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ABSTRACT

In this study, eggshell (ES) particles as an available and low-cost waste material were used
for preparing hydrogel composites as dye biosorbents. For this purpose, hydrogel compos-
ites were prepared through free-radical graft copolymerization of wheat starch and sodium
methacrylate (NaMA) in the presence of different contents of ES particles with various size
ranges. FTIR spectroscopy confirmed graft copolymerization of NaMA moieties onto starch
backbone besides the combination of ES particles with the starch-g-PNaMA matrix. The gel
content values were high (>99%), which showed proper graft efficiency for hydrogel com-
posites. Incorporation of ES particles into hydrogel matrix resulted in faster water absorp-
tion at initial stage and lower equilibrium water absorption capacity. Addition of 60% ES
particles into starch-g-PNaMA provided a cost-effective adsorbent with similar CV
adsorption capacity compared to unfilled hydrogel, while MB removal was slightly
decreased. The dye adsorption by hydrogel composites followed the pseudo-second-order
kinetics, indicating that chemical sorption is the rate-limiting step.

Keywords: Starch; Poly(sodium methacrylate); Eggshell particles; Hydrogel composite; Dye

biosorbent, adsorption kinetics

1. Introduction

Pollutants such as heavy metals, dyestuffs, and
volatile organic compounds are found in wastewaters.
These materials are carcinogenic and pose serious haz-
ards to living organisms. Therefore, it is necessary to
eliminate or reduce them from wastewaters before they
are discharged. Dyestuffs are being removed from
wastewaters by biological and physicochemical meth-
ods such as chemical precipitation, ion-exchange,
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adsorption, membrane filtration, coagulation-floccula-
tion, flotation, and electrochemical processes [1].
Among these methods, adsorption technique has been
widely studied in recent years on account of inexpen-
siveness, simplicity of design, ease of operation, avail-
ability, and ability to absorb dyes at more
concentrations [1,2]. In this relation, various adsorbents
such as activated carbon [2,3], chitosan [4,5], and clay
[6,7] have been used.

During past two decades, polymeric hydrogels
have been considered as adsorbents for the removal of
pollutants from wastewaters [8,9]. Different functional
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groups such as carboxylic acid, amine, hydroxyl, and
sulfonic acid have been tailored on the structure of
hydrogels to improve their absorbability [9,10]. Due to
hydrophilicity and high adsorption rate and capacity,
hydrogels can be used as fast-responsive and high-
capacity adsorbents for wastewater treatment [8,9].

With the development of polymeric hydrogels, the
incorporation of polysaccharides such as starch
[11-13], cellulose [14,15], or chitosan [4,16] into the
hydrogel structure has been considered. Starch is a
renewable, abundant, low-cost, and fully biodegrad-
able natural material that suffers from some draw-
backs such as poor mechanical properties and poor
long-term stability intensified by water absorption
[17]. In order to overcome these issues, various physi-
cal or chemical modifications have been considered.
Graft copolymerization of starch with hydrophilic
monomers resulted in corresponding hydrogels with
proper long-term stability and mechanical properties
besides inexpensiveness, biodegradability, biocompati-
bility, and high swell-ability [11,13,16-18].

Recently, considerable interests have been gener-
ated for developing inexpensive adsorbents based on
waste materials [19,20]. Eggshell (ES) is discarded as a
waste material in large quantity by food manufactur-
ers and restaurants. It weighs approximately 10% of
the total mass (~60g) of hen egg [21]. The main
component (~90%) of ES is calcium carbonate (CaCO3)
[21]. The ES membrane is composed of a fibrous pro-
tein network that has a large surface area [22]. Many
investigations have shown that ES is able to effectively
adsorb metal ions [23,24], dyestuffs [22,25,26], and
organic compounds [27]. The combination of ES parti-
cles as filler with polymeric hydrogels can provide
cost-effective adsorbents with improved adsorption
capacity. However, only a few articles were published
on the polymeric hydrogel/ES particle composites as
water pollutants adsorbent. Elkady [28] immobilized
ES particles in alginate/poly(vinyl alcohol) hydrogel
and used it as a biocomposite adsorbent for the
removal of C.I. Remazol Reactive Red 198. More
recently, we prepared chitosan-coated eggshell parti-
cles and employed it as a copper(Il) biosorbent [29].

In this study, wheat starch was graft copolymer-
ized with sodium methacrylate (NaMA) in the pres-
ence of different contents of ES particles with various
size ranges to obtain hydrogel composites. The chemi-
cal structure, morphological properties, and water
absorption of hydrogel composites were studied.
Moreover, their ability to adsorb methylene blue (MB)
and crystal violate (CV) as model basic (cationic) dyes
was evaluated.
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2. Experimental
2.1. Materials

All reagents including sodium methacrylate
(NaMA) as hydrophilic monomer, N,N-methylen-
ebisacrylamide (MBA) as cross-linking agent, and
ammonium persulfate (APS) as thermal initiator were
purchased from Sigma-Aldrich and used as received.
Wheat starch was bought from a local market. Hen
eggshells were collected from a local restaurant,
washed with hot distilled water, and dried at 70°C in a
hot air oven for 4 h. Dried ES was grounded into pow-
der using a grinder and sieved into size ranges of
<75 um, 75-150 ym, and 150-212 um named as ESI,
ES2, and ES3, respectively. The sieved ES particles
were used without further chemical or physical treat-
ment. Acetonitrile and acetone were bought from
Merck and used as solvents during the preparation of
hydrogel composites. Sodium hydroxide (NaOH),
potassium dihydrogen phosphate (KH,PO,), and
hydrochloride (HC]) from Merck were used for prepar-
ing phosphate-buffered saline (PBS). MB and CV used
as model basic dyes were all of analytical grades.

2.2. Preparation of hydrogel composites

The free-radical graft copolymerization was used
for preparing of hydrogel composites. A general
procedure was as follows. Starch (3.0 g), NaMA
(3.8 g), and MBA (1.0 g) were dissolved in 50 mL of
distilled water/acetonitrile mixture (4/1, v/v). Desired
amount of ES particles was added to the solution and
the mixture was partially degassed through placing in
an ultrasonic bath for 8 min to remove the dissolved
oxygen. The reaction mixture was then transferred to
a glass reactor equipped with a mechanical stirrer and
a water bath preset at 75°C. Afterwards, APS (0.6 g)
was added to the reactor. The gelation was observed
after about 20-30 min. The formulations for the
preparation of hydrogel composites are given in
Table 1. To remove the unreacted reagents and also
the prepared homopolymers (PNaMA), the prepared
samples were washed three times with distilled water
and then kept in 100 mL of acetone for 1 h in order to
complete dehydration. Finally, hydrogel composites
were dried at 40°C in a vacuum oven for 6 h and
stored away from moisture and heat before use.

2.3. Instruments

The  Fourier
spectroscopy was

transformed  infrared  (FTIR)
accomplished wusing a Bruker
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Table 1
Formulations of hydrogel composites
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Sample code Filler type

Filler particle size (um)

Filler amount (g) Gel content (%)

B1 - -

B2 ES1 <75

B3 ES2 75-150
B4 ES3 150-212
B5 ES1 <75

Bé6 ES1 <75

B7 CaCOs; <75

0.0 99.6
2.8 99.7
2.8 99.6
2.8 99.7
1.4 99.6
42 99.7
2.8 99.5

Notes: Bath temperature 75°C. For all samples: starch 3.0 g, NaMA 3.0 g, MBA 1.0 g, APS 0.6 g, and distilled water/acetonitrile mixture

(4/1v/v) 50 mL.

spectrophotometer (model Equinox 55, Germany) in the
range of 400-4,000 cm™' at 4 cm™! resolution and 16
scans at room temperature. The morphology of samples
was evaluated using field emission scanning electron
microscopy (FE-SEM, model Mira, Tescan, Czech). Each
sample was fixed on an aluminum pin using double-
sided adhesive tape and then sputter coated with a thin
gold layer for 4 min prior to examination. Optical
microscopy was carried out using an Optika instrument
(model B-180, Italy). UV-visible spectrometry was car-
ried out using a Biochrom spectrophotometer (model
WPA 52000 Lightwave, UK) at 664 and 580 nm for MB
and CV, respectively, at ambient temperature. Distilled
water was chosen as the blank. The concentrations of
dyes were calculated using a five-point calibration
curves obtained for each dye.

@ Lggshell particles

© Carboxylate groups

2.4. Measurements

To measure the gel content of the hydrogel com-
posites, each of the samples (~0.05g) was washed
through immersing in plenty of distilled water for 3 d
to completely extract the sol part. During this period,
the washing medium was refreshed every 12 h. Then,
the washed sample was dried at 90°C in a hot air oven
for 6 h. The dried sample was then accurately
weighed and the gel content values were calculated
according to the following equation:

Gel content (%) = (W;/Wp) x 100 (M

where Wy and W, are the weights of unwashed (ini-
tial) and washed sample, respectively.

b) g,02__70°C__ 350,

[ CH,OH

CH,OH

OH
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OH  “n

[ CH,OH
NaMA + MBA
—_—
OH

A}
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Fig. 1. (a) Preparation of hydrogel composites based starch-¢g-PNaMA /ES particles and (b) general graft copolymerization

mechanism for the preparation of starch-g-PNaMA.
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Fig. 2. FTIR spectra of starch (a), cross-linked PNaMA (b),
sample B1 (c), ES (d), and sample B2 (e).

For determining the water absorption of the hydro-
gel composites, samples were completely dried at
40°C in a vacuum oven, accurately weighed (~0.05 g),
and immersed in distilled water or PBS. After desired
intervals, samples were removed from the media; their
surface water was blotted using filter paper and
weighed accurately. Water absorption values (WA)
were calculated using the following equation:

WA (g/8) = [(W1/Wo)/ W] @)

where Wy and W; are the weights of dried (initial)
and swollen sample, respectively. The reported values
are an average of three measurements.

To measure the dye adsorption of the hydrogel
composites and ES particles, each sample (50 mg) was
placed into a flask containing 10 mL aqueous solutions
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of MB and CV with concentration of 10 ppm (pH 5.5).
The mixtures were shaken by a rotary shaker at room
temperature. After desired intervals, the flasks were
centrifuged at 4,000 rpm for 2 min to precipitate the
adsorbents. Then, the concentration of remained dye
in the solutions was determined using UV-visible
spectrophotometer. The dye adsorption capacity (q)
expressing the milligram of the adsorbed dye per
gram of the adsorbent as well as dye removal (RE)
were calculated using the following equations:

q (mg/g) = (Co—Ci) xV/m 3)
RE (%) = (Co — C;) x 100/Cy @)

where C is the initial concentration of dye in the solu-
tion (in mg/L), C; is the concentration of dye in the
solution after contacting with the adsorbent for time ¢
(in mg/L), V is the volume of the dye solution (in L),
and m is the mass of the adsorbent (in g). The reported
values are an average of three measurements.

3. Results and discussion
3.1. Synthesis and characterization of hydrogel composites

In this study, starch was modified through graft
copolymerization with NaMA in the aqueous medium
using MBA as cross-linking agent and APS as free-
radical initiator to provide a cross-linked hydrogel
containing carboxylate (COO™) functions suitable for
adsorbing basic dyes (Fig. 1(a)). Graft copolymeriza-
tion of methacrylic acid (MAA) onto the glucose units
of starch has been previously reported [17,18,30,31]. A
general graft copolymerization mechanism for prepar-
ing starch-g-PNaMA is proposed in Fig. 1(b). While
heating, APS is decomposed to produce sulfate anion
radicals. These anion radicals abstract hydrogen atom
from hydroxyl groups present on the starch backbone
to form macro-radicals. Afterwards, these macro-radi-
cals initiate the grafting copolymerization of NaMA
and MBA on the starch backbone, yielding a three-
dimensional structured graft copolymer [18].

Using a thermal initiator (APS) and a hydrophilic
monomer (NaMA) makes homopolymer formation
unavoidable during graft copolymerization. However,
the gel content values were high (>99%, Table 1),
which showed a good graft efficiency for the prepared
hydrogels. This is due to using relatively high
amounts of cross-linker (MBA) that bind a lot of
PNaMA moieties into the hydrogel network as well as
washing procedure that removed the ungrafted
homopolymers (PNaMA).
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Fig. 3. SEM images of ES1 particles (a,b), samples Bl (c,d), and B2 (ef).
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Fig. 4. Swelling of hydrogel composites vs. time in distilled water (a,b) and PBS (c,d) media. All experiments were

performed at sample dose: 5 g/L and 25°C.

FTIR spectroscopy was employed to study the
graft copolymerization reaction of NaMA and MBA
onto starch backbone. FTIR spectra of starch, a
cross-linked PNaMA (PNaMA-co-PMBA), and starch-
g-PNaMA (sample B1) are given in Fig. 2(a)—(c). The
FTIR spectrum of starch (Fig. 2(a)) showed the peaks
related to stretching vibration of hydroxyl (O-H, a
broad peak at 3,200-3,600 cm™ ), asymmetric stretch-
ing (2,931 and 2,881 cm ), and bending vibrations
(1,459 cm™) of methylene (-CH,-), and stretching
vibrations of C-O bonds belong to ether (C-O-C,
1,161 cm™") and primary hydroxyl (C-OH, 1,081 cm™")
groups [12,18]. The peak at 1,654 cm™" is characteristic
for starch [18]. Several opinions exist about the origin
of this peak; the first overtone of bending vibration of
hydroxyl groups [32], stretching vibration of ether
groups [33], and angular bending vibration of O-H
bond of absorbed water molecules [34,35]. FTIR spec-
trum of cross-linked PNaMA (Fig. 2(b)) showed the
peaks related to the stretching vibration of carbonyl
bond (C=0, 1,653 cm™}) in amide moieties, asymmetric
(1,556 cm™ ), and symmetric (1,399 cm ™) stretching
vibrations of carbonyl bond and the stretching vibra-
tion of C-O (1,203 cm™") bond of carboxylate groups
(COO) [12,17]. According to Fig. 2(c), broad peak of
starch hydroxyl groups (3,200-3,600 cm™') gets weak-
ened in the sample Bl (3,423 cm™'), implying that

these groups have taken part in the graft copolymer-
ization reaction [18,30]. The occurrence of starch corre-
sponding peaks (1,446, 1,153, and 1,021 cm™Y) besides
the peaks related to cross-linked PNaMA (1,656, 1,546,
1,400, 1,171, and 1,105 cm™ ) proved the successful
synthesis of starch-g-PNaMA hydrogels [17,18,30].
Moreover, the absence of peaks related to the stretch-
ing vibration of =C-H bond (3,050 cm™ ) and the
bending vibration (out of paper) of C=C bond
(954 cm™") showed full consumption of vinyl groups
during the graft copolymerization reaction.

To prepare hydrogel composites, the graft copoly-
merization reaction was carried out in the presence of
different contents of ES particles (Fig. 1(a)). The sep-
aration of ES membrane is labor-intensive and time-
consuming, thus the membrane-attached ES particles
were used in this study. The combination of ES parti-
cles with the hydrogel matrix was also studied
through FTIR spectroscopy. FTIR spectra of ES and
sample B2 are given in Fig. 2(d)—(e). FTIR spectrum of
ES (Fig. 2(d)) showed typical peaks of calcium carbon-
ate (2,516, 1,798, 1,418, 875, and 712) as the main
component of ES particles. The peaks at 1,418, 875,
and 712 are, respectively, related to asymmetric
stretching (v3) plus in-plane and out-of-plane bending
vibrations of carbonate moieties [22,36]. The occur-
rence of these peaks in the FTIR spectrum of hydrogel
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Fig. 5. Optical microscopy of sample B2 before (a) and
after (b,c) swelling in distilled water for 24 h. Magnifica-
tions are x40 (a,b) and %100 (c).

composite (sample B2, Fig. 2(e)) confirmed the
combination of ES particle into hydrogel matrix.

3.2. Morphological properties of hydrogel composites

Microstructure morphology is one of the most
important properties that must be considered in

H. Bakhshi and A. Darvishi | Desalination and Water Treatment 57 (2016) 1814418156

adsorbents. SEM was used for studying the surface
morphology of the prepared samples. Fig. 3 shows the
SEM images of ES1 particles and samples B1 and B2.
It can be clearly seen that the size of ES1 particles is
in the range of 1-50 um (Fig. 3(a)-(b)). ES1 particles
exhibited an angular pattern of fractures due to their
crystalline structure [22]. Moreover, surface structure
of ES1 particles is rough, irregular, and porous.
Roughness and porosity of surface can increase the
available surface area for the adsorbtion of dye
molecules.

According to SEM images, unfilled hydrogel
(sample B1, Fig. 3(c)-(d)) showed a smooth surface
with micro-scale phase separation due to the incom-
patibility of starch and PNaMA phases. This observa-
tion is in agreement with the previously reported
results [18]. It is worth to be mentioned that the incom-
patibility was observed in spite of high cross-linking
density of the prepared hydrogel. Hydrogel composite
(sample B2, Fig. 3(e)—(f)) demonstrated good level of
distribution for ES particles in the hydrogel matrix.
Addition of ES particles into starch-g-PNaMA matrix
increased the surface irregularity. Unexpectedly, incor-
poration of ES particles did not change the porosity of
the hydrogel matrix, which can be related to its high
cross-linking  density. Moreover, ES  particles
incorporation did not affect the micro-scale phase
separation into the starch-g-PNaMA matrix.

3.3. Water absorption of hydrogel composites

Water absorption profile of hydrogel composites
was studied for distilled water and PBS media. Results
are illustrated in Fig. 4. All samples showed fast water
absorption in both media which reached equilibrium
within ~30 min. The equilibrium water absorption of
all samples was lower for PBS solution (2.43-3.09 g/g)
compared to distilled water (2.79-3.68 g/g). This
observation has been reported previously [37,38] and
can be explained based on Flory theory [39]. In accor-
dance with this theory, the water absorption of hydro-
gels decreases with an increase in the ionic strength of
external solution. This decrease in water absorption
could be attributed to the reduction in the osmotic
pressure difference between the swollen hydrogel and
the external solution [37].

According to Fig. 4(a) and (c), addition of ES parti-
cles into the starch-g-PNaMa matrix improved the
water absorption rate at initial stage. In fact, ES parti-
cles facilitate the water absorption by reducing the
transport resistance. However, the water absorption
rate of hydrogel composites decreased at high contents
of ES particles (samples B6). This trend was expected
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Fig. 6. Adsorption of MB (a,b) and CV (c,d) by hydrogel composites vs. time. All experiments were performed at sample
dose: 5 g/L, dye initial concentration: 10 mg/L, pH 5.5, and 25°C.

on account of inability of ES particles to absorb water
molecules. Due to this reason, the equilibrium WA
values were lower for hydrogel composites with
higher contents of ES particles (Fig. 4(a) and (c)). The
morphological changes of hydrogel composites during
water absorption were further investigated using opti-
cal microscopy. Fig. 5 shows the optical microscopic
images of sample B2 before and after swelling in dis-
tilled water. According to Fig. 5, during the water
absorption of sample B2, the starch-g-PNaMA matrix
was swollen, while ES particles remained intact in the
enlarged matrix. It is also worth to be mentioned that
no sign of ES particles separation was observed after
water absorption, which showed sufficient mechanical
strength of swollen hydrogel composites.

The size range of ES particles was expected to be
effective on the water absorption of corresponding
hydrogel composites. In fact, the size range of ES
particles can affect the pores and cavities in hydrogel
structure. However, since the incorporated ES particles
into hydrogel matrix did not affect their porosity, no
specific trend of water absorption of hydrogels was
observed relating to the size range of used ES parti-
cles. In distilled water medium, sample B2 containing
ES1 particles (<75 pm) showed faster water absorption
at initial stage, while the equilibrium water absorption
had no significant trend related to size range of ES

particles (Fig. 4(b)). On the contrary, in PBS medium,
sample B3 based on ES2 particles (75-150 pm) showed
higher water absorption at either initial stage or equi-
librium condition (Fig. 4(d)). Moreover, no difference
was observed for water absorbency of hydrogel com-
posite based on ES particles (sample B2) and that
based on calcium carbonate particles (sample B7),
except sample B2 that showed faster water absorption
at initial stage. This phenomenon indicated that the
rough, irregular, and porous surface structure of ES
particles had no significant influence on the water
absorption of the starch-g-PNaMA matrix.

3.4. Dye adsorption of hydrogel composites

The dye adsorption profile of the hydrogel com-
posites is represented in Fig. 6. The results showed
that the equilibrium time for dye adsorption is lower
than 30 min, indicating a fast adsorption for hydrogel
composites. The equilibrium adsorption capacities for
MB and CV were found to be in the range of 1.60-
1.95mg/g (removal of 80-97%) and 1.87-1.91 mg/g
(removal of 94-96%), respectively. The main mecha-
nisms of dye adsorption are electrostatic attraction
between positively charged cationic moieties on the
dye molecules and negatively charged carboxylate
groups on the starch-g-PNaMA matrix as well as
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Table 3
Comparison of the kinetics parameters for dye adsorption of various adsorbents
Adsorption
condition
(dosage, dye Je,exp Kinetic  ge,cal ko
Adsorbent Dye concent., pH, temp.) (mg/g) model (mg/g) (g/mg min) Refs.
Activated carbon MB 0.025g/L, 8 ppm, 5, 295 PSO 309 1.77 x 107° [44]
30°C
Activated carbon treated with MB 0.025g/L, 8 ppm, 5, 270 PSO 282 1.90 x 107° [44]
HCl 30°C
Activated carbon treated with ~ MB 0.025g/L, 8 ppm, 5, 275 PSO 272 2.05x107° [44]
HNO; 30°C
Sepiolite Methyl 2.5g/L, 490 ppm, 5, 68.1 PSO 68.3 3.32x107° [45]
violet 30°C
Sepiolite MB 25¢g/L, 384 ppm, 5, 56.9 PSO 58.2 3.63x107° [45]
30°C
ES particles (15 pm) Acid 0.25g/L, 10 ppm, 7, PSO 28.7 1.60 x 1072 [40]
orange 51 25°C
ES particles (<250 pum) Malachite 2 g/L, 50 ppm, 9, 524 PSO 52.7 89 x 1074 [26]
green 25°C
ES particles (<75 um) MB 5g/L, 10 ppm, 55, 0.53 PFO 0.497 6.40 x 107" [46]
25°C
ES particles (<75 pm) Cv 5g/L, 10 ppm, 55, 1.72 PFO 1.38 7.69 x 107" [46]
25°C
Poly(AA-AAm-MMA)/amylose CV 0.5g/L, 10 ppm, 28.6 PFO 27.6 35x1074 [8]
semi-IPN hydrogels 74,25C
Chitosan-g-PAA /vermiculite MB 5g/L, 1,000 ppm, 7, 1,684 PFO 1,691 5.74 x 107* [47]
hydrogel composites 30°C
Alginate/PVAI/ES particles Reactive  10g/L, 10 ppm, 1,  0.98 PFO 1.1 3.66 x 107> [28]
biocomposite red 22°C
Starch-g-PNaMA /ES particles MB 5g/L, 10 ppm, 5.5, 1.65 PFO 1.38 1.97 This
hydrogel composite 25°C work
Starch-g-PNaMA /ES particles (&Y 5g/L, 10 ppm, 55, 1.89 PFO 1.94 8.00 x 1072 This
hydrogel composite 25°C work

hydrophobic interactions between dye molecules and
hydrogel [8]. ES particles within the hydrogel matrix
can also adsorb the dye molecules due to their porous
structures and surface charge [22,27]. According to
Fig. 6(a), addition of ES particles within the hydrogel
matrix slightly decreased the MB adsorption capacity,
which was expected due to low adsorbability of ES
particles for MB [22,40]. Addition 60% low-cost ES
particles into the starch-g-PNaMA matrix provided
cost-effective hydrogel composite with slightly lower
MB removal (from 97 to 89%). Moreover, hydrogel
composites showed faster CV adsorption at initial
stage and same equilibrium adsorption capacity in
comparison with unfilled hydrogel (Fig. 6(c) and
Table 2).

According to Fig. 6(b) and (d), the size range of ES
particles within the hydrogel composites was effective
on their dye adsorption rate. Hydrogel composite

based on larger ES particles (samples B4) showed
higher dye adsorption rate at initial stage compared
with the smaller ones (samples B2 and B3). However,
all filled samples had same equilibrium dye adsorp-
tion capacity, regardless of the size of ES particles.
Pure ES particles had also the same equilibrium dye
adsorption values, regardless of their size (data not
shown). Moreover, hydrogel composites based on ES
particles showed higher dye adsorption rate and
capacity compared to those based on calcium
carbonate (sample B7) due to rougher and more
irregular porous structure of ES particles surface
(Fig. 6(b) and (d)).

In order to investigate the kinetic mechanism of
dye adsorption by hydrogel composites, the experi-
mental data were analyzed according to linear forms
of pseudo-first-order (PFO) and pseudo-second-order
(PSO) kinetic models. The linear forms of PFO and
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PSO models can be expressed according to the follow-
ing equations [41,42]:

In (ge — q1) = In ge — kit %)

t t 1

PR + Py (6)
where g, (mg/g) is the amount of adsorbed dye
molecules at time { (min), and k; (1/min) and k,
(g/mg min) are, respectively, the rate constants of
PFO and PSO adsorptions. For PFO model, the values
of k; and g. were obtained from the slope and inter-
cept of In(ge —gy) vs. t plot, respectively. For PSO
model, the slope and intercept of t/q; vs. t plot
showed, respectively, g. and k, values.

The results for the kinetic models are given in
Table 2. The regression correlation coefficient (R?) val-
ues were reported to indicate the goodness of the
kinetic model fit. For all samples, higher R* value was
obtained with the PSO model compared to the PFO
model (Table 2). Moreover, the calculated equilibrium
adsorption capacities (feca) Obtained from the PSO
model were well approximated to the experimental
ones (ge,exp) indicating better suitability of this model
to describe dye adsorption kinetics onto hydrogel
composites [26]. Therefore, the rate-controlling step for
the overall sorption processes is chemisorption involv-
ing are electrostatic attraction between positively
charged cationic moieties on the dye molecules and
negatively charged carboxylate groups on the PNaMA
matrix [8,43]. Previous study has also reported that
the adsorption of CV on semi-interpenetrated network
hydrogels constituted of poly(acrylic acid-acrylamide-
methacrylate) and amylose followed the PSO kinetics
[8]. Moreover, the adsorption of acid orange 51 [40]
and malachite Green [26] on ES particles followed the
PSO kinetics.

As expected, the incorporation of ES particles
results in higher k; and lower g, ., values for hydrogel
composites. Moreover, samples based on larger ES
particles (samples B3 and B4) showed lower k, and
higher ge ca1 values.

The equilibrium adsorption capacities and kinetics
parameters for dye adsorption of sample B6 are
compared with those for other adsorbents in Table 3.
Sample B6 exhibits proper equilibrium adsorption
capacity and kinetics compared to other adsorbents
with similar adsorption conditions. Considering the
utilization of 60% ES particles as a waste matrix
within sample B6, our developed biosorbent can be
used as a cost-effective adsorbent for water
purification.
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4. Conclusions

Eggshell (ES) particles as an available and low-cost
waste material were incorporated into starch-
g-PNaMA to prepare hydrogel composites as dye
biosorbents. FTIR spectroscopy confirmed the grafting
of PNaMA moieties onto starch backbone as well as
combination of ES particles with the hydrogel compos-
ites. The gel content values were high (>99%) which
showed proper graft efficiency for the prepared
hydrogel composites. SEM images demonstrated good
level of distribution for ES particles in the hydrogel
matrix. Addition of ES particles into starch-g-PNaMA
matrix resulted in higher water absorption rate at ini-
tial stage due to higher porosity, while the equilibrium
water absorption was decreased. Incorporation of ES
particles into hydrogel matrix resulted in faster water
absorption at initial stage and lower equilibrium water
absorption capacity. Addition of 60% low-cost ES
particles into starch-g-PNaMA provided a cost-effec-
tive adsorbent with similar CV adsorption capacity
compared to unfilled hydrogel, while MB removal
was slightly decreased. The dye adsorption by hydro-
gel composites followed the pseudo-second-order
kinetics indicating that chemical sorption is the rate-
limiting step.
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