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Introduction

Polyaniline (PANI) is a traditional conductive poly-
mer, which has been used as adsorbent for wastewater
treatment because of its large number of amine and
imine functional groups in the structure [1, 2]. As an
adsorbent, PANI has the advantages of easy prepa-
ration, low price, easy protonation, easy doping/de-
doping and good thermal stability [3, 4]. Benzene
(reduction unit)-quinone (oxidation unit) structures
coexist in polyaniline, which are in different degrees
of redox state with the change of the content of the
two structural units, and can be transformed into each
other [5]. Therefore, PANI can be used as adsorbent
and reducing agent to treat heavy metal ions in water
at the same time. PANI is a very potential adsorption
material. However, polyaniline is generally polym-
erized in powder form, which is difficult to process,
with small specific surface area and poor mechanical
strength, and its effect in practical wastewater treat-
ment is not ideal [6, 7]. PANI-based composite hydro-
gel is one of the means to solve the above problems.
There have been many studies on the removal of heavy
metal ionsfrom water by polyaniline composite hydro-
gel. For example, Galunin et al. [8] prepared a PANI
modified hybrid graphene aerogel nanocomposites to
purify aquatic media from toxic Pb(Il). Ayad et al. [9]
synthesized a macroporous PANI/poly (vinyl alcohol)
aerogel as adsorbent and reducing agent for Cr(VI) in
aqueous solution. PANI composite hydrogel can exert
the advantages of PANI and hydrogel synergistically,
and is the preferred adsorbent for adsorbing heavy
metal ions.

Polyvinyl alcohol (PVA) is a commonly used pol-
ymer for preparing hydrogel adsorbents, which is
non-toxic and has good hydrophilicity, biocompat-
ibility and chemical-mechanical stability [10, 11]. PVA
hydrogel can be crosslinked to form a hydrophilic
three-dimensional network structure, which contains
rich active hydroxyl groups [12, 13]. PVA as a carrier
compounded with PANI can provide a uniform dis-
persion system, prevent PANI from agglomeration,
and improve its adsorption performance, mechanical
strength and processability. In addition, the porous
nature of PVA hydrogel can not only improve the
adsorption capacity but also accelerate the adsorp-
tion rate. Pickering emulsion template method is
a new strategy to prepare porous hydrogel. Picker-
ing emulsion is an emulsion stabilized by particles,
and the particles form a new interfacial layer at the
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water—oil interface. The solid-liquid interface is very
stable because its interface energy is lower than that
of the liquid-liquid interface [14, 15]. Pickering emul-
sion has become an excellent template for producing
various porous hydrogels because of its strong anti-
coalescence, long-term stability, biocompatibility and
adjustability [16]. Importantly, the stability and drop-
let size of Pickering emulsion can be adjusted by solid
particles [17]. Clay, as a solid particle with colloidal
size, large reserves and low cost, has great advantages
in stabilizing Pickering emulsion [18]. Montmorillon-
ite (MMT) is a typical natural clay, which is composed
of double-layer siloxane tetrahedron and single-layer
alumina octahedron. It has unique cation exchange
characteristics, large surface area and high absorp-
tion capacity, and has a certain ability to absorb heavy
metal ions [19, 20]. However, MMT is very hydrophilic
and cannot be stably adsorbed on the oil-water inter-
face, so it needs to be modified to become a suitable
stabilizer for Pickering emulsion particles [21, 22].

Water pollution has always been a difficult prob-
lem of international concern, especially heavy metal
ion pollution. Hexavalent chromium Cr(VI) is a typi-
cal heavy metal pollutant, which generally exists in
the form of chromate (CrO,*), hydrogen chromate
(HCrO,") and dichromate (CrO,*)in the wastewater
discharged from electroplating, anticorrosive coat-
ings, textile printing and dyeing, leather tanning and
other industries [23-25]. Cr(VI) is toxic and carcino-
genic, and can enter the human body through diges-
tion, respiratory tract, skin and mucous membrane,
causing vomiting, abdominal pain, ulcer and liver/
kidney function damage. More seriously, long-term or
short-term exposure is carcinogenic [26, 27]. Therefore,
Cr(VI) must be removed from wastewater before it is
discharged into the natural environment to prevent
environmental and human health risks.

