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The present study explored the ability of polyvinyl alcohol/chitosan (PVA/CS) binary dry blend as an adsor-
bent for removal of Mn (II) ion from aqueous solution. We will study how the solid-state shear ball milling
is employed to prepare the polyvinyl alcohol/chitosan hydrogel crosslinked without using the crosslink-
ing agent. The PVA/CS was characterized by LDS, X-ray diffraction, FTIR and SEM. The results revealed that
during the process of ball milling at ambient temperature, a PVA/CS blending can be effectively pulver-
ized resulting in crosslinking of PVA/CS hydrogel having nanosized particles. Also, the removal of Mn (II)
ion has been found to be pH, adsorbent dosage and contact time dependent and the optimum pH was 6.0.

K ds: . R . P .
Nfg‘?;?)r bsiosorption From the testing of equilibrium data by Langmuir and Freundlich isotherm models, it was found that the
PVA/CS dry blending adsorption equilibrium was fitted well by Freundlich isotherm model. In addition, the kinetic adsorption

was fitted well by the pseudo-second-order kinetic model. The thermodynamic study indicated that the
adsorption of Mn (II) ion onto PVA/CS was spontaneous and endothermic in nature. Also, it showed that

Thermodynamic

the PVA/CS binary blend was a good adsorbent for the removal of Mn (II) ion from aqueous solution.
© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Toxicities of water sources due to the discharging of industrial
effluents is a worldwide environmental problem. Industrial waste-
water often contains a considerable amount of heavy metal ions
and organic pollutants, which would endanger to public health
and the environment. Heavy metals are generally introduced into
the environment through natural phenomena and human activ-
ities (Abollino et al., 2003). The contamination of the existing
water resources is increasing day by day with industrialization.
The disposal of wastewater containing heavy metal ions is always
a challenging task for environmentalists (Ngah et al., 2002).

Removal of heavy metals from wastewater is a very important
factor with respect to human health and environmental consid-
erations (Nourbakhsh et al., 2002). Manganese polluted water is
annoying in all respects, since the appearance, color, taste and odor
are affected. At low concentration, it stains everything and it comes
in contact with including fabrics. The recommended limit in drink-
ing water is 0.05 mg/L and between 0.01 and 0.02 mg/L in water
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meant for industrial purposes. It has been implicated for neurolog-
ical disorder when inhaled at a rate of about 10 mg day~! (Adeogun
et al., 2011); thus, there is a need for effective removal of Mn (II)
from its aqueous solution.

The use of potentially low-cost sorbents to remove heavy metals
from aqueous solutions has been intensely studied (Bailey et al.,
1999). For instance, chitosan, extracted from crustacean shells,
is a biopolymer with the capacity to fix a large variety of heavy
metals due to its relatively high proportion of active nitrogen sites
(Muzzarelli, 1977). The waste shrimp shell, the raw material to pro-
duce chitin and chitosan constitutes approximately 40-50% of the
total weight (Xu et al., 2008).

The adsorption process also depends on the physicochemical
characteristics of the aqueous solutions, such as pH, redox poten-
tial, temperature, the concentration and speciation of metallic ions
and the presence of other ions (cations or anions) in the aquatic
system.

Blending is an important process for developing industrial
applications of polymeric materials, and compatibility among com-
ponents has a marked influence on the resulting physical properties
of polymer blends (Folkes and Hope, 1985).

Poly (vinyl alcohol) (PVA) is a water-soluble material containing
large amounts of hydroxyl groups, non-toxic, biocompatible, cheap
and chemically stable. PVA has been widely applied because it has
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many advantages such as low cost, non-toxicity, biocompatibility,
high durability and chemical stability (Khoo and Ting, 2001; Kao
et al., 2009). Several studies on the PVA/chitosan blend films have
been reported. According to Miya and Iwamoto (1984) chitosan
forms a clear homogeneous blend with PVA and the tensile strength
of the blend is greater than the component values.

