrogen chloride concentration of
1 mol/L, a reaction time of 2 h, an aniline dosage of 4 g/L,
and an SSP concentration of 0.6 wt%.

The amount of PANI coated on SSP was calculated
according to Eq. (1),

PANI coated (%) = [(W,— W,)/W,]-100 )

where W, and W, are oven-dry weights of the SSP before
and after PANI deposition, respectively.

2.3. Batch adsorption experiments

First, 100 mL of 100-700 mg/L Cr(VI) at pH values
ranging from 1 to 13 was added to Erlenmeyer flasks con-
taining 0.2 g-1 g of PANI/SSP, where the initial pH val-
ues of the solution were adjusted using 0.1 mol/L HCI or
NaOH. The Erlenmeyer flask was capped and placed in an
orbital shaker for 10-60 min, and the residual concentration
was analyzed by a UV-Vis spectrometer at 540 nm using
1,5-diphenylcarbazide reagent.

2.4. Determination of chromium concentration

The concentration of Cr(VI) was determined by the mod-
ified diphenylcarbohydrazide spectrophotometric method
(Chinese standard method: GB7467-87) [11]. A standard
working curve (y = 1.3402 x + 0.00122 y) was obtained with
a correlation coefficient of 0.9998. To determine the total Cr
concentration of the treated water, the water was oxidized by
APS for 10 min under acidic and boiling conditions, and then
the total Cr concentration was measured according to the
same procedure as for the Cr(VI) determination described
above. The Cr(IIl) concentration was calculated from the dif-
ference between the total Cr and Cr(VI) concentrations [12].

2.5. Kinetic studies

In kinetic studies, the effect of temperature was investi-
gated. PANI/SSP (1.0 g over dry) was brought into contact
with 100 mL of a 400 mg/L Cr(VI) solution stirred at 350
rpm at a specified temperature (298 K, 318 K, and 338 K). At
preselected times (10, 20, 30, 40, 50, and 60 min), the samples
were collected from their three-neck round-bottom flask
and filtered through speed filter paper, and the chromium
concentrations of the resulting clear filtrate solutions were
analyzed. The pseudo first order, pseudo second order, and
Elovich models were employed to fit the above experimen-
tal data to find the kinetic models that best described the
mechanism of adsorption.

2.6. Adsorption isotherm

Adsorption isotherm studies were performed at three
different temperatures (298 K, 318 K, and 338 K) by agi-
tating 1 g (over dry) of PANI/SSP with 100 mL of Cr(VI)
solution of a desired concentration in a 250 mL Erlen-
meyer flask on an orbital shaker for 1 h. Thereafter, the
samples were collected from the Erlenmeyer flasks and
filtered through fast filter paper, and the chromium con-
centrations of the clear filtrate solutions were analyzed.
The equilibrium sorption capacity (q,) of the PANI/SSP
was calculated using Eq. (2)
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where m is the mass of PANI/SSP (g) and V is the volume
of solution (L).

The Langmuir, Freundlich, and Temkin adsorption
isotherm models were used to fit the above experimental
data to determine the adsorption isotherm models that best
described the Cr(VI) removal process using PANI/SSP as
an adsorbent.

2.7. Adsorption thermodynamics

Adsorption thermodynamic studies were performed at
five different temperatures (298 K, 308 K, 318 K, 328 K, and 338
K) by agitating 1 g (over dry) of PANI/SSP with 100 mL of a
Cr(VI) solution containing 400 mg/L Cr(VI) concentration in a
250 mL Erlenmeyer flask on an orbital shaker for 1 h. Thereaf-
ter, the samples were collected from the Erlenmeyer flasks and
filtered through speed filter paper, and the concentration of
Cr(VI) in the filtrate was analyzed. The g, was calculated using
Eq. (2). The obtained data were fitted with a series of thermo-
dynamic equations to obtain thermodynamic parameters.

