H. Hosseinzadeh and M. M. Tabatabai Asl, Enhanced Removal of Cr(VI) from Aqueous..., Chem. Biochem. Eng. Q., 33 (1) 19-33 (2019) 19

Enhanced Removal of Cr(VI) from Aqueous
Solutions Using Poly(Pyrrole)-g-Poly(Acrylic

Acid-co-Acrylamide)/Fe,0, Magnetic
Hydrogel Nanocomposite Adsorbent

H. Hosseinzadeh™ and M. M. Tabatabai Asl

Chemistry Department, Payame Noor University,
19395-4697, Tehran, Iran

This work is licensed under a
Creative Commons Attribution 4.0
International License

doi: 10.15255/CABEQ.2018.1306

Original scientific paper
Received: February 21, 2018
Accepted: March 16, 2019

In the present work, the structural characterization and chromium adsorption behav-
ior of a novel poly(pyrrole)-based magnetic hydrogel nanocomposite (MHN) is reported.
This product was prepared using free-radical copolymerization of pyrrole (Py), acrylic
acid (AA) and acrylamide (AM) monomers, and subsequent in sifu synthesis of magnet-
ic Fe,O, nanoparticles. The structure of MHNs was then characterized by FTIR, SEM,
TEM, XRD, UV-Vis and VSM techniques, and a mechanism for the preparation of
MHNSs is also proposed. The maximum Cr(VI) adsorption capacity (208 mg g') was
achieved under the optimum conditions that were found to be: AA = 0.25 mol L', AM =
1.2 mol L', agitation time = 90 min, solution pH = 1.0, ion concentration = 100 mg L,
adsorbent dose = 50 mg, and temperature = 65 °C. Further, the calculated values of the
thermodynamic parameters (AH® = 31.33kJ mol™', AS°® = 105.67 J K! mol!, AG® =
—61.33 kJ mol ') revealed that ion adsorption is a spontaneous and endothermic process.
In general, the results indicated that the synthesized MHNs with specific properties can

be used in wastewater treatment applications.
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Introduction

In developing countries, water pollution has
been emphasized as one of the major threats from
the environmental and human health points of view.!
The non-biodegradable heavy metals are the major
sources of water pollution owing to their high toxic-
ity and bioaccumulation in the food chain.? Most of
the heavy metal pollutants originate from discharged
wastewaters of industries, such as the mining, glass,
cement, ceramics, and electroplating industries.’
Among heavy metal pollutants, chromium (Cr) is
one of the most toxic heavy metals as reported by
the United States Environmental Protection Agency
(US-EPA).*

In aqueous solutions, Cr exists mainly in two
oxidation states, i.e., Cr(III) and Cr(VI). Compared
with Cr(IlI), Cr(VI) is a very toxic ion due to its
carcinogenicity and teratogenicity.>® The allowable
limit for Cr(VI) in potable water set forth by US-
EPA is 0.05 mg L' while discharged effluents
from industries often contain values higher than the
mentioned amount. Thus, it is necessary to remove
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the Cr(VI) from effluents before discharging them
into the environment. To date, various technologies
have been explored to reduce Cr(VI) concentrations
from aqueous solutions, such as adsorption,®!? ion
exchange,'*!'* membrane process,'>!® chemical co-
agulation,'” " electrochemical reduction®*?! and pre-
cipitation.”? Of these methods, adsorption is a versa-
tile and eco-friendly method. It is feasible, flexible,
effective, simple, and also easy to handle.”***

In previous studies, different adsorbents were
fabricated for removing Cr(VI) from aqueous solu-
tions, such as activated carbon,?>?® metal oxides,?”
coated silica gel,” graphene,® agriculture waste®'-*2
and biomaterials.’>* However, most of these adsor-
bents have low adsorption capacity and take a long
time to achieve equilibrium adsorption, with poor
regeneration possibility of adsorbents for reuse.*

