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ABSTRACT

Coprecipitation of FeCl, and FeCl; produced magnetic iron nanoparticles (FezO4NPs). The
latter was dispersed in an acetic acid solution of chitosan (CS), and then cross-linked with
glyoxal, followed by addition of polyvinyl alcohol (PVA). The resulting gel was neutralized
with NaOH giving our novel Fe;O4NPs/CS/glyoxal/PVA hydrogel film. This film was
used as an efficient and reusable adsorbent for the removal of toxic Cr(VI) from water, at a
rather wide range of pH. The absorbent film was characterized by X-ray diffraction,
scanning electron microscopy, Fourier transform infrared, and energy dispersive X-ray.
Langmuir isotherm model suggested maximum Cr(VI) adsorption occurring at room tem-
perature. Kinetic studies suggested a pseudo-second-order model for the adsorption. Our
Fe;04NPs/CS/glyoxal/PVA hydrogel is hoped to serve as a promising Cr(VI) adsorbent in

wastewater treatment technology.
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1. Introduction

The presence of high amounts of various heavy
metals in waste matters is considered harmful to
human health and environment [1]. Contamination of
water by toxic heavy metals through leakage of indus-
trial wastewater is a worldwide environmental prob-
lem. Heavy metals ions, such as Cu®*, Pb*, Hg2+,
Zn**, As”* and Cr®", are generally non-biodegradable,
highly toxic, dangerous, and carcinogenic. Among
various heavy metals, the latter is one of the most
toxic pollutants generated by mining, leather tanning,
cement, dye, electroplating, steel, metal alloys, photo-
graphic material, and metal corrosion inhibition [2,3].
In fact, chromium exists in trivalent Cr(III) and
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hexavalent Cr(VI) states. The hexavalent form has been
considered more hazardous to public health due to its
mutagenic and carcinogenic properties [4]. Therefore,
removal of Cr(VI) from natural waters and wastewater
streams has great environmental relevance. A wide
range of physical and chemical processes is available
for the removal of chromium from wastewater such as
filtration [5], electrochemical precipitation [6], adsorp-
tion [7,8], electrodeposition [9], and membrane systems
or ion exchange process [10-12]. Among these
methods, adsorption is one of the most economically
favorable and a technically easy method [13].

Recently, many researchers have studied feasibility
of using low-cost biomass for the removal of various
dyes, such as chitosan [14-16], cellulose [17,18], Rhizo-
pus oryzae [19]. Polyvinyl alcohol (PVA) is a water-
soluble material containing many reactive hydroxyl
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groups. It has been extensively applied in biomedical
and pharmaceutical fields due to its low cost, non-
toxicity, biocompatibility, good mechanical strength,
and chemical stability. Recently, a new and economi-
cal way to prepare macroreticular PVA foam has been
developed in our lab to immobilize micro-organism
for wastewater treatment [20]. However, the resulting
PVA foam illustrated low adsorption for organic and
inorganic pollutants. Chitosan (CS), poly(l — 4)-2-
amino-2-deoxy-p-D-glucan is usually obtained from
waste biomass during seafood processing, mainly
shells of crabs, shrimp, prawns, and krill [21].
Chitosan is a natural polymer which is biodegradable,
biocompatible, and non-toxic. Various biomaterials
based on chitosan have already been explored as
excellent adsorbents for the removal of most kinds of
metals from aqueous solutions since CS have three
functional groups, i.e. two hydroxyl groups (-OH)
and one amino group (-NH,), per glucosamine unit
[21]. However, pure CS materials have some obvious
disadvantages such as poor chemical resistance, low
mechanical strength, and difficult recovery [14].
Besides great numbers of metals are preferentially
adsorbed in acidic media while CS can be dissolved in
acidic medium. To overcome such problems, some
cross-linking agents such as glutaraldehyde [22],
epichlorohydrin (ECH) [23], and ethyleneglycol digly-
cidyl ether [24] are used to improve mechanical and
chemical properties of the resulting composite and
prevent its dissolution in acidic solutions. In many
studies, ECH is used as a cross-linking agent, for
instance, insertion of ECH in magnetic chitosan
nanoparticles has boosted the removal of Cr(VI) from
aqueous solution with maximum adsorption capacity
of 55.80 mg g ! in optimal adsorption conditions [25].
Yet, rather expensive ECH was a highly reactive flam-
mable liquid which in contact with water hydrolyzed
to highly carcinogenic 3-monochloropropane-1,2-diol
or 3-chloropropane-1,2-diol [26]. Many reports take
advantage of glyoxal as a cross-linking agent for vari-
ous biomedical applications [27,28]. In addition, the
adsorption capacity for cross-linked CS is lower when
compared with free CS because of functional group
(-NHy) being cross-linked [29,30]. Blending of two or
more polymers has increasingly become an important
technique for improving the cost-performance ratio of
commercial products [31]. PVA has been used in
many biomaterial applications [32]. Since CS contains
high contents of amino and hydroxyl functional
groups, it may potentially be miscible with PVA
because of the formation of hydrogen bonds [33,34].
Blended CS with PVA has been reported to have good
mechanical and chemical properties. Specific inter-
molecular interactions between PVA and CS have
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encouraged extensive studies in water treatment
[34-36] and drug-controlled releases [37].

