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Kokkarachedu Varaprasad, *a Dariela Nunez,*a Murali Mohan Yallapu,b

Tippabattini Jayaramudu, c Elizabeth Elguetaa and Patricio Oyarzund

Herein, two kinds of nano-hydroxyapatite were synthesized from Clam and Magellan shell by wet chemical

precipitation method. Mainly, carboxymethyl cellulose/acrylamide/nano-hydroxyapatite composite

hydrogels were developed via a free-radical polymerization process and investigated as a sorbent for

Acid Blue 113 (AB) from aqueous AB solution. The swelled and kinetic behaviours of hydrogels were

investigated using a gravimetric method. The swelling properties of the CMC-AM-hydrogels were

influenced by the calcium electrolytes (Ca2+) content in nano-hydroxyapatites. The diffusion coefficient

value increased with the increase of nano-hydroxyapatite content in the CMC-AM/nHA-CS (0.22353–

0.27681 cm2 s�1) and CMC-AM/nHA-MS (0.22377–0.29737 cm2 s�1) hydrogels. The mechanism of water

diffusion was found to be anomalous transport. The CMC-AM/nHA-MS hydrogels showed high AB

absorption efficiency and adsorption capacities. These results explained that the nano-hydroxyapatites of

Magellan shells based hydrogels are attractive nanocomposite hydrogels for the adsorption of dye in the

water purification applications.
Introduction

The development of nano-hydroxyapatite frommollusk shells is
attractive in several elds, such as the removal of pollutants
from wastewater. In addition, the use of nano-hydroxyapatite in
combination with polysaccharide based biomaterials is
a promising alternative in environmental technology applica-
tions. Effluents from many industries contain various kinds of
pollutants, particularly dyes which can create water pollution
damaging the aesthetic nature of the environment.1 Removal of
hazardous stains from contaminated water is environmentally
challenging because these compounds may produce health
problems for living systems due to their toxicity, low degrad-
ability (due to complicated structures) and their persistent
bioaccumulation.2,3 Techniques such as adsorption, photo-
catalysis, electrochemical and other methods have been used
for removal of a variety of dyes from polluted water.3 Among
these techniques, an adsorption method is simple, cost-
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prasad@cipachile.cl; d.nunez@cipachile.

enter for Cancer Research, University of

TN 38105, USA

o de Quimica de Recursos Naturales,

iversidad San Sebastián, Lientur 1457,

tion (ESI) available. See DOI:
effective, and a direct analytical process. In this method,
several hydrophilic polymeric hydrogels were used for puri-
cation of wastewater due to its three-dimensional structures,
large specic surface area and their swelling and de-swelling
properties.4,5 However, these characteristics are dependent on
the composition of hydrogels including removal of dyes from
polluted water. Lately, signicant attention has been paid to
polysaccharide hydrogels for the discharge of pollutants from
the aqueous solution.4 Sodium carboxymethyl cellulose is one
of the linear anionic (polyelectrolyte) polysaccharide. It is an
inexpensive, biodegradable/biocompatible natural polymer
which can enhance the swelling and absorbent characteristics
of hydrogels, due to its strong hydrogen bonding and multiple
carboxyl groups.6–8 Further, it has been employed in the prep-
aration of hydrogels for a variety of applications, including drug
delivery, tissue engineering, antibacterial, dyes and ionic
adsorption.9

To further increase the adsorption capacity of hydrogels,
nanoparticles have been encapsulated into the hydrogels.
Among many nanoparticles, hydroxyapatite (HA) or nano-
hydroxyapatite (nHA) is considered one of the inorganic bio-
ceramic. It is recognized as a potential candidate for several
applications in biomedical engineering, environmental tech-
nology, nanotechnology, chemical engineering, and materials
science.10,11 Due to its biocompatibility, osteoconductivity,
biodegradability and synthetic nanostructures (calcium and
phosphorus combined hydroxide) as well as an affinity for
polymers.12–14 Therefore, hydroxyapatite has been used in the
preparation of polymeric composite materials with various
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra01887a&domain=pdf&date_stamp=2018-05-16
http://orcid.org/0000-0002-1694-3447
http://orcid.org/0000-0002-5627-1542
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01887a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008032


