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ABSTRACT

A novel adsorbent poly (methyl methacrylate)-grafted alginate/Fe;O, nanocomposite was
synthesized by oxidative-free radical-graft copolymerization reaction. The nanocomposite
was characterized using FT-IR, X-ray diffraction, SEM, TEM, TGA and DSC techniques. The
potential of nanocomposite material was explored towards the adsorption of Pb(Il) and
Cu(I) from aqueous media under varying operating conditions such as pH, concentration
of metal ions, contact time, adsorbent dose and temperature. The optimum pH recorded for
metal ions adsorption was 5. The experimental data were tested using Langmuir,
Freundlich, Sips and Temkin models, and the data were best followed by Freundlich model
at 50°C. The maximum sorption capacity was found to be 62.5mgg ' for Pb(Il) and
35.71 mg g_1 for Cu(l), respectively. The concentration and temperature dependent rate
constants were evaluated using various kinetic models, and the data were best followed by
pseudo-second-order kinetic model. The thermodynamic parameters such as enthalpy,
entropy and free energy of activation were calculated to explain the nature of adsorption

process.
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1. Introduction

The impact of heavy metals to the environment
and the animals on the earth is a very serious issue
due to rapid industrialization and human activity
[1,2]. Pb(Il) is one of the most toxic heavy metal which
constitutes major environmental health disorders
among the heavy metals [3-5]. The Pb(Il) exposure
may cause damage to organs including brain, kidneys,

*Corresponding author.

liver, heart and causes oedema to the immune system
[6,7]. Although copper is an essential element for
human beings in trace amount due to the fact that
human body can regulate the trace level haemostati-
cally, it can also be toxic when ingested beyond the
permissible level [8,9]. Copper toxicity causes skin irri-
tation, stomach disorder, kidney damage, anaemia,
hepatic damage and gastrointestinal irritation in
human beings [10].

Due to the above serious problems caused by
heavy metals, there is a great interest for the
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removal of the heavy metal ions from wastewaters
considering their toxic nature towards human health
and ecosystems [11,12]. There are many processes
that have been developed to reduce heavy metal
pollution such as membrane filtration, ion exchange,
solvent extraction, chemical precipitation, electrode
deposition and adsorption [13-16]. Among the tech-
niques used for the heavy metal removal, adsorption
is most auspicious and widely used methods due to
its effectiveness in metal removal to low level, abun-
dance, economic and ease of handling [17,18].

Super-adsorbent composites based on polysaccha-
ride and metal oxide nanoparticle have recently
gained attention and may be used as alternative for
adsorption studies as compared to synthetic polymer-
based nanocomposite [19,20]. The small addition of
nanoparticle enhances their thermal and mechanical
properties significantly because of the large contact
area between polymer and nanoparticle on a
nanoscale [21].

Sodium alginate (SA), a linear polysaccharide of (1,
4) linked o-L-guluronate and B-D-mannuronate, has
attracted more attention as an adsorbent for the
removal of heavy metals [22,23]. It was preferred over
other adsorbent materials because of its immunogenic-
ity, hydrophilicity, biodegradability, abundance in nat-
ure and ability to form gels with a variety of cross-
linking agents [24,25].

Magnetic nanoparticles (MNPs) are one of the
most interesting and technologically important mate-
rials of physical and chemical properties with many
promising applications [26]. Since their introduction,
MNPs-based solid phase extraction (MNPs-SPE) has
been shown to be an efficient technique to reduce
trace amounts of organic and inorganic analytes
from complex media [27]. Polymer-modified mag-
netic materials, resulting in large surface area and
large adsorption sites, have been developed to
remove the diverse pollutants from water samples
[28].