2.8. Characterization of SSP and PANI/SSP

The morphology and functional groups of SSP and PANI/
SSP before and after Cr(VI) adsorption were determined
by scanning electron microscopy (SEM) (Sigma, Zeiss Co.,
Germany) and Tensor 27 Fourier transform infrared (FTIR)
spectra (Bruker Co., Germany), respectively. The adsorption
mechanism of Cr(VI) was investigated using PHI5700 X-ray
photo electron spectroscopy (XPS) with an AI K X-ray source
(ULVCA-PHI Co., USA). The Brunauer-Emmett-Teller (BET)
specific surface area, pore volume, and pore size distribution
of SSP and PANI/SSP before and after Cr(VI) adsorption
were measured by an ASAP 2020 surface area and porosity
analyzer (Micromeritics Instrument Co., USA). Thermograv-
imetric (TG)-differential TG (DTG) analysis of the PANI/
SSP was carried out with a TG 209 F3 thermogravimetric
analyzer (NETZSCH Co., Germany). Transmission electron
microscopy (TEM) images of the samples were taken using a
JEM-2100 microscope (JEOL Co., Japan)

2.9. Desorption studies

Initial adsorption studies were conducted incubating
1 g of the PANI/SSP and 100 mL of 500 mg/L Cr(VI) solu-
tion for 6 h at room temperature. Cr ions loaded on PANI/
SSP in 0.01 mol/L NaOH solution were desorbed while
shaking on an orbital shaker for 40 min at room tempera-
ture, and then the solution was filtered through speed filter
paper. At the end of the adsorption-desorption experiment,
PANI/SSP was treated with 1 mol/L H_SO, for the desorp-
tion of Cr(II). Thereafter, the PANI/SSP was washed with
distilled water, dried at 100°C and subsequently tested for
five consecutive adsorption-desorption cycles.

3 Results and discussion
3.1. Effect of pH

In the adsorption of Cr(VI) using PANI/SSP as adsor-
bent, solution pH plays a vital role: on one hand, it affects

the species of the chromium ion [13], while on the other
hand, it not only affects the reducing ability of the polyani-
line deposited on the surface of the SSP but also influences
the electric charge density on the surface of PANI/SSP and
thus impacts the capacity to adsorb Cr(VI) and Cr(III).

In the present study, the effect of the initial pH of the
solution on the capacity of PANI/SSP to adsorb Cr(VI),
Cr(III) and total Cr was investigated in the initial pH range
of 1-13. As shown in Fig. 1A, in the initial pH range from 1
to 5, the concentration of Cr(Ill) and total Cr remaining in
the filtrate was dramatically decreased with this treatment,
while the concentration of Cr(VI) remaining was extremely
low and did not change significantly.

PANI/SSP has a high ability to remove Cr(VI) under acidic
conditions due to the higher reduction potential of polyaniline
at these pH values. The ionic equations for the reduction of
Cr(VI) to Cr(Ill) under acidic conditions are as follows:

Cr,0> +14H" +6¢” — 2Cr* +7H,0

HCrO; +7H" +3e” — Cr*" +4H,0

In the pH range of 1-5, increasing pH decreases the con-
tent of Cr(IlI) remaining in the filtrate after the treatment
by PANI/SSP. In the pH range of 1-2, Cr(Ill) was the pri-
mary Cr form, and the amount of Cr(VI) in the filtrate was
extremely low due to the low adsorption capacity of SSP
for Cr(Ill) at a low pH. Therefore, it is evident that inor-
ganic acid can be used as a desorption solvent for Cr(III).
In the pH range of 5-12, the Cr(VI) content in the filtrate
increased slowly after treatment with PANI/SSP; the con-
centration of total Cr remained at extremely low levels due
to the higher adsorption capacity for Cr(VI) and Cr(III) in
this pH range. In the pH range 12-13, the concentration of
Cr(VI) increased remarkably as the reducing capacity of
polyaniline decreased significantly. Cr(VI) became the pri-
mary form of Cr in the filtrate, some newly reduced Cr(III)
was prone to being adsorbed on the surface of SSP, and the
rest of this Cr(IlI) became Cr(OH), deposits.

3.2. Effect of adsorbent dosage

The dosage of PANI/SSP is a key factor in the detox-
ification of Cr(VI). The effect of the PANI/SSP dosage on
the Cr(VI) removal efficiency from contaminated water
is shown in Fig. 1B. The removal percentage of Cr(VI)
increased linearly with increasing dosage of PANI/SSP
(from 2 to 10 g/L). The removal percentage was 100% for
Cr(VI) at a dosage of 8 g/L. The reason for this phenom-
enon could be that the high PANI/SSP dosage provides
more active sites for adsorption of Cr(VI) [14].

