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Abstract

Silver nanoparticles made by green synthesis have been incorporated into pectin-
based copolymer gel to make a nanocomposite gel to be used as an adsorbent mate-
rial for the removal of divalent metal ions and dyes from aqueous solutions. Silver
nanoparticles were obtained by mixing silver nitrate with aqueous solution of pec-
tin followed by microwave irradiation. The nanocomposite hydrogel was obtained
by the microwave-assisted polymerization of 2-acrylamido-2-methyl-1-propane-
sulfonic acid (AMPS) and acrylamide (AAm) in the presence of N,N’-methylene-
bis-acrylamide (MBA) in pectin solution containing silver particles. Characteriza-
tion of the nanocomposite gel was done by FTIR, TGA, XRD, FESEM and EDS
techniques. The system was evaluated for its capacity to adsorb cationic dye, crystal
violet (CV) and metal ions [Cu(II) and Pb(II)] from aqueous solutions. The presence
of Ag nanoparticles is observed to enhance the adsorption capacity of the gel for
the above mentioned adsorbates. The kinetic studies revealed second-order adsorp-
tion processes which fit well into Langmuir model. The evaluation of thermody-
namic parameters indicated the adsorption process to be exothermic and spontane-
ous. A maximum of 1950 mg/g CV, 111 mg/g Cu(Il) and 130 mg/g Pb(Il) could be
removed from the aqueous solution which is quite high in comparison with other
reported materials. The desorption studies indicated the possible reusability of the
nanocomposite.
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Introduction

Contamination of water bodies by industrial effluents is a serious environmental
issue. Various techniques have been employed for the treatment of dye or metal
ion contaminated water [1]. Water treatment by adsorption has received much
attention due to the low cost involved, ease of separation of adsorbate, recyclabil-
ity of the adsorbent and high efficiency of the method [2, 3]. Researchers have
been interested in designing various adsorbent materials for water purification
[4]. Nanocomposites [5], polymeric membranes [6], fruit peels [7], metal organic
frameworks [8], polysaccharide-based nanocomposite hydrogels [9], interpen-
etrating networks [10] and semi-interpenetrating networks [11] are few among
them. Among these adsorbents, polysaccharide-based hydrogels received much
importance due to their unique capacity to hold large amount of contaminants
within their network like structure [12]. Moreover, as polysaccharides are derived
from microorganisms or plants, they have the additional advantages of being non-
toxic and biodegradable [13].

Hydrogels are polymeric materials which are capable of holding water mol-
ecules through the process called swelling [14]. They are three dimensional net-
works of polymer chains which can swell but not dissolve in water. They are com-
posed of natural or synthetic materials possessing high degree of flexibility. The
structural variations and alteration in water holding capacity of hydrogel network
can be obtained by varying the nature of the polymer, degree of cross-linking,
etc. Indeed, many novel hydrogels of synthetic or natural polymers with a pleth-
ora of aims were synthesized and tested in different fields [15-17].

There are several reports available in the literature on adsorbent materials
based on modified polysaccharide hydrogels for use in water purification. Modifi-
cations have been achieved by graft polymerization with synthetic monomers [17]
or by incorporation of nanoparticles of metals and metal oxides [18, 19]. Kono
[20] reported the preparation of a range of amphoteric cellulose hydrogels for
the adsorptive removal of three different anionic dyes. Graft copolymer of gellan
gum and poly(DMAEMA) is used for the adsorptive removal of methyl orange
from aqueous solutions [21]. High efficiency has been achieved for methylene
blue removal by superabsorbent cellulose clay nanocomposite which also exhib-
ited high mechanical strength [22]. A nanosilica containing xanthan gum-graft-
polyacrylamide exhibited high adsorption toward methylene blue and methyl vio-
let [23]. An adsorbent system of chitosan, AMPS and laponite has been described
for the removal of Cu(Il) from aqueous solution [3]. It is evident from the above
studies that the presence of nanoparticles makes the hydrogels good adsorbents
for dye molecules and metal ions.

In our earlier work [24], we have reported the synthesis of a new polysaccha-
ride-based gel system consisting of gellan gum, PVA and acrylamide which has
exhibited good adsorption capacity and usefulness for removal of crystal violet
from aqueous solutions.

Based on the extensive literature on the use of graft copolymers and nanocom-
posites of polysaccharides for the adsorption processes, it was decided to develop
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a new polysaccharide-based adsorbent material that can be effectively used for
the removal of both dye molecules and metal ions from aqueous solutions. Pectin
(Pec) is an anionic polysaccharide that is present in all citrus plants. It is mainly
obtained from the citrus fruit peel extract and widely used in the food industry
[25]. The hydrogels derived from Pec find a variety of applications as adsorbent
materials for water purification [26], as drug delivery devices [27], as biomedical
implants [28] and as food packaging materials [29]. Poor mechanical strength has
always been a disadvantage of the polysaccharide-based hydrogels which is also
found in pectin hydrogels [30].