Ball milling is a well-known method for generating nanostruc-
tured systems and for inducing solid-state reactions, including
inorganic synthesis and mechanical alloying (Tan et al., 2004; Kong
et al.,, 2002; Zaluski et al., 1995). The mechanical treatment can
also lead to disorder in the material, phase transformations and
the formation of solid solutions.

In this article, PVA/chitosan blend hydrogel (semisynthetic
hydrogel) (Abdeen, 2011) was prepared using ball milling method
because it is a simple, safe and an economic method. The aim of
this study is using potentially low-cost sorbents prepared by binary
blending of poly (vinyl alcohol) with chitosan having nanosized
particles in the absence of crosslinking agent. The potential use of
poly (vinyl alcohol)/chitosan having nanosized particles as alterna-
tive adsorbent for the removal of Mn (II) ion from aqueous solutions
was also investigated. Also, the gmax value of the prepared PVA/CS
adsorbent will be compared with those of other adsorbents (Yahya
et al., 2014; Vijayaraghavan et al., 2011; Ucer et al., 2006). The
effects of various parameters, viz. pH, adsorbent dose, initial metal
ion concentration, and contact time on the biosorption capacity,
were investigated. Different isotherm models were applied to the
experimental data. Kinetic and thermodynamic adsorptions were
also investigated and reported.

2. Materials and methods
2.1. Chemicals

The PVA used in this study was of analytical grade and was
purchased from Merck, Germany. The average Mwt of the PVA
was 127,000 and the degree of hydrolysis was 89%. The shrimp
shells were collected from seafood shops and washed under run-
ning water to remove soluble organics, adherent proteins and other
impurities. Then it was dried in an oven at 70 °C for 24 h or longer
until completely dried shells were obtained. Hydrochloric acid,
oxalic acid, potassium permanganates, potassium hydroxide and
sodium hydroxide were purchased from Merck, Germany, and were
used without further purification.

2.2. Preparation of chitosan

The chitinous material (shells of the shrimp) was decalcificated
with 1.0 M HCl (3.0%, w/v) at room temperature with constant stir-
ring for 1.5h. The decalcified product was filtered, washed and
dried, and then deproteinized with 4% NaOH solution at 50°C
with constant stirring for 5 h. The deproteinized chitin was filtered
and washed with de-ionized distilled water until the pH became

potassium permanganate solution to remove the odor and to 15%
oxalic acid solution to remove the color. The product chitin was
filtered, washed with distilled water and dried. The chitosan was
prepared by adding the dried chitin into a three-necked flask con-
taining a solution of 40% (w/v) KOH. It was refluxed under a nitrogen
atmosphere at 135-140°C for 2h (Abdeen, 2005). The deacety-
lated chitin (chitosan) was filtered, washed with distilled water,
and dried, Fig. 1.

2.3. Preparation of polyvinyl alcohol/chitosan binary dry blend
hydrogel

Poly (vinyl alcohol)/chitosan binary blend powder hydrogel was
prepared by mixing of equal amounts of poly (vinyl alcohol) and
chitosan in the ratio 1:1. The blending was milled by ball milling
(Reech, PM400, Germany) for 8 h and 350 rpm at ambient temper-
ature (Tan et al., 2004).

2.4. Preparation of metal ion solutions

The metal ion solution was prepared from analytical grade
chemical (Merck Ltd.). A stock solution of 1000 mg/L of Mn (II) was
prepared from MnSO4-H;0 in double distilled water. The working
solutions were prepared from the stock solutions by diluting it to
appropriate volumes. The initial pH of the working solution was
adjusted to 5.0 by adding 0.1 N HNOs3 or 0.1 N NaOH solutions and
was measured using a JENWAY pH-Meter 3305.