3.3. Effect of contact time

The effect of contact time on Cr(VI) removal was
investigated in the range of 0-60 min. Fig. 1C shows the
PANI/SSP Cr(VI) removal efficiencies for different con-
tact times. The adsorption equilibrium was approached
within approximately 30 min, which indicates that
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Fig. 1. Effect of operating parameters on Cr(VI), Cr(Ill), and total Cr concentrations of treated water, (A) Effect of initial pH of
Cr(VI)-contaminated water. Initial Cr(VI) concentration of contaminated water, 100 mg/L; dosage of PANI/SSP, 10 g/L; contact
time, 1 h; (B) Effect of dosage of PANI/SSP. Initial Cr(VI) concentration of contaminated water, 100 mg/L; solution pH, 4.8; contact
time, 1 h; (C) Effect of contact time. Initial Cr(VI) concentration of contaminated water, 100 mg/L; solution pH, 4.8; dosage of PANI/
SSP, 10 g/L; (D) Effect of initial Cr(VI) concentration. Contact time, 30 min; solution pH, 4.8; dosage of PANI/SSP, 10 g/L.

the rate of adsorption between PANI/SSP and Cr(VI)
is extremely high. The removal rate of Cr(VI) can rise to
as much as 90% within the first ten minutes. During the
first twenty minutes, the concentration of Cr(IIl) in the
filtrate gradually increased, the concentration maximum
value is 33.75 mg/L. As the contact time increased fur-
ther, the concentration of Cr(III) decreased to approxi-
mately 27 mg/L and remained unchanged. These results
show that the reaction time between Cr(VI) and the
polyaniline deposited on the SSP is negligible, and hence,
the adsorption of Cr(Ill) is the control step in the com-
plete reduction-adsorption of hexavalent chromium by
PANI/SSP.

3.4. Effect of initial Cr(VI) concentration

With increasing Cr(VI) initial concentration, the
mass transfer resistance between the aqueous and solid
phases decreases gradually until the reaction equilibrium
is reached [15]. In this study, the initial concentration
of Cr(VI) was increased from 100 to 700 mg /L. The
reaction reached an equilibrium for an initial Cr(VI)

concentration of 469 mg/L, and the equilibrated adsorp-
tion capacity was approximately 32.10 mg/g. As shown
in Fig. 1D, with increasing Cr(VI) initial concentration,
the concentration of total Cr and Cr(VI) in the filtrate
increased linearly.

Based on these results, we can conclude that the con-
centration of Cr(IIl) after adsorption by PANI/SSP under
different adsorption conditions is relatively higher than
that of other conductive polymer/cellulose fiber com-
posites, except at high concentrations of Cr(VI). Using
PANI/SSP as an adsorbent, the concentration of Cr(III)
was approximately 25 mg/L in the filtrate, but after treat-
ment with other biomass-based composites such as PPy/
CF [16] and PANI/CF [17], the concentration of Cr(III)
was negligible. These phenomena may contribute to the
low adsorption capacity of SSP for Cr(IIl) compared with
the capacity of pulp fiber. A higher initial concentration
of Cr(VI) can effectively overcome all mass transfer resis-
tance because there is a higher probability of collision
between Cr(VI) and PANI/SSP. Hence, the concentration
of Cr(Ill) in the filtrate is extremely low at high initial
Cr(VI) concentrations.
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4. Adsorption isotherm and kinetics
4.1. Adsorption isotherm

Adsorption isotherms play a vital role in the analysis
of the sorption mechanism and surface properties of adsor-
bent. As shown in Fig. 2A, isotherms describe the relation

between the g, and equilibrium concentration (C) at a fixed
temperature. The experimental data were fitted to a series
of isotherm models such as the Langmuir, Freundlich, and
Temkin models using Origin 8.0 software. The fitted results
and linear forms of these isotherm models are presented in
Table 1.
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Fig. 2. Equilibrium isotherms and kinetic data of Cr(VI) adsorption onto PANI/SSP at different temperature.
Table 1
Isotherm parameters for Cr(VI) adsorption onto PANI/SSP
Isotherm model Parameter R? Equation Linear forms
Langmuir 298K q, = 32.05mg/g 1 gq,=C,/(0.0312 C, + 0.681)