In this study, a novel adsorbent PMMA-gft-Alg/
Fe;0, has been synthesized by oxidative-free radical-
graft co-polymerization reaction and has been evalu-
ated for the removal of Pb(Il) and Cu(ll) from their
aqueous solutions. Batch technique was performed to
optimize various parameters such as contact time, pH,
dosage, temperature and initial metal ion concentra-
tion. The adsorbent was characterized by FI-IR, X-ray
diffraction (XRD), SEM, TEM, TGA and DSC tech-
niques. The isothermal, kinetic and thermodynamic
behaviour of adsorbent towards Pb(Il) and Cu(ll) was
also investigated.
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2. Experimental
2.1. Reagents

Methyl methacrylate (99%) was purchased from
Loba Chemie India, SA was purchase from Sigma-
Aldrich (India), FeCl;-6H,O, FeCl,-4H,O, nitrate salts
of Pb(Il) and Cu(ll) were purchase from Merck India.
Liquor ammonia (25%) was purchased from Fischer
Scientific India. The stock solutions of Pb(Il) and Cu
(I) were prepared by dissolving appropriate amount
of corresponding nitrate salts of the metal ions in dou-
ble distilled water.

2.2. Synthesis of Fe304 nanoparticles

Fe;O; nanoparticles were  synthesized by
co-precipitation from a mixture of Fe(Il) and Fe(IIl)
salts reported elsewhere [29]. The detailed preparation
procedure is as follows: FeCl;-6H,O (10.0g) and
FeCl,-4H,O (5.0 g) were weighed and dissolved in
deionized water (300 ml) and stirred for 2 h on mag-
netic stirrer at 80°C. NH5-H,O (20 ml of 8 mol L) was
then slowly added into the mixture solution of FeCl;
and FeCl, with vigorous stirring under N, gas to pre-
vent oxidation until the pH reached 10. After precipita-
tion, the Fe;O, nanoparticles were repeatedly washed
using deionized water and ultrasonically treated to
prevent aggregation until the pH reached 7. Finally,
Fe;O4 nanoparticles were sterilized at 100°C for 1 h.

2.3. Synthesis of PMMA-gft-Alg/Fes0,

The synthesis was done using already reported
method with slight modification [30]. First 1g of
above prepared Fe;O, nanoparticles was dispersed in
100 ml of deionized water using sonicator for 30 min.
Then, 2 g of alginate was dissolved in 200 ml of deion-
ized water in a three-neck round-bottomed flask by
stirring at 40°C. To this solution, 20 ml of MMA
monomer was added with 0.75 g N,N’-methylene bis-
acrylamide and stirred for 1 h at 60°C. Now, the above
colloidal nanoparticle dispersion of Fe;O;s MNPs was
added to the above solution with 20 ml of 3% KPS
solution as initiator, and the reaction was continued
for 6h at 60°C in N, atmosphere. The obtained
nanocomposite emulsion was poured in excess
amount of methyl alcohol to stop the polymerization
reaction and the product was then washed with dis-
tilled water until it is free from homo-polymer and
dried at 60°C for 2 h in a hot air oven, ground and
then sieved to obtain 80-230 mesh sizes.
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2.4. Characterization

The FTIR spectra of the adsorbent materials were
recorded with a Perkin-Elmer 1800 model IR spec-
trophotometer operating at frequency range from 400
to 4,000 cm™' using KBr pallets. XRD patterns of the
samples were obtained using Siemens D 5005 X-ray
unit Cu Ka (1 = 1:5406 A) radiation, generated at a
voltage of 40 kV and a current of 40 mA was used as
the X-ray source. Scanning electron microscopy and
electron diffraction scattering (SEM) analysis were
done using JEOL GSM 6510LV scanning electron
microscope. The particle size and structure of the syn-
thesized nanocomposite were observed using JEOL
JEM 2100 transmission electron microscope (TEM).
Differential scanning calorimetry (DSC) thermograms
were recorded with a Perkin-Elmer Pyris 6 under N,
at a heating rate of 10°C min~"' to measure glass transi-
tion temperature (Tg). Thermo-gravimetric analysis
was performed with DuPont Instruments (TGA 951)
analyser at 10°C min~' heating rate under nitrogen
atmosphere in the temperature range of 30-800°C to
determine dynamic weight loss. The concentration of
metal ions in the solution was measured by Atomic
Absorption Spectrophotometer (AAS) model GBC-902.
Elico Li 120 pH metre was used to adjust the pH of
the solutions.