2.5. Biosorption experiments

Batch adsorption experiments were carried out at room tem-
perature (304 1°C). Adsorption experiments were conducted at
different conditions, viz. contact time (5-120min), pH (1-7),
initial Mn (II) ion concentration (5-100 mg/L), and polyvinyl alco-
hol/chitosan (PVA/CS) dose (0.1-1g/100 ml). The adsorbent dose
was maintained at 0.8 g/100 ml std. solution. The mixtures were
takenin a 250-ml conical flask and agitated on a mechanical shaker.
The samples were filtered after analysis through Whatman 40 fil-
ter paper. The concentrations of metal ion were determined by
using atomic absorption spectrophotometer (ICE 3000 Series AA
Spectrometer - Thermo Scientific) at 279.5 nm analytical wave-
lengths. Experimental analysis was repeated. The amount of metal
ion adsorbed by the biosorbent at equilibrium (ge, mg/g) was cal-
culated as follows:

(G —-Ce)V
- m

qe (1)

where V is the volume of solution treated in ml, Cy is the initial
concentration of metal ion in mg/L, Ce is the equilibrium metal ion
concentration in mg/L, and m is the biomass in grams.

The percent removal (%) of metal ion was calculated using the
following equation:

neutral. It was dehydrated twice with methanol, and once with  Removal (%) G -C 100 2)
acetone, and dried. The dried chitin was added to boiling 0.1% Go
CHLOH CHOH CHOH CHOH
0 Q 50 % Boiling NaOH o] o]
0 1 o]
OH OH OH OH
NHCOCH;3; NHCOCH3 NH» NHa
CHITIN CHITOSAN

Fig. 1. The preparation of chitosan by deacetylation of chitin.
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2.6. Biomass characterization

2.6.1. Fourier transform infrared spectroscopy (FTIR)

The structure and morphology of PVA/chitosan were character-
ized by using the Fourier transform infrared spectroscopy (FTIR) to
identifying characteristic surface functional groups on the adsor-
bent which in some cases are responsible for the binding of the
adsorbate molecules. The spectrum was recorded from 4000 to
400/cm adopting the KBr pellet method of sample handling.

2.6.2. Degree of deacetylation

Infrared spectra were measured by an Ati Mattson FTIR spec-
trophotometer. The deacetylated chitin (chitosan) CS was subjected
to infrared spectroscopy to calculate the degree of deacetylation
(D.D.)%, by the relationship:

(A1660/A3450) x 100

D.D. =100 — 133

(%), 3)

where A=absolute height of the absorption band of the amide
group and a hydroxyl group respectively (Mima et al., 1983).

2.6.3. Molecular weight determination

Molecular weight is also one of the significant characteristics
that control the functional properties of CS. Viscosity is one of the
simplest techniques that is widely used for estimation of the molec-
ular weights of polymers. The viscosity-average molecular weight
was calculated using Mark-Houwink equation relating to intrinsic
viscosity (McKay et al., 1987).

(7] = KmMva (4)

where K, =8.93 x 10~4 and a=0.716 at 25 °C are the empirical Vis-
cometer constants that are specific for a given polymer, solvent and
temperature.

2.6.4. Degree of swelling

Swelling is the most significant characteristic of hydrogels and it
reflects the affinity of the chemical structure of hydrogels for water
and other surrounding fluids. A known weight of the polyvinyl
alcohol/chitosan blending powder was immersed in solutions of
different pHs (5, 7) at 25°C until the swelling equilibrium was
reached. The powder was removed by filtration and dried with
absorbent paper to get rid of excess water and then weighed. The
degree of swelling of this sample was calculated with the following
equation:

m-—m’
m/

DS = (5)

where m and m’ denote the weights of the sample and dried sample,
respectively (Ferrus and Pages, 1977).

2.6.5. X-ray diffraction measurements
XRD patterns were obtained on Siemens (Berlin, Germany) D500
diffractometer with a back monochromator and a Cu anticathode.

2.6.6. Scanning electron microscopy

Phase morphology was studied using a JSM-T20 (JEOL, Tokyo,
Japan) scanning electron microscope (SEM). For scanning electron
observations, the surface of the sample was mounted on a standard
specimen stub. A thin coating (~10~% m) of gold was deposited into
the sample surface and attached to the stub prior to SEM exam-
ination in the microscope to avoid electrostatic charging during
examination.