Herein, MMT/HA/PVA Pickering emulsion was
prepared with MMT/HA composite colloidal particle
stabilizer obtained by modifying MMT with humic
acid (HA). There are a lot of negative charges at the
interface of emulsion droplets, which can generate
electrostatic attraction with positively charged nitro-
gen-containing groups in aniline, and aniline can be
polymerized in situ at the interface of emulsion drop-
lets through oxidative polymerization. Then, PVA
was crosslinked by freeze-thaw cycle [28] to form
hydrogel with three-dimensional network structure.
Finally, MMT/HA/PVA@PANI composite porous aero-
gel was obtained by solvent evaporation-freeze drying
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(Fig. 1). MMT/HA/PVA @PANI was used as adsorbent
to remove Cr(VI) from wastewater, and the effects of
adsorption kinetics, adsorption isotherm, solution pH
and adsorbent dosage on adsorption performance
were systematically studied. At the same time, the
structure of the adsorbent before and after adsorption
of Cr(VI) was characterized by field emission scanning
electron microscope, X-ray energy spectrum, infrared
spectrum and X-ray photoelectron spectrum to study
the possible adsorption mechanism. This work pro-
vides a new way and theoretical reference for effi-
cient utilization of polyaniline and effective removal
of Cr(VI) from wastewater.

Experimental
Materials

Montmorillonite (MMT) was purchased from Nano-
cor Company of America. Humic acid (HA) was
purchased from houma Jiayou Humic Acid Co., Ltd.
Polyvinyl alcohol (PVA) with the average polymeriza-
tion degree is 1750 + 50, degree of alcoholysis is 99.0%,
cyclohexane (C¢H;,), potassium dichromate (K,Cr,0Oy),
aniline (C¢H;N), acetone (C;HO), 1,5-diphenyl-
carbazide, phosphoric acid (H;PO,), sulfuric acid
(H,S0,), ammonium persulfate (APS) ((NH,),5,04),
hydrochloric acid (HCl), sodium hydroxide (NaOH)
and ethanol (C,H,O) are purchased from Sinop-
harm Chemical Reagents Co., Ltd.(Shanghai, China).

Figure 1 Schematic diagram
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Deionized water (all solutions are prepared from
deionized water).

Synthesis of MMT/HA/PVA@PANI

The MMT/HA/PVA@PANI composite adsorbent was
prepared by Pickering emulsion template method-
in-situ oxidative polymerization method. Typically,
0.0064 g of humic acid (HA) is dissolved in 0.5 mol L™
NaOH aqueous solution (HA is only dissolved in
alkaline aqueous solution) to obtain a sodium humate
(NaHA) solution with pH=11. Then, 0.064 g of mont-
morillonite (MMT) was added, stirred for 10 min
and ultrasonicated to obtain a uniform MMT/NaHA
solution. 3.2 mL hydrochloric acid solution (5 M) was
added dropwise to obtain MMT/HA composite col-
loidal particle solution. 16 g of 10% polyvinyl alcohol
solution (PVA) and 0.128 g of aniline were added in
turn, and the water phase was obtained by stirring
evenly. Using 61.7 mL cyclohexane as oil phase, it
was poured into water phase under high shear to
obtain stable oil-in-water Pickering emulsion. In addi-
tion, 0.32 g of ammonium persulfate was dissolved
in 4 mL of hydrochloric acid solution (0.5 M), which
was poured into the Pickering emulsion as an oxi-
dant, slowly stirred until the color was uniform, and
allowed to stand for reaction for 12 h. All the above
reactions were carried out at room temperature. After
polymerization, hydrogel was obtained through five
freeze—thaw cycles, and it was washed with deion-
ized water and ethanol to remove oil phase, unre-
acted monomer and oligomer. Freeze-drying to obtain
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MMT/HA/PVA@PANI composite porous aerogel, and
storing for later use. The mass fraction of PANI was
determined to be 5.95% due to the weight gain of
0.0633 g per grams of MMT/HA/PVA after introduc-
ing PANL

Characterization

The droplet stability of Pickering emulsion was con-
firmed by optical microscope (MOTIC Croup Co.,
Ltd.), and the droplet size was recorded by taking
photos. The elemental composition and micro-mor-
phology of the materials before and after adsorption
were measured by field emission scanning electron
microscope (FESEM) equipped with energy dispersion
analysis system of X-ray spectrometer (EDX) (NOVA
Nano SEM 430, FEI Corporation). The functional
group changes of PANI, MMT/HA/PVA and MMT/
HA/PVA@PANI before and after adsorption were
analyzed by Fourier transform infrared spectrometer
(FTIR, PerkinElmer, USA). The infrared spectra were
recorded in the wave number range of 400-4000 cm™
at room temperature. The X-ray photoelectron spec-
troscopy (XPS) of MMT/HA/PVA@PANI before and
after adsorption were studied by ESCALAB 250XI
Xray photoelectron spectrometer (Thermo Fisher)
with Al Ka radiation (1486.6 eV). The adsorption
capacity of MMT/HA/PVA@PANI for Cr(VI) was
evaluated by Ultraviolet—visible spectrophotometer
(UV3600, shimadzu corporation) in the wavelength
range of 500-700 nm.