2.5. Batch adsorption studies

The adsorption of Pb(Il) and Cu(ll) was investi-
gated in batch equilibrium experiments. The stock
solutions of metal ions (1,000 mg L") were prepared
using standard solutions in distilled water. The experi-
ments were performed at pH 5 in 100 mL conical
flasks containing metal ion solutions 50 mg L' and
the adsorbents (0.05 g), shaken for 24 h at 120 rpm in
a shaker at 50°C. Also the dosage of adsorbents, time,
pH and metal ion concentration was varied to study
the effect of these parameters on adsorption. To study
the effect of time, the adsorption time was set from 5
to 360 min, and experiments were carried out by shak-
ing 0.05 g of adsorbents with 50 mg L™ of metal ion
solution at pH 5. The amount of adsorbents was var-
ied from 10 to 100 mg with 50 mgL™" of metal ion
solution and the experiment was carried out for
180 min at pH 5. The adsorption studies were carried
out at different pH values ranging from 1 to 6, shak-
ing 0.05 g of adsorbents with 50 mg L™ of metal ion
solution. After the desired incubation period for each
batch, the aqueous phase was separated from the
materials, and the concentration of metal ions was
measured using AAS. The amount of metal adsorbed
was calculated using following equation:
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e = > = (1)

where g, is the amount of metal ion adsorbed per unit
weight of the adsorbent (mgg™"); ¢, and c. are the
concentrations of the metal ion in the initial solution
(mg L") and after adsorption, respectively; V is the
volume of the adsorption medium (L); W is the
amount of the adsorbent (g). The value of gm.x was
calculated from g, using the Langmuir and Freundlich
linear isotherms and the corresponding values were
obtained using a linear method.

2.6. Desorption

The heavy metal ions adsorbed on the hydrogel
composite were desorbed by HCl solution (0.1 M,
20 mL) for 3 h at 30°C. After filtration, the concentra-
tions of the metal ions in the aqueous phase were
determined by AAS. Desorption (%) was calculated on
the basis of Eq. (2):

Maes x 100 )

ads

% des =

where M,4, is the amount of metal ion adsorbed onto
nanocomposite (mg g~') and Mg, is the amount of
metal ion desorbed (mg g ™).

3. Results and discussion
3.1. Characterization

Fig. 1 shows the FTIR spectra of pure Fe;O, MNPs,
SA, PMMA and PMMA-gft-Alg/Fe;0, nanocomposite.
The FTIR spectrum of Fe;O4 MNPs shows high-inten-
sity band at 583 cm ™" corresponds to the Fe-O stretch-
ing vibration from the magnetite [31], and bands at
1,631 and 3,393 cm™! can be assigned to the O-H
stretching modes and bending vibration of Fez;O,,
respectively. FTIR spectrum of alginate exhibited
absorption bands at 3,450 cm ! (OH stretching),
2,920 cm™! (CH, stretching), 1,622 cm™ ! (COO- asym-
metric stretching) and 1,426 cam™ ! (COO- symmetric
stretching) [32]. It can be seen from the FTIR spectrum
of PMMA that there is a distinct absorption band from
1,150 to 1,246 cm !, which can be attributed to the
C-O-C stretching vibration. The band at 978 cm™" is
the characteristic absorption vibration of PMMA. The
band at 1,730 cm ™' shows the presence of the acrylate
carboxyl group. The band at 1,438 cm ™" can be attribu-
ted to the bending vibration of the C-H bonds of the
-CHj; group. The two bands at 2,996 and 2,950 cm ™
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Fig. 1. FTIR Spectra of (a) Fe;Oy, (b) alginate, (c) PMMA and (d) PMMA-gft-Alg/Fe;Oy.

can be assigned to the C-H bond stretching vibrations
of the -CH; and -CH,- groups, respectively [33]. In
the spectrum of PMMA-gft-Alg/Fe;O, nanocomposite
shows all the bands related to PMMA. The broad
band at 3,446 cm ™' is due to ~OH stretching from both
Fe;O, and alginate which confirms the formation of
nanocomposite material.

The XRD patterns of Fe;O4 nanoparticles, SA,
PMMA and PMMA-gft-Alg/Fe;O, nanocomposite are
shown in Fig. 2. In the XRD pattern of uncoated Fe;O,
MNPs, diffraction peaks were observed at 30.4370,
31.8948, 35.8414, 43.4590, 53.8936, 57.3527, 62.9424 and
744688 at 20 scale. Incorporation and uniform
distribution of Fe;O; MNPs in PMMA-gft-Alg poly-
mer matrix was confirmed by the presence of all the
XRD peaks mentioned above in the XRD pattern of
PMMA-gft-Alg/Fe;O, nanocomposite with a little bit
of reduced intensity and the peaks became slightly
wider because of the coating of non-magnetic and
amorphous PMMA-gft-Alg polymeric matrix [34].

The TGA thermograms of PMMA-gft-Alg and
PMMA-gft-Alg/Fe;O, nanocomposite are shown
in Fig. 3.The TG curve presented that PMMA-gft-Alg
decomposed in three stages. The first stage of PMMA-
gft-Alg decomposition (about 91.20°C) is due to the
loss of water and methyl methacrylate from the addi-
tive as well as residual acetone. The second stage
decomposition begins at about 191.28°C, which might
be due to the radical transfer to unsaturated chain
ends. The weight loss with third stage (about
389.97°C) associated with random scission of the poly-
mer backbone [35]. The TGA thermogram of the

PMMA-gft-Alg/Fe;0, composite also presented three
stages of decomposition. The thermogram clearly indi-
cated that the second and third stage of decomposition
of the composite were shift to higher temperature as
compared to PMMA-gft-Alg matrix. The TGA thermo-
grams indicated that the incorporation of Fe;O4, MNPs
enhanced the thermal degradation of PMMA-gft-Alg.

Glass transition temperatures (T,) of these organic—
inorganic hybrid materials were characterized by DSC.
The thermo-scan profiles were depicted in Fig. 4 for
PMMA-gft-Alg and PMMA-gft-Alg/Fe;O; nanocom-
posite. It can be found that neat PMMA-gft-Alg has an
obvious single T, at 121.87°C. However, synthesized
PMMA-gft-Alg/Fe3O,4 also exhibited single T,. The
hybrid material exhibited only single but tremendous
wide profile of glass transition in DSC measurement.
Also could be seen that the T, of hybrid material
(118.14°C) was lower than that of PMMA-gft-Alg,
which indicated that the embodiment of Fe;O, MNPs
promoted the polymer thermal properties by provid-
ing crystallinity to the amorphous polymer matrix,
which was due to existence of the strong interactions
between the Fe;O4 MNPs and the polymer matrix.

The fractured surface of the hybrid nanocomposite
material was observed using SEM, which can give
important information about the morphology of these
materials. The SEM images of PMMA, alginate and
PMMA-gft-Alg/Fe;0, nanocomposite are shown in
Fig. 5. SEM image of PMMA is granules having a
spherical shape with various sizes and for alginate
irregular spherical granules. However, the composite
appears highly porous in nature which is very much
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Fig. 2. XRD Spectra of (a) Fe;O,, (b) alginate, (c) PMMA and (d) PMMA-gft-Alg/Fe;O,.
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Fig. 3. TGA thermograms of (a) PMMA-gft-Alg and (b)
PMMA-gft-Alg/Fe;Oy,.

different from the starting products PMMA and
alginate. This change in surface morphology sup-
ported the occurrence of graft polymerization. The
change in surface morphology may influence the pen-
etration of water into the polymer network, and it
may affect swelling ability of the corresponding mag-
netic nanocomposite [36].

The TEM image of PMMA-gft-Alg/Fe;O, is shown
in Fig. 6 from which it is clear that Fe;O, MNPs are
uniformly distributed in the polymer matrix and
showing an average diameter of 132 nm. This bigger
size of Fe;0, MNPs is due to the coating of polymer
on the nanoparticle surface.
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Fig. 4. DSC thermograms of (a) PMMA-gft-Alg and (b)
PMMA-gft-Alg/Fe;O,.

3.2. Adsorption Studies for Pb(Il) and Cu(II)
3.2.1. Effect of pH

The effect of pH plays an important role on the
active sites of adsorbent as well as the heavy metal
speciation during the adsorption reaction. In order to
evaluate the influence of pH on the adsorption capac-
ity of the PMMA-gft-Alg/Fe;O4, experiments were
carried out at initial concentration of 50 mg L™ and in
the pH range 1.0-6.0 at 50°C. It can be seen from
Fig. 7a that the adsorption capacities increase from
15.06 to 18.76 mg g~ for Pb(I) and 10.05-16.78 mg g '
for Cu(l) as pH values rise from 1 to 5 and then
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Fig. 5. SEM Images of (a)
PMMA-gft-Alg/Fe;O,.

Fig. 6. TEM image of PMMA-gft-Alg/Fe;04 nanocompos-
ite showing the distribution of Fe;O, nanoparticle in
polymer matrix.

decrease slightly with further increase of pH values.
At low pH values, the adsorption capacities are low
due to the large quantities of coexisting H* ions which
can also be adsorbed onto the composite.

However, if pH values are high (over 7), poor sol-
ubility of the metal salts is observed. At initial
pH <5.0, H" ions competed with metal ions for the
surface of the adsorbent, which would restrict the
approach of metal ions due to the repulsion [37].
Hence, the metal removal was the lower amount pre-
sumably due to the enhanced competition of proton
with metal ions for ligand-binding sites and complex
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Fig. 7a. Effect of pH on PMMA-gft-Alg/Fe;O4 for the
removal of metal ions with ¢, =50mgL™" and 0.05g
adsorbent dosage at 50°C.

formation. On the other hand, the adsorptive beha-
viour of Pb(l) and Cu(l) ions is pH dependent
because the pH values also affected the charge on
the adsorbent surface. At pH < 5.0, metal ions can be
repelled by the surface positive charges on the
adsorbent due to the protonation of oxygen groups
(R-OHj). The behaviour of adsorbent towards metals
ions with respect to pH can be attributed by the point
of zero charge study of the adsorbent. The point of
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Fig. 7b. Point of zero charge for the PMMA-gft-Alg/Fe;O,4
using Standard 0.1 M KCl Solution.

zero charge was found at 4 and is shown in Fig. 7b.
The adsorption of metal ions increased as the initial
pH of the system increased, metal ions are attached
on the surface of nanocomposite by replacing H" ions
of the carboxylic and phenolic ions until a maximum
yield is reached. The condition of initial pH > 5.0,
recorded a decrease in adsorption, which may be
attributed to precipitation of the metal ions as hydrox-
ides. For this reason, the optimal pH value was
selected to be 5.0 for both Pb(Il) and Cu(Il) as it shows
maximum adsorption capacity at pH 5.0.

3.2.2. Effect of initial metal ion concentration

The results obtained for the adsorption upon
varying the initial heavy metal ions concentrations
(20-100 mg L™") at 50°C is illustrated in Fig. 8. The
figure itself indicates that as the metal ion concentra-
tion increases from 20 to 100 mg L™, the adsorption
capacity also increases from 7.44 to 34.56 mgg ' for
Pb(II) and 7.12 to 25.35 mg g~ ' for Cu(Il). The increase

40 m Pb
35 o Cu

q. (mg g)
S

0 20 40 60 80 100 120
C. (mg L)
Fig. 8. Effect of initial metal ion concentration on

PMMA-gft-Alg/Fe;O, for the removal of metal ions with
0.05 g adsorbent dose and pH 5 at 50°C.
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in the loading capacity of adsorbent with increasing
heavy metal concentrations is due to the interaction
between metal ions and adsorbent which provides the
vital driving force to defeat the resistances to the mass
transfer of metal ions between the aqueous solution
and the adsorbent [38]. As the initial concentration
increases, the adsorption capacity of the adsorbent
increases sharply in the beginning and the adsorption
of the adsorbent tends to increase with increase in
heavy metal ion concentration due to an increase in
electrostatic interactions, which involves active sites of
progressively lower affinity for the heavy metal ions
up to saturation point.

3.2.3. Effect of contact time and temperature

The time profiles of metal ions sorption between 5
and 360 min by PMMA-gft-Alg/Fe;O, nanocomposite
at 50°C are presented in Fig. 9, respectively. The
amount of metal ions adsorbed did not increase with
contact time until the plateau, implying equilibrium
was reached. The amount of metal ions adsorbed
rapidly in the initial stage was due to the availability
of binding sites of the adsorbent, but as time went by,
the sorption slowed down before reaching equilibrium
at about 180 min. The equilibrium values of Pb(II)
19.92 mg ¢~*, Cu(Il) 16.8 mg g ' could be achieved at
a high level of adsorption efficiency.

To analyse the effect of temperature on adsorption
of heavy metal ions, experiments were performed at
30, 40 and 50°C with 50 mg L7! initial metal ion con-
centration in a water bath shaker incubator (120 rpm)
for 180 min. It was seen that by increasing the temper-
ature, the adsorption capacity of the adsorbent
increases showing that the adsorption of Pb(II) and
Cu(l) on PMMA-gft-Alg/Fe;O, nanocomposite fol-
lows an endothermic process and could be elucidated

25 mPb

oCu
20

q. (mg g™

0 50 100 150 200 250 300 350

Time (min)

Fig. 9. Effect of time on PMMA-gft-Alg/Fe;O, for the
removal of metal ions at ¢, = 50 mg LY, 0.05 g adsorbent
dosage and pH 5 at 50°C.
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by availability of more active sites of adsorbent, the
enlargement and activation of the adsorbent surface at
higher temperatures. This could also be due to the
easy mobility of heavy metals ions from the bulk solu-
tion towards the adsorbent surface and enhanced the
accessibility to the adsorbent active sites. So, 50°C was
chosen as the optimum temperature for all adsorption
reactions.

3.2.4. Effect of adsorbent dose

The effect of PMMA-gft-Alg/Fe;O, dosage
(10-100 mg) on the removal efficiencies of Pb(Il) and
Cu(l) was investigated and the results are listed in
Fig. 10. It was found that the adsorption efficiency of
the metal ions increased with increasing initial amount
of adsorbent doses and the maximum capacity of
19.95 and 17.94mgg™' for Pb(Il) and Cu(ll) was
observed, respectively.

3.3. Adsorption kinetics

Kinetics of the adsorption process is vital parame-
ter which provides essential information on the solute
uptake rate and the reaction pathways. To determine
the rate-determining step during the adsorption pro-
cess, the kinetic data of heavy metals onto PMMA-gft-
Alg/Fe;0, were simulated with the pseudo-first order
and pseudo-second order, Elovich and Weber-Morris
intra-particle diffusion models.

The pseudo-first-order kinetics model is based on
the assumption that adsorption was controlled by dif-
fusion steps [39] and the rate of adsorption is in direct
proportion to the difference value of equilibrium
adsorption capacity and the adsorption capacity at

25
mPb

20 eoCu

15

q.(mg g")

10

0 0.02 0.04 0.06 0.08 0.1 0.12
Dose (gm)

Fig. 10. Effect of adsorbent dosage for the removal of
heavy metal ions on PMMA-gft-Alg/Fe;O, with initial
metal ion concentration 50 mg L' and pH 5 at 50°C.
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any time t. The linear equation for this model can be
expressed by following equation as follows:

k
log(ge — q¢) = log ge — ﬁt 3)

where k; is the pseudo-first-order rate constant
(min™"), g. is the amount of heavy metal ions adsorbed
at equilibrium (mgg™"), and g; is the amount of the
adsorption at any time t (mg g '). Such an equation
should yield a straight line Fig. 11 with intercept equal
to log g. and slope equal to (k;/2.303).

The linear equation for pseudo-second-order
kinetics [40] is given by the following equation:

t 1 t
P + Py 4)
where k, is the pseudo-second-order rate constant
(g mg~' min™"), g, is the amount of heavy metal ions
adsorbed at equilibrium (mg g™'), and g; is the amount
of the adsorption at any time t (mgg ). The linear
plot of pseudo-second-order model is given in Fig. 12
from which constant k, and g, can be calculated.

If the process is a chemisorption on highly
heterogeneous sorbents, the sorption kinetics could be
interpreted by Elovich equation as follows:

qr = %m t+ %ln(aﬁ) (5)

where is o the initial adsorption rate (mg g™ min™")
and f is the adsorption constant (gmg™"). g, is the
adsorption capacity at any time f in mgg . Fig. 13
shows a plot of linearization form of Elovich model.
The slopes and intercepts of plots of g; vs. Int were

0.8
0.6
0.4

0.2

log (ge-qt)

120 140
-0.2 Time (min)

-04

Fig. 11. Pseudo-first-order model for Pb(II) and Cudl) ions
at c,=50mgL™", 0.05g adsorbent dosage and pH 5 at
50°C.
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Fig. 12. Pseudo-second-order model for Pb(Il) and Cu(Il)
ions at ¢, =50 mg L', 0.05 g adsorbent dosage and pH 5
at 50°C.

used to determine the constant f and the initial
adsorption rate a.

When absorbates transmit from solution into solid
phase such as absorbents, pore and intraparticle diffu-
sion are often rate limiting in a batch reactor system.
The intraparticle diffusion was explored using the fol-
lowing equation suggested by Weber and Morris [41]:

4 = kit + C (6)

where the parameter g; is the amount adsorbed at time
t (mg g "), kine is the intraparticle diffusion equation
constant (mg g~' min~'/?) and ¢ is the time. According
to the Weber-Morris model, the plot of g;, against t'/?,
should give a straight line when diffusion plays a role
in the sorption rate and should cross the origin if
intraparticle diffusion is the rate-determining step.
The intraparticle diffusion parameters can be calcu-
lated from the slope and intercept of the linear plot
given in Fig. 14.

The kinetic parameters obtained by the sorption
of heavy metal ions on PMMA-gft-Alg/Fe;O,
nanocomposite are summarized in Table 1. It is found

25
—-8-Pb

20 4
—o—Cu

N //—‘
10 4

1.61 23 2.71 3.4 409 479 519 548 5.7
Int

q. (mg g™

Fig. 13. Elovich model for Pb(I) and Cu(ll) ions at
¢o =50 mg L™!, 0.05 g adsorbent dosage and pH 5 at 50°C.

A. Mittal et al. | Desalination and Water Treatment 57 (2016) 19820-19833

254
mPb

20 eCu
N ///v‘v_‘
10 -

224 316 387 548

q, (mg g")

7.75 10.95 13.42 1549 17.32
05

Fig. 14. Intra-particle diffusion model for Pb(II) and Cu(II)
ions at ¢, =50 mg L™, 0.05 g adsorbent dosage and pH 5
at 50°C.

that the correlation coefficients R® for the pseudo-
second-order kinetic model are 0.9999 for both Pb(II)
and Cu(Il) ions, respectively, that is higher than the
correlation coefficient obtained for other models. Also
the g obtained through this model for Pb(Il) 20.41
and 17.24 mg g™ for Cu(I) much closer to Jexp Of Pb
(I) 19.92 and 16.8 mg g~ for Cu(ll). The pseudo-sec-
ond-order kinetic model assumes that the rate-limiting
step may be chemical adsorption, and the adsorption
behaviour of PMMA-gft-Alg/Fe;O4 may involve
valence forces through sharing of electrons between
transition metal cations and the PMMA-gft-Alg/Fe;0,.
The values of a calculated by Elovich model are
212.87 for Pb(l) and 213.73 for Cu(ll). While the
values of g are 0.49 for Pb(II) and 0.63 for Cu(Il). The
values of intraparticle diffusion constant (ki) obtained
by intraparticle diffusion model are 0.48 for Pb(II) and
0.40 for Cu(IlD), respectively.

Because of the fact that diffusion and adsorption
are often experimentally inseparable, the uptake of
metal ions onto nanocomposite may be a complicate
process including diffusion, coordinating bond forma-
tion or chemical reaction simultaneously. However,
from the results obtained, it can be observed that good
fits to the experimental data are obtained with
pseudo-second-order model for both metals.

3.4. Adsorption isotherms

The adsorption isotherms of PMMA-gft-Alg/Fe;O4
for Pb(Il) and Cu(ll) were investigated at 50°C, and
the data were analysed by Langmuir and Freundlich,
Sips and Temkin equations, respectively.

The Langmuir, Freundlich, Sips and Temkin
isotherms equations were expressed by Eqs. (7), (8),
(9) and (10) which were used for modelling of these
adsorption isotherms [42-45]:
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Table 1
Kinetic parameters of Pb(II) and Cu(Il) ions at 50°C
Pseudo-first Pseudo-second Elovich model Intraparticle
Metal ions e cal Iy R? e cal k> R® o« Y R> Kpn C R?
Pb(ID) Gexp = 19.92 mg g ' 7.99 0.02 0.98 20.41 0.01 099 21287 049 093 048 1297 0.77
Cu(ID) Gexp = 16.8 mg g ! 498 0.02 0.98 17.24 0.01 099 21373 0.60 094 040 11.01 0.79
C 1 C 0.9
== X —= ) 08
de  qmBL  qm 0.7
1 0.6
Ing. = Eln Ce + In Kg ()] Co/a, 05
0.4
0.3
1 1
In <’7—> — —lnc.+—Inb ©) 02
qm - Qe S Ng 0.1
0
ge=BInA+Blnc, (10) 0 5 10 15 20 25

where c, is the equilibrium concentration (mgL™), 4.
is the amount of heavy metal ion adsorbed at equilib-
rium (mg g '), gm is the maximum metal ion uptake
capacity (mg g™ '), K is the Langmuir constant related
to the adsorption energy (L mg "), 1/n is a numerical
value related to the adsorption intensity which varies
with the heterogeneity, Kr indicates the adsorption
capacity, A is the equilibrium constant of binding cor-
responding to the maximum energy of binding
(mg L") and the constant B is related to the heat of
adsorption (L mg ). Foe Sips model g, is the total
number of binding sites (mg g '), b is a Sips constant
related to the energy of adsorption (L mg™') and #, is
the heterogeneity factor. If the parameter ng is unity,
the Langmuir equation is applicable for ideal surfaces.
Hence, the parameter n could be regarded as the
parameter characterizing system heterogeneity. System
heterogeneity could generate from the adsorbent or
the adsorbate or a combination of both. The parameter
n is usually greater than unity, and larger value for
this parameter indicates a more heterogeneous system.

The linear plots for Langmuir, Freundlich, Sips
and Temkin are shown in Fig. 15-18. For Langmuir
model, the adsorption parameters were calculated
from the slