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a  b  s  t  r  a  c  t

Two  different  types  of  network  were  synthesized.  Semi-IPN  macrogel  type PVA@P(AMPS-co-AAc) (SIMT)
and  PVA-  EPC@P(AMPS-co-AAc) (100 nm)  nanogel  (CCPNT).  Poly  (vinyl  alcohol)  (PVA)  was  used  as  matrix
and  copolymerized  2-acrylamido-2-methyl-1-propane-  sulfonic  acid  (AMPS),  Acrylic  acid  (AAc)  based
materials  were  used  in  the removal  of  methylene  blue  (MB).  Epichlororhydrine  (EPC)  was  used as
eywords:
acrogel
B  adsorption

VA nanogel
hermodynamic

crosslinker  to link  the CCPNT.  The  maximum  removal  for  MB  was  observed  at  (10AAc-co-90AMPS)
(wt.:wt.  %)  monomer  ratio  for both  networks.  The  prepared  macro  and  nanogel  materials  were  char-
acterized  by  SEM,  BET,  TEM and  DLS.  The  adsorption  followed  pseudo-second-order  kinetics  and  fit
Langmuir-type  isotherm.  The  adsorption  capacity  was  found  to be equal  to 416.6  mg/g,  181.8  mg/g  for
CCPNT  and  SIMT,  respectively.

©  2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Dyes and pigments are widely used as coloring agents. The total
ye consumption in the textile industry worldwide is more than
0.000 ton/year. It is estimated that 2% of the produced dyes annu-
lly discharged in effluent due to manufacturing processes while
0% is discharged from textile and associated industries (Betul
t al., 2013; Allen and Koumanova, 2005). The release of colored
aste water from these industries may  present an eco-toxic haz-

rd and potential danger of bioaccumulation was obtained, which
an eventually affect man  through the food chain (Shengfang et al.,
011). Methylene blue (MB) is a thiazine cationic dye, can cause eye
urns. On inhalation it can cause short periods of difficult and rapid
reathing while ingestion through mouth may  cause nausea, vom-

ting, and methemoglobinemia (Hameed et al., 2007). Therefore,
he treatment is an interest due to its harmful impacts on receiving
aters.

Adsorption has been differential as a potential technology for

he removal of dyes from wastewater compared with other con-
entional methods suitable for the treatment of textile industry
ffluent, adsorption is preferred technique due to simplicity and
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

flexible design and easy operation. Moreover, the adsorption pro-
cess may  generate little or no toxic pollutants during treatment and
operating costs (Crini, 2006; Auta and Hameed, 2012). Moreover, it
doesn’t have environment issues as it does not produce any sludge
(Vecino et al., 2015a).

Polymer gels are a special class of macromolecular networks
that contain a large segment of solvent within their structure.
They are mainly useful for biomedical applications because of their
ability to mimic  biological tissues such as alginate and cellulosic
residues (Vecino et al., 2015b). In response to external environ-
mental stimuli like pH and temperature, the gels can reversibly
swell or shrink up to 1000 times in volume, and have varied appli-
cations such biomimetic, biosensors, artificial muscles, chemical
separation, biomaterials, cell culture systems, catalysis, photon-
ics, drug delivery systems and separation purpose (Murray and
Snowden, 1995; Chilkoti et al., 2002; Biffis, 2001; Morris et al., 2016;
Kiser et al., 2000; Peppas et al., 2000; Reese et al., 2004; Wu et al.,
2011). Because of their surface area, perfect mechanical strength,
adjustable surface chemistry, feasibility regeneration under mild
conditions and efficient pore size distribution (Qu, 2008; Gupta and
Suhas, 2009; Ngaha et al., 2011; Pan et al., 2009). Gels can be made
either in bulk or in micro or nanoparticles.

Hydrogel nanoparticles adsorbent has gained much attention
due to the readily removal ability with the formation of Nano-

network upon absorption of pollutants from aqueous solution due
to presence of ionic groups in the backbone that opens potential
area of different applications related to remove pollutants from
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astewaters (Perez-Ameneiro et al., 2015; Jiuhui, 2008), where
ydrogels complex with metal ions through the functional groups
i.e., COOH, C O(NH2), SH, COO , NH2, and OH) in their
etwork. In particular, PVA is a water- soluble linear polymer,
hich is employed in practical applications in the field of separa-

ion processes (Abdeen et al., 2015; Magda et al., 2013; Dragan and
popei, 2011). It was reported that, the strong acidic monomer 2-
crylamido-2-methyl propane-1-sulfonic acid, (AMPS) comprises

 strongly ionizable sulfonate group which acquire its hydrogel
igh chelating ability (Akl et al., 2016; Rivas et al., 2003). AMPS
ere used in the synthesis of many hydrogels to form hydroge-

ized with hydrophilic acrylic monomers such as acrylic acid (Souda
nd Sreejith, 2015) and acrylamide (Ömer et al., 2006). The incor-
oration of PVA in certain macrogel type or nanogel type ensure

ts excellent mechanical strength, and the chemical crosslinking
s required to create and modify polymer nanostructure, where
he properties can be improved, such as thermal, mechanical and
hemical stabilities (Mandal et al., 2012). Moreover, PVA content
n the gels type gives higher affinity to crosslink formation through
he intra- and/or intermolecular hydrogen bonding via H groups.
herefore, the purpose of this study was to prepare two types of
etwork dimensions, where PVA as a template and either the first
emi-IPN hydrogels composed of AMPS-co-AAc in macro type and
he second IPN-AMPS-AAc in Nano scale. There used to evaluate
he dye sorption properties for methylene blue (MB) from aqueous
olution.

. Experimental

.1. Materials

Monomers, i.e., Acrylic acid (AAc, purified by rectify, pur-
hased from Across), 2-acrylamido-2-methyl-1-propane-sulfonic
cid (AMPS, purchased from Across), N-methylenebisacrylamide
MBA, from Fluka), redox initiator i.e., ammonium persulfate (APS,
rom Fluka), polymer. i.e., Poly (vinyl alcohol) (PVA, polymerization
egree is 1750 +50, purchased from Across), Epichlorohydrin (EPC;
luka). Methylene blue (MB, were obtained from Merck) and used
ithout further purification. Other reagents were grade and used

s received.

.2. Synthesis of semi IPN-macrogel type (SIMT)

10 ml  of prepared gelatinized PVA (70 ◦C, for 40 min) was  added
o the following mixture; AAc weighing 0.72 g (90 wt.%), then 0.23 g
10 wt.%) AMPS added and dissolved in 5 ml  water. After these
dditions, 1% concentration of MBA  (0.0095 g/1 ml)  and aqueous
olutions of 0.5 wt. % of redox initiator APS (0.0048 g/1 ml)  with
espect to mount of monomers and crosslinker, 1% concentration of
EMED were added to these aqueous solutions. Similarly take 0.08 g
Ac (10 wt.%) and 2.07 g AMPS (90 wt.%) to identify the higher func-

ionality uptake, 0.021 g MBA  (1%/1 ml), 0.01 g APS (0.5 wt.%) and
% TEMED. The whole reaction for the two sets lasted for 1 h under
2 gas, the solution was transferred into petri-dish, in order to pre-
are gels in the shape of the film, the gels were cut into pieces prior
o use.

.3. Synthesis of chemically crosslinked PVA nanoparticles type
CCPNT)

1 wt.% of PVA was dissolved in 100 ml  of distilled water. A solu-
ion of 0.66 g NaOH in 5 ml  of water was slowly added till pH 12 via

yringe with vigorous stirring. Then added 15 ml  of acetone drop
ise with stirring for 30 min, the solution was cooled at 10 ◦C for

4 h and it became weak blue, indicating that the long chains of
VA shrank to nanoparticles. The precursor solution with 50 ml
, Monitoring & Management 5 (2016) 62–73 63

of PVA nanogel was  mixed with 1 ml  EPC and 50 ml  of the same
synthesized ratio (10AAc-co%) and (90AAc-co-10AMPS) (wt.:wt.%)
macrogel solution and heated with stirring at 100 ◦C for 3 h under
N2 atmosphere to produce nanogel structure. The obtained dis-
persed nanogels was separated by precipitation into 10 folds of
acetone and redispersed in water forming nanoparticle dispersion

2.4. Measurements

(10AAc-co-90AMPS) (wt.:wt.%) nanogel was  selected for char-
acterization. TEM micrograph analysis of colloidal nanogel particle
was taken using a JEOL JEM-2100 electron microscope. The sample
prepared by adding acetone to the aqueous solution till the solution
became slightly turbid.