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 1
2:

44
:1

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
polymers, such as chitosan, alginate, cellulose, collagen, poly-
(lactic acid), poly(3-caprolactone) for engineering applications.15

Hydroxyapatite can be synthesized from the waste of sh bones,
egg shells, oyster shells, coral, algae and other biogenic sources
for respective applications.16 The sh industry discards tons of
mollusk shells which causes environmental problems in many
countries including Chile. The waste materials have been used
for landlls.13,17 Researchers have been using mussel shell
products for paper, rubber, paints and pharmaceutical indus-
trial applications because they have 95–99% of biogenic
aragonite in their mass.18 Papadimitriou's group13 studied the
dye and large adsorption properties of waste mussel shells.
Recently, nano-hydroxyapatites were produced from mussel
shells to enhance their characteristics for advanced applica-
tions.15 According to literature, calcium electrolytes (Ca2+) ion
exchange properties make them accessible in biomedical
applications.19 Also, HA has demonstrated high efficiency to
remove pollutants from the environment.19 Khal et al.,20 has
reported hydroxyapatite adsorptive properties. Polyacrylamide
with hydroxyapatite composites was also prepared for adsorp-
tion of metal ions and proteins.21,22 Hou et al.,23 focused on the
absorption properties of the carboxymethyl cellulose (CMC)/
chitosan/HA composite for removing dye from aqueous solu-
tions but not any of the dynamic aspects. Therefore, the
objective of this study is to prepare polysaccharide nano-
composite hydrogels using CMC, nano-hydroxyapatite and
acrylamide hydrogels via a free-radical polymerization process
to remove AB (a commonly used dye in the textile industry). The
nano-hydroxyapatites of Magellan shells (nHA-MS) and nano-
hydroxyapatites of Clam shells (nHA-CS) were developed by
the wet chemical precipitation method. Attenuated total
reectance-Fourier transform infrared (ATR-FTIR) spectros-
copy, X-ray diffraction (XRD), scanning electron microscope
(SEM) and transmission electron microscope (TEM) techniques
were used to identify the chemical structure and morphology of
the nHA. The effects of nHA-MS/nHA-CS content in CMC/AM/
nHA on the swelling behaviour and dye adsorption of Acid
Blue 113, were investigated.
Scheme 1 Schematic diagram of nHA-MS and nHA-CS via wet chemi
polymerization process.

This journal is © The Royal Society of Chemistry 2018
Experimental section
Materials and methods

Sodium carboxymethylcellulose (CMC), acrylamide (AM), N,N0-
methylene-bis-acrylamide (MBA), ammonium persulphate
(APS), Acid blue 113 (AB), phosphoric acid were purchased from
Sigma-Aldrich, Chile. Clam and Mussel shells were collected
from local markets in the province of Concepcion, Bio-Bio,
Chile.

Synthesis of nano-hydroxyapatite (nHA)

For the preparation of nano-hydroxyapatite, two species of
discardedmussel shell were used: Clam shell (CS) andMagellan
shell (MS) were employed. Both bivalves are native species from
Conception in Bio-Bio region, Chile. The discarded shells were
ground with a laboratory mill and sieved via a 100 Mesh
stainless steel screen to achieve ne shell powder. Furthermore,
it was calcined in a furnace at 900 �C for 3 hours to eliminate the
unwanted organic materials present in the shells and obtain
CaO from the CaCO3. The subsequent CaO (5.61 g) was hydrated
with 100mL of distilled water to produce an aqueous solution of
Ca(OH)2 and H3PO4 (4.5 mL/100 mL) was added drop-by-drop at
a ow rate of 2.5 mL min�1 using a syringe pump. The reaction
vessel was stirred at 1500 rpm at 40 �C for 40 minutes. Finally,
the reaction solution pH was adjusted to 10 by using NaOH and
stirred overnight at 20 � 2 �C. The obtained precipitate was
washed three times with distilled water by centrifugation, re-
suspended and nally dried in an oven at 40 �C for three days
and powdered in a mortar.

Preparation of hydrogels

The nHA-MS and nHA-CS based composite hydrogels were
prepared through free-radical polymerization process of CMC
and AM, as shown in Scheme 1.