2.6.7. Dynamic light scattering (DLS)
The average particle size and size distribution of polyvinyl alco-
hol/chitosan blending powder were determined by dynamic light

‘Chitosan ,”
PT7A
B~ ' I W x’- I-. '
A
¥ =
Wavenumbers

Fig. 2. IR spectra of chitosan, PVA, PVA/chitosan before (A) and after adsorption (B).

scattering (DLS) using a Zetasizer Nano ZS instrument (Malvern,
UK). The DLS measurements were performed with an angle of 170°
by using aHe-Ne laser (4 mW)operated at 633 nm. In brief, 1 mg/ml
of nanoparticulate suspension was prepared in double distilled
water and sonicated for 30 min. Then, 0.1 ml of the above NPs sus-
pension was diluted to 1 ml in water and then subjected to particle
size measurement.

3. Results and discussion
3.1. Hydrogel crosslinked network

Different methods of crosslinking have been used in hydrogel
formulations. Generally physical and chemical methods have been
applied commonly. In chemically crosslinked hydrogels, crosslink-
ing can be produced by covalent bonds between different polymer
chains, while in physically crosslinked hydrogels, physical interac-
tions exist between different polymer chains which prevent them
fromdissolution (Hennink and Nostrum, 2002). The interest toward
physically crosslinked gels has been increased in recent years due
to the elimination of crosslinking agent in these hydrogels (Kumar,
2000). Physically crosslinked hydrogels mainly demands two con-
ditions: (1) inter-chain interactions in the molecular network must
be strong enough to form semi-permanent junction points (2). The
network must allow the penetration of maximum water molecules
inside the polymer network (Berger et al., 2004). In this work the
physically crosslinked PVA/CS hydrogels was by dry blending using
ball milling, where the inter-chain interactions in the molecular
network between the PVA and chitosan chains, occurred.

3.2. Fourier transform infrared spectroscopy (FTIR)

From FTIR analysis shown in Fig. 2, the degree of deacety-
lation (D.D.) of the prepared chitosan (CS) was calculated and
found to be 61.67%. The PVA, chitosan, PVA/chitosan dried blend-
ing, its crosslinking, and their structures were assessed by FTIR
spectra, as presented in Fig. 2. The spectrum was recorded before
(A) and after adsorption (B) of Mn ions for the crosslinked
PVA/chitosan to study the effect of adsorption. The stretching fre-
quency at 1150-1130cm~! indicates the formation of acetal ring
by crosslinking. Furthermore, the band at 840 cm™1, assigned to
the C—H rocking region of PVA, disappeared from the spectra of
the pure chitosan and the PVA/CS 50/50 blend powder. The strong
broad band at 3300-3500 cm™! is the characteristic of the N—H and
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Fig. 3. The reduced viscosity of chitosan versus concentration at 25°C.

—OH stretching vibration. The significant decrease in transmittance
in this band after adsorption of Mn indicated that the bonding of
metals with NH, group occurred (Jin and Bai, 2002). Thus, the nitro-
gen atom of chitosan moiety acted as a main adsorption site for Mn
adsorption on the crosslinked PVA/chitosan. Also, the FTIR spectra
showed that the N—H bending vibrations at 1644 and 1562 cm™!
shifted to 1634 and1553 cm~! after the adsorption of Mn, which
suggested the interactions between Mn and —NH, groups. Since
Mn can act as Lewis acid and —NHj is a Lewis base, coordination is
possible by electron transfer.

3.3. Molecular weight determination of CS

The viscosity-average molecular weight (Mv) of the prepared
chitosan sample CS is determined by using an Ostwald Viscometer
at25°Cin0.3 M aceticacid and 0.2 M sodium acetate buffer solution
and was calculated by using Eq. (4). As shown in Fig. 3, the intrinsic
viscosity [n] of the prepared chitosan CS sample was 3.5 dL/g and
the viscosity-average molecular weight (Mwt) was 99,998 Da.

3.4. Degree of swelling

The PVA and chitosan are water loving in nature and thus
have moderate solubility in water with pH 7 without crosslink-
ing, although they have a high swelling degree, Fig. 4. However,
after suitable crosslinking they become complete water insoluble
material. Water loving nature aroused due to considerable hydro-
gen bonding with hydrophilic groups. Because of crosslinking, the

7 pH 7

40 -

35

30 A
n 25 A pH 7 at Crosslinking
e 20 A

15 -

10 4 pH 5

5

0 T T T |

0 50 100 150 200

Time (min.)