On the other hand, after the adsorption is carried
out, the adsorbents are difficult to be separated from
the solution using traditional separation methods such
as filtration and sedimentation. Magnetic carriers are
used as the support material and they can be easily
separated from the reaction medium and stabilized in a
fluidized bed reactor by applying a magnetic field [25].

In this paper, novel Fe;O,NPs/CS/glyoxal/PVA
hydrogel film was prepared, characterized, and
applied for the removal of Cr(VI) from water, in the
range of 5-30 ppm as initial chromium concentrations.
Afterwards, the effects of the process parameters such
as pH, temperature, initial Cr(VI) concentration on Cr
(VD) removal were investigated. In order to under-
stand the adsorption characteristic, the isotherm,
kinetic, and thermodynamic models were employed
for the evaluation of the adsorption process.

2. Materials and methods
2.1. Materials

Analytical grade FeCl;-6H,0, FeCl,-4H,0, K,Cr 0Oy,
CH;COOH, HCIl, and NaOH were obtained from
Merck. Chitosan (CS, degree of deacetylation = 82
+2%, Mw =100,000-300,000 g mol™!) was purchased
from Acros Organics Company and used without
any post-modification. Polyvinyl alcohol (PVA,
Mw = 72,000 g mol~', degree of hydrolysis was 98.0%)
was purchased from Merck Company. Glyoxal) ~40%
content in water, ~8.8 M) was also purchased from
Merck Company. Double distilled water was used for
preparation of all solutions.

2.2. Preparation of magnetic chitosan/glyoxal/[PVA
hydrogel film

2.2.1. Fabrication of Fes0O4 nanoparticles

Fe;O, nanoparticles have been prepared using the
reported standard protocol of coprecipitating FeCl,
with FeCl; in water and sodium hydroxide [38].
Specifically, FeCl,-4H,O and FeCl;-6H,O were taken in
molar ratio of 1:2 in 100-mL water. Then, 4-M NaOH
was added slowly until pH reached 12 at 95°C. After
continuous stirring and aging for 2 h, the mixture was
filtered, washed, and dried at 60°C for 12 h.

2.2.2. Using Fe;04 nanoparticles in preparation of the
adsorbent

Fifty-milligram chitosan was dissolved in 5-mL
acid acetic 2% (V/V). To it 50-mg Fe;O, nanoparticles
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was added and dispersed by sonicating for 2 h. After
that 22-uL. glyoxal was added then sonicated again for
1h. In another flask, 100-mg PVA was dissolved in
10-mL distilled water at 70°C. The two solutions were
mixed and stirred magnetically. Then, 300 ml NaOH
0.1 M was added. The resulting hydrogel turned into
a brown film, upon overnight drying in the oven at
60°C. In order to remove the unreacted chitosan and
glyoxal, the film was rinsed with acetic acid (3 times)
and distilled water (2 times), at 0 and 100°C; then
finally it was dried in the oven at 60°C.

2.3. Adsorption experiments

The sorption experiments were performed via a
batch method. Samples of 0.05g of Fe;OsNPs/CS/
glyoxal/PVA hydrogel were equilibrated with 50 mL
of solution containing various amounts of Cr(VI). The
pH was adjusted using 1-M solutions of NaOH and
HCIL. The experiments were performed at different
temperatures (25, 35, and 45°C). Adsorption isotherms
of Cr(VI) over Fe;O4NPs/CS/glyoxal/PVA hydrogel
were measured at these temperatures. Such sorption
isotherms were plots of the equilibrium adsorption
capacity (ge) (according to Eq. (1)) vs. the equilibrium
concentration of the residual Cr(VI) in the solution
(Co) [39].

(CO - Ce)v
qe - T (1)
Here g. is the equilibrium adsorption capacity
(mg g™"), Cy and C, are the initial and equilibrium lig-
uid phase solute concentration (mg L"), respectively.
V is the liquid phase volume (L) and W is amount of
the adsorbent (g). Residual concentrations of Cr(VI)
are determined with an inductively coupled plasma
optical emission spectrometer (ICP-OES).

2.4. Characterization methods

FT-IR spectra were recorded using Perkin-Elmer
597 and Nicolet 510P spectrophotometers. Crystal
structures were examined using a Holland Philips
Xpert X-ray powder diffraction (XRD) diffractometer
(Cu Ko, radiation, A=0.154056 nm), at a scanning
speed of 2°/min from 10° to 80° (26). Morphologies
were obtained using scanning electron microscopy
(SEM) of a Holland Philips XL30 microscope with an
accelerating voltage of 22 kV. Elemental microanalysis
was carried out using a Philips XL30 energy disper-
sive X-ray analysis (EDX), operating at 17.0 kV.
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3. Results and discussion

We characterized our novel adsorbent (Fe;O4NPs/
CS/glyoxal/PVA  hydrogel) through FT-IR, XRD,
SEM, and EDX analyses. Then, the effect of initial pH
on the Cr(VI) adsorption process was probed. Subse-
quently, studies on adsorption isotherm, thermody-
namic and kinetic studies, along with reusability of
the adsorbent were discussed.

Pure CS materials have some obvious disadvan-
tages such as poor chemical resistance, low mechani-
cal strength, and difficult recovery [14]. In this work,
we have used both glyoxal and PVA to improve the
mechanical and chemical properties of our adsorbent
(Fe;04NPs/CS/glyoxal/PVA). As a constituent of the
latter, PVA makes it more water soluble for containing
many reactive hydroxyl groups. Besides, PVA is eco-
nomical, non-toxic, and biocompatible, with good
mechanical strength and chemical stability. On the
other hand, glyoxal was used to improve mechanical
and chemical properties of our composite and prevent
CS from dissolution in acidic solutions. In addition,
the adsorption capacity for cross-linked CS is lower
when compared with free CS, because of functional
group (—NH;) being cross-linked [29,30]. Hence,
blending of CS, glyoxal, and PVA was aimed to
improve the adsorption capacity and cost-performance
ratio of our adsorbent [31].

Coexistence of CS and PVA in the presence of gly-
oxal might have brought confusion as to whether the
absorbent in this work was the hydrogel film or the
mixed hydrogel. The possibility of the latter might
be ruled out by considering the order of addition of
the starting materials. Glyoxal was added to the mag-
netic chitosan solution and sonicated for 1h before
PVA was added. Considering such order of addition,
the very low amount of the employed glyoxal, and the
higher viscosity encountered upon such addition, one
could conclude that all glyoxal was spent in cross
linking of the amino groups of CS (Fig. 1) [28]. Also,
addition of PVA to the resulting magnetic chitosan/
glyoxal has not rendered any covalent linkages but
has provided hydrogen bridges between chitosan and
PVA.

3.1. Characterization of the adsorbent
3.1.1. FT-IR analysis

Characteristic Fe-O absorption bands in FT-IR
spectra of Fe;O4NPs, and Fe;O4NPs/CS/glyoxal/PVA
appeared at 567.36 and 570.77 cm™!, respectively
(Fig. 2(a) and (b)). Other adsorption peaks of the latter
included those at 1,000-1,200 cm™' (C-N stretchings)
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Fig. 1. Removal of Cr(VI) over Fe;O4NPs/CS/glyoxal/PVA absorbent film. Glyoxal has cross linked amine groups of CS,

while PVA has acted as a chelating agent.

[40], 1,26337 cm ! (C-O stretching), 1,520.25 and
1,641.28 cm™ ' (N-H bending vibrations) [41], 2,925.09
and 2,855.84 cm™ ! (C-H stretchings), 3,443.06 cm !
(O-H and N-H stretchings). However, the anticipated
glyoxal carbonyl adsorption peak at 1,720-1,740 cm™"
[42] was not seen. This was due to its Schiff base reac-
tion with the amine group of chitosan [43,44], forming
an imine with absorption vibration at 1,660 cm™ !, due
to C=N stretching [28]. The latter appeared as a shoul-
der on a broad peak caused by the N-H bending
vibration. The peak at 2,359 cm™' in the FT-IR of the
absorbent may correspond to the mono-linked

glyoxal-chitosan where the possibility of a triple bond
of carbon is anticipated (Scheme 1). Reaction of
glyoxal with chitosan amino group of the first chain is
fast while its reaction with the second chain is time
requiring and slow. Hence, a decrease in the intensity
at 2,359 cm™' is observed through time (Fig. 2(b)
and (0)).

3.1.2. XRD analysis

XRD analysis was carried out on Fe;O4 NPs and
Fe;0, NPs/CS/glyoxal/PVA hydrogel film (before
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Fig. 2. FT-IR spectra of Fe;O4NPs (a); Fe;0,NPs/CS/glyoxal/PVA hydrogel (b and ¢).

and after chromium adsorption) (Fig. 3). The main
peaks of Fe;O4NPs appeared at 260 =35.45°, 41.83°,
51.01°, 63.65°, 68.02°, and 75.02°, corresponding to the
(220),(311),(400), 422),(511), and (4 4 0) crystal
planes of pure Fe;O, with a cubic structure, respec-
tively [45-47]. At the same time, it could be seen that
the strong characteristic diffraction peaks of Fe;O,
(220), 311), (400), (511), and (440)) could be
found in the pattern of Fe;O4NPs/CS/glyoxal/PVA
hydrogel, before adsorption. The diffraction peaks
between 26 =20° and 26 =30° were associated with
chitosan and PVA. They had amorphous nature indi-
cating a low crystallinity [36,48,49]. The above results
indicated that the film had been prepared successfully
without damaging the crystal structure of Fe;O4NPs.
With the same token, after chromium adsorption,
Fe;O4,NPs was not damaged (Fig. 3(c)). Hence, particle

sizes of the film before and after adsorption of 5 ppm
initial chromium concentration under the optimum
condition were estimated approximately as 12.85 and
20.99 nm, respectively. These were extracted from con-
sidering line broadenings in the pattern, and using
Debye-Scherrer equation (d = kA/f cos 0), at 26 = 41.63".

3.1.3. SEM analysis

Before subjecting our absorbent to Cr(VI) contami-
nated water, rather sharp spherical Fe;O,NPs/CS/gly-
oxal/PVA hydrogel was observed in its SEM image
(Fig. 4(a)). After subjecting our absorbent to Cr(VI)
contaminated water, the latter seemed to form a thin
fussy layer over the absorbent, making it appear with
an increase in the size of Fe;O,NPs (Fig. 4(b)).
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Scheme 1. Mono linked glyoxal-chitosan that the possibility of a triple bond of carbon is anticipated.
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Fig. 3. XRD patterns of Fe;O4NPs (a), along with those of
Fe;04NPs/CS/glyoxal/PVA hydrogel film, before (b), and
after chromium adsorption (c).

3.14. EDX analysis

The EDX analysis of the film before absorption
showed no trace of Cr (Fig. 5(a)). Its spectrum after
contact with 5 ppm initial chromium concentration (in
optimum condition) showed 2.03 W% of Cr (Fig. 5(b)).

3.2. Effect of initial pH on the adsorption process

Perhaps, the most important parameter which
controlled the metal ion adsorption process was pH.
It significantly influenced the surface charge and the
protonation degree of the adsorbent in the solution.
Depending on the solution pH and total chromate
concentration, Cr(VI) appeared with different ionic
forms: CrO3~, Cr,03", HCrO,, etc. [50]. Adsorption
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Fig. 4. SEM images of our absorbent, Fe;O,NPs/CS/
glyoxal/PVA hydrogel before adsorption (a) and after
chromium adsorption (b).

process was investigated at pH 2.0-8.0. The
maximum capacity of Cr(VI) absorption occurred at
pH 3.0 (Fig. 6). The pH of the aqueous solution may
have affected both the stability of chromium species
involved and the surface charge of the adsorbent
[51]. The adsorption of Cr(VI) increased proportion-
ally with an increase of pH from 2.0 to 3.0. Specifi-
cally, [HoCr,O;] decreased as [HCrOj ] increased. The
amino groups (-NH;) of Fe;O4NPs/CS/glyoxal/PVA
hydrogel, which had not reacted with glyoxal,
appeared in the acidic solution with a protonated
cationic form (—NHj) [52-54]. Electrostatic interac-
tion between the sorbent and HCrO, ions also con-
tributed to the high chromium removal. However, at
pH lower than 3.0, a decrease in the uptake capacity
was observed due to the strong competition for
adsorption sites between H,CrO, and protons.
Besides, as the pH increased, there was competition
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Fig. 5. EDX patterns of our absorbent, Fe;0,NPs/CS/glyoxal/PVA hydrogel before adsorption (a) and after chromium
adsorption (b).

between OH™ and chromate ions, especially at high where g. (mg g ") is the amount of solution adsorbed
pH levels [25,55]. per unit mass of the adsorbent, C, (mg L") is the solute
equilibrium concentration, g, (mg g™') is the maximum
adsorbate amount that formed a complete monolayer
3.3. Adsorption isotherms on the surface, and b (L mg ") is the Langmuir constant
L ) related to adsorption heat. When C./q. was plotted
] Equilibrium expe'rlr'nental data were schessfully against C, and the data were regressed linearly, the g,
fitted to the Langmuir isotherm whose equation could  3nq py constants could be calculated from the slope and
be expressed as [56]: the intercept. The efficiency of the adsorption could be
expressed by the dimensionless equilibrium parameter
R;, which was defined as follows [56]:
C 1 C
C_1 G @
ge bGm ' Gm R = ! 3)
1+ bCy
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Fig. 6. Effect of pH on removal of Cr(VI) (metal concentra-
tion=15mg L™, adsorbent dose=0.05g,  contact
time = 90 min, temperature = 25°C).

Table 1

Adsorption equilibrium constants obtained from Langmuir
isotherm in the adsorption of Cr(VI) onto Fe;O4NPs/CS/
glyoxal/PVA  hydrogel (volume =50mL; absorbent
dose = 0.05 g; initial concentrations=5, 10, 15, 20, 25, and
30 mg Lt pH 3.0; contact time 90 min; temperature = 298,
308, 318 K)

Temperature (K) g, (mgg™) b R? Ry

298 33.78 1281 0995  0.025
308 28.57 0.778 0993  0.041
318 22.27 0.681 0997  0.047

where b (L mg™") is the Langmuir constant and Cj is
the initial Cr(VI) concentration (mg L™"). Values of Ry
indicated the isotherm shapes, which could be unfa-
vorable (Rp >> 1) or favorable (0 << Ry << 1) [57].

Table 2
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The experimental data fitted well with Langmuir
model (R*>0.99), confirming that the adsorption
process was monolayer and the values of R, were
favorable (Table 1). The g, value for Cr(VID) on
Fe;O4NPs/CS/glyoxal/PVA hydrogel was compared
with those reported previously using different
absorbents (Table 2). One might have wondered what
was the main advantage for Fe;O4NPs/CS/glyoxal/
PVA hydrogel compared with other similar adsorbents
with relative high adsorption capacities, since the
maximum adsorption capacities of Cr(VI) on
Fe;04NPs/CS/glyoxal/PVA have appeared much less
than magnetic chitosan nanoparticles and other similar
adsorbents. Yet, the absorption capacity is highly
dependent on initial concentration [58], and our
Fe;04NPs/CS/glyoxal/PVA has a higher absorption

capacity than reported adsorbents within the
employed initial concentration range of 5-30 ppm, at
pH 3.

The equilibrium isotherms for the adsorption of
Cr(VD) onto Fe;O4NPs/CS/glyoxal/PVA hydrogel at
different temperatures (25, 35, and 45°C) at pH 3.0
were considered (Fig. 7).

3.4. Effect of adsorption time and adsorbent dose

Removal of Cr(VI) was probed with an initial
absorbent concentration of 15mgL™" against the
adsorption time (Fig. 8(a)). The results showed an
increase of Cr(VI) adsorption with increasing contact
time. Specifically, in order to ensure that adsorption
process could reach the equilibrium, the contact time
was set at 90 min. The removal percent was 96.29%
for the 15 mg L™ initial Cr(VI) solution.

The effect of adsorbent dose on the removal effi-
ciency (% removal) of Cr(VI) was studied (Fig. 8(b)).

Comparison between maximum adsorption capacities of Cr(VI) on Fe;O4NPs/CS/glyoxal/PVA and other adsorbents

Adsorption capacity

Initial chromium

Adsorbents (mgg™h concentration (ppm) pH Ref.
Magnetic nanoparticles 3.55 5-15 2.0 [58]
Alginate/polyvinyl alcohol-hematite composite ~ 12.50 10-200 45 [59]
Chitosan 22.09 15-95 3.0 [25]
Cross linked chitosan 50.00 10-1,000 5.0 [25]
Non-cross linked chitosan 78.00 10-1,000 5.0 [25]
Magnetic chitosan nanoparticles 55.80 40-180 3.0 [25]
Biofunctional magnetic bead 6.97 5-200 1.0 [59]
Ethylenediamine-modified cross-linked 51.81 20-200 2.0 [39]
magnetic chitosan resin
Biopolymeric beads of sodium alginate 16.67 5-25 4.0 [59]
Fe;O4 NPs/CS/glyoxal/PVA 33.78 5-30 3  Present

work
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Fig. 7. Adsorption isotherms of Cr(VI) onto Fe;O,NPs/CS/
glyoxal/PVA at 25, 35, and 45°C (adsorbent dose = 0.05 g;
volume of the medium =50mL; pH 3.0 and contact
time = 90 min).

The removal efficiency raised from 59.79 to 96.29% as
the dosage of Fe;O4NPs/CS/glyoxal/PVA was
increased from 20.0 to 50.0 mg. This trend suggested
more active sites becoming available with an increase
in the adsorbent dose.

3.5. Thermodynamic and kinetic studies

Thermodynamic parameters of the adsorption pro-
cess, such as the change in standard free energy (AG),
enthalpy (AH), and entropy (AS) could be obtained
using the following equations [25,39]:
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_nfde) _
In b—ln<ce)

where b is the Langmuir constant (L mol™"), R is the
ideal gas constant (8.31 ] mol ' K™Y, and T is the abso-
lute temperature (K). AH and AS were obtained from
the slope and intercept of the plot In(g./Cc) vs. 1/T
(Fig. 9), namely:

AH = -61.094 (k] mol ") and AS = —0.178 (k] mol ' K™).

AH AS

The negative values of the AG and AH mean the
adsorption were an exothermic spontaneous process
(Table 3). Consequently, a lower temperature
increased the adsorption and g,. The negative AH
was noteworthy, since Li et al. [60] and Bayramoglu

AG=AH-T-AS @ [61] have reported a positive AH for Cr(VI)
Initial Cr(VI) concentration: 15 mg.L?
120 | (a)
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S 80 (b)
Q ™ )
E s -
Q £
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Q 40 [
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[Fe;0,NPs/CS/glyoxal /PVA] (g.LY)
0 {
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Fig. 8. % Removal of Cr(VI) at pH 3 and temperature =25°C as functions of: (a) the contact time, at adsorbent
dose = 0.05 g and (b) concentration of the adsorbent (Fe;O4NPs/CS/glyoxal/PVA hydrogel), at contact time = 90 min.
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Table 3
Thermodynamic data of Cr(VI) adsorption process

TK) AG K mol?) AH & mol™) AS K] mol K™
298 -8.050 -61.094 -0.178
304 -6.982
310 -5.914
316 —4.846
(a) 25 |
2 & y=-0.0457x+2.3035
R?=0.9474
15
. 1
?': 05
g o
=
— 050 100
1
-15
*
-2
t (min)
(b) °
8 y=0.0634x+0.6005
7 R?=0.9987
6
£ 5
o
= 4
3
2
1
0
0 50 100 150

t (min)

Fig. 10. Kinetic studies with volume =50 mL, absorbent
dose = 0.05 g, initial concentrations = 15 mg Lt pH 3.0, at
temperature = 298 K; for Pseudo-first-order adsorption (a),
and pseudo-second-order adsorption (b), where g, and g;
were the amounts of Cr(VI) (mgg ') adsorbed on the
adsorbent at equilibrium and at time ¢.

adsorption. A negative value for AS indicated that the
degree order increased during the adsorption process.

Pseudo-first-order and the pseudo-second-order
kinetics were applied to the experimental data

Table 4

M. Mirabedini and M.Z. Kassaee | Desalination and Water Treatment 57 (2016) 14266-14279

(Fig. 10). The pseudo-first-order rate expression of
Lagergren was given as [62]:

In(q, — q,) = In(q,) — ki -t (6)

where g. and g; were the amounts of Cr(VD) (mgg™)
adsorbed on the adsorbent at equilibrium and at time
t, respectively and k; was the rate constant of first-
order adsorption (min~'). The slopes and intercepts of
plots of In(ge — gy vs. t were used to determine the
first-order rate constant k;. The pseudo-second-order
kinetic model was expressed through the following
equation [62]:

t 1 1

= +—- @)
9 kg 4,

where k, (gmg™' min™') is the rate constant of sec-
ond-order adsorption. The slopes and intercepts of
plots of t/q; vs. t were used to calculate the second-
order rate constant k, and g.. The value of regression
coefficient (R?) for pseudo-second-order model was
close to 1 (0.999) for 15 mg L™ initial Cr(VI) concen-
tration (Table 4). The calculated value e, Was very
close to the obtained gcexp value. Hence, the adsorp-
tion of Cr(VI) onto Fe;O4NPs/CS/glyoxal/PVA
hydrogel could obey the pseudo-second-order kinetic
model.

3.6. Reusability of Fe304NPs/CS/glyoxal/PVA hydrogel

Our novel Fe;O4NPs/CS/glyoxal/PVA hydrogel
has demonstrated its adsorption ability during three
adsorption cycles (Fig. 11). After three cycles, the Cr
(VD) adsorption capacity decreased from initial 84.24%
to the final 53.91%. This behavior indicated that
the Fe;O4NPs/CS/glyoxal/PVA hydrogel could be
applied, at least three times, for rather efficient Cr(VI)
adsorption, from aqueous solutions. Specifically, 0.1-M
HCl solution was used as desorption agent. Although
the reusability of  Fe;O4NPs/CS/glyoxal/PVA

Kinetic studies, where k; and k, were the first- and second-order rate constants; e ca1 and geexp Were the calculated and
experimental quantities of Cr(VI) (mg g_l) adsorbed; R? was the regression coefficient

Pseudo-first-order mode

Pseudo-second-order mode

ki (min™?h) Je,cal (Mg gfl)

fe,exp (mg gil)

k (g mg™" min ™) focal (Mg ™) R®

14.44 457 x 1072 10.01

0.947

6.69 x 1073 15.77 0.999
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Fig. 11. Adsorption performance of Fe;O4NPs/CS/

glyoxal/PVA hydrogel in three cycles.

hydrogel has appeared still not so ideal, one may
reduce Cr(VI) initial concentration from 5-30 ppm to
0.08-0.48 ppm after three runs. This solution did not
harm our CS for it was strongly cross-linked with
glyoxal.

4. Conclusion

The present study focused on adsorption of Cr(VI)
from aqueous solutions using the Fe;O4NPs/CS/
glyoxal/PVA hydrogel as an efficient and novel
adsorbent. Ambient adsorption of Cr(VI) was found to
be more effective at a lower pH range. Optimum
adsorption conditions of Cr(VI) were found at pH 3,
contact time of 90 min, and with maximum adsorption
capacity of 33.78 mg g '. The Langmuir model was
found to fit well with the experimental data (correla-
tion coefficient R? > 0.99), indicating the occurrence of
monolayer adsorption process. Thermodynamically,
the adsorption of Cr(VI) was spontaneous (in term of
AG) and exothermic (in term of AH) process. The
kinetic data of the adsorption under 15-mg L™" initial
concentration fitted well with the pseudo-second-order
kinetic model. In addition, the fast adsorption and
settling for the Fe;O4NPs/CS/glyoxal/PVA hydrogel
made this material a possible candidate for continuous
flow water treatment systems. The mechanism of
adsorption included mainly ionic interactions
(chemical interactions) and electrostatic interactions
(physical interactions) between metal cations and
Fe;O4NPs/CS/glyoxal/PVA hydrogel, so this adsorp-
tion was a physicochemical process.

Supplementary material

The supplementary material for this paper is
available online at http://dx.doi.10.1080/19443994.
2015.1065763.
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