Batch adsorption studies

The adsorption performance experiments were car-
ried out in a constant temperature oscillator by batch
technology, and the effects of adsorption kinetics,
adsorption isotherm, solution pH and adsorbent dos-
age on the adsorption of Cr(VI) by MMT/HA/PVA@
PANI composite adsorbent were studied respectively.
The prepared K,Cr,O, stock solution (1000 mg L™)
was diluted to prepare Cr(VI) solutions with differ-
ent concentrations, and the pH value of the solution
was adjusted by HCI or NaOH. Typically, the pH of
Cr(VI) solution with a concentration of 100 mg L
was adjusted to 2-10 to analyze the influence of solu-
tion pH on adsorption performance. Different doses
of adsorbent were added according to the dosage of
0.5-5 g L™! to study the effect of adsorbent dosage. The
adsorption kinetics was tested in the adsorption time
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range of 0-600 min. The adsorption isotherm experi-
ments were carried out at three temperatures (298, 308,
318 K), and the initial concentration of Cr(VI) solution
was in the range of 50-250 mg L. At the same time,
the thermodynamic parameters are analyzed. Three
parallel experiments were carried out in all experi-
ments to improve the accuracy of the experiments.
The residual Cr(VI) ion concentration was meas-
ured by UV-vis spectrophotometer (UV3600, Shi-
madzu Corporation) with the help of 1,5-Diphenyl-
carbazide [29], and converted into concentration value
according to standard curve. The removal rate R (%) of
adsorbents on Cr(VI) and the adsorbed Cr(VI) amount
on per gram of adsorbent Q, (mg g!) in time t were
calculated using Egs. (1) and (2) as follows [30]:

C-C
R(%) = ———L x 100 1)
Co

G -G
Q=" xv 2)
where C, (mg L") and C, (mg L) correspond to the
initial concentrations of Cr(VI) ions and the residual
concentration of Cr(VI) at time t, respectively. m (g) is
the mass of adsorbent used, and V (L) is the volume
of Cr(VI) solution.

Results and discussion
Characterization of MMT/HA/PVA@PANI

The structure and surface morphology of adsorbents
are important data for understanding the adsorption
process. From Fig. 2a, we can clearly see the structure
and size of the droplets. Compared with Fig. 2b, ¢, it
shows that the droplet size of Pickering emulsion is
basically consistent with the pore sizes of MMT/HA/
PVA and MMT/HA/PVA@PANI composite adsorbents.
It is proved that Pickering emulsion stabilized by
MMT/HA composite colloidal particles has excellent
stability and is a good template for preparing porous
hydrogels. Figure 2c shows that MMT/HA/PVA@PANI
adsorbents has a large number of micron-sized pores,
which can be used as water channels to accelerate the
combination of adsorbent and adsorption sites, and
improve the adsorption rate. In addition, there is a
similar pore structure in MMT/HA/PVA, which shows
that the introduction of PANI has not changed the
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Figure 2 Optical microscope
images of Pickering emulsion
droplets (a). Low magnifi-
cation FESEM images (b,

¢) and high magnification
FESEM images (d, e) of
MMT/HA/PVA and MMT/
HA/PVA@PANI. EDX
analysis images of MMT/HA/
PVA (f), MMT/HA/PVA@
PANI (g). FTIR spectra

of PANI, MMT/HA/PVA,
MMT/HA/PVA@PANI (h).

structure of the material. Further compare the high-
power SEM images of the materials before and after
PANI introduction (Fig. 2d, e), it is noted that the sur-
face of MMT/HA/PVA is smooth, while the surface of
MMT/HA/PVA@PANI becomes rough due to covering
a large amount of PANI. The results suggested that
PANI was successfully compounded on the composite
adsorbent, which could effectively avoid the aggrega-
tion of PANI and improve its utilization rate. There-
fore, it can be considered that MMT/HA/PVA@PANI
has great potential in adsorbing Cr(VI). The EDX ele-
ments of MMT/HA/PVA and MMT/HA/PVA@PANI
were analyzed, and the results are shown in Fig. 2f, g.
It is found that carbone (C), nitrogen (N), oxygen (O),
aluminum (Al), silicon (5i) and magnesium (Mg) are
the main elements of MMT/HA/PVA, while MMT/HA/
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PVA®@ PANI adds chlorine (Cl) element, which comes
from the Cl doping of PANI [31]. EDX confirmed the
successful compounding of PANI and MMT/HA/PVA.