The widespread applications of the silver nanoparticles (AgNPs) in diverse fields
have been well established. The literature expounded the use of these nanoparticles as
adsorbent materials for dyes and metal ions [31]. Hence, we have attempted to make a
novel pectin-graft-copolymer gel with silver nanoparticles embedded in it. A detailed
study of evaluation of the hybrid gel made as adsorbent material for removal of organic
dyes and metal ions has been reported using the cationic dye, crystal violet and divalent
metal ions: Cu(Il) and Pb(IT) from aqueous solutions.

Materials and methods
Materials

Analytical reagent grade chemicals were used throughout the experiments. Pectin
(Pec), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and lead chloride were
obtained from Sigma-Aldrich Co., Germany. Acrylamide (AAm) was obtained from
Loba Chemie, India. N,N'-Methylene-bis-acrylamide (MBA), ammonium peroxodisul-
fate (APS), copper sulfate and methanol were obtained from Spectrochem Pvt. Ltd.,
Mumbai, India. Silver nitrate was obtained from NICE Chemicals (P) Ltd., Kochi,
India. Crystal violet (CV) with a purity of 96.0% was obtained from Rankem, RFCL
Ltd., Delhi, India. Double distilled water was used in all the experiments.

Methods

Microwave-assisted formation of silver nanoparticles (AgNPs) in the presence of Pec
To 20.0 mL of 0.5% aqueous solution of Pec, 10.0 mL of aqueous silver nitrate solution
(0.018 mmol) was added and irradiated with microwave for 1 min at a power of 80 W.

The deep brown solution containing AgNPs along with Pec was used for the prepara-
tion of the nanocomposite hydrogel.
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Microwave-assisted synthesis of pectin-graft-(poly(2-acrylamido-2-
methyl-1-propanesulfonic acid)-polyacrylamide)/Ag nanocomposite hydrogel
[Pec-g-poly(AMPS-co-AAm)/Ag]

To the solution containing Pec and AgNPs, 0.15 g (0.724 mmol) AMPS and 0.4 g
(5.627 mmol) AAm were added and stirred, using a magnetic stirrer for 24 h.
To this well-stirred mixture, 1.0 mL (0.066 mmol) of aqueous APS was added
and stirring continued for 1 h which was followed by the addition of 3.0 mL
(0.292 mmol) aqueous MBA. The solution was maintained under stirring for 3 h
and later irradiated with microwave of 80 W power for 30 s. The resultant gel was
then kept immersed in methanol overnight to remove the unreacted monomers
and dried in a hot air oven for 24 h at 50 °C. Pec-g-poly(AMPS-co-AAm) hydro-
gel was made using 20.0 mL of 0.5% aqueous solution of Pec directly and follow-
ing the above procedure.

Characterization techniques
Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of Pec-g-poly(AMPS-co-AAm) and Pec-g-poly(AMPS-co-AAm)/
Ag were recorded on a Shimadzu IR Prestige 21 (Japan) FTIR spectrophotometer

in transmittance mode in the range of 500—4000 cm™".

Field emission scanning electron microscopy (FESEM) and energy-dispersive X-ray
spectroscopy (EDS)

Morphological study of Pec-g-poly(AMPS-co-AAm) and Pec-g-poly(AMPS-
co-AAm)/Ag samples were carried out by recording the FESEM images using
JEOL-JSM5800LV (Japan) Scanning electron microscope. The micrographs
were recorded with different magnifications under a voltage of 3.0 kV. Using the
same instrument, the energy-dispersive X-ray spectrum of both the samples was
recorded and the amount of different elements in each sample was analyzed.

X-ray diffraction (XRD)
Benchtop X-ray diffractometer, Rigaku MiniFlex 600 (Japan), was used to record
the powder X-ray pattern of Pec-g-poly(AMPS-co-AAm) and Pec-g-poly(AMPS-

co-AAm)/Ag. The diffraction patterns were recorded in the angle range of 10° to
80° at 30 °C at the recording rate of 2°/min.

Thermogravimetric analysis (TGA)

Thermal decomposition patterns of Pec-g-poly(AMPS-co-AAm) and Pec-g-
poly(AMPS-co-AAm)/Ag were obtained using thermogravimetric analyzer SDT
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Q600 V20.9 (Japan). The samples were heated from room temperature to 700 °C
under nitrogen atmosphere at a rate of 10 °C/min.

Transmission electron microscopy (TEM)

TEM images of the nanocomposite were recorded by JEOL/JEM 2100 transmission
electron microscope (USA) operating at 200 kV.