A typical procedure described as follows. CMC solution was
prepared by dissolving 0.10 g in 5 mL under stirring condition.
5 mg of nHA-MS in 1 mL distilled water was added to the
cal process and nHA based hydrogels development via a free-radical

RSC Adv., 2018, 8, 18118–18127 | 18119
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solution above and sonicated for 15 minutes to make a solution
with a homogeneous distribution of nHA. Then, 14.06 mM of
AM, 0.648 mM of MBA, and 2.191 mM of APS were sequentially
introduced into the solution. The reaction solution was stirred
for 2 hours to form a hydrogel. The resulting hydrogel was
washed with distilled water and immersed in distilled water to
remove unreacted components for 24 hours. The entire hydro-
gel preparation was conducted at 21 � 2 �C. Similarly, other
hydrogels were prepared following the same procedure. The
feed compositions of the composite hydrogels are presented in
Table 1.
Physico-chemical characterization

FTIR spectra of the nano-hydroxyapatites and composite
hydrogels were obtained from a Perkin Elmer, UATR two, ATR-
FTIR spectrometer (Beaconseld, Bucks, UK) in the wavelength
range of between 4000–400 cm�1. Powder X-ray diffraction
prole of hydroxyapatites and composite hydrogels was studied
with Rigaku diffractometer, with Cu-Ka radiation at a voltage of
40 kV, current of 40 mA, and a scan rate of 0.02� s�1. The SEM/
EDS (energy dispersive spectroscopy) analysis for nHA was
carried out using the JEOL 6460LV scanning electron micro-
scope at a voltage of 10 kV. The micro-morphology of compos-
ites were observed at a voltage 5 kV with a JEOL JSM-6610LV
SEM. The samples were coated with gold by a sputter coater
for excellent conductivity. Further gold coated hydrogel samples
Fig. 1 (A) XRD, (B) FTIR of nHAs, (C) EDS images of (a1) nHA-MS, (b1) nH

This journal is © The Royal Society of Chemistry 2018
were air dried. The size and shape of the nHA-CS and nHA-MS
nanoparticles were calculated by using the FEI Technai G2 20S-
TWIN, USA transmission electron microscopy (TEM).

Calcium determination in nHAs

nHA-MS and nHA-CS samples were dried at 105 �C in the oven
for 24 h, then 0.1 g of the dried sample was diluted in 50 mL
distilled water with 2% of HNO3. The calcium calibration curve
was prepared using Ca(NO3)2 standard solution (Merck Co.,
Germany) at 1, 2, 3, 4 and 5 mg L�1. Atomic absorption spec-
troscopy (AAS) (PinAAcle 900F, Perkin Elmer) was used for
calcium concentration analysis. The ame atomizer was
supplied with acetylene and nitrous oxide, and a cathodic lamp
was used as the radiation source for calciummeasurement. The
detection wavelengths were set at 422.67 nm.

Swelling behaviour

The swelling ratio (Sg/g) of composite hydrogels wasmeasured at
20 � 2 �C, using a gravimetric method.24,25 The dried sample of
composite hydrogel was placed in distilled water (25 mL) and
weighed aer removing the surface water with lter paper at
different intervals, from 0 to 30 hours. The Sg/g was calculated
as:

Sg=g ¼ W �W0

W0

(1)
A-CS respectively.

RSC Adv., 2018, 8, 18118–18127 | 18121
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whereW andW0 are the weights of the swollen hydrogel and the
initial dry hydrogel, respectively.

Adsorption of Acid Blue 113

Acid Blue 113 is an anionic water-soluble acid dye, and it was
selected as the model compound to investigate the removal
abilities of the nHA hydrogels. The dye stock solutions were
prepared by directly dissolving the model compound (AB ¼
100 mg L�1, pH 6) in distilled water. 50 mg of composite
hydrogel was added to a 10 mL of the aqueous solutions of the
dye, and was immersed for 24 hours at 20 � 2 �C for maximum
removal of the dye. Aer the 24 hours, the hydrogel was
removed from the swelling medium. For the AB dye solution,
the concentration was determined by absorption at lmax 566 nm
in the UV-vis spectra, by using Shimadzu spectrophotometer
UV-2600 (Japan).26 UV spectra and images were recorded at
different points.