Figure 2h shows the infrared spectrum analysis
results of PANI, MMT/HA/PVA and MMT/HA/PVA
@PANI. The PANI curve has the following character-
istic peaks [32, 33], which correspond to the stretching
vibration peak of quinone ring skeleton (1491 cm™),
the bending vibration of C-H bond in benzene ring
plane (1138 cm™), the absorption peak of C=C on ben-
zene ring (1569 cm™) and the stretching vibration of
C-N (1302 cm ™). For MMT/HA/PVA curve, the tensile
vibration peak of Si-O bond is 1092 cm™, the deforma-
tion vibration peak of OH bond is 845 cm™, and the
bending vibration peak of AI-OH bond is 917 cm™.
These peaks all come from MMT [34] in the material.
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The C—C tensile vibration peak at 1431 cm™, CH- ten-
sile vibration peak at 2935 cm™ and ~OH tensile vibra-
tion peak at 3325 cm™! can belong to PVA [35]. In the
MMT/HA /PVA@PANI curve, some characteristic
peaks of PANI and MMT/HA/PVA obviously exist,
which proves that PANI and MMT/HA/PVA have
been successfully compounded. It is worth noting that
the nitrogen-containing functional groups that play
a major role in Cr(VI) adsorption also remain in the
composite adsorbent.

Sorption enhancement of Cr(VI) from aqueous
solution by PANI loaded on the hydrogel

Using Cr(VI) as the target adsorbent, the enhancement
effect of PANI’s actual adsorption efficiency in MMT/
HA/PVA@PANI was evaluated. According to the pro-
portion of PANI and MMT/ HA/PVA in MMT/HA/
PVA@PAN], the actual adsorption amount of Cr(VI)
by PANI can be calculated. The detailed data are
listed in Table 1. Obviously, the adsorption capacity
of MMT/HA/PVA (44.02 mg g') and the pure PANI
in reference [5] (43.48 mg g') is much lower than
that of MMT/HA/PVA@PANI (145.74 mg g"l) in this
experiment. Moreover, according to the mass fraction
of PANI and MMT/HA/PVA in MMT/HA@PAN]I, the

Table 1 Comparison of adsorption capacity of different samples

Sample PANI q. (mg g~ Unit PANI
content adsorption capac-
(%) ity (mg g™)
MMT/HA/PVA 0 44.02 0
PANI [5] 100 43.48 43.48
MMT/HA/PVA@ 595 145.74 1753.60
PANI
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adsorption capacity of MMT/HA@PANI for Cr(VI) can
reach 1753.60 mg g~ PANI, which is 40 times higher
than that of pure PANI (43.48 mg g™ PANI). It is clari-
fied that MMT/HA/PVA@PANI can effectively avoid
the agglomeration of PANI to improve the adsorption
performance of Cr(VI), and can be used as an effective
adsorbent for removing Cr(VI) from water.

Effect of pH

One of the indispensable conditions for understand-
ing the adsorption performance of adsorbents is the
solution pH, because the solution pH will directly
affect the existing form of Cr(VI) ions in aqueous
solution and the surface charge of adsorbents. In
this experiment, the change of Cr(VI) adsorption
capacity of MMT/HA/PVA@PANI at different solu-
tion pH was investigated by adjusting the pH from
2 to 10, and the results are shown in Fig. 3a. In addi-
tion, the distribution of the existing forms of Cr(VI)
at different pH values was plotted in Fig. 3b [36]. As
can be seen from Fig. 3a, the maximum adsorption
capacity is at pH 2, and then the adsorption capac-
ity decreases rapidly with the increase of pH value
of the solution, which corresponds to Fig. 3b. Fig-
ure 3b shows that in the pH range of 2-6, the main
form of Cr(VI) ion is Cr,0,”” or HCrO, . At this
time, the degree of amino protonation of MMT/HA/
PVA@ PANI adsorbent is high, which leads to a sig-
nificant increase in the surface positive charge, and
the negatively charged Cr(VI) anion is turn adsorbed
by electrostatic attraction. On the other hand, the
Cl” doped on PANI can be replaced by Cr,0,”” or
HCrO, under acidic conditions, and adsorb Cr(VI)
anion by ion exchange [29]. In contrast, in aqueous
solution with pH > 6, CrO,* becomes the dominant

Figure 3 Effect of solution
pH on adsorption perfor-
mance (a) and species distri-
bution of Cr(VI) at different
pH (b) (C,=100 mg L™,
t=12h, T=298 K, adsorbent
dosage=1gL™").

100

~
(4]
L

N
a
1

Species distribution(%)
a
o

8 10
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form of Cr(VI). The increase of solution pH results
in the decrease of positive charge on the surface of
adsorbent due to deprotonation of amino group, and
the electrostatic repulsion between Cr(VI) anion and
adsorbent increases, thus limiting the adsorption of
Cr(VI). Furthermore, OH" in solution may compete
with CrO,* for adsorption sites, which will further
reduce the adsorption capacity of materials [31].

Effect of adsorbent dose

The dosage of adsorbent is also an important param-
eters for evaluating the performance of adsorbent.
In this experiment, different doses of adsorbent
were added according to the dosage of 0.5-5 g L™
to investigate the effect of adsorbent dosage on
Cr(VI) adsorption. Figure 4 shows that the removal
rate of Cr(VI) varies with the increase of adsor-
bent dosage. Obviously, with the increase of dos-
age, the removal rate of Cr(VI) by MMT/HA/PVA@
PANI also increased, and the removal rate increased
slowly after reaching 80.6%. When the dosage is fur-
ther increased to 5 g L', the removal rate of Cr(VI)
reaches 98.77%. In the process of increasing from
0.5g L' to1gL™,itis speculated that the increase
of Cr(VI) removal rate is justified by the increase
of effective adsorption sites. With the increasing
amount of adsorbent, the concentration of Cr(VI)
is relatively reduced, and the driving force to over-
come the solid-liquid mass transfer resistance is also

100 - //v-———'§
= 751
>
(]
£
o
~50 1
b o
1$)
kS
c‘\,,25-
o T T T T T
0 1 2 3 4 5

dose/(g/L)

Figure 4 Effect of adsorbent dosage on adsorption performance
(Co=100mg L™", pH=2, t=12 h, T=298 K).
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reduced, so the increase of adsorption rate slows
down.

Adsorption kinetics

The adsorption reaction time also has a significant
effect on the removal of Cr(VI). Within that range of
0-600 min, the effect of adsorption time on the adsorp-
tion of Cr(VI) on MMT/HA/PVA@ PANI composite
is shown in Fig. 5. During the 0-60 min adsorption
process, the adsorption capacity increased rapidly
with the increase of reaction time, because there were
a large number of available adsorption active sites
on the adsorbent at the initial stage of the reaction,
and the concentration of Cr(VI) in the local micro-
environment of adsorbent-adsorbate was high. In the
later stage of adsorption reaction, most of the adsorp-
tion active sites are occupied by Cr(VI), and the con-
centration of Cr(VI) in the local micro-environment of
adsorbent-adsorbate is also decreasing, which leads
to the slow increase of adsorption rate to equilibrium
in the later stage.

Pseudo-first-order model and pseudo-second-order
model [37] were used for nonlinear fitting of experi-
mental data to understand the adsorption kinetics of
MMT/HA/PVA@PANI. Moreover, the intraparticle
diffusion model [38] was adopted to further study the
diffusion mechanism of Cr(VI) on MMT/HA/PVA@
PANI adsorbent. The nonlinear equations of the three
models are as follows:

60
45 -
°
o2 _
§, 30
T
154 / & MMT/HA/PVA@PANI
- — =Pseudo-first-order model
Pseudo-second-order model
ol Intraparticle diffusion model
0 150 300 450 600

t/min

Figure 5 Kinetics of MMT/HA/PVA@PANI adsorption of
Cr(VI) (C;=100 mg L™}, T=298 K, adsorbent dosage=1 g L™},
pH=2).
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Pseudo — first — order: g; = qe(l — e—k1f> 3)

kyqzt
Pseudo — second — order: g¢; =

Intraparticle diffusion model: g, = k;t%5 + C (5)

where k; (min™!) and k, [g (mg min)™!] are pseudo-
first-order and pseudo-second-order rate constants
respectively, q, (mg g!) is the amount of Cr(VI)
adsorbed at time t, q, (mg g") is equilibrium adsorp-
tion amount, k; [mg (g min %] is the particle diffu-
sion constant, and C is the boundary layer thickness
constant. The kinetic fitted plots is shown in Fig. 5,
and the kinetic parameters are summarized in Table 2.
As demonstrated, the pseudo-second-order model is
more suitable to describe the adsorption of Cr(VI) on
MMT/HA/PVA@PANI, because its correlation coef-
ficient (R2=0.991) is closer to 1, and the calculated
adsorption amount q, (74.75 mg g™') is closer to the
experimental value q, (80.08 mg g™). Therefore, it can
be considered that the adsorption of Cr(VI) is mainly a
chemical reaction, and electron exchange (redox reac-
tion) may occur between adsorbent and adsorbate
[39]. According to the intraparticle diffusion diagram
(Fig. 5) and fitting parameters (Table 2), the correlation
coefficient R? is 0.948, the fitting curve does not pass
through the coordinate origin, and the value of the
boundary layer thickness constant C is not 0, which
indicates that intraparticle diffusion is an important
rate control factor in the adsorption process of Cr(VI),
but it is not the only decisive factor, and it can be

Table 2 Adsorption kinetic models and parameters for removal
of Cr(VI) on MMT/HA/PVA @PANI

Kinetic models Parameters

Pseudo-first-order C, (mg LY 100
q.(exp) (mg g™ 80.08
Kk, (min~") 0.020
qe (mgg™) 60.71
R? 0.988

Pseudo-second-order k, [g (mg min)~" 0.0002
qe (mgg™) 74.75
R? 0.991

Intraparticle diffusion ky [mg (g min™03)7!] 2.801
C 1.164
R? 0.948
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inferred that intraparticle diffusion and membrane
diffusion go on together in the adsorption process [40].