Swelling studies

Equilibrium swelling measurements of the samples have been carried out in double
distilled water (pH 7.0) and in aqueous buffer solutions of varying pH (1.2, 3.0, 9.0
and 13.0). Pre-weighed dry samples of Pec-g-poly(AMPS-co-AAm) and Pec-g-
poly(AMPS-co-AAm)/Ag were kept immersed in 50 mL of the swelling medium con-
tained in a beaker at room temperature. After specific intervals of time, the swollen gels
were taken out; the surface-adhered liquid droplets were removed by blotting with filter
paper and weighed using SHIMADZU AUX 120 (Japan) Electronic Balance with an
accuracy of +0.1 mg. The increase in weight was recorded. The weight measurements
were taken till equilibrium is attained indicated by the constant weight of the swollen
sample. The swelling ratio, SR (g/g) at a given time, is calculated using the equation:

_Wt_WO

SR =~ )

where W, is the weight of the swollen gel and W, is that of the dry gel.

Adsorption studies
Dye and metal adsorption studies

Dye and divalent metal adsorption studies were carried out by batch process in deion-
ized water using CV as model dye; Cu(Il) and Pb(II) as model metal ions using the fol-
lowing procedure. A mass of 20 mg of nanocomposite samples was suspended in dye
and metal salt solutions of concentrations varying from 20-2000 ppm and 10-200 ppm,
respectively. The samples were found to saturate after 7 h when kept immersed in dye
solution, whereas it took only 2 h for the saturation with metal ions. Therefore, the sam-
ples were allowed to equilibrate for 7 h in the case of dye and 2 h in the case of metal
ions, respectively, at 28 °C. The amount of unadsorbed dye was calculated from the
absorbance of the decanted dye solution using UV-Vis spectrophotometer (Shimadzu
UV-160A, Japan) at the wavelength of 588 nm, and the concentration of the metal ions
in the supernatant solution was determined using GBC 932 Plus Atomic Absorption
Spectrophotometer (Australia). The equilibrium dye or metal ion adsorption capacity,
Q. (mg/g), of the nanocomposite was calculated using the following equation:

0.=(C—CoxY )
m
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where C; is the initial concentration of dye/metal ion (mg/L), C, is the residual
concentration of dye/metal ion at equilibrium (mg/L), V is the volume of solution
(L), and m is the amount of dry Pec-g-poly(AMPS-co-AAm)/Ag (mg) used for the
adsorption studies.

Desorption studies

Desorption experiments were carried out to check the reusability of the gel and the
nanocomposite for removal of dye/metal ions. About 20.0 mg each of the polymer
samples was suspended in separate dye and metal salt solutions of initial concentra-
tions of 25 mg/L. The samples loaded with adsorbate were separated by centrifuga-
tion, washed with water and dried. About 20.0 mg of the dry samples was suspended
in 20.0 mL of stripping solution of pH 1.2 (prepared using HCI solution). The solu-
tions were stirred for 2 h at 28 °C and centrifuged. The concentration of the dye and
metal ions in the supernatant was determined using UV-Vis spectrophotometer and
AAS, respectively. The percentage of desorption (D) was calculated using the fol-
lowing equation:

Amount of dye molecules/metal ions desorbed
D (%) =

% 100
Amount dye molecules/metal ions adsorbed )

Leaching of AgNPs

The Ag nanoparticles are likely to diffuse out of the swollen gel upon contact with
the swelling medium. To check and quantify this, the nanocomposite was suspended
in double distilled water for a total duration of 24 h. The supernatant liquid was
analyzed by dynamic light scattering technique using the instrument Nano ZetaSizer
(Malvern Instruments, Malvern, UK) where the percentage of particle counts rate
(kcps) was obtained.

Results and discussion

Synthesis of Pec-Ag nanocomposite

The polysaccharide Pec functions both as a capping agent and a stabilizing agent,
while microwave irradiation helps to reduce the Ag* to Ag’ in the presence of the
polysaccharide. On passing microwave, the homogenous solution becomes yellow in

color which on continuous irradiation results in dark brown solution indicating the
formation of silver nanoparticles [32, 33].

Microwave-assisted synthesis of Pec-g-(PAMPS-co-PAAm)/Ag
Microwave irradiation of the polymerization mixture containing APS results in

the formation of free radicals from the APS initiator. The sulfate radicals extract
H from —OH group on Pec-generating macroradicals which act as site for grafting
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of poly(AMPS-co-AAm) chains. The presence of MBA leads to the cross-linking
of graft copolymer and enhances the mechanical stability of the gel. When the gel
is made with Pec solution containing AgNPs, the nanoparticles get incorporated
into the network, occupying the free space between the chain segments. The hydro-
gel prevents the aggregation of silver nanoparticles within the system. The mecha-
nism of formation of [Pec-g-poly(AMPS-co-AAm)/Ag] nanocomposite is shown in
Fig. 1.