The removal efficiency of pollutant (Acid Blue 113) and
specic adsorption capacity was calculated according to the
following equations:

Removal efficiency (%) ¼ (C0 � Ce)/C0 � 100 (2)

Adsorption capacity (mg g�1) ¼ (C0 � Ce)/W � V (3)

where C0 (mg L�1) and Ce (mg L�1) are the initial and equilib-
rium concentrations at the time of measurement of the
Fig. 2 (A) TEM image of nHAs and (B) FTIR of the nHAs composite hydr

18122 | RSC Adv., 2018, 8, 18118–18127
pollutants, respectively; V (L) denotes the volume of the
pollutants solution, andW (g) is the hydrogel composites mass.

Kinetic adsorption process

The AB absorption mechanisms of nHA based hydrogels were
studied employing pseudo-rst-order and second-order
dynamic methods. Lagergren's linear equation for the pseudo-
rst-order is written as

ln(qe � qt) ¼ ln qe � k1t (4)

Hos linear equation of the pseudo-second-order is written as

t

qt
¼ 1

k2qe2
þ 1

qe
t (5)

where qe (mg g�1) and qt (mg g�1) are the removal capacity of
pollutants at equilibrium and time t (h) respectively. k1 (1/h) and
k2 (g mg�1 h�1) are the velocity constant of rst-order kinetics
and second-order, respectively.

Results and discussion
Structural studies

In this investigation, the wet chemical precipitation method
was used to generate the nHA-CS and nHA-MS. XRD is an
important analytical technique to determine the crystal struc-
ture, and its data gives information about the nHA peak
ogels.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 SEM images of (A and A1) CMC-AM/nHA-MS1, (B and B1) CMC-
AM/nHA-CS1, (C and C1) CMC-AM/nHA-MS4 and (D and D1) CMC-
AM/nHA-CS4 hydrogels.
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position and intensity. The peak position and intensity depends
on the nHA physical and chemical properties. Fig. 1A shows the
XRD patterns of the nHA-CS and nHA-MS nanoparticles. These
two nanoparticle samples exhibit similar XRD spectral peaks.
The XRD patterns display strong reections peaks at 2q¼ 25.77,
31.87, 33.01, 34.14, 39.98, 46.80, 49.55 and 53.12� correspond-
ing to (002), (300), (202), (310), (222), (213), and (004) planes of
nHA samples, respectively. The diffraction peaks can be
attributed to pure nHA of CS and MS (JCPDS card no: 09-0432)
conrming the formation of nHA of CS and MS.27

The ATR-FTIR spectra of nHA-CS and nHA-MS dry powder
samples are shown in Fig. 1B. The transmission band at
3330.60 cm�1 and 609 cm�1 occur due to the stretching and
bending vibrations of hydroxyl group present in the nHA-CS and
nHA-MS.14 The supplementary bands at 1023.21, 957.90, 559.78,
and 459 cm�1 were attributed to the phosphate (PO4

3�) anion
present in the samples.14,28 Carbonate (CO3

2�) anion impurity
bands in nHA were also noticed at 1474.17, 1415.88 and
874.63 cm�1.28–30

ESI S1† displays the physical morphology of nHA-MS and
nHA-CS which demonstrates dominant cloudlike (S1a†) and
dominant cloud with a few layers (S1b†) under SEM. Further,
their EDS analysis indicates Ca, O, and P elemental presence
(Fig. 1C). This data also conrmed that nHA-CS (Fig. 1C(b1)) has
less Ca2+ and P elemental compared to nHA-MS (Fig. 1C(a1)).
Similarly, ASS results indicated that nHA-MS has a higher
This journal is © The Royal Society of Chemistry 2018
calcium content of 40.3% p/p, while nHA-CS has a calcium
content of 38.2% p/p. Furthermore, the size and shape of the
nHA-MS and nHA-CS in TEM is exhibited as owery ake-like
structure (Fig. 2A). Similar morphology was observed in
previous reports.28,31 These nanostructures have an average
length and width�70 nm and�12 nm (nHA-MS, Fig. 2A(b)) and
�80 nm and �20 nm (nHA-CS, Fig. 2A(a)).