Adsorption isotherm

In order to know the interaction between adsorbate
and adsorbent and determine the maximum adsorp-
tion capacity, Langmuir model (single-layer homoge-
neous adsorption) and Freundlich model (multi-layer
heterogeneous adsorption) [44] were used to fit the
experimental data. The nonlinear equations of the two
models are as follows:

K 4,,C
Langmuir: ¢, = 151% (6)
Freundlich: g, = K;C\/" @)

where C, (mg L) is the Cr(VI) mass concentration
in solution equilibrium, q, (mg g™) is equilibrium
adsorption amount, q,,, (mg g') is the maximum
adsorption capacity, K; (L mg™) is the Langmuir con-
stant related to adsorption energy, Ky (mg g™') and n
are Freundlich isotherm parameters related to adsorp-
tion capacity and adsorption strength respectively.
From Fig. 6a, the adsorption capacity of MMT/HA/
PVA@PANI increases with the increase of initial con-
centration of Cr(VI) in the solution, and then tends
to balance gradually. Probably because there are a lot
of empty adsorption sites on the adsorbent at at the
beginning, Cr(VI) in the solution will quickly occupy
the adsorption site as soon as it comes into contact
with the adsorbent, and the adsorption capacity will
increase rapidly. Nevertheless, with the continuous
increase of Cr(VI) concentration, the limited adsorp-
tion sites have gradually been completely occupied,
and the adsorption capacity tends to be balanced.
Additionally, the adsorption capacity increases with
the increase of temperature, and reaches the maximum
adsorption capacity of 145.74 mg g ! at 318 K, which
indicates that the temperature is positively correlated
with the adsorption performance of the material, and
the adsorption process of the material is an endother-
mic reaction process.

The fitting curve of adsorption isotherm model and
the calculated model parameters are shown in Fig. 6
and Table 3. For MMT/HA/PVA@PANI, it is obvious
that Langmuir model fitted well to the sorption data
of Cr(VI), and the correlation coefficient R? is higher,
indicating that Langmuir model is more suitable for

@ Springer



15404

| J Mater Sci (2023) 58:15396-15410

Figure 6 Isotherm of MMT/
8 . 1504 (a) ’ 151 (b)
HA/PVA @PANI adsorption .
of Cr(VI) (pH=2, adsorbent
dosage=1gL™!, t=12h). 120+ 1.24
5
jo)]
£ 90+ ¥ 0.9 5
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Table 3 Adsorption isotherm models and parameters for
removal of Cr(VI) on MMT/HA/PVA @PANI
Isotherm models  Parameters Temperature (K)
298 308 318
Langmuir qy, (mg gh 10630 111.21  176.77
K; (L mg™) 0.040 0.064 0.045
R? 0.981 0.994 0.991
Freundlich Ky (mg g™h) 18.01 22.06 21.99
I/n 0.332 0.319 0.417
R? 0974 0981  0.958

describing the adsorption process of Cr(VI) by MMT/
HA/PVA@PANI than Freundlich model. The results
show that the adsorption of Cr(VI) on the composite
is mainly monolayer adsorption, and the active sites
are evenly distributed on the adsorbent [45]. Remarka-
bly, with the temperature rising from 298 to 318 K, the

Table 4 lists the maximum adsorption capacity of
various PANI-based adsorbents reported in the litera-
ture for Cr(VI) removal, from which we can see that
the adsorption capacity of the MMT/HA/PVA @PANI
composite material studied in this experiment is higher
than that of most literature adsorbents, indicating that
MMT/HA/PVA@PANI composite may be considered
as a promising adsorbent that can be used to remove
Cr(VI) from aqueous solutions.

Thermodynamics studies

The adsorption of Cr(VI) on MMT/HA/PVA@PANI
(initial concentration is 100 mg L™!) was analyzed by
thermodynamics. Thermodynamic parameters such
as standard Gibbs free energy change (AG'), enthalpy
change (AH") and entropy change (AS") are calculated
by the following equation [43]:

maximum adsorption capacity q,, calculated by Lang- AS?  AHO

muir model increased from 106.3 to 176.77 mg g™}, InK= "R RT ®)

which indicated that increasing the temperature was

beneficial to the adsorption reaction, and it was specu- A0 — _RTInK 9)

lated that the adsorption mechanism might be mainly

chemical interaction rather than physical interaction.

Table 4 Comparison ,Of Adsorbents q,, (mg g_l) pH Initial Cr(VI) References

Cr(VI) removal capacity .

. concentration

using MMT/HA/PVA @ (mg L)

PANI with other PANI-based

adsorbents Exfoliated graphite/Polyaniline composite 38.2 7 150-350 [41]
Polystyrene/Polyaniline-Fe;0, 25.189 2 1040 [42]
Polyaniline @nanoparticles-600 nanocomposites 198.04 1 40-160 [43]
Polyaniline/Poly(vinyl alcohol) aerogels 41.2 2 13-50 [9]
MMT/HA/PVA@PANI 145.74 2 50-250 This study
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(10)

where K (L g’l) is thermodynamic equilibrium con-
stant, R [8.314 ] (mol K)"l] is the ideal gas constant, T
(K) is temperature in Kelvin, C, (mg L™) is the initial
concentrations of Cr(VI) ions and C, (mg L) is the
Cr(VI) mass concentration in solution equilibrium.
The values of AH” and AS° come from the slope and
intercept of InK-1/T diagram (Fig. 6b). The thermody-
namic parameters obtained are shown in Table 5. At all
experimental temperatures, AG® is negative, indicating
that the adsorption process of Cr(VI) is spontaneous,
and the greater the negative value of AGY, the better
the adsorption [6]. The values of AG in Table 5 are
-3.92, -6.06 and —10.63 k] mol ™ respectively, and the
negative values increase with the increase of tempera-
ture, which confirms that high temperature is benefi-
cial to adsorption. In addition, the positive value of
AH? proves that the adsorption process is endother-
mic, which further proves that high temperature will
promote the adsorption of Cr(VI), and also supports
the discussion results of isotherm model. The positive
value of AS implies that the randomness of solid-lig-
uid interface increases during adsorption [46]. This is
consistent with the results of kinetic research.

Adsorption mechanism

The FESEM, EDX, FTIR and XPS of the adsorbent
before and after adsorption were determined to
study the possible adsorption mechanism of Cr(VI)
on MMT/HA/PVA@PANI composite adsorbent. Fig-
ure 7a, b show the low and high magnification FESEM
images of MMT/HA/PVA@PANI after Cr(VI) adsorp-
tion. Compared with Figs. 7a, 2c, the adsorbent after
adsorption still maintains the porous structure, and
the overall structure and pore size are almost the
same as those before adsorption, which confirms the

Table 5 Thermodynamic parameters for removal of Cr(VI) on
MMT/HA/PVA@PANI

T(K) Thermodynamic parameters
AG® (kJ mol™) AH® (kJ mol™) AS° [kJ
(mol K)™!]
298 -3.92
308 -6.06 36.639 0.127
318 —10.63

15405

excellent stability of Pickering emulsion stabilized by
MMT/HA composite colloidal particles. Moreover, the
results in Fig. 7b are similar to those in Fig. 2e, and
there are still a large number of PANI evenly distrib-
uted on the rough adsorbent surface, which once again
proves that the structure of MMT/HA/PVA@PANI
is stable. Figure 7c is the EDX element spectrum of
Cr(VI) after adsorption. Compared with Fig. 2g, there
is an obvious Cr element peak in the energy spectrum,
and the Cl element peak disappears, indicating that
the doped CI” is substituted and the Cr(VI) anion can
be adsorbed by ion exchange [47]. EDX elemental
analysis is the direct evidence that MMT/HA/ PVA@
PANI adsorbs Cr(VI).

The possible mechanism of Cr(VI) adsorption
was analyzed by observing the change of functional
groups. Figure 7d is the FTIR spectrum of MMT/HA/
PVA@PANI before and after adsorbing Cr(VI). It was
observed that the shape of the whole infrared spec-
trum remained basically unchanged after Cr(VI) was
adsorbed, and the peak of the whole spectrum shifted
slightly to the low wavenumber, indicating that the
adsorption reaction did not destroy the structure of
the adsorbent. The red shift of spectral peak reflects
the interaction between Cr(VI) and adsorbent [48].
Combined with the results of EDX element analysis,
it is speculated that the ion exchange between Cr(VI)
anion and Cl” affects the conjugated structure of PANI,
limits the delocalization degree of polymer chain, and
then leads to the red shift of the peak. It was found
that the peaks at 1448 and 1585 cm™ related to the
C=N stretching vibration peak of quinone ring skel-
eton and the C=C stretching vibration peak of benzene
ring on PANI shifted to 1416 and 1575 cm™, respec-
tively, which indicated that PANI played a certain role
in the adsorption reaction, and the Cr(VI) anion may
be adsorbed by positively charged protonated amino
groups through electrostatic attraction [32]. Moreover,
the tensile vibration peaks of CH- at 3334 cm™ and
-OH at 2939 cm™ moved to 3262 and 2909 cm™, indi-
cating that the hydrogel structure as a carrier may also
have some adsorption effect on Cr(VI).

The possible mechanism of Cr(VI) adsorption was
further investigated in detail by XPS characterization.
Figure 7d is the high-resolution XPS spectra of Cr 2p
of MMT/HA/PVA@PANI after Cr(VI) adsorption. It is
observed that there are two peaks in the spectrum of
Cr 2p at 576.7 and 586.3 eV, which can correspond to
Cr 2p;), and Cr 2py),. These two peaks can be divided
into three peaks: 577.8 (Cr 2p;,), 576.5 (Cr 2p3),) and
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Figure 7 Low and high magnification FESEM (a, b), and EDX
(¢) of MMT/HA/PVA@PANI after Cr(VI) adsorption. FTIR

spectra (d) of MMT/HA/PVA@PANI before and after Cr(VI)
adsorption. High-resolution XPS spectra of Cr 2p (e) of MMT/

586.3 (Cr 2p,,,) eV. The first peak corresponds to
Cr(VI), and the last two peaks correspond to Cr(III).
According to the calculation of peak area, about 24.8%
of Cr(VI) is on the adsorbent, and another 75.2% has
been reduced to Cr(IlI), which proves that there is
redox reaction on the adsorbent [49]. The reduction
reaction needs an electron donor, and the amino group
in PANI can just serve as an electron donor group to

@ Springer
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HA/PVA@PANI after Cr(VI) adsorption. High-resolution XPS

spectra of N 1s (f, g) of MMT/HA/PVA @PANI before and after
Cr(VI) adsorption.

provide electrons for the reduction of Cr(VI) [50].
Therefore, the N 1s before and after Cr(VI) adsorption
was characterized by high-resolution XPS spectrum
(Fig. 7f, g). Figure 7f shows that the XPS spectrum of
N 1s before adsorption has a peak at 399 eV, which
can be deconvolved into three different peaks at 398.3,
399.1 and 400.2 eV, respectively. These three peaks
are attributed to 25.7% imine nitrogen (-N=), 61.5%
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amine nitrogen (-NH-) and 12.8% charged nitrogen
(-N") groups respectively [33]. -N" is derived from the
protonation of some imines under acidic conditions.
After adsorption, the slight changes of peak positions
suggests that N-containing functional groups partici-
pate in Cr(VI) adsorption reaction. Furthermore, the
percentage of nitrogen component in the material has
also changed. The proportion of -NH- decreased to
48.3%, while the proportion of -N= increased to 33%,
which confirmed that part of -NH- on the adsorbent
participated in the reduction reaction of Cr(VI) as an
electron donor group [51]. The charged nitrogen (-N*)
group can generate electrostatic attraction with Cr(VI)
to adsorb Cr(VI). XPS analysis shows that the adsorp-
tion mechanism of Cr(VI) may include electrostatic
attraction and redox reaction.

Based on the above analysis, the adsorption of
Cr(VI) on MMT/HA/PVA@PANI adsorbent is mainly
through ion exchange, electrostatic attraction and
redox reaction.

Conclusion

A novel composite porous hydrogel adsorbent MMT/
HA/PVA@PANI was successfully prepared by Pick-
ering emulsion template-in-situ oxidative polymeri-
zation for adsorption of heavy metal ions hexavalent
chromium Cr(VI) in aqueous solution. The adsorp-
tion performance of MMT/HA/PVA@ PANI is highly
dependent on the solution pH. The adsorption of
Cr(VI) by MMT/HA/PVA@PANI is more in line with
the pseudo-second-order kinetic model, mainly chemi-
cal adsorption. The intraparticle diffusion model infers
that the intraparticle diffusion is not the only decisive
step, but it is carried out together with membrane dif-
fusion in the adsorption process of MMT/HA/PVA@
PANI. The adsorption behavior of the material is
more suitable to be fitted by Langmuir model, which
belongs to single-layer homogeneous adsorption.
Thermodynamic study suggests that Cr(VI) adsorp-
tion is a spontaneous endothermic reaction, and
increasing temperature is beneficial to adsorption.
Mechanism studies suggested that the adsorption of
Cr(VI) on MMT/HA/PVA@PANI adsorbent is mainly
through ion exchange, electrostatic attraction and
redox reaction. Excitedly, the maximum adsorption
capacity of PANI in MMT/HA/PVA@PANI for Cr(VI)
can reach 1753.60 mg g '-PANI, which is almost 40
times that of pure PANI (43.48 mg g!). MMT/HA/
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PVA@PANI exerts the adsorption potential of PANI
significantly, which provides new ideas and technolo-
gies for improving the utilization rate of PANI and
preparing more efficient Cr(VI) adsorbent.
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