Recently, several researchers have shown inter-
est in nanostructured adsorbents with high adsorp-
tion capacities and rapid sorption rates. This is due
to the very large surface area, accessible active sur-
face sites, and a short diffusion route of nano-adsor-
bents.’” However, most nano-adsorbents have some
limitations in separating the adsorbents from a large
volume of environmental samples. In order to avoid
this problem, nano-adsorbents with magnetic prop-
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erties have recently received attention for the ad-
sorption of heavy metals from aqueous solutions,***’
because of their magnetic characteristics that lead to
higher removal efficiency in a short period.*’ Vari-
ous magnetic superabsorbent hydrogel nanocom-
posites have been synthesized for providing effi-
cient and cost-effective treatment of wastewaters. In
this regard, magnetic-based nanostructured materi-
als have been used in the fields of separation and
adsorption, because they produce no contaminants,
and are capable of treating large amounts of waste-
water within a short time. Furthermore, their unique
properties allow the target molecules to be separat-
ed easily from the matrix by applying an external
magnetic field.** In conclusion, no centrifugation or
filtration of the sample is needed after treatment (in
comparison with non-magnetic adsorbents). Among
various nanoparticles, magnetic iron oxide nanopar-
ticles (MIONs) have received considerable atten-
tion.* The large specific surface area, good mechan-
ical stability, high selectivity, easy preparation
method, and more active sites, render nanomaterials
excellent materials in the treatment of contaminated
wastewater.* In summary, nanomaterials can be
used as economical materials for the revolution of
wastewater treatment applications.

Conducting polymers have attracted increasing
attention as a new interdisciplinary field of research
for the removal of toxic heavy metals.*0454
Poly(pyrrole), poly(aniline), and poly(thiophene)
are popularly used as conducting polymer adsor-
bents due to their non-toxicity, low cost, good envi-
ronmental stability, and ease of preparation.*’->
Among the family of conducting polymers,
poly(pyrrole) and its composite have been proven to
be good adsorbents for the removal of Cr(VI).>!5?
This is due to the excellent redox properties, high
thermal stability, non-toxicity, good biocompatibili-
ty, high electrical conductivity, relatively low cost,
facile preparation, and the existence of positively
charged nitrogen atoms in poly(pyrrole) matrix.>>>
These properties lead to a higher adsorption ability
through ion exchange or electrostatic interactions.

In previous studies, different adsorbents have
been fabricated for the removal of various heavy
metals. However, most of the previously reported
adsorbents have relatively low Cr adsorption capac-
ity. Therefore, it is necessary to search for highly
abundant, low cost adsorbents with greater adsorp-
tion capacity in order to remove Cr(VI) ions from
contaminated water. Hence, the main goal of the
present study is to fabricate a novel adsorbent with
high removal efficiency through simple polymeriza-
tion process for removal of Cr(VI) ions from aque-
ous solutions. Here, the use of poly(pyrrole) sub-
strate with unique properties, as well as radical
polymerization method with special advantages was

regarded as the novelty of the synthesized adsor-
bent. We report in situ chemical oxidative synthesis,
characterization, and application of poly(pyrrole)-g-
poly(acrylic acid-co-acrylamide)/Fe,O, magnetic
hydrogel nanocomposite adsorbent for the removal
of Cr(VI) from wastewater with high adsorbent ca-
pacity that can be separated magnetically. The ion
adsorption behavior of adsorbent along with the
thermodynamics and kinetics of adsorption were
studied in detail.

Experimental part

Materials

Pyrrole (Py, 98 %) was purchased from Merck,
and distilled twice under reduced pressure. Py was
then stored in the dark under nitrogen prior to use.
Ammonium persulfate (APS, from Fluka),
N,N’-methylene bisacrylamide (MBA, from Mer-
ck), ferric chloride hexahydrate (FeCl,-6H,0O, from
Merck), ferrous chloride tetrahydrate (FeCl,-4H,0,
from Merck), and ethylenediamine were used as re-
ceived. Acrylic acid (AA, from Merck) was used
after vacuum distillation. Acrylamide (AM, from
Fluka) was used after crystallization in acetone. In
addition, potassium dichromate (K,Cr,0,) was ob-
tained from Sigma-Aldrich, USA. Finally, the solu-
tion (1000 mg L") of Cr(VI) was prepared by dis-
solving 2.83 mg of K,Cr,O, in 1 L of doubly-distilled
water. All other chemicals used in this study were
commercially available and used directly without
further purification. All required solutions were pre-
pared with distilled water.