Characterization
FTIR spectroscopy

Figure 2a illustrates the FTIR spectrum of Pec-g-poly(AMPS-co-AAm). Bands in
the range 3250-3500 cm™" are due to the ~OH and NH stretching vibrations of pec-
tin and AAm, respectively. The —C—H stretching vibration is observed at 2920 cm™"
The C=0 stretching of pectin is observed at 1685 cm™!. The absorption band at
1588 cm™! is attributed to the stretching frequency of the -COOH group of pec-
tin. The bands around 1416 and 1322 cm™! are due to —CH, scissoring and ~OH

COOCH, coon

COOH OH CCQCH3
o AgNO i o Ag
/@o{_o 2o P & C(\ /C/\ Q
© r ! Loocr, Mlcrowave coocn,

CooH

Pectin (ROH) Pectin (ROH) + Ag Nanoparticles (Ag NPs)
o
(NH,),S,04
APS Hzc/ NH,
(AAM)
NH NH
Ho? L NcH,
YT

0
(MBA) HZC/\I( M%

Microwave

AMPS

Fig. 1 Mechanism of formation of Pec-g-poly(AMPS-co-AAm)/Ag nanocomposite
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Fig.2 FTIR spectrum of (a) Pec-g-poly(AMPS-co-AAm) and (b) Pec-g-poly(AMPS-co-AAm)/Ag

bending vibrations, respectively. The S=O stretching of AMPS occurs at 1040 cm™!
[34]. The band at 1019 cm™! is due to -C—O-C stretching of Pec. The FTIR spec-
trum of Pec-g-poly(AMPS-co-AAm)/Ag is shown in Fig. 2b. Significant changes
have been observed in the spectrum of the nanocomposite due to the interaction of
silver nanoparticles with the polysaccharides backbone. The additional band due to
the interaction of silver nanoparticles (O—Ag—O) with the hydroxyl and carboxyl
groups of pectin arises at 626 cm™! [35].

FESEM and EDS analyses

Surface morphological features of the parent gel, Pec-g-poly(AMPS-co-AAm), and
its silver nanocomposite, Pec-g-poly(AMPS-co-AAm)/Ag, are shown in Fig. 3. The
rough, layered morphology of the Pec-g-poly(AMPS-co-AAm) gel surface with few
folding and voids has been changed to plane surface with uniform distribution of
silver nanoparticles throughout the surface in the nanocomposite sample. Energy-
dispersive spectra of the gel and the nanocomposite have been recorded to confirm
the presence of AgNPs within the system and are shown in Fig. 3c, d. The amount of
Ag in the nanocomposite is found to be about 4% of the total weight of the sample.

XRD analysis

X-ray diffraction pattern of the Pec-g-poly(AMPS-co-AAm) gel shows a broad band
indicative of amorphous nature of the system (Fig. 4a). The incorporation of silver
nanoparticles imparts crystallinity to the nanocomposite. The intense sharp peaks
observed in Fig. 4b are indicative of the presence of AgNPs which are embedded
within the composite system. The major peaks due to AgNPs are found at 26 angles
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Fig.3 FESEM images of a Pec-g-poly(AMPS-co-AAm) and b Pec-g-poly(AMPS-co-AAm)/Ag; EDS
spectra of ¢ Pec-g-poly(AMPS-co-AAm) and d Pec-g-poly(AMPS-co-AAm)/Ag
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Fig.4 X-ray diffractograms of a Pec-g-poly(AMPS-co-AAm) and b Pec-g-poly(AMPS-co-AAm)/Ag

of 38°, 45°, 64.44° and 77.8° indicating the FCC structure which is in agreement
with the literature reports [36].

TGA analysis
The thermograms of (a) Pec-g-poly(AMPS-co-AAm) and (b) Pec-g-poly(AMPS-

co-AAm)/Ag are shown in Fig. 5. The parent system (Fig. 5a) shows a three-
stage thermal degradation. The first stage of degradation is attributed to the loss
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Fig.5 Thermograms of (a) Pec-
g-poly(AMPS-co-AAm) and (b) 100 (a)
Pec-g-poly(AMPS-co-AAm)/Ag ]
80
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of water from the gel which is between room temperature and 100 °C. The second
step of degradation is between 240 and 310 °C, due to the elimination of smaller
molecules such as carbon monoxide and carbon dioxide. The third and final stage
of degradation begins at a temperature 370 °C and gradually proceeds until com-
plete degradation of the hydrogel at 670 °C due to degradation of the polysac-
charide backbone. A slight difference in the degradation pattern is observed in
the case of nanocomposite hydrogel (Fig. 5b). Here, the first stage of degrada-
tion begins at room temperature and lasts up to 100 °C, attributed to water loss.
The higher amount of water loss in the case of nanocomposite is due to the
hydrophilic nature of the AgNPs. The second stage of the degradation process is
between 250 and 380 °C which occurs due to the degradation of the polysaccha-
ride chain by eliminating carbon monoxide and carbon dioxide molecules. The
final stage of degradation process occurs at 460-525 °C, resulting in degradation
of the side chains leaving behind 8% of residual mass which is attributed partly
to Ag particles. No further change in weight of nanocomposite is observed upon
further heating.

@ e = ()

®s... .
e
20 nm 10 nm 3

Fig.6 a TEM image of Pec-g-poly(AMPS-co-AAm)/Ag; b enlarged image of single AgNP and ¢ SAED
pattern of Pec-g-poly(AMPS-co-AAm)/Ag
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TEM analysis

TEM images of the AgNPs along with the selected area electron diffraction (SAED)
pattern are given in Fig. 6. A high dispersion of AgNPs with size ranging from 12.7
to 14.5 nm (Fig. 6a) has been observed. The enlarged portion of the nanoparticles
(Fig. 6b) confirms the spherical nature. The SAED pattern (Fig. 6¢) shows three dif-
fraction rings. The bright inner ring closest to the center is attributed to the combi-
nation of the (111) and (200) reflections, while the second ring corresponds to (220)
plane. Further, the weakest outermost ring is due to (420) or (422) reflections [37].

Swelling studies

The swelling behavior of the gel Pec-g-poly(AMPS-co-AAm)/Ag under different pH
conditions is shown in Fig. 7. In addition to the extent of cross-linking, the swelling
of the hydrogel system is mainly influenced by the hydroxyl and carboxyl groups of
Pec; sulfonate group of AMPS; amide groups of MBA and AAm. As the pH was
changed from 1.2 to 7, the equilibrium swelling increased, and with further change
from neutral to basic range, the equilibrium swelling decreased drastically. The pres-
ence of large number of ionizable groups makes the polymer exhibit pH-dependent
swelling. As the pH of the medium increases above the pKa of Pec (3.5), a drastic
increase in swelling is observed. At pH lower than pKa value of Pec, the carboxylic
groups of Pec are in undissociated state and the gel exhibits low swelling. As the pH
increases above the pKa value, the swelling ratio increases [38]. The sulfonic groups
of AMPS ionize fairly easily at all pH. This aids in attracting the polar water mol-
ecules to the sulfonate ions, resulting in the high water absorption capacity of the
hydrogel. The acrylamide units being non-ionic do not affect swelling [39]. More-
over, the hydrogen bonding of water molecules with the functional groups of the
network also contributes to the increased swelling in neutral pH. In basic medium,

(a)

104

—a—pH 1.2

SR (g/g)

T T T T 3
100 200 300 400 500 0 2 4 6 8 10 12 14
t (min.) pH

Fig.7 a Dynamic swelling data and b equilibrium swelling data for Pec-g-poly(AMPS-co-AAm)/Ag
under varying pH conditions
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Fig.9 The effect of initial concentrations of dye and metal ions on adsorption for Pec-g-poly(AMPS-co-
AAm)/Ag. C V: contact time: 7 h, volume: 50 mL, pH: 7.0. Cu(Il) and Pb(II): contact time: 2 h, volume:
25 mL, pH: 7.0

screening of charges on the network by electrolytes present in the medium results in
the contraction of gel network and the swelling ratio decreases again.

Adsorption studies

CV is a cationic dye with the molecular formula C,5N;H;,Cl whose structure is
shown in Fig. 8. Adsorption experiments were carried out in deionized water with
varying concentrations of CV, Cu(Il) and Pb(Il), keeping all other parameters
constant. Kinetic and isotherm studies of adsorptions were carried out at room
temperature.

Effect of initial dye/metal ion concentration
The effect of initial adsorbate concentration on adsorption process for the sample

Pec-g-poly(AMPS-co-AAm)/Ag is displayed in Fig. 9. The extent of adsorption is
found to increase as the dye concentration increases and attains a constant value
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around 2000 mg/L dye concentration and 200 mg/L. metal concentration. Pectin
is rich with functional groups such as carboxylic acid and hydroxyl groups which
help in binding of cationic dye molecules and metal ions [1]. In deionized water,
the carboxylic acid groups are in deprotonated state and act as sites for binding with
cationic species. The sulfonate groups present at the PAMPS chain provides addi-
tional binding reactive sites for the cationic species by electrostatic interaction. The
primary amine groups of PAAm bind to metal ions via coordinate bonds. In addi-
tion to this, metal ions form coordinate bond with the oxygen atoms of carbonyl
and sulfonate groups of the system. Together with these reactive sites, the surface
of Ag nanoparticles can provide sites where the dye molecules accumulate, thereby
enhancing the adsorption process.

Adsorption isotherm studies The adsorption data obtained have been fit into three
types of adsorption isotherm models: the Freundlich [40], Langmuir [41] and Temkin
[42] models.

The mathematical expression of Freundlich isotherm is as follows:

0, = KC!/" 4

The logarithmic form of above equation is
1
log Q. = log K + p log C, 5)

where ‘Q,’ is the amount of dye adsorbed per unit mass of adsorbent at equilibrium
(mg/g), ‘C,’ is the concentration of the dye solution at equilibrium (mg/L), and ‘K’
and ‘n’ indicate the extent of the adsorption and the degree of nonlinearity between
the solution concentration and the adsorbate, respectively, and are known as Freun-
dlich adsorption isotherm constants. The intercept and slope of the plot between ‘log
Q. and ‘log C.’ gives the values of K}; and n. Adsorption process can be considered
as favorable only if the value of n lies between 1 and 10.