Fig. 4. The degrees of swelling of the PVA/chitosan samples, when crosslinked at
PH (5, 7) and without crosslinked at pH 7 and 25°C.

swelling behavior of PVA/chitosan was also reduced to 44.7% (w/w)
at pH 7, as shown in Fig. 4. Thus, the crosslinking is necessary to
enhance the chemical stability of PVA/chitosan in acidic medium,
pH 5, Fig. 4.

3.5. X-ray diffraction (XRD)

The XRD pattern of the crosslinked PVA/chitosan, PVA and CS
is shown in Fig. 5, which showed that the amorphous nature of
these materials is increasing in this order PVA/CS >PVA >CSand as a
result the crystallinity structures of these materials are decreasing,
where amorphous diffraction peaks at 260 =21° are indicative of the
blending of PVA/chitosan.

3.6. Scanning electron microscopy (SEM)

Fig. 6 presents the SEM micrographs illustrating the morphol-
ogy of the adsorbent PVA/chitosan before (A) and after (B) Mn (II)
adsorption. The micrographs after adsorption of Mn (II) had their
surfaces covered with irregular adhered substances, which were
suspected to be the adsorbate ions, unlike the structure of the
adsorbent before adsorption which had a clear plain surface. The
SEM images indicate that the surface was quite rough and dense in
nature and thus provide maximum surface area for the adsorption
of Mn ion.

3.7. Dynamic light scattering (DLS)

DLS analysis results showed different sizes of PVA/chitosan
blending detected by dynamic light scattering. DLS analysis data
revealed aspect of the ball milling process of PVA/CS, which
occurred with different intensities, because of the rapid aggrega-
tion of PVA/CS in water suspension. The discrepancy in the size of
nanoparticles could be that the dynamic light scattering method
gives the hydrodynamic diameter rather than the actual diame-
ter of nanoparticles (Prabha et al., 2002); therefore a comparison of
the particle size with other techniques as well is worth it. The mean
hydrodynamic particle diameter was found to be 158.2 nm for par-
ticle size of the PVA/CS blending, as shown in Fig. 7 and Table 1.
The peak of particle size distributions of the PVA/CS nanoparti-
cles indicated that the size distribution was 158.2 nm and number
percentage was 99%.

3.8. Mn (II) adsorption

The adsorption trends of Mn (II) on the PVA/CS nanoparticles in
aqueous solution were investigated as a function of contact time,
pH, initial manganese ion concentration, dose and different metal
ion concentrations.

3.8.1. Effect of pH

In the adsorption process, the pH of solution is a very
important variable that affects the metal sorption by proto-
nation/deprotonation of the functional groups of adsorbent.
Consequently, the effect of pH on the manganese onto PVA/chitosan

Table 1
DLS data of particle size distributions of the PVA/CS nanoparticles.

Size (d nm) Mean number (%)
1224 7.0
141.8 25.7
164.2 36.6
190.1 243
220.2 6.3
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Fig. 5. XRD pattern of the chitosan, PVA and PVA/chitosan dried blending.

nanoparticles is investigated in the pH range of 2-7 for the initial
concentration of 20mg/L, adsorbent concentration 0.8 g/100 ml.
The results are presented in Fig. 8. At very low pH, the concentration
of H* ions was high. This led to the development of positive charge
on the active sites of biomass and also a competition between Mn
(I) ions and H* in the bulk of solution to attach with the active bind-
ing sites of PVA/CS. So, there was a minimum binding of Mn (II) ions
at low pH. As the pH of a solution increases, PVA/CS becomes less
positive and the concentration of H* ions also decreases. Thus, there
is less competition of Mn (II) ions with H* ions and this resulted in
more biosorption. So, it was concluded that the optimum pH for
biosorption of Mn (II) ion on PVA/chitosan was 5.0.