Preparation of MHN adsorbent

For the synthesis of Py-based MHN adsorbents,
monomers (acrylic acid 2.0 mL and acrylamide 2.0
g) were added to a three-neck reactor equipped with
a mechanical stirrer (RZR 2021, a three-blade pro-
peller type, Heidolph, Schwabach, Germany), and
stirred (300 rpm) for 20 min. The reactor was placed
in a water bath preset at 60 °C. Then, 5.0 mL of Py
solution (2.0 g of Py dissolved in 5 mL of 1:1 wa-
ter/ethanol) was added to the mixture. After dispers-
ing the monomers and homogenizing the mixture,
the initiator APS (0.1 g dissolved in 5 mL H,O) was
added to the reaction mixture. In the next stage, ap-
propriate amounts of FeCl,-4H,0 (0.3-1.8 mmol)
and FeCl,-6H,0 (0.2-1.2 mmol) with ratio of 2:1 of
Fe*'/Fe*" were added into the solution. Next, 10 mL
of 2 M NH,OH and crosslinker MBA (0.05 g dis-
solved in 5 mL H,0) was dropped gradually into
the mixture with vigorous stirring until completion
of the polymerization process (3 h). A black materi-
al was precipitated immediately and collected by a
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ceramic block magnet. The as-prepared adsorbent
was finally washed with ultra-pure deionized water
three times, and dried at 70 °C for 10 h in vacuum
oven. It should be noted that the APS acts both as
an initiator and an oxidant for free-radical polymer-
ization of acrylic monomers and Py monomer.

Characterization of MHN adsorbent

A FTIR spectrophotometer (Quebec, Canada)
was used to record the spectra at 5004000 cm™' by
KBr pellets. The fractured morphology of the gel
was examined using scanning electron microscopy
(SEM, Leo 1455 VP) at 30 kV acceleration voltage.
Dried MHN powders were coated with 3 nm thin
layer of palladium gold alloy. The software used for
SEM imaging was SEM ODON. Transmission elec-
tron microscopy (TEM) micrographs were recorded
with a Philips CM10 (UK) operating at voltage of
60 kV. The TEM analysis was also carried out by
the Microstructure Measurement and Nemodar soft-
ware. The X-ray diffraction (XRD) patterns of sam-
ples were also recorded using a Siemens D-500
X-ray diffractometer with wavelength /= 1.54 A
(Cu—Ka). Thermogravimetric analyses (TGA) were
performed on a Universal V4.1D TA Instruments
(SDT Q600) under nitrogen atmosphere, and at a
heating rate of 10 °C min"'. The magnetization was
measured at 25 °C with a vibrating sample magne-
tometer (VSM; Model 7400, Lakeshare Company,
USA).

Swelling measurements
of MHN adsorbent

An accurately weighed sample of the powdered
MHN (0.1 g + 0.001), with average particle sizes
between 250-350 pm, was immersed in distilled
water (200 mL) or pH solution (100 mL), and al-
lowed to soak for 3 h at room temperature. The
equilibrium swelling (ES) capacity was measured
twice at room temperature according to a conven-
tional tea bag method using the following formula:

_ Weight of swollen gel — Weight of dried gel

ES(g g
€g) Weight of dried gel (1)

Desorption and regeneration
of MHN adsorbent

For evaluating the reusability of the nanocom-
posites, a weighed sample of the MHN, swollen in
pH 3.0 or pH 9.0, was placed in 200 mL of ethanol
and agitated at room temperature for 60 min. The
de-swollen sample was then separated from the
solution using the tea bag method, washed with eth-
anol, and finally dried in an oven at 60 °C for reuse
in the subsequent four runs.