The poly(carboxymethylcellulose-acrylamide)/nano-hydroxy-
apatites of a Clam shell (CMC-AM/nHA-CS) and
poly(carboxymethylcellulose-acrylamide)/nano-hydroxyapatites
of Magellan shells (CMC-AM/nHA-MS) hydrogels with variation
in the concentration of nHA-CS and nHA-MA were prepared via
a free radical polymerization process. The nHA based hydrogels
were characterized by ATR-FTIR, XRD and SEM/EDS to obtain
evidence of the incorporation of nHA, CMC, and AM. Here, an
ATR-FTIR spectrum was used to determine the possible chem-
ical interaction between the nHA and CMC-AM hydrogels.
Fig. 2B shows the characteristics of the ATR-FTIR of the CMC-
AM/nHA-CSx, CMC-AM/nHA-MSx (x ¼ 1, 4) and CMC-AM
hydrogels. In the CMC-AM hydrogel (Fig. 2B(b)), the trans-
mittance peaks observed at 3332.72 and 3184.43 cm�1 (–NH),
2927.41 cm�1 (–CH2), 1642.28 and 1602.74 cm�1 (C]O & –N–H,
amide I & amide II groups) due to the presence of various
functional groups in CMC-AM hydrogel. The additional peaks
found at 1449.51, 1409.97, 1311.12 cm�1 (–CH2 scissoring,
–COO symmetrical stretching, –CH2 twisting) and 1113.40 cm�1

(–CH–O–CH2 units) corresponds to the CMC hydrogel. In the
case of nHA-CS and nHA-MS based hydrogels (Fig. 2B(a)), the
peaks of nHA found at 1047.50 and 464 cm�1 due to the phos-
phate (PO4

3�) anion, which indicate the presence of nHA in
hydrogels. The ATR-FTIR spectra of CMC-AM/nHA-CS and CMC-
AM/nHA-MS hydrogels (ESI S2A†) showed differences in inten-
sity from the neat hydrogels and nHA increase in the hydrogels.
The transmittance of the hydrogels decreased (CMC-AM/nHA-
CS1 > CMC-AM/nHA-CS4 and CMC-AM/nHA-MS1 > CMC-AM/
nHA-MS4) which might be attributed to the results of the
intra-hydrogen bonds interaction between nHA and CMC-AM
hydrogel. However, this phenomenon indicates that the func-
tional groups of the nHA have possible intra-hydrogen inter-
actions with polymeric hydrogels, which can enhance their
applicability in absorption studies. A similar phenomenon
observed in the XRD studies of nHA based hydrogels (ESI S2B†).
From the XRD results, it was noted that a high content of nHA
based hydrogels exhibited in a low-intensity mountain, when
compared to the low content of nHA based hydrogels, which
indicates that the crystalline structure of nHA is well stabilized
in CMC-AM hydrogels.

A distinct change in morphology of composite hydrogels was
observed in SEM studies (Fig. 3). CMC-AM/nHA-MS1 (Fig. 3A
and A1) and CMC-AM/nHA-CS1 (Fig. 3B and B1) hydrogels
showed a CMC-AM network with stabilized nHA-MS and nHA-
CS nanoparticles (indicated with white arrows). These reveal
the surface morphology of hydrogel structures. A higher
number of nanoparticles were grown on the surfaces of CMC-
AM/nHA-MS4 (Fig. 3C and C1) and CMC-AM/nHA-CS4 (Fig. 3D
and D1) hydrogels. The high concentrations of nHA were
stabilized with the functional groups of CMC-AM network of the
RSC Adv., 2018, 8, 18118–18127 | 18123
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Fig. 4 Influence of nHA content on swelling behaviour of CMC-AM/nHA-CS and CMC-AM/nHA-CS hydrogels: (a and a1) swelling ratio, (b and
b1) time/swelling ratio (T/S) and time (T), (c and c1) log S and log T and (d and d1) S and T1/2 graph of nHA based CMC-AM hydrogels.
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hydrogel. Additionally, it was observed that the swelling
mechanism of the nHA hydrogels was affected by the hydrogels
structure and swelling media.
Swelling behaviour of hydrogels

Fig. 4 presents the swelling behaviour of the CMC-AM/nHA-CSx
and CMC-AM/nHA-MSx (x ¼ 1–4) hydrogels. It was observed
that there was an increase in the nHA-CS and nHA-MS
concentration in the hydrogels (Fig. 4a and a1), and the water
absorption capacity of the hydrogels increased. This phenom-
enon occurred due to the electrostatic repulsions of the
hydrophilic CMC carboxylic functional groups and mainly nHA
functional groups (calcium, hydroxyl, and phosphate).32,33 The
functional group (Ca2+) of the nHA can easily interact with water
molecules via hydrogen and ionic interactions which leads to
the higher water uptake capacity. Therefore, increases in the
nHA concentration (Ca2+ concentration in nHA) in the hydro-
gels network are directly related to the increase of the hydrogels
water absorption. Similar results reported by Du et al.,34

explained that nano-hydroxyapatite concentration could
increase the hydrogels swelling behaviour. He specied that
more nano-hydroxyapatite creates higher osmotic pressure
between the hydrogel network and swelling media. However,
CMC-AM/nHA-CS hydrogels show lower swelling capacity than
CMC-AM/nHA-MS hydrogels. The case is that nHA-CS has
a lower percent of Ca2+ compared with nHA-MS, which is
evident in the EDS analysis. Therefore, it was observed that
increases of Ca2+ ions in the nHA increases the swelling capacity
of the CMC-AM hydrogels.

The kinetics of water absorption process is the vital impor-
tance for determining the diffusion of water molecules into the
hydrogels. The swelling and diffusion kinetic parameters of
CMC-AM/nHA-CSx and CMC-AM/nHA-MSx (x ¼ 1 to 4) hydro-
gels were calculated from the dynamic Sg/g values.
18124 | RSC Adv., 2018, 8, 18118–18127
The swelling kinetics of the composite nHA hydrogels were
studied according to previous reports.17 To investigate the
controlling mechanism of the sorption systems experimental
data were tted with several swelling kinetic models. Here, the
swelling diffusion kinetics was calculated by the following
equation:

dS/dt ¼ ks(Seq � S)2 (6)

where Seq, S, and ks are the equilibrium swelling, the swelling at
any time t and the kinetic rate constant of selling, respectively.
The combination of the equation two over the limits: S ¼ 0 at
time t ¼ 0 and S ¼ Seq at equilibrium time t ¼ t, gives the
following equation.

t

s
¼ Aþ Bt (7)

where t is time, S is swelling at t, A ¼ 1/ksS
2
eq ¼ 1/(dS/dt)0 is the

initial swelling rate of the nHA based hydrogel composites and
B ¼ 1/Seq is the inverse of the maximum swelling and ks is the
swelling rate constant. In order to observe the above kinetic
model for these hydrogels, the graphs of t/S versus t (time)
plotted and the initial rate of swelling (ri), swelling rate the
constant (ks) and the theoretical equilibrium swelling (TSeq)
values of the hydrogel composites were calculated from the
slopes and the intersections of the lines obtained from the
graphs (Fig. 4b and b1). The results are shown in Table 1. Table
1 shows that the values of the TSeq of the nHA based hydrogels
are more close to an original swelling value of the nHA hydro-
gels. It was concluded that the swelling phenomena of the nHA
hydrogels was directly related to the composition (structure) of
the hydrogels.35

The dynamics of the water sorption method were investi-
gated bymonitoring the change in the amount of water imbibed
by the hydrogel at various intervals. In the present study, the
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (A) AB adsorption capacity with time for nHA varied hydrogels and (B) AB removal rate by nHA based hydrogels.
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previous swelling results were employed. For the kinetic anal-
ysis, the swelling results obtained were utilized, and only up to
60% of the swelling curves. The swelling mechanism of the nHA
hydrogels were calculated from the following equation.

Swelling ratio (s) ¼ (Ws � Wd)/Wd ¼ ktn (8)

where Ws is the weight of the swollen hydrogels at time t, and
Wd is the weight of the dry hydrogel at time 0 (rst hydrogel).
The constant k is the characteristic of the hydrogel system,
and n is the swelling exponent, which indicates the water
transport mechanism. When n ¼ 0.45–0.5 (cylindrical shape
hydrogels), the release is perfect Fickian in nature, and it is
the diffusion-controlled mechanism, whereas values of n
between 0.5 to 1.0 indicate non-Fickian (anomalous) diffu-
sion. In anomalous diffusion, the diffusion and relaxation
are said to be isochronally effective. If the n value is exactly
equal to unity (1), then the diffusion is designated as Case II
diffusion. In very few cases, the “n” value is found to exceed
unity and is called super Case II diffusion (n > 1). To estimate
the “n” by using the above equation up to 60% of the swelling
values, “ln S” versus “ln t” graphs were plotted to obtain the
straight line. The swelling exponents were calculated from
the slope of the line of ln S � ln t plots (Fig. 4c and c1). The
CMC-AM/nHA-MS and CMC-AM/nHA-CS hydrogels have n
value between 0.5468 to 0.60594 and 0.49464 to 0.5531,
respectively. These values (over 0.5) specify that the swelling
transport mechanism of the nHA based hydrogels were non-
Table 2 Adsorption kinetic parameters of the pseudo first order and pse
hydrogels at 25 �C

Pseudo rst order

Hydrogels code
qe experimental
(mg g�1) R2

qe, theoreti
(mg g�1)

CMC-AM/nHA-MS1 15.92 0.96 17.44
CMC-AM/nHA-MS4 29.52 0.98 25.39
CMC-AM/nHA-CS1 15.84 0.86 21.02
CMC-AM/nHA-CS4 29.30 0.96 29.97

This journal is © The Royal Society of Chemistry 2018
Fickian diffusion or anomalous transport, which indicates
that relative rates of diffusion and CMC-AM relaxation are
comparable.36

The diffusion coefficients (D) of the composite hydrogels
were calculated via using the short time approximation method.
This method is valid for the rst 60% of the swelling results.
The hydrogels diffusion coefficients were calculated by using
the following equation.35

S ¼ 4[D/pr2]1/2t1/2 (9)

where r, S, and t represent the radius of the nHA hydrogel,
swelling ratio and time, respectively. To investigate the D (cm2

s�1) of hydrogels, S versus t1/2 were plotted and the D values were
calculated from the slopes of these lines (Fig. 4d and d1). The
kinetic parameters of the data obtained are presented in Table
1. The diffusion coefficient increased with increasing nHA
content in the hydrogels which affect the diffusivity of the
hydrogels. The values of the D of the CMC-AM/nHA-CS and
CMC-AM/nHA-MS hydrogels varied from 0.22353–0.27681 and
0.22377–0.29737 cm2 s�1, respectively. From the results, it was
observed that CMC-AM/nHA-MS hydrogels have higher D values
than nHA-CS based hydrogels. Therefore, nHA-MS based
hydrogel composites have a higher water absorption capacity.
Dye removal

The removal of dye from polluted water is an important issue
global. In this investigation, CMC-AM/nHA-CSx and CMC-AM/
udo second-order models for the removal of AB dye by CMC-AM/nHA

Pseudo second order

cal
k1 (1/h) R2

qe, theoretical
(mg g�1)

k2
(g mg�1 h�1)

0.160 0.96 23.15 0.004
0.105 0.99 38.91 0.003
0.172 0.46 36.50 0.001
0.086 0.92 64.52 0.001

RSC Adv., 2018, 8, 18118–18127 | 18125
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nHA-MSx (x¼ 1, 4) hydrogels were selected to study the effect of
the nHA-CS and nHA-MS concentration of the hydrogels on the
AB adsorption capacities. The adsorptions of AB on selected
hydrogels are shown in Fig. 5. These results explained that the
adsorption of AB increased with the increase of nHA content in
the CMC-AM hydrogels and a higher removal rate was found in
the case of CMC-AM/nHA-MSx hydrogels when compared to
CMC-AM/nHA-CSx. A similar phenomenon was observed in
swelling studies. As shown in Fig. 5B, the (%) removal rate of AB
is 51.95, 53.63, 96.08 and 99.44%with CMC-AM/nHA-CS1, CMC-
AM/nHA-MS1, CMC-AM/nHA-CS4 and CMC-AM/nHA-MS4
composite hydrogels as adsorbents, respectively.

The AB adsorption capacities of the CMC-AM/nHA-CSx and
CMC-AM/nHA-MSx (x ¼ 1, 4) hydrogels are presented in Fig. 5.
As shown in Fig. 5A, the CMC-AM/nHA-CS1, CMC-AM/nHA-CS4,
CMC-AM/nHA-MS1 and CMC-AM/nHA-MS4 hydrogels have AB
adsorption capacities of 15.84, 29.30, 15.92 and 29.52 mg g�1,
respectively. However, the adsorption capacity of CMC-AM/
nHA-MS4 was much higher than that of other hydrogels. This
behaviour mainly attributed to two reasons: (i) the percent of
Ca2+ and P elements in nHA and concentration of nHA in the
hydrogels. It was conrmed from structural analysis, and it is
shown in Fig. 1D, 2B and 3 and (ii) the swelling ratio (Fig. 4D) of
hydrogels. Recently, several researchers have reported various
kinds of sorbent materials for removing the AB dye from water.
For example, sodium hydroxide treated fallen leaves of Prunus
dulcis showed 25.51 mg g�1 of AB dye adsorption and CTAB
modied leaves of Prunus dulcis showed 97.09 mg g�1 adsorp-
tion capacity.2 Gupta et al. reported that the waste of rubber tire
based activated carbon sorbent showed 9.72 mg g�1 adsorption
capacity of AB dye.37 Similarly, alkali-treated sawdust sorbent
materials adsorbed 24.39 mg g�1 of dye.38 The adsorption
capacity of the nHA based CMC-AM hydrogels has better results
when compared to a few reports. The increase in the adsorption
capability is probably due to the higher interaction between
nHA and CMC-AM hydrogels and mainly due to nHA content.
However, the use of nHA based CMC-AM hydrogel adsorbents
for dye removal is very promising since natural polymer and
nHA are low cost and available in many places worldwide.
Adsorption kinetics

A kinetic study of AB adsorption on the developed nHA hydro-
gels was performed. The AB sorption capacity of all samples
increased rapidly (Fig. 5A), around 50% of the total sorbed dye
occurred within the rst 6 hours. The results obtained from the
pseudo-rst-order and pseudo-second-order models kinetics
models (Table 2) reveal that the absorption process of AB into
CMC-AM/nHA-CS and CMC-AM/nHA-MS composite hydrogels
were better described via the pseudo-rst-order kinetic model
since the experimental data was best correlated with eqn (9) and
its R2 is closer to 1. Additionally, the “qe” values obtained from
the pseudo-rst-order kinetic model were more consistent with
experimental “qe” values when compared to pseudo-second-
order model values (Table 2). This kind of phenomena was
also observed in a previous report.39 The pseudo-rst order is
based on the assumption that the rate-limiting step may be
18126 | RSC Adv., 2018, 8, 18118–18127
chemical sorption.40 However, in the case of pseudo-rst-order
and pseudo-second-order models, R2 values increased with
nHA-CS and nHA-MS content in the CMC-AM hydrogels.
Conclusion

This study has produced two different nHA based CMC-AM
hydrogels, synthesized by the free-radical polymerization
process. The nHA synthesized from waste Clam shells and
Magellan shells by the wet chemical precipitation method,
respectively. ATR-FTIR, XRD and SEM studies revealed the
formation of the nHA. From the EDS and AAS analysis, the
percentage of Ca2+ was higher in nHA-MS which improved the
swelling behaviour of the nHA hydrogels. However, both
composite hydrogels developed followed non-Fickian diffusion
transport mechanism. Further, it was improved by the AB dye
absorption capacity. AB absorption studies were conducted
using the nHA based hydrogels, which have suggested that the
higher nHA contained (CMC-AM/nHA-MS4 and CMC-AM/nHA-
CS4) can be used as a possible candidate for the removal of
dye. The experimental data t well with the pseudo-rst-order
model kinetic model; based on the R2 (closed to 1) values and
experimental “qe” values. These nHA based CMC-AM hydrogels
have the potential to be employed as a suitable adsorbent for
the removal of pollutants in contaminated water. Moreover, the
proposed nHA based composite hydrogel sorbents were devel-
oped from waste shells, which have low cost and a widely
available material for the removal of dyes from contaminated
water.
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