b=0.0458 L/mg
R, =0.0399-0.138

318K g, =3509mg/g 0.9987
b=0232L/mg
R, =0.00786-0.0362

338K q,=4484mg/g 0.9955
b=0.609 L/mg
R, =0.00290-0.0140

Freundlich 298K K=588mg/g 0.9597

n=3.268

318K K=14.86 mg/g 0.9798
n=>5917

338K K=2209mg/g 0.5268
n=6.667

Temkin 298K A =-3149 0.9835
B=6118

318K A=15.894 0.9591
B =3549

338K A=24430 0.7389
B=4126

q,=C./(0.0285 C, +0.123) c 1 cC

q,= C,/(0.0223 C, + 0.0366)

Ing,=0306In C, +1.772

Ing,= 0169 In C, +2.700
Ing, =InK + InC,

Ing,=0.1501n C, + 3.095
q,=-3.149 + 6118 C,
q,=15.894 +3.549 C, g, =A+BInC,

q,= 24430 + 4126 C,
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The concrete explanations for the bases of these iso-
therm models has been discussed in several previous
reports; therefore, we do not provide their elaboration here.
Based on the R? values (see Table 1), the order of the fit-
ting quality using the isothermal adsorption models is as
follows: Langmuir > Temkin > Freundlich.

Based on the fit to the data by the Langmuir isotherm
model, in the temperature range from 298 K to 338 K with
an increase in adsorption, the minimum and maximum
adsorption capacities were 31.13 mg/g and 45.07 mg/g,
respectively. The capacity of Cr(VI) adsorption onto
PANI/SSP was compared with that of the other adsor-
bents reported in the literature and is tabulated in Table 2.
The boiled sunflower stem and head had a relatively low
adsorption capacity for Cr(VI) (4.9 mg/L and 7.9 mg/L,
respectively). The capacity of PANI/SSP for Cr(VI) adsorp-
tion is more than six times that of sunflower stem. In
addition, we can combine the biomass with a conductive
polymer to effectively improve the adsorption capacity of
biomass for Cr(VI). Compared with other conductive poly-
mer/biomass hybrids, PANI/SSP has several advantages
such as low cost, easy availability of raw materials, and a
wide pH response range.

The b value increased slightly with increasing tempera-
ture, which indicates that a high temperature is beneficial
for the adsorption of Cr(VI). The effect of the adsorption
temperature on Cr(VI) removal will be analyzed in the ther-
modynamic section in detail. The R, values were less than
1 at the different temperatures, which suggests that this
adsorbent can easily adsorb Cr(VI) and has better ability to
treat Cr(VI) [24]. Hence, we conclude that the PANI/SSP
has valuable potential for the detoxification of Cr(VI) from
sewage.

Table 2
Adsorption capacity of different adsorbents for hexavalent
chromium

4.2. Adsorption kinetics

The study of adsorption kinetics is vital for the eval-
uation of the adsorption efficiency and mechanism. The
adsorption kinetics reveals the variation in the instanta-
neous absorption capacity with adsorption time. The effect
of temperature on the kinetic behavior of adsorption was
investigated at different temperatures (illustrated in Fig.
2B). To determine the optimal kinetic model, the experi-
mental data were fitted with pseudo first order, pseudo
second order, and Elovich models. The fitting results are
presented in Table 3.

The coefficient of determination (R?) for the pseudo sec-
ond order kinetic model is greater than that for the pseudo
first order and Elovich kinetic models. Thus, the kinetics
of Cr(VI) adsorption using PANI/SSP as an adsorbent can
be better explained by the pseudo second order kinetic
model. In addition, the equilibrium adsorption capacity (g,
cal) determined from the pseudo second order model was
closer to the experimental value (g, exp), further demon-
strating that the pseudo second order model can effectively
describe the adsorption of Cr(VI). The g, increases with
increasing adsorption temperature. These results suggest
that the adsorption of Cr(VI) onto PANI/SSP is an endo-
thermic process, which is consistent with the thermody-
namic analysis.

5. Thermodynamic parameters

The relationship between the Gibbs free energy and the
thermodynamic equilibrium constant

9.
K, ="
a Ce (3)

is well known and can be expressed via the following two
equations:

Adsorbents Adsorption Ref. .
capacity (mg/g) AG’ =-RTInK, 4)
Boiled sunflower stem 4.9 [18]
Boiled sunflower head 79 [19] AG" = AH’ -TAS’ 5)
PANI/ Filter-Paper 31.72 [20] where R is a thermodynamic constant (R=8.314 ] /mol-K), T
PANI/Kapok 44.05 [21] is the adsorbent temperature, AH® is the standard enthalpy
PPy/Natural corncob- ~ 84.7 [22] change, and AS° is the standard entropy change. The
core sponge adsorption thermodynamic equation
PPy/Chitosan 78.61 [23] . A" AH®
PANI/SSP 3113 Present work nK,=———27 ©)
Table 3
Kinetics parameters for Cr(VI) adsorption onto the PANI/SSP
Pseudo-first-order Pseudo-second-order Elovich
Temperature q,,,, k 1/ Dot ea R? k,(g/ Doy ea R? o (mg/ B(g/mg) R?
(K) (mg/g)  min) (mg/g) mg-min)  (mg/g) g-min)
298 2712 0.03825 6.38 0.6185 0.0117 2773 0.9968 371.4965 0.3313 0.6645
318 35.36 0.02218 473 0.2437 0.0209 34.54 0.9959 244903.8275 0.5345 0.5127
338 40.57 0.05064 25.77 0.8056 0.0035 4296 0.9870 68.1372 0.1692 09144




X. Liu et al. / Desalination and Water Treatment 141 (2019) 197-207 203

can be derived from Egs. (4) and (5). The values of AH°and
AS° for the adsorption process can be determined from the
slope and intercept of the plot of In K vs. 1/T (data not pro-
vided). The thermodynamic parameters calculated by the
above method for the adsorption of Cr(VI) onto PANI/SSP
at different temperatures are tabulated in Table 4.

The positive values of Gibb's free energy change prove
the nonspontaneous nature of adsorption. The positive
entropy change suggests increased randomness at the
solid/solution interface during the adsorption of Cr(VI)
onto PANI/SSP. The enthalpy change was positive, show-
ing that the adsorption of Cr(VI) is endothermic [25].

6. Fourier transform infrared analysis (ATR-FTIR)

The ATR-FTIR spectra of bare SSP, PANI/SSP, and
PANI/SSP loaded with Cr(VI) are shown in Figs. 3A-C. In
bare SSP, the characteristic peaks at 3411 cm™ are indicative
of the presence of hydroxide radicals, which can form inter-
molecular hydrogen bonds. The additional peak at 2926 cm™
can be assigned to the C-H stretching. The adsorption peaks
at approximately 1630 cm™, 1538 cm™, and 1425 cm™ are
assigned to the characteristic peaks of the aromatic hydrocar-
bon skeleton. The additional peaks at 1739 cm™ and 1060 cm™
are assigned to C=0 and C-O stretching, respectively. Unsat-
urated C-H out-of-plane bending was observed at 727 cm™.
These results provide evidence of the presence of hydroxide
radicals, carboxylic groups, intermolecular hydrogen bonds,

Table 4
Thermodynamic parameters for Cr(VI) uptake by the PANI/
SSP

Temperature Thermodynamic parameters
(K) AGY(K]/  AS"(K]/ AHY(K]/ R
mol) mol-K) mol)

298 4.7788

308 3.6848

318 2.5908 0.1094 37.38 0.9974
328 1.4968

338 0.4028

transmittance( a.u.)

%
<
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4500 4000 3500

T T T T T T
3000 2500 2000 1500 1000 500 0
wavenumber( cm'l)

Fig. 3. ATR-FTIR spectra of (A) SSP, (B) PANI/SSP and (C) PANI/
SSP adsorbed with Cr(VI).

and aromatic compounds in the SSP. As shown in Fig. 3B, the
characteristic peaks of polyaniline were observed at 1588 cm™,
1495 cm™, 1308 cm™, and 1049 cm™, namely, the C=C stretch-
ing vibration in the quinone ring of polyaniline at 1495 cm™,
the characteristic peaks of the benzene ring at 1588 cm™, the
C-H bending vibration at 1049 cm™, the C-N stretching vibra-
tions at 1308 cm™, and the C-H bending vibration peak outside
of the aromatic ring plane at 803 cm™. After the modification of
SSP, the intensity of the hydroxyl stretching vibration at 3418
cm™! was clearly reduced, because the surface hydroxide rad-
ical of the SSP was coated with polyaniline. The above results
are related to the presence of polyaniline on the surface of SSP.
As shown in Fig. 3C, the characteristic peaks of polyaniline
shift to 1591 cm™, 1498 cm™, 1313 cm™, and 1059 cm™ when the
SSP was loaded with Cr(VI). This phenomenon confirms that
the polyaniline was oxidized by hexavalent chromium.

7. SEM and TEM

The surface morphology of the SSP and PANI/SSP
before and after adsorption Cr(VI) was investigated by SEM
and TEM, as shown in Fig. 4 and Fig. 5. The surface of SSP
presented a pseudohexagonal multipore structure with a
relatively smooth surface (Fig. 4A and Fig. 5A), while the
SEM micro graphs suggest that PANI/SSP had an irregular
porous honeycomb structure with a high specific surface
area. After in situ polymerization, granular polyaniline was
formed, and then a part of the polyaniline was well distrib-
uted on the surface of the SSP (Fig. 4B and Fig. 4B,). Another
part of the approximately 12 nm polyaniline granule spread
to the internal holes of the SSP (Fig. 5B,)

However, the deposition rate of the polyaniline was
extremely low (approximately 11.4%), as polyaniline does
not completely cover the surface of the SSP (Fig. 4B). The
surface morphology of PANI/SSP before and after adsorp-
tion Cr(VI) do not clearly differ (Fig. 4C and Fig. 4C,), as the
hexavalent chromium is present as ions.

8. TG and DTG analysis

The thermal stability of the PANI/SSP was analyzed
from the TG and DTG data taken at a heating rate of 10°C/
min. As shown in Fig. 6, the thermal degradation can be
divided into two stages. The first stage occurred in the
range of 220-300°C and involved approximately 10% loss in
weight; the peak temperature for the maximum decompo-
sition of PANI/SSP was 230°C. These results are probably
due to the degradation of hemicellulose [26]. The second
stage occurred in the range of 300-350°C and involved a
weight loss of 25% for PANI/SSP; the peak temperature
for maximum decomposition was 322°C. These results
can primarily be explained by the degradation of cellulose
and polyaniline [26,27]. The total weight loss was approxi-
mately 35% in the range from 30°C-550°C, which indicates
that the PANI/SSP has great thermal stability.

9. Regeneration study

The recycling and regeneration of the PANI/SSP are
crucial for future practical applications. The regeneration
efficiency of the PANI/SSP was estimated by performing
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Fig. 4. Scanning electron microscopic images of (A) SSP (500x), (A,) SSP (1000x), (B) PANI/SSP (1000x), (B,) PANI/SSP (10000x), (C)
PANI/SSP adsorbed with Cr(VI) (1000x), (C,) PANI/SSP adsorbed with Cr(VI) (10000x).

adsorption-desorption experiments for five cycles. The results
are shown in Fig. 7. The removal efficiency was 79.56% after
five cycles. Hence, the PANI/SSP can be successively reused
for four adsorption-desorption cycles without any loss of
Cr(VI) removal capacity. These results provide evidence that
PANI/SSP is excellent for the detoxification of Cr(VI).

10. Adsorption mechanism

The BET surface area and porous properties of the
PANI/SSP were determined from N, adsorption-desorp-
tion experiments (Table 5). As per the nitrogen adsorp-
tion-desorption analysis, the BET surface area and
Barret-Joyner-Halenda (BJH) desorption cumulative pore

volume of PANI/SSP were measured as 2.60 m?/g and 0.01
cm?/g, respectively, which are higher than those of SSP
(2.24 m?2/g and 0.0047 cm3/ g, respectively). The pore size of
PANI/SSP was 25.26 nm, which is much larger than that of
SSP (18.15 nm), indicating the mesoporous character of the
PANI/SSP. This phenomenon primarily occurs because the
oxidant (APS) and dopant (HCI) promote the hydrolysis of
cellulose during the preparation of PANI/SSP.

The nitrogen adsorption-desorption isotherms of
PANI/SSP and SSP are shown in Fig. 8. The data exhibit a
typical type-I adsorption-desorption isotherm curve (Lang-
muir isotherm) with a hysteresis loop according to IUPAC
classifications.