Chromium adsorption experiments

Batch adsorption experiments were performed
for the removal process in a pH 6.0 solution at
25 °C. Typically, 10 mg of MHN adsorbent was
added to 50 mL of Cr(VI) aqueous solution (100
mg L) in glass vials placed in a controlled-tem-
perature shaking water bath operating at 300 rpm.
After the adsorption process, the Cr(VI)-loaded
MHN adsorbents were separated magnetically from
solution with a magnet, and the supernatant was an-
alyzed immediately via atomic absorption spec-
trometry measurement of the sample solution before
and after the removal process. The amount of Cr(VI)
ions adsorbed on the adsorbents was calculated
based on the difference in the Cr(VI) concentra-
tions, using the following equation:

qe:(70_7/e)'V (2)

m

where g, (mg g) is the equilibrium amount of ad-
sorbed ions, y, (mg L) is the initial Cr(VI) concen-
tration, y, (mg L) is the concentration of Cr(VI) at
equilibrium, 7 (L) is the solution volume, and m (g)
is the mass of the adsorbent.

Results and discussion

Mechanism of MHN adsorbent preparation

Fig.1 shows a simple and general schematic il-
lustration of the preparation of MHN product. In the
first step, the thermally dissociating initiator and
oxidant, i.e., ammonium persulfate, was decom-
posed under heating (60 °C) to produce sulfate an-
ion radicals. The produced radicals initiate the po-
lymerization of acryl amide (AM) and acrylic acid
(AA), as well as oxidation of Py monomer, leading
to formation of poly(Py)-based graft copolymer.
The iron salts were then added to the mixture. In
this step, the free -NH, and ~COOH groups of
grafted PAM and PAA formed chelating sites with
Fe?* and Fe** ions. By simultaneous addition of
NH,OH and MBA, the formation of Fe,O, and
cross-linking points were completed, which resulted
in uniform growth and dispersion of magnetic
nanoparticles, and stabilization of the synthesized
magnetic superabsorbent nanocomposites.

Characterization of MHN adsorbent

Regarding the characterization, the FTIR spec-
tra of poly(Py) hydrogel, poly(AA-co-AM) hydro-
gel, poly(AA-co-AM)/Fe,O, hydrogel, and
poly(Py)-g-poly(AA-co-AM)/Fe,O, magnetic hy-
drogel nanocomposite adsorbent were recorded
(Fig. 2). In the FTIR spectrum of poly(Py) hydro-
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gel, the peaks observed at 1169 and 3350 cm™! can
be attributed to the bending and stretching vibra-
tions of N—H band in pyrrole structure, respectively
(Fig. 2(a)). Moreover, the wavenumbers 1652 and
2932 cm™! may be assigned to the stretching vibra-
tion of C=C and C_,-H bands of pyrrole ring. The
spectrum of poly(Aﬁ—co—AM) hydrogel shows three
peaks at 1441, 1528 and 1649 cm™!, which are relat-
ed to the symmetric and asymmetric vibrations of
carboxylate and carbonyl functional groups (Fig.
2(b)). In the FTIR spectrum of poly(AA-co-AM)/
Fe O, hydrogel (Fig. 2(c)), the new peak at 802 cm™

‘Hw Magn um WD }——3‘
IBOkV ’
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is attributed to the adsorbing characteristics of
Fe,O, nanoparticles (Fe-O band). Finally, in the
FTIR spectrum of MHN adsorbent (Fig. 2(d)), the
intensity and position of all bands had changed to
some extent, due to interactions of various function-
al groups with Fe O, nanoparticles.

The SEM images of normal hydrogel, poly(Py)-
g-poly(AA-co-AM), and magnetic hydrogel nano-
composite adsorbent, poly(Py)-g-poly(AA-co-AM)/
Fe,O,, are shown in Fig. 3. The SEM images of nor-
mal hydrogel demonstrate a flat and smooth sur-

face. After in situ insertion of Fe O, nanoparticles
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Fig. 3 — SEM images of poly(AA-co-AM)/Fe O, hydrogel (a and b) and MHN adsorbent (c and d) with
different magnification. The EDS spectra of MHN adsorbent (e).
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into the hydrogel network structure, the nanoparti-
cles were successfully deposited on the surface of
polymer (Fig. 3(c and d)). Additionally, the struc-
ture of MHN adsorbent with considerable amount
of pores can be seen clearly, which were appropri-
ate sites for Cr(VI) adsorption process. It should be
noted that the MHN has a large surface area, and
thus there is a capability of fast swelling and ions
being absorbed into these pores and surfaces. Cor-
responding to SEM images, the energy dispersive
spectrum (EDS) analysis of the prepared MHN ad-
sorbent (Fig. 3(e)) displays main signals for the
product (i.e., carbon, oxygen, and iron), which con-
firms the formation of Fe,O, nanoparticles in the
adsorbent. The presence of carbon and oxygen in
the EDS spectrum is related to pyrrole and acrylic
monomers. Moreover, the presence of Au, Cl, and
Ca atoms could be due to the presence of the thin
layer of palladium gold alloy and the residue of the
magnetic hydrogel nanocomposite adsorbent.

The morphology of magnetic adsorbent was
also studied by TEM method. As may be seen from
Fig. 4, the Fe,O, nanoparticles in the product struc-
ture are in the nanometer scale and agglomerated in
the adsorbent network due to the hydrogen bonding
formation between functional groups of MHN ad-
sorbent and Fe,O, nanoparticles. The related histo-
grams of the Fe O, nanoparticles are given in Fig. 4.
It can be seen that the average diameter of the Fe O,
nanoparticles was approximately 10 nm.

Furthermore, the crystalline structure of the
MHN adsorbent was examined using XRD patterns
(Fig. 5). The XRD pattern of the MHN was com-
pared with the normal hydrogel. The different peaks
at 20 = 36, 55 and 64° in the XRD pattern of the
MHN were assigned to Fe,O, nanoparticles incor-
porated in the nanocomposite network, which corre-
spond to scattering from the (111), (211) and (220)
planes, respectively.”” Thus, this result further
demonstrates that Fe,O, nanoparticles were success-
fully fabricated in this work. However, it should be
noted that the broadened XRD characteristic peaks
confirmed that some amorphous phase formed due
to the interactions between Fe O, nanoparticles and
functional groups of the MHN adsorbent.

The superparamagnetic property of the MHN
adsorbent was determined by vibrating sample mag-
netometer (VSM) technique. The magnetization
curve showed that the synthesized MGON product
was superparamagnetic with no coercivity and no
remanence at room temperature (Fig. 6). The satu-
ration magnetization of the product was strong
enough to separate it from aqueous solution.

The thermogravimetric analysis (TGA) method
was also applied to investigate the thermal stability
and decomposition pattern of normal hydrogel and
magnetic hydrogel nanocomposite, as well as to
prove the successful grafting of Fe,O, and acrylic
polymers at the surface of poly(pyrrole). As may be
seen in Fig. 7, all the samples show a small weight
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Fig. 4 — TEM images and related histograms of MHN adsorbent
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Fig. 5 — XRD pattern of poly(4A-co-AM)/Fe O, hydrogel (a) and MHN adsorbent (b)

loss at low temperatures (<150 °C) as a result of the
evaporation of the absorbed moisture on the sur-
face. Furthermore, the final product showed an ac-
ceptable thermal stability due to the presence of
crosslinking points and Fe,O, nanoparticles within
the networks. In detail, the MHN demonstrates
three main stages of weight loss with heating. The
first one was around 10 % and occurred up to 200
°C, which was due to the removal of adsorbed wa-
ter. The second weight loss (35 %) may be attribut-
ed to the decomposition of graft copolymers back-
bones and the destruction of the crosslinked polymer
chains. Finally, at temperatures above 366 °C, car-
bonization of polymer occurred and produced a sig-
nificant amount of residual mass (23 wt%).>® More-
over, CO was released at higher temperatures.*® In
general, the thermal stability of the nanocomposites
containing iron nanoparticles was higher than that
of the polymers without nanoparticles. The pres-
ence of the bonds between polymers and iron
nanoparticles prevented the intimate thermal degra-
dation, and conclusively increased the thermal sta-
bility of the nanocomposites with Fe O, nanoparti-
cles.®

Magnetization, emu g*

Effect of magnetic field on swelling
behavior of MHN

As shown previously in Fig. 6, the prepared
MHNSs are capable of responding to an external
magnetic field (EMF). Hence, in this series of ex-
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Fig. 6 — Magnetization curve of MHN adsorbent at 298 K
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Fig. 7 — Thermogravimetric (TGA/DTG) analysis of (a)
poly(AA-co-AM)/Fe O, hydrogel (S,) and (b) MHN
adsorbent (S))

periments, we investigated the effect of an EMF on
the swelling capacities of the as-synthesized MHNs
(Fig. 8(a)). As may be seen from the figure, the ES
of MHN adsorbent is higher in the presence of
EMEF. This behavior is because the EMF expands
the MHN networks and allows more water mole-
cules to diffuse into the nanocomposite structure,
resulting in increased swelling capacity.

Furthermore, the MHN adsorbent indicated re-
producible swelling-deswelling cycles in the pres-
ence and absence of an EMF, as demonstrated in
(Fig. 8(b)). As shown in the figure, the magnetic
hydrogel nanocomposite swells up to 61 g g'! in the
presence of EMF, while it shrinks within a few min-
utes in the absence of an EMF upto 7 g g!. This
sudden and sharp swelling-deswelling behavior
makes the system highly magnetic-responsive and
suitable for tailoring pulsatile (on-off swelling)
magnetic-sensitive drug delivery systems.
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Fig. 8 — Swelling (a) and reproducible swelling—deswelling
of MHN adsorbent with and without applying mag-
netic field (b)

Comparison of swelling behavior

The swelling capacities of four samples, i.e.,
poly(Py) hydrogel (S,), poly(AA-co-AM) hydrogel
(S,), poly(AA-co-AM)/Fe,O, hydrogel (S,), and
poly(Py)-g-poly(AA-co-AM)/Fe,O, magnetic hy-
drogel nanocomposite adsorbent (S,) were investi-
gated in order to study the swelling behavior in
aqueous environments. The feed amounts of com-
ponents are given in detail in Table 1. The results of
swelling capacities and swelling rates are also
shown in Fig. 9(a). Firstly, it may be seen that the
swelling capacities of the magnetic nanocomposite
adsorbent containing Fe O, nanoparticles (sample
S,) is greater than that of other samples. This might
be attributed to the great number of hydrophilic
groups and the presence of magnetic nanoparticles
synthesized in situ on the surface of adsorbents,
which resulted in increasing the rate of water diffu-



ES,gg?

H. Hosseinzadeh and M. M. Tabatabai Asl, Enhanced Removal of Cr(VI) from Aqueous..., Chem. Biochem. Eng. Q., 33 (1) 19-33 (2019)

27

Table 1 — Feed compositions of the hydrogel samples

100

Sample AA AM Py APS MBA Fe3O4
(mL) | (g) | (mL) | (g (&) | (mg)
S, 2 2 1 0.1 0.05 0
S, 2 2 0 0.1 0.05 0
S, 2 2 0 0.1 0.05 0.5
S, 2 2 1 0.1 0.05 0.5
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Fig. 9 — Swelling comparison of the hydrogel samples (a)
and reversibility behavior of the MHN adsorbent in
pH 3.0 and 9.0 at 37 °C

sion in the polymer network (also comparing S, and
S,)- Further, the ultimate water absorbency of S,
sample is lower than that of other samples because
the pyrrole ring, as a hydrophobic component of
network, restricts the adsorption and diffusion of a
large quantity of water molecules within the hydro-
gel structure. Therefore, the order of water absor-
bency capacity of the samples is S >S >S >S .

Swelling desorption and regeneration study

In practical applications, desorption and recy-
cling of adsorbents after removal of water is very
important process. For the application of adsorbents
on an industrial scale, usually five adsorption-de-
sorption cycles are used. Therefore, in the present
work, five cycles of the adsorption-desorption were
carried out at pH 3.0 and 9.0 to evaluate the reus-
ability of the MHN adsorbent (Fig. 9(b)). The re-
sults indicated that, in the first regeneration cycle,
the equilibrium swelling capacity was 49 and 21 g g”',
and after the fifth cycle, it had decreased by 1.75
and 2.6 times at pH 9.0 and 3.0, respectively. Thus,
the as-prepared adsorbents can be used as high-per-
formance recyclable materials for industrial appli-
cations.":¢2

Chromium adsorption of MHN

In the present study, it is expected that the final
product can be used as an efficient adsorbent for
removal of Cr(VI) ions due to the presence of vari-
ous functional groups on the structure of the synthe-
sized MHN. To this end, different experimental pa-
rameters were varied in order to achieve the best
experimental conditions for Cr(VI) adsorption. It is
worth noting that the adsorption capacity of a hy-
drogel network is dependent on the interaction be-
tween the adsorbate and the polymer network, the
solubility of the adsorbate, and the swelling ratio of
hydrogels in aqueous media. In this study, the ion
adsorption behavior depended mainly on the attrac-
tive interactions and the swelling capacity of the
hydrogel. Moreover, the swelling capacity of hydro-
gels is strongly influenced by their chemical com-
position. The swelling of adsorbents in water leads
to an enhanced removal of adsorbates. In fact, it
was observed that the ion adsorption capacity pro-
file of hydrogels was consistent with the data ob-
tained from the swelling studies. The hydrogel with
the higher swelling ratio achieved higher adsorption
capacity percentages.

Effect of magnetic nanoparticles
on chromium adsorption

Fig. 10(a) displays the effect of Fe,O, nanopar-
ticles on the Cr(VI) adsorption capacity of MHN
adsorbents. As shown, the ion adsorption capacities
improved in the MHN (S,: with Fe O, nanoparti-
cles) compared with non-MHN (S : without Fe O,
nanoparticles) adsorbent. This behavior was due to
an increment in the —OH functional groups content
within the structure of MHN adsorbent. In addition,
in the presence of Fe,O, nanoparticles, the overall
porosity had increased and conclusively led to an
increase in the Cr(VI) adsorption capacities of
MHN adsorbent.*According to the figure, the ulti-
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Effect of solution pH on chromium
adsorption

In general, the initial pH of solution is
one of the most critical parameters that affect
the adsorption capacity of an adsorbent ex-
tensively.'? This is because the solution pH
changes the surface charge and adsorption
sites of an adsorbent. Further, pH is consid-
ered an important controlling parameter for
any kind of metal adsorption process. Ac-
cording to the literature,* Cr(VI) exists in
the forms of HCrO, and Cr,0_* between pH
2-6, while CrO,> is the dominant species at
pH 6.

The effect of initial solution pH on
Cr(V]) adsorption capacities of the MHN ad-
sorbent is shown in Fig. 11(a). As shown, the
sorption capacity decreases from 121 mg g!

300

(at pH 2) to 11 mg g (at pH 10). This be-
havior is related to the competitive interac-
tion between OH and CrO,* ions at higher
pHs (pH>6). At acidic pHs (pH 2-6), how-
ever, the higher Cr(VI) adsorption efficiency
is due to the electrostatic interactions be-
tween the positively charged functional
groups of the MHN adsorbent and the nega-
tively charged HCrO,~ and Cr2072* ions.

For further study of the effect of solu-
tion pH on the adsorption efficiency of the
synthesized adsorbent, the zero-point charge
pH (pH, ) of the MHN was also determined
at different pH in the range of 3—11. The re-
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Fig. 10 — Effect of magnetic content (a) and monomer
concentrations (b) on Cr(VI) adsorption capacity
of MHN adsorbent

mate ion adsorption capacity of MHN and non-
MHN are 144 mg g' and 33 mg g', respectively.
Thus, the nanoparticles increased the adsorption ca-
pacity upto 336 %.

Effect of monomer concentration
on chromium adsorption

Fig. 10(b) shows the effect of AA and AM con-
centration (0.51-2.8 mol L") on Cr(VI) adsorption
of the MHN adsorbent. It may be clearly observed
that the diffusion of AA and AM molecules into the
polymer structure had increased with the increase in
the monomers concentration. Consequently, an in-
crease in functional groups causes an increase in the
affinity for more absorption of Cr(VI) ions. More-
over, this leads to an increase in swelling capacity,
and therefore the ion adsorption ability of the nano-
composites.

sults in Fig. 11(b) show that the pH,  was
3 6.0. This means that at pH values lower than
6.0, the adsorption sites on MHN adsorbent
are positively charged, but at pH wvalues
higher than 6.0, the sample surfaces are neg-
atively charged, which could adsorb anions
by electrostatic attraction. In other words,
the surface of an adsorbent is neutral at pH = pH_,
. . pzc
negatively charged at pH > pH_ , and positive at
pH < pH_ . Conclusively, at pﬂpvalues lower than
pHZpC, the MHN adsorbents comprised positively
charged functional groups on their surfaces, which
provided the best balance with the negative charges
of Cr(VI) ions.