As per Langmuir model, a monolayer formation occurs at the surface of the
adsorbent at the equilibrium stage. The equation representing Langmuir adsorption
isotherm is expressed as:

C. 1 1

e L+
0. 0. T Ok,

where ‘C,.’ and ‘Q,’ are as defined earlier, ‘Q,,’ is the maximum amount of adsorb-
ate getting adsorbed on the surface of adsorbent (mg/g), and ‘K| (I/mg)’ is the Lang-
muir constant. R;, the separation factor, is the essential characteristics of the Lang-
muir isotherm, which is calculated as per the equation,

1
T1+K.C, )

(6)

Ry

where C; (mg/L) is the initial concentration of adsorbent corresponding to maxi-
mum adsorption.
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The adsorbent—adsorbate interactions can be explained by Temkin isotherm
model as well. It is based on the assumption that the heat of adsorption of all mol-
ecules would decrease linearly. The model is mathematically expressed as given in
Eq. 8. The constants of Temkin isotherm model were calculated from the intercept
and slope of the plot of ‘Q,’ versus ‘In C,.’

0. = IZ—TT In(A;C,) ®)

where Q. and C, are as defined earlier. R is universal gas constant (8.314 J/mol/K);
by is Temkin isotherm constant; A is Temkin isotherm equilibrium bridging con-
stant (L/g); and T is the temperature in Kelvin.

The value g is a constant which is related to heat of sorption and is represented
by B. '

The adsorption data obtained were plotted as per Egs. (5), (6) and (8) and are
shown in Fig. 10. The values of the constants K;, Q,,, Kp, n, Ay, by and B were
determined from the intercepts, and slopes of their respective linear plots are pre-
sented in Table 1.

The obtained R; values for the adsorption of both the metal ions and the dye lie
in between 0 and 1 which indicates the favorable adsorption process at the specified
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Fig. 10 a—c Freundlich; d—f Langmuir; g—i: Temkin plots for the adsorption of CV, Cu(II) and Pb(II) on
Pec-g-poly(AMPS-co-AAm)/Ag

@ Springer



Polymer Bulletin (2020) 77:541-564 555

Table 1 Freundlich and

X . Isotherm models Parameters Adsorbate
Langmuir adsorption parameters
for the adsorption of CV, CV Cu(Il) Pb(II)
Cu(II) and Pb(II) on Pec-g-
poly(AMPS-co-AAm)/Ag Freundlich Ky 24.34 8.78 8.42
n 1.49 1.32 1.26
R? 0.970 0.996 0.997
Langmuir Ry 0.0862 0.2049 0.2387
K. 0.0053 0.0776 0.0638
0., (mg/g) 1950 111 130
R? 0.993 0.998 0.998
Temkin B 291.46 19.09 20.10
Ar 0.12 1.13 1.07
by 8.50 129.80 123.26
R? 0.878 0.966 0.963

conditions. The highest value of R? is obtained for Langmuir fit among the three iso-
therm models. The maximum adsorption capacity of Pec-g-poly(AMPS-co-AAm)/Ag
is found to be 1950 mg for CV, 111 mg for Cu(Il) and 130 mg for Pb(Il), per gram of
adsorbent.

Adsorption kinetic studies The kinetic analysis of adsorption data collected as a func-
tion of time has been made using two models, namely the Lagergren ‘pseudo-first-order
model’ [41] and the Ho ‘pseudo-second-order model’ [43].

The Lagergren ‘pseudo-first-order model’

It is based on the assumption that the rate of change of adsorbate uptake over time
is directly proportional to the difference in saturation concentration and the amount
of adsorbate uptake over time. The mathematical representation of pseudo-first-order
model is as follows:

dg,

— =k (0.~ Q) ©)

where Q, is the amount of adsorbate adsorbed at equilibrium (mg/g), Q, is the
amount of adsorbate adsorbed per unit of adsorbent (mg/g) at time ¢, k; is the
pseudo-first-order rate constant (min~!), and ¢ is the contact time (min).

Integrating the above equation and noting that Q,=0 when =0

2.303

log (Q. - Q,) =log Q, - (10)

The Q. and k; values are calculated from the intercept and slope of the plot of log

(Q.—Q,) versus t.

The Ho ‘pseudo-second-order model’
The Ho ‘pseudo-second-order can be represented by the equation

dg,

_ _ 2
o Q-9 Y
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On integrating the above equation with boundary conditions, Q,=0 at t=0, we
get,

1t

Q0 k0 O

where k, is the pseudo-second-order rate constant (g/mg/min). The initial adsorption
rate, h, is defined as

(12)

h=k,0> (13)

The values of second-order parameters ‘Q,,” ‘k,” and ‘A’ are obtained from the
linear plot of ‘#/Q,” versus ‘t.” The pseudo-first-order and pseudo-second-order plots
are shown in Fig. 11 for all the adsorbates, and the values of both first-order and sec-
ond-order parameters are listed in Table 2. The adsorption process follows pseudo-
second-order model for the adsorption of both the metal ions and the dye since the
highest value of regression coefficient (R?) is obtained for this model. The ‘Q,” value
obtained from the calculations is close to the experimental value. Hence, it can be
said that the adsorption of the dye and metal ions on Pec-g-poly(AMPS-co-AAm)/
Ag follows pseudo-second-order kinetics.
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Fig. 11 a, b Pseudo-first-order plot; ¢, d pseudo-second-order plot for the adsorption of CV, Cu(Il) and
Pb(II) on Pec-g-poly(AMPS-co-AAm)/Ag
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Table 2 Kinetic parameters for

the adsorption of CV, Cu(Il) and Adsorbate
Pb(II) on Pec-g-poly(AMPS-co- (&\% Cu(Il) Pb(II)
AAm)/Ag
Concentration (C,,) (mg/L) 100 100 100
Q.. (experimental) (mg/g) 246.8 111.2 130.7
Kinetic model
Pseudo-first order
Q. (mg/g) 27.4 3.8 5.8
k; (min~") 0.006 0.029 0.028
R? 0.562 0.855 0.927
Pseudo-second order
0. (mg/g) 245.9 111 131
k, (g/mg/min) 0.001 0.020 0.014
h (mg/g/min) 64.6 252.6 247.1
R? 0.999 1 1

Thermodynamic parameters The thermodynamic parameters such as changes in
standard free energy (AG®), enthalpy (AH®) and entropy (AS°) associated with
adsorption process were calculated from the following equations:

AG®° = —RT InK, (14)

AG®° = AH® —TAS® (15)
where K is the equilibrium constant of adsorption which is obtained from the
equation

(16)

The combination of Eqgs. (14) and (15) gives the van’t Hoff equation, which is
written as

—AH° 1  AS°
+

InK, =
R T R

a7

AH° and AS° were calculated from the slope and intercept of the plot of In K ver-
sus 1/T (Fig. 12). The values of AG°, AH° and AS° obtained are listed in Table 3.
The negative value of AS° indicates an ordered arrangement of adsorbate during the
adsorption process. AH® value obtained is negative, and it suggests the adsorption
process to be exothermic in nature. The adsorption process can be considered as
spontaneous in all cases as the AG® values obtained are negative.
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Fig. 12 Plot of In K versus 1/T to calculate the thermodynamic parameters for the adsorption of CV,
Cu(II) and Pb(II) on Pec-g-poly(AMPS-co-AAm)/Ag

Table 3 Thermodynamics parameters for the adsorption of CV, Cu(Il) and Pb(II) on Pec-g-poly(AMPS-
co-AAm)/Ag

Adsorbate  —AH° (kI/mol)  —AS°(K)/  —AG® (kJ/mol)
mol/K)
303K 308K 313K 318K 323K
cv 44.25 0.13 4.35 373 3.17 2.36 1.74
Cu(Il) 24.73 0.05 8.14 7.90 7.53 7.30 7.08
Pb(IT) 32.98 0.08 9.24 9.06 8.67 8.18 7.79
Desorption study

The possibility and extent of desorption of metal ions [Cu(Il) and Pb(II)] and
dye molecules (CV) from the metal ion- and dye-loaded samples were studied.
Aqueous solution of pH 1.2 (prepared using HCI solution) was used as the strip-
ping solution. At acidic pH, the carboxylic groups of pectin and sulfate group of
PAMPS get protonated due to their high affinity for acidic protons, resulting in a
weak interaction with the metal ions and the dye. The metal ions and dye thus get
released to the aqueous medium. The results of adsorption and desorption experi-
ments are shown in Fig. 13. About 97% CV, 99% Cu (II) and 99% Pb(II) adsorbed
by the gel are observed to be released in the first desorption cycle.

Leaching of AgNPs

The percentage of AgNPs leached, when the nanocomposite was kept immersed
in double distilled water, is shown in Fig. 14. The number of nanoparticles des-
orbed from the gel increases with time initially and tends to saturate after 24 h.
Even at saturation, only 12% of the total particles incorporated are found to
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Fig. 13 Amount of adsorbate adsorbed from aqueous solution and desorbed to stripping solution of pH
1.2

Fig. 14 Extent of diffusion of
AgNPs from Pec-g-poly(AMPS- 12 4 ]
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diffuse out. This indicates that the Ag particles are held tight by the polymer
network.

Comparison of the adsorption efficiency of the nanocomposite hydrogel
with other adsorbents

A comparison of the adsorption capacity of the presently studied nanocompos-
ite hydrogel Pec-g-poly(AMPS-co-AAm)/Ag with other polymeric materials
reported in the literature has been made and is presented in Table 4. Few sys-
tems among them have been used for the adsorption of both cationic dyes and
divalent metal ions. Many polymeric systems [18, 44—49] have been reported
for the adsorptive removal of crystal violet from aqueous solutions. But the
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Table 4 Comparative study of adsorption capacity of Pec-g-poly(AMPS-co-AAm)/Ag with other adsor-
bents

Adsorbent Q. (mg/g)

Ccv Cu(Il) Pb(1I)
Silsesquioxane—TPE polymers [44] 862
HPMC-g-PAAm/Na-MMt (Clay 12.7) [48] 29.5
PAAm-Kaolin [2] 23.8
Magnetite/pectin [18] 140.49
Chitosan magnetic microspheres (CS-MCM) [47] 82.2
Glutamic acid-modified CS-MCM [47] 390
Fe;0,-coated biochar [49] 289.91
PANI nanoparticles [46] 0.589
Carboxymethyl starch-g-PVI magnetic beads [45] 91.58 83.60 65
Chitosan-poly(acrylic acid)-graphene oxide beads [50] 138.89
Thiacalix [4] arenetetrasulfonate-reduced graphene oxide [51] 230
Disulfide-grafted polyethyleneimine-Mg,SiO, [52] 400
Palm shell-activated carbon [54] 1.581 1.337
Pectin/PAAm semi-IPN hydrogel [53] 203.7
Tetraethylenepentamine- maleopimaric acid anhydride micelle [57] 761.25
nPMMA 4 core—shell particles [55] 80 86
Silica-bipyridine framework [56] 64.84 99.68
P-PAMPS-PAAmM/ZnO [34] 77 125
(GG-g-PAAm)-PVA [24] 45.15
Pec-g-poly(AMPS-co-AAm)/Ag [this work] 1950 111 130

nanocomposite material reported in the present study exhibits the highest adsorp-
tion capacity which is 1950 mg/g. Recently, Saad et al. [46] have reported the
synthesis of polyaniline nanoparticles and their use for the adsorption of CV
through ultrasonicated adsorption process by which 0.589 mg/g of CV was
removed. A maximum of 862 mg/g CV adsorption has been achieved with the use
of silsesquioxane-based tetraphenylethene-linked nanoporous polymers, a multi-
functional hybrid fluorescent porous material [44] with high surface area. The
glutamic acid-modified chitosan magnetic composite microspheres [47] showed
a maximum adsorption of 390 mg/g. Even the pectin/magnetite hybrid nanocom-
posite [18] showed less adsorptive removal in comparison with the present study.
Magnetic hydrogel beads based on poly(vinyl alcohol)/carboxymethyl starch-g-
poly(vinyl imidazole) [45] have been used for the adsorptive removal of both the
metal ions and the cationic dyes and show moderate efficiency. When compared
to other systems such as graphene oxide-incorporated chitosan-poly(acrylic acid)
porous polymer nanocomposite [50], thiacalix [4] arenetetrasulfonate-function-
alized reduced graphene oxide [51], organically modified magnesium silicate
nanocomposite [52] and pectin/poly(acrylamide-co-acrylamidoglycolic acid)
pH-sensitive semi-IPN hydrogel [53], Pec-g-poly(AMPS-co-AAm)/Ag showed a
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low level adsorption of Cu(Il) and Pb(II) ions. Palm shell-activated carbon [54],
poly(methyl methacrylate) core—surfactin shell nanoparticles [55] and covalently
modified of highly chelated hybrid material based on silica-bipyridine framework
[56], etc., showed less adsorption of the metal ions in comparison with adsorbent
systems reported in our previous [34] and present works.

Conclusions

In the present study, a nanocomposite system, Pec-g-poly(AMPS-co-AAm)/Ag, has
been made under microwave irradiation and characterized. The system was tested for
its capacity to adsorb a cationic dye, CV and divalent metal ions: Cu(II) and Pb(II)
from aqueous solutions at different temperatures. Kinetic, isothermal and thermo-
dynamic studies of the adsorption process have been carried out for each adsorb-
ate, and the corresponding parameters have been reported. The adsorption of CV,
Cu(Il) and Pb(I) on the nanocomposite hydrogel followed second-order kinetics
and fits well with Langmuir isotherm model. Thermodynamic studies revealed that
the adsorption process is endothermic and spontaneous at the studied temperatures.
The nanocomposite hydrogel was found to remove 1950 mg/g CV, 111 mg/g Cu(Il)
and 130 mg/g Pb(Il) from the aqueous solutions. Reusability of the nanocomposite
system was tested by desorption studies, and it was found that the system was able to
desorb 97% CV, 99% Cu(II) and Pb(Il) to a stripping solution of pH 1.2. The results
of the study indicate that the material, Pec-g-poly(AMPS-co-AAm)/Ag, may in the
future be a promising material for the adsorptive removal of toxic organic dyestuffs
and heavy metal ions from aqueous solutions.
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