To confirm the adsorption mechanism of Cr(VI), XPS was
used to investigate the surface elemental composition of the
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Fig. 5. Transmission electron microscopes images of SSP (A and
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Fig. 6. TG and DTG curve of PANI/SSP.

PANI/SSP before and after adsorption of Cr(VI). The results
are illustrated in Fig. 9A and Fig. 9B. The binding energies of
575.8 eV and 585.98 eV refer to Cr 2p3/2 and Cr 2p1/2 spin-or-
bit peaks, respectively [28]. These results suggest that both
Cr(VI) and Cr(III) are present on the surface of PANI/SSP.

On the one hand, Cr(VI) was reduced to Cr(IIl) by
polyaniline, and then Cr was adsorbed on the surface of
negatively charged PANI/SSP. On the other hand, Cr(VI)
exchanged ions with chloride ions that were doped on
the polyaniline molecules. Hence, the adsorption mecha-
nism of Cr(VI) was reduction-coupled adsorption and ion

Table 5
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Fig. 7. Adsorption-desorption cycles. Adsorption condition:
Cr(VI) concentration of contaminated water, 500 mg/L; dosage
of PANI/SSP, 10 g/L; contact time, 6 h; pH of Cr(VI)-contami-
nated water, 4.8.
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Fig. 8. Nitrogen adsorption/desorption isotherms for SSP and
PANI/SSP.

exchange. The fraction of Cr(VI) and Cr(III) as a percent of
the total Cr on the surface of PANI/SSP after adsorption
were calculated to be 58.97% and 41.02%, respectively. The
content of Cr(Ill) was relatively low due to the relatively
poor adsorption of Cr(IIl). As illustrated in Fig. 1, more
Cr(IIl) was present in the filtrate after the detoxification of
Cr(VI) than before detoxification.

The N1s spectrum of PANI/SSP before the adsorption
of Cr(VI) can be deconvoluted into three peaks (Fig. 9C);

Surface properties of the PANI/SSP before and after adsorption for Cr(VI)

Adsorbents Surface area (SBET)/(m?/g) Pore size(BJH)/nm Pore volume/(cm®/g)
SSP 2.24 m?/g 18.15 0.0047
PANI/SSP 2.60 m?/g 25.26 0.01
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Fig. 9. Cr2p3/2 and N 1s core level spectra of PANI/SSP before(A and C) and after Cr(VI) adsorption(B and D).

the peak at 397.5 eV is related to the quinoid imine (-N=),
the peak at 399.7 eV represents benzenoid amine (-NH),
and the peak at 402.5 eV represents the protonated amine
(-N*-). The percentage of quinoid imine (-N=) increased
from 49.90% to 63.34% as almost all the protonated amine
(-N*-) was converted into quinoid imine (-N=) during
adsorption (Table 6 and Fig. 9D). This change primarily
occurred because the reduction of Cr(VI) requires protons
and electrons from a protonated amine.

11. Conclusion

This study focused on the detoxification of Cr(VI)-con-
taminated water using PANI/SSP as an adsorbent. PANI/
SSP exhibited a wide pH response range; in the pH range

of 5-11, when the initial concentration of Cr(VI) was 100
mg/L, the removal rate of Cr(VI) was more than 90%. The
adsorption isotherm results suggested that the adsorption
process can be described by a Langmuir isotherm with a
maximum adsorption capacity of 42.96 mg/g at 338 K.
The experimental data were well fit with the pseudo sec-
ond order kinetic model, and the thermodynamic analysis
demonstrated that the adsorption of Cr(VI) onto PANI/
SSP is endothermic. The TG-DTG analysis showed that
PANI/SSP has high thermal stability. XPS studies sug-
gested that the adsorption mechanism of Cr(VI) was
reduction-coupled adsorption and ion exchange. Overall,
this study demonstrated that PANI/SSP is an effective and
inexpensive adsorbent for the detoxification of Cr(VI) from
contaminated water.

Eikl);eaild N1 s XPS deconvolution results of the PANI/SSP before and after adsorption for Cr(VI)
Sample Crls Nis
Cr(2p3/2) 575.83eV  Cr(2pl/2) 585.9eV ~ —N=397.5eV -N-H-399.7eV -N*-402.5eV
Before adsorption 0 0 49.49 35.81 14.70
After adsorption 58.97 41.02 63.34 36.66 0
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