The surface area and pore radius determinations were based
on isotherms of adsorption-desorption isotherms of N2 gas at 77 K
using Micrometrics gas adsorption analyzer (Nova 3200 USA) of
macro and nanogel were estimated using the BET method. The
pore radius was  determined using BJH method. The sample was
degassed under vacuum at 200 ◦C for 4 h, using 0.1 g sample prior
to surface area measurements.

The size distribution of CCPNT was determined using photon
correlation spectroscopy technique (PCS) (Malvern Instruments
Ltd.).

The concentration of the MB  was measured using a
UV/spectrophotometer (Schimadzu UV-1208 model).

2.5. MB decolonization tests

The ability of the hydrogel types to adsorb MB  from an aqueous
solution was determined at room temperature and under a con-
stant stirring rate 300 rpm. Adsorption studies have been carried
out using a batch equilibrium technique. Thus, weighed amount
0.01 g of dried hydrogel types were placed in a two flasks and
contacted with 10 ml  of aqueous solution of the MB  with concen-
trations ranging from 10 to 1000 mg/l. The initial solution pH was
studied by adjusting MB  solutions (Co, 100 mg/l) to varied pHo val-
ues (2.0, 4.0, 6.0, 8.0 and 10.0) with 0.1 mol/l HCl or NaOH solution
using a pH meter (Sartorius, PB-10). For kinetic study, 100 mg/l of
MB solutions (10 ml,  pHo 6) were agitated with 0.01 g of hydrogels
at 25 ◦C at time intervals 5 to 200 min. The dye solution was isolated
from the adsorbent by centrifugation at 300 rpm for 15 min. The
absorbency of samples was  measured using the mentioned spec-
trophotometer at a wavelength corresponding to the maximum
absorbance, about 665 nm for cationic MB. Then the concentra-
tions of the samples were determined by finally using a calibration
curve for MB over a range of concentrations. The amount of dye
adsorbed onto macro and Nano-gels, qe (mg/g), was calculated by
the following mass balance equation:

qe =
(

Ci − Cf

)
.V

m
(1)

where qe (mg/g) represents the amount of MB adsorbed onto the
gels; Ci and Cf are MB  initial and the concentration at equilibrium;
respectively (mg/l), V(ml) the volume of the solution (l), and m (g)
is the weight of the adsorbent used.

3. Results and discussion

3.1. Preparation of SIMT

During polymerization in aqua system primary radicals are gen-

erated by initiation of the redox initiator (APS) and monomers i.e.
AAc, AMPS and MBA. Radicals are also generated on PVA and it takes
part in propagation reactions of the monomers (Mandal et al., 2012;
Dhara et al., 1999). Thus, SIMT is formed from growing radicals of
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Scheme 1. Synthesis of SIMT (left 

onomers and PVA macroradicals. Possible structure of the SIMT
s shown in left hand side of Scheme 1.

.2. Preparation of CCPNT

Although acetone and water are miscible, the cosolvent
ecomes poor solvent for PVA chains (Yao et al., 2009), more-

ver introducing EPC as a chemically crosslinked onto PVA chains
eading to aggregated globules to form PVA/EPC nanogels. Car-
oxylic acid groups in PAAc and sulfonic acid groups in PAMPS
asily hydrolyze under alkaline conditions generating COO− and
side) and CCPNT (right hand side).

SO3− respectively (Jie et al., 2013). The possible mechanism of the
polymerization is presented in the right hand side of Scheme 1.