Thermodynamics of ion adsorption

We firstly evaluated the effect of different tem-
peratures (25, 45, and 65 °C) on the Cr(VI) adsorp-
tion capacity. The results in Fig. 12(a) indicated that
the ion adsorption had increased with an increase in
solution temperature for various concentrations of
ion (50, 100 and 150 mg L'), which demonstrated
that higher temperatures were more suitable for the
adsorption process. This means that the ion adsorp-
tion process is endothermic.
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Table 2 — Thermodynamic parameters for the adsorption of
Cr(VI) onto the MHN adsorbent

y AH° AS° AG° (kJ mol")
(mg Lfl) (kJ mol*‘) (J K! mol’l) 298 K | 318 K | 338 K

50 52.51 181.58 -19.38 -25.05 -38.66
100 66.84 234.54 —22.82 -32.66 -39.91
150 31.33 105.67 -37.29 4421 -61.33

Table 3 — Comparison of sorption capacity of Cr(VI) on var-
ious adsorbents

Adsorbent caplzc(:iii?frg[igng") Reference
Poly(Py)/glycine 217 [1]
PANi/Humic acid 150 [51]
Poly(Py)/MWCNT 294 [14]
Bi,0, nanotubes 79 [64]
Poly(Py)/attapulgite 48 [65]
Poly(Py)/chitosan 78 [66]
Poly(Py)/cellulose fiber 13 [67]
Poly(Py) nanocomposite 169 [12]
OH)Z((llreous zirconium 61 [68]
Activated carbon 15 [69]
l()?:;g;)xylated chitosan 4 [70]
MHN adsorbent 208 This work

As important factors in the design of adsorp-
tion process, the thermodynamic parameters includ-
ing the change in enthalpy (AH°), entropy (AS°),
and free energy (AG®), were obtained from the fol-
lowing equations:

o ASS AH )
R RT
AG® = AH° —TAS® (4)

where K is adsorption affinity, R is the gas constant
(8.314 J mol! K, and T is the temperature in Kel-
vin. A linear plot of InK versus 1/T (Fig. 12(b)) was
employed, and the values of AH° and AS° were ob-
tained from the slope and intercept, respectively.
The AG® values were then calculated from Eq. (4).
For all concentrations of Cr(VI), the values of AG®
were negative in the adsorption process (Table 2),
suggesting that the adsorption was favorable from a
thermodynamic point of view and spontaneous in
nature. It is worth noticing that the AH° and AS°
with positive values demonstrated that the ion ad-
sorption process was endothermic and favorable.

After optimizing the ion adsorption capacity of
the synthesized MHN adsorbent, it was found that
the Cr(VI) adsorption amount by synthesized adsor-
bent was 208 mg g!, which was highly comparable
to those mentioned previously for other chromium
adsorbents (Table 3). In conclusion, the as-prepared
adsorbent with acceptable adsorption capacity can
be utilized as an ideal material for wastewater treat-
ment.

Conclusions

In the present work, a novel magnetic superab-
sorbent hydrogel nanocomposite has been synthe-
sized, and successfully utilized as efficient adsor-
bent for the removal of toxic Cr(VI) ion from
aqueous solutions. Nanocomposites can be separat-
ed easily from wastewaters by applying an external
magnet due to the superparamagnetic property of
the synthesized adsorbents. The experimental re-
sults showed that the adsorbent capacity was mainly
dependent on Fe,O, content, monomer concentra-
tion, initial pH of solution, and temperature. The
sorption data also indicated that the maximum
Cr(VI) adsorption value was 208 mg g'. Further,
thermodynamic studies demonstrated that the ad-
sorption process of Cr(VI) by MHNs was endother-
mic and spontaneous in nature. In conclusion, it is
expected that the MHNs could be regarded as high-
ly effective adsorbent materials for cleaning various
metal ions from wastewaters.
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