20.00 kV|5

(A)

3.8.2. The effect of adsorbent dose

Adsorbent dosage has a major effect on the sorption process
and defines the potential of the adsorbent through the number of
binding sites available to remove heavy metal ions at a specified
initial concentration. The effect of adsorbent dose on the adsorp-
tion of Min (II) has been investigated by employing different doses of
PVA/CS nanoparticles varying from 0.1 to 1 g/100 ml. These adsorp-
tion experiments are performed at pH 6 and equilibrium time 2 h.
Fig. 9 demonstrates the removal of Mn (II) increases with increase
in adsorbent dose. With the increase in biosorbent dose of PVA/CS
from 0.1 to 1.0g/100ml, the removal efficiency increases from
30.50 to 84.5%. This increase in the adsorption can attribute to

B)

Fig. 6. SEM images of the dried crosslinked PVA/chitosan (A) before and after Mn (II) adsorption (B).
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Fig. 8. Effect of pH on biosorption of Mn (II) by PVA/CS adsorbent dose 0.8 g, initial
metal ion concentration 20 mg/L, temperature 30 °C.

greater surface area of PVA/CS nanoparticles and the availability
of more adsorption surface sites (Saeed et al., 2010; Ahmad, 2009).
It can be seen that for 20 mg|/L, 0.8 g of PVA/CS in 100 ml is sufficient
for the adsorption studies as it shows 83.5% removal. Similar behav-
ior for the effect of biosorbent dose was observed for biosorption
of Mn (II) ion on raw and oxalic acid modified maize husk (Abideen
etal., 2013).

3.8.3. The effect of contact time

The effect of contact time on the sorption of Mn (II) ion onto
the PVA/CS nanoparticles adsorbent is indicated in Fig. 10. As can
be seen, the adsorption capacity shows a rapid increase during the

7 —&—qe (mg/g) —8— % Removal - 90
6 F 80
F 70
5
5 Leo 3
E £
£ 50 @
L Lag =
k30
2
F 20
' k10
0 v . . . . 0
0 0.2 04 0.6 08 1 1.2

Biosorbent mass (g)

Fig. 9. Effect of biosorbent dose of Mn (II) by PVA/CS (experimental conditions: ini-
tial Mn concentration =20 mg/L, pH 5, agitation speed =200 rpm, contact time=2h
at30°C).
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Fig. 10. Effect of contact time on Mn (II) adsorption on PVA/CS, pH=6.0.

first period and then a slow increase follow-up until equilibrium
state isreached. In general, about 80% of the total metal ion sorption
was achieved within 90 min because all active sites on the adsor-
bent surface were vacant. Therefore, a contact time of 90 min was
selected for all batch adsorption experiments.

3.8.4. Effect of different concentrations

The effect of Mn (II) concentrations on adsorption of PVA/CS
nanoparticles process has been studied at pH 5 and equilibrium
time of 2 h. To study the effect of initial metal ion concentrations
of 5, 10, 20, 50 and 100 mg/L with PVA/CS doses of 0.8 g/100 ml
shown in Fig. 11. It has been found that the biosorption capacity
of the adsorbent PVA/CS increases from 0.596 to 9.225 mg/g with
increasing metal ion concentrations from 5 to 100 mg/L. The ini-
tial metal ion concentration provides an important driving force to
overcome all the mass transfer resistance between the solution and
solid phases, and hence a higher initial concentration of metal ion
may increase the biosorption capacity.

3.9. Adsorption isotherm

Analysis of adsorption equilibrium data is important for opti-
mizing the design of an adsorption system. Adsorption isotherm
expresses the relationship between metal ions adsorbed onto the
adsorbents and metal ions in the solution and provides impor-
tant design parameters for adsorption system. Several isotherm
models have been widely used to model the equilibrium of adsorp-
tion system. Langmuir and Freundlich models are the most widely

10 1
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.
—_— 71
£
e
N
.
)|
]
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0 20 40 60 80 100 120
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Fig. 11. Effect of initial metal ion concentrations of Mn (II) biosorption on PVA/CS.
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Fig. 12. Langmuir isotherm plot for adsorption of Mn (II) onto PVA/CS.

used models in the case of the adsorption of Mn (II) onto PVA/CS
nanoparticles adsorbent (Fillipovic-Kovacevic et al., 2000). The
Langmuir isotherm model assumes a monolayer adsorption onto
a homogeneous surface where the binding sites have equal affinity
and energy, and there is no interaction between molecules (Repo
et al.,, 2010). The linear form of the Langmuir isotherm is given as:

Ce 1 Ce

G~ Qub ' Qn ©
where Q. (mg/g) and C. (mg/L) are the equilibrium pollutant con-
centrations in the solid and liquid phase, respectively. Qmax (mg/g)
and b (L/mg) are the Langmuir constants related to saturated mono-
layer adsorption capacity and the binding energy of the sorption
system, respectively, Fig. 12. The Freundlich isotherm assumes that
the adsorption of pollutant occurs on a heterogeneous surface by
multilayer adsorption and that the amount of adsorbate adsorbed
increases infinitely with an increase in concentration (Jain et al.,
2009).

The linearized Freundlich isotherm is expressed as:

log Ky + 1

nlogC, (7)

logqe =
where values Ky and n are the Freundlich parameters related to
the adsorption capacity and intensity of adsorption, respectively.
The Freundlich isotherm model fitted the adsorption equilibrium
data very well due to the heterogeneous interactions between Mn
and PVA/CS nanoparticles, Fig. 13. The Langmuir and Freundlich
isotherm constants together with the correlation coefficients in sin-
gle system are presented in Table 2. As can be seen from Table 2,
the Freundlich isotherm model gave the highest R? value, showing
that the equilibrium data of Mn?* ions on PVA/CS nanoparti-
cles were best represented by this model. When the qmax value
of the prepared PVA/CS adsorbent was compared with those of
other adsorbents (Table 3), the adsorption capability of the PVA/CS

1.2

1 y=0.5476x +0.1189 *
R?=0.9688

log qe
o
=

log Ce

Fig. 13. Freundlich isotherm plot for adsorption of Mn (II) onto PVA/CS.
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Table 2
Isotherm parameters for adsorption of Mn (II) onto PVA/CS.
Isotherm model Parameters
Langmuir isotherm
gm (Mg/g) 10.515
b (L/mg) 0.160
R? 0.8918
Freundlich isotherm
Kr (mg/g) (1 mg=")!in 131
1/n 0.54
R? 0.9688
Table 3
Adsorption capacities of Mn2* ions by various adsorbents.
Adsorbents Gmax (Mg/g) Reference
Activated carbon immobilized by tannic acid 01.73 [18]
PVA/AAc hydrogels 27.77 [16]
PVA/CS hydrogels 10.515 This work
Crab shell particles 69.90 [17]

The italic value signifies that gmax is the amount of adsorbed adsorbate in unit mass
of adsorbent with respect to complete monolayer coverage.

nanoparticles for Mn2* ions was found to be comparable or accept-
able to other adsorbents. This result reveals that the PVA/CS
nanoparticles are effective adsorbents for Mn2* ions from waste-
water due to its low cost and friendly environmental adsorbent.

3.10. Kinetic studies

For analyzing the adsorption kinetics of heavy metal ions, the
pseudo-first- and pseudo-second-order and intra-particle diffusion
model were applied to the experimental data. The first-order rate
equation is one of the most widely used equations for the adsorp-
tion of a solute from an aqueous solution and is represented as:

K

log(qe — q¢) = log(qe) — m(t) (8)

where g, and q; are the amount of metal ion adsorbed (mg/g)
at equilibrium and time t, respectively. K; is the first-order reac-
tion rate constant (L/min). Examination of the data shows that the
pseudo-first-order kinetic model is not applicable to Mn?* ions
adsorption onto PVA/CS nanoparticles judged by low correlation
coefficient. The pseudo-second-order equation based on adsorp-
tion equilibrium capacity may be expressed as follows:

LA D (©)
qr  Kyq: 9Ge

where g is the equilibrium biosorption capacity and K; is the
pseudo-second order rate constant (g/mgmin). A plot of (t/q;)
versus t gives a linear relationship for the applicability of the
second-order kinetic model, Fig. 14. The initial sorption rate can
be calculated using the relation (Koynucu, 2008).

Ko = K23 (10)

As seen from Table 4, due to high R2, the pseudo-second order is
a predominant kinetic model for the Mn (II) adsorption by PVA/CS
nanoparticles. The similar kinetic result was reported for hazelnut

Table 4
Kinetic parameters for the removal of Mn (II) onto PVA/CS.
Kinetic model Parameter Value
K3 (g/mgmin) 0.128
Ko (g/mg min) 0.520
Pseudo-second order R2 0.9971
qe (mg/g) 2.016
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Fig. 14. Pseudo-second-order kinetic plot for the biosorption of Mn (II) onto PVA/CS
at30°C.

shell and Pyracantha coccinea (Safa and Bhatti, 2011; Akar et al.,
2010).

3.11. Biosorption thermodynamics

The effect of temperature on the adsorption of Mn2* ions onto
PVA/CS nanoparticles was studied in 298, 308, 318 and 323K at a
constant concentration of 20 mg/L, pH 6.0 and 2 h of contact time.
The results showed that the adsorption capacity of Mn2* ions onto
PVA/CS increased with increase in temperature, indicating that
the adsorption process was endothermic in nature. The thermo-
dynamic equilibrium constant (K, L/g) for the adsorption of Mn2*
ions on PVA/CS adsorbent was calculated for all temperatures by
using Eq. (10):
_ Qe
TG

Thermodynamic parameters, Gibbs free energy change (AG®), the
enthalpy change (AH°) and the entropy change (AS°) were calcu-
lated using the following equations:
AS AH
‘R RT
AG®° = —RTInKjy (13)

Ky (11)

lrle: (12)

where R is the universal gas constant (8.314]/(mol K)) and T is the
absolute temperature (K). The values of AH° and AS° can be cal-
culated from the slope and intercept of the plot of InK,; versus
1/T, Fig. 15, respectively. The thermodynamic parameters for the
adsorption process are given in Table 5. The negative value of
AG® at three temperatures confirms the spontaneous nature and
feasibility of the biosorption process for Mn (II) onto BPAC. The

O0.02)31 0.0031 0.0032 0.0032 0.0033 0.0033 0.0034 0.0034
- .1 -

-0.2 1
y=-1108.5x +3.0478

0.3 R?=0.9948

In Kd

0.4 1

-0.5 1

-0.6 1

-0.7 -
UT (1/K)

Fig. 15. Variation of In K; with temperature (1/T) for the biosorption of Mn (II) onto
PVA/CS.

¥;g:fnsodynamic parameters for the adsorption of Mn (II) onto PVA/CS nanoparticles.
—AG° (k]/mol) R? AH° (kJ/mol) AS° (J/mol K)
298K 308K 318K 323K
7.53 7.79 8.04 8.17 0994  9.21 25.33

positive value of AH® confirms that the process is endothermic in
nature. The positive value of entropy AS° shows increased random-
ness at the solid-solution interface during the biosorption process
(Kelleher et al., 2002).

4. Conclusion

The preparing of polyvinyl alcohol-chitosan (PVA/CS) nanopar-
ticles using ball milling methods and testing it as an adsorbent
for removing of Mn (II) from aqueous solution were done. The
batch study parameters, pH of the solution, adsorbent dose, adsor-
bent concentration and contact time were found to be effective
on the adsorption efficiency of Mn (II). The experimental data
obtained from kinetic and isotherm studies well fitted the pseudo-
second-order kinetic model and Freundlich isotherm model. The
thermodynamic study indicated that the adsorption of Mn (II) ion
onto PVA/CS cross-linked hydrogel nanoparticles is spontaneous
and endothermic in nature. The results revealed that the preparing
of PVA/CS cross-linked hydrogel nanoparticles as an adsorbent for
pollutants without using crosslinker and using the ball milling as a
simple method is economic. In addition, due to its biodegradability,
it is considered as friendly environmental adsorbent.
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