3.3. Characterization of SIMT and CCPNT

Fig. 1(a) shows the cross-sectional structure, highly pores and
gaps network structure in character to form well-known intercon-
nected, three-dimensional porous network was observed, and this

is due to the expanded network can be generated by electrostatic
repulsions among PVA hydroxyl groups during the polymerization
process and COO−, SO3− groups. Thus, the response rate could be
greatly enhanced by the incorporation PVA into the SIMT network.
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Table 1
Surface characteristics comparison between SIMT and CCPNT.

Characteristic SIMT CCPNT

1 Total pore volume summary
Total pore volume (cc/g) 0.75 3.39

2  BJH desorption summary
Surface Area (m2/g) 613.8 1047.4
Pore volume (cc/g) 0.80 5.25
Pore radius Dv(r) 8.29 A◦ 11.60 A◦
Fig. 1. SEM images of cross-section, (a) SIMT, (b) CCPNT.

ig. 1(b) the SEM image of nanogel shows a clear influence of the
hemical crosslinking of PVA on the gel morphology. Thus, the
anogel formed via EPC more porous structure and smaller par-
icles act as a connection between larger ones, help to attach and
x them in the matrix. As the polymerization reaction proceeds
bove 70 ◦C maximum micro pore were formed on the surface of
he CCPNT. Formation of dense layer could be avoided and thus we
ould able to increase the affinity towards diffusivity and removal
ehaviors (Magdy et al., 2012). As a consequence, the pores which
urvived look lower than those of the hydrogel type.

Fig. 2(a,b) shows the TEM of crosslinked PVA nanogel in mixed
water/acetone). There are some changes from its initial coil or
gglomerate caddice-like unattached particulates, and a rope-like
onfiguration with aggregates of about 50 nm in diameter, which
ndicated that PVA nanoparticles could be formed in a mixed
olvent of water/acetone (Yao et al., 2009). Fig. 2(c) shows the
ddition of P(AAc-co-AMPS) to PVA nanogels. The structure of the
anoparticles was greatly influenced by the addition of (AAc-co-
MPS) comonomer concentration in solution; large number of
anospheres was observed by TEM. Therefore, the formation of
he PVA/PAMPS complex nanogel is due to the polymerization of

Ac and AMPS monomers with the collapsed PVA as a template or
ore at their LCST to produce well-defined core shell nanogels (Wu
t al., 2011). The nanogel was 100 nm in diameters. This behav-
or is due to two effects, the first one is the high compatibility of
3 Average Pore Size summary
Average pore radius 3.4 nm 5.3 nm

comonomer with the PVA matrix, leading to the agglomeration of
the nanogel, so that the interface area between commoner and PVA
is maximized. The second effect is the resultant surfactant-free
PVA-PAA-PAMPS nanogel exhibit the temperature volume phase
transition behaviors (VPTT) in water from the swollen state con-
verted to the collapsed state as the temperature increases. This
effect can be also used for colloidal stable core/shell particles with
small nanoparticles (Risheng et al., 2011).

Fig. 3 shows the particle size analysis of nanogel. The particle size
was around 100 nm with a hardship distribution which illustrated
from particle size histograms. The smaller particles have higher
surface area/volume ratio, which makes it pave for the adsorption of
MB.  The smaller particles will have a greater adsorption affinity for
MB.  In contrast, larger particles, which allow the slow adsorption
behavior. The expected size distribution, which is entered prior to
the analysis, is fitted with a predetermined particle size distribution
from the measured by TEM

Examining the data related to the surface parameters of
SIMT/CCPNT and according to the IUPAC classification of the hys-
teresis (IUPAC, 1985), in our case it can be assimilated with H2
type for macro/nanogel as clearly in Fig. 4. In a simplified manner,
this hysteresis is generally attributed to a difference in mech-
anism between condensation/evaporation processes creating in
pores with narrow necks and wide bodies, but it is assured that
network effects have an important role (Wu  et al., 2011). The rela-
tive pressure range is 0.4–0.9, implying the presence of meso-pores
in both gel samples (Peng et al., 2011).

Table 1, shows the surface characteristics of gel types. There are
appreciable differences were observed between the surface areas
of two  gel types. It was observed that porosity rely on the vol-
ume of the pores present in the SIMT/CCPNT scaffolds. In nanogel
formulation maximum porosity was  found having required chem-
ically cross-linking density strong enough to keep the optimized
volume of pores while in hydrogel due to the incorporation of
the higher crosslink density within the polymer structure leads to
decrease in pore volume. The average pore radius determined from
the desorption isotherm were 3.4 and 5.3 nm for SIMT and CCPNT,
respectively. This might be justified by the complexity of factors
that may  have opposite effects on surface properties of the nanogel
(chemical crosslinking degree, the presence of polar groups and
hydrogen bonding degree, pore shape, sorption type, etc.).

3.4. Adsorption of MB onto SIMT and CCPNT

3.4.1. Effects of monomer ratio on removal of MB
The effect of increasing AAc/AMPS mol ratio on the adsorp-

tion capacity of MB  was studied by varying the AAc/AMPS ratio
as shown in Fig. 5. Increasing the AMPS concentration at monomer
feed composition from 10 wt.% to 90 wt.%, increased the adsorption
capacity up to 94.23% rather than 81.56% removal for 90 wt.% AAc.

With these results, it is possible to understand that the increase of
AMPS concentration in the media would result in the increment
of homo copolymerization and crosslinking, consequently adsorp-
tion increase. Moreover, AMPS have polar groups like CONH and
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Fig. 2. (a,b) different TEM view of 1 wt.% PVA, (c

trongly ionizable −SO3 groups (Souda and Sreejith, 2015; Ayman
t al., 2010), so the AMPS (90 wt.%) was selected for adsorption in
ll experimental work.

.4.2. Effect of pH on adsorption of MB
The adsorption of MB  by both adsorbents were carried out in

queous solution. The adsorption studies were carried out at pH
–10 at room temperature. As shown in Fig. 6, even gel type’s
ype possesses sensitivity towards the pH change. In the pH < 4, the
emoval of MB  dye onto the gels is low, continuously increase with
ncreasing pH values reached the maximum pH 6.0, and the positive
harged of the MB dye in the solution has an affinity to func-

ions with the net negative charges. When pH value has increased
rom 4 to 6 (above the pKa values of AAc = 4.2 and around 1.5 for
MPS) the ionic groups OH, COOH and SO3H ionized to O−,
COO and SO3

− respectively, and this may  be due to the for-
 after addition of P(AAc-co-AMPS) comonomer.

mation of an ionic complex between MB  dye molecules and the
active sites in SIMT/CCPNT participate in chelation (Akl et al., 2016).
Therefore, result the removal increase. The SIMT adsorbed less MB
molecules due to low diffusion and lower surface area. At pH 6, the
SIMT adsorbed 88.14 (mg/g) while 95.90 (mg/g) adsorbed by CCPNT
nanogel type. At higher pH > 6, a screening agent of the counter ions,
such as NH4

+, Na+, shielding the charges along the gel network type
may  clog up the active sites, thereby causing the decrease in dye
removal (Ramazan and Ali, 2012).

3.4.3. Adsorption kinetics
Fig. 7 shows that the time required to achieve an equilibrium
sorption of MB  was  60 min  for CCPNT while for SIMT at 100 min
the equilibrium achieved. The internal pore diffusion and the over-
all available surface area of the CCPNT compared SIMT is the reason.
The kinetics of adsorption consisted of two main portions: an initial
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Fig. 3. Particle siz

wift stage where adsorption was fast and contributed significantly
o equilibrium uptake, and a slower second phase which assist to
he total MB  adsorption was relatively small i.e., intraparticle dif-
usion or chemical reaction would be the rate controlling step of
orption kinetics. The rapid uptake of MB  may  indicate that most
f the active sites of the gels are exposed for interaction with the
ye (Abdeen et al., 2015).

The kinetics of sorption can be followed using kinetic ensamples
pseudo-first, second-order kinetics and intraparticle diffusion) as
xpressed in the following equations:

og (qe − qt) = logqe − k1

2.303
(2)

t

qt
= 1

k2q2
e

+ t

qt
(3)

t = kpt0.5 + C (4)

here the rate constants for pseudo-first is k1 and that of second-
rder adsorption is k2, the amount of MB  adsorbed (mg/g) at
quilibrium is qe while the amount of MB  adsorbed at time t is
iven as qt, Kp (mmol. g−1 h−0.5) is the intra-particle diffusion rate
onstant and C is a constant. For this model qt versus t0.5 may  be
inear if intra-particle diffusion is involved in the adsorption pro-
ess (Sun and Yang, 2003). From equations given above the slope
nd intercept of the plot of t/qt with time t in Eq. (3) gives the
alues of the k2 and the intercept is equivalent to the qe. From
q. (4), if pore diffusion is the rate limiting step, so a plot of qt

ersus t0.5 gives a straight line with a slope that equals kp and the
ntercept value c exemplify the resistance to mass transfer inside
he external liquid film. Fig. 8(a,b) illustrate the fitted results. The
ate constants, amounts of adsorption equilibrium (qe values) and
orrelation coefficients are computed in Table 2a. Apparently in
able 2a, the values of R2 for both SIMT/CCPNT were found to be

igher in the pseudo-second-order when it’s being compared to the
seudo-first- order, else the qe values obtained after computation
hrough the pseudo-second-order equation indicate close agree-

ent with those of the experimental qe as shown in Table 2a, the
ibution of CCPNT.

pseudo-second-order indicates that the limiting step is chemical
adsorption and the coefficient of correlation for the pseudo-second
order almost equate to and this means the adsorbent have high
adsorption capacity with short equilibrium time which shows a
high degree of binding between the gel and the used dye.

Fig. 8(c) clarify that intraparticle diffusion plots are multi linear,
the first portion is the transport of MB  molecules from the depth
solution to the adsorbent external surface by film diffusion. The sec-
ond one is the diffusion of the MB  molecules from the out surface
into the pores of the adsorbent. The third portion is the meta stable
equilibrium stage, where the MB molecules were covered the inter-
nal surface of the pores and the intra-particle diffusion springs to
slowly due to the solute concentration in the solution getting lower
(Sun and Yang, 2003). The separate intraparticle diffusion param-
eters are summarized in Table 2b. As seen from the data, the kp1
value is enhanced in the first stage, indicating improvement of the
rate of adsorption by SIMT/CCPNT. Also, the k p2,3 values of second
and third linear portion are smaller than the first portion and this
observation shows that the rate of dye adsorption at first section
takes place faster. The high speed of adsorption at first part can be
assigned to ease of availability of adsorption centers (Amr, 2012).

3.4.4. Adsorption isotherm
The effect of the MB  concentration on the chelating ability of the

prepared SIMT/CCPNT is an important parameter to define the effi-
ciency of the gel types as a chelating material at low pollution levels.
Fig. 9 shows a sharp increase in the adsorption capacity for CCPNT
rather than SIMT, and then it tends to level off at higher concentra-
tions (700 ppm). At initial step the adsorption capacity of nanogel
increases nearly 3.8 folds as the solution concentration increases
from 100 to 500 ppm. Whereas, less than 50% increment in the

adsorption capacity as the feed solution concentration increased
to 700 ppm. Such difference in the adsorption temper reveals the
variety in the adsorption interactions that involves physical and
chemical mechanisms (Gholam and Adeleh, 2013). The experimen-
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Fig. 4. Nitrogen sorption isotherms at 77 K for SIMT/CCPNT.
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Table  2a
SIMT and CCPNT kinetic models parameter.

Gel Type Pseudo-first-order Pseudo-second-order

K1 (min−1) × 10−2 R1
2 qcal (mg/g) K (gmg−1 min−1) × 10−3 R2

2 qcal qexp

SIMT 3.5 0.9727 37.00 2.92 0.9991 90.09 19.8
CCPNT 7.5 0.8913 42.09 4.42 0.9998 98.03 18.8

Table 2b
Intra-particle diffusion adsorption constants for both SIMT/CCPNT.

Gel type Intraparticle diffusion model

Kp1 R1
2 Kp2 R2

2 Kp3 R3
2

SIMT 18.24 1 4.2 0.9477 1.8 0.9695
CCPNT 12.8 1 3.4 1 1.11 1
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Fig. 5. Effect of monomer ratio on the adsorption amount of MB  onto SIMT/CCPNT.
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Fig. 6. Effect of pH on MB  adsorption by SIMT and CCPNT.

al data have been analyzed by the Langmuir model. The linear
angmuir equation is normally expressed as follows:

C 1 C
e

qe
=

klqmax
+ e

qmax
(5)

here Ce (mg/l) and qe (mg/g) are the equilibrium of MB  dye con-
entrations in liquid and solid phase, respectively. qmax (mg/g) and
time  (min)

Fig. 7. Effect of contact time on adsorption.

kL (mg/l) are Langmuir constants related to the monolayer adsorp-
tion capacity and adsorption binding energy, respectively, qmax and
kL can be calculated by plotting Ce versus Ce/qe. A plot of Ce/qe

against Ce should give a straight line if the adsorption data conform
to the Langmuir isotherm.

The second model applied in the analysis of data is the
Freundlich model. The Freundlich model describes multilayer
adsorption onto heterogeneous surfaces as contradictory with
monolayer adsorption onto homogeneous surfaces according to the
Langmuir model. The mathematical form of the Freundlich equa-
tion is given by

q = kf Cn (6)

q (mg/g) is the adsorbed amount; C (mg/l) the remaining solute con-
centration and Kf (L kg−1) and n (dimensionless) are constants. The
linearized form of the Freundlich equation is normally expressed
as follows

lnqe = lnkf + 1
n

lnCe (7)

where qe is the equilibrium adsorbed amount (mg/g); Ce is the
saturated concentration of the adsorbate (mg/l); Kf and n are
the Freundlich constants of the adsorption capacity and the rate
of adsorption respectively. Fig. 10(a,b) represents the plot of the
experimental data founded on Langmuir and Freundlich isotherms.

Table 3, shows the calculated Langmuir and Freundlich model’s
parameters. The high values of correlation coefficients, R2 (>0.999)
for both SIMT/CCPNT, indicated that the equilibrium data were
proposed better by Langmuir equation than by Freundlich equa-
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Table  3
Langmuir, Freundlich adsorption isotherm constant, correlation coefficient and q comparison.

gel code Langmuir model Freundlich model

KL (min−1) R1
2 qcal (mg/g) qexp Kf (mg/g) R2

2 1/n

SIMT 0.06 0.9994 178.07 181.8 1.42 0.9116 0.17
CCPNT 0.05 0.9997 401.3 416.6 1.45 0.9315 0.32

Table 4
Maximum adsorption capacities qe (mg/g) for MB  by some other adsorbents reported in literature.

Adsorbent qe (mg/g) References

Fe3O4@APS@AA- co-CA MNPs 142.9 (Fei et al., 2012)
IPN  (AAc-HEMA) Alginate-Na 172 (Mandal and Ray, 2013)
PAMPS/Chitosan hydrogel 74 (Akl et al., 2016)
Poly(NIPAAm/MA) hydrogel 322.6 (Betul et al., 2013)
Poly(acrylic acid) containing core–shell type resin 300 (Yavuz et al., 2011)
Chitosan hydrogel bead (CSB) 129.44 (Sudipta et al., 2011)
magnetite-loaded multi-walled carbon nanotubes (M-MWCNTs) 48.06 (Lunhong et al., 2011)
SIMT  181.8 This work
CCPNT 416.6 This work

Table 5
Thermodynamic factors for adsorption of MB  by SIMT and CCPNT.

gel code Kc −�G◦ (kJ/mol) −�H◦ (kJ/mol) −�S◦ (J/mol K)

298 K 308 K 318 K 328 K 298 K 308 K 318 K 328 K

16.67 15.57 14.61 6.44 5.25
58.38 33.07 20.17 23.24 51.35

t
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 nano gel

ln
 K

c

1/T
SIMT 7.33 6.51 5.89 5.36 18.16 

CCPNT  23.08 22.80 12.51 7.40 57.18 

ion. Thus, the adsorption of MB on both SMT  and CCPNT obeyed
he Langmuir adsorption isotherm. From Table 3, the qm values at
ptimum pH (∼6) for SIMT/CCPNT were estimated to be 181.8 and
16.6 mg/g, respectively, The maximum amount of MB  adsorbed
y both network adsorbents is compared to other adsorbents pub-

ished in literature shown in Table 4, The adsorption capacities of
he synthesized gel types are comparatively higher than the other
ifferent polymer based adsorbents. Our results reveal the potential
f these dynamics to be an effective Nano-adsorbent for removing
asic dyes from aqua system.

.5. Thermodynamic study

Thermodynamic parameters of the adsorption for the
IMT/CCPNT derived from 90 wt.% AMPS content in the both
ormulation were investigated. The Gibbs free energy can also be
leared using enthalpy and entropy at a constant temperature Eq.
9). The linear plot form Eq. (8) and (9) results in Eq. (10) which is
he Van’t Hoff equation (Mandal and Ray, 2013):

Go = −RT lnkc (8)

Go = �Ho − T�So (9)

n kc = �S

R
− �H

RT
(10)

here �G◦ (kJ mol−1) is the change in Gibbs Free Energy,
H◦ (kJ mol−1) is the enthalpy change of MB  adsorption, �S◦

Jmol−1 K−1) is the entropy change of MB  molecule adsorption, (R)
s the universal gas constant, while (T) is the absolute temperature
K) and Kc at three different temperatures i.e., 25, 35 and 50 ◦C were
btained from MB adsorption data at these different three temper-
tures for 100 mg/l feed concentration of MB.  �H◦ and �S◦ were
btained from the slope and intercept of potting lnKc with 1/T as

n Fig. 11. Thermodynamic parameters of SIMT/CCPNT were calcu-
ated and are shown in Table 5. The results show that the adsorption
f MB  has a decreased randomness at the solid face/solution face,
nd is an exothermic and spontaneous nature because of the nega-
Fig. 11. Variation of ln Kc with temperature (1/T) for the adsorption of MB onto
SIMT/CCPNT.

tive values of �S◦, �H◦, and �G◦, respectively (Ngaha et al., 2011;
Wu et al., 2014).

3.6. Regeneration and reuse of adsorbents

To detect the reusability of adsorbent, desorption experiment
was conducted. The adsorbent was separated after adsorption
study and dried well. The MB was  desorbed for 3 h stirring in the
presence of 0.1 M HCl and the adsorbents were dried at 40 ◦C. The
recycled gels were used for next adsorption runs. The results of
recycling experiment up to 6 cycles are shown in Fig. 12. One can

see that the removal efficiency did not affect significantly even after
six cycles of adsorption–desorption especially with nanogel and
this may  be due to the presence of hydrogel nanoparticles which
facilitates separation and recycling of adsorbents.
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. Conclusion

In this work, PVA polymer matrix in two forms, SIMT/CCPNT
ased on comonomer (AAc-co-AMPS) were successfully synthe-
ized. The gels surface was confirmed by SEM, TEM, DLS and BET
nalysis. The adsorption of MB  on these adsorbents was  found to
e pH dependent. The kinetics of MB  adsorption onto both net-
orks followed the pseudo-second-order model. The adsorption

f MB attained equilibrium within 60 min  for nanogel and within
00 min  for macrogel to reach 87–95% of MB  being adsorbed. The
quilibrium data were fitted well by the Langmuir isotherm model
f adsorption. The maximum sorption capacities of MB  for SIMT
nd CCPNT were 181.8 and 416.6 mg/g, respectively at pH 6 and
5 ◦C. The experimental results suggest that the SIMT/CCPNT could
e employed as efficient and applicable adsorbents for the removal
f MB cationic dye from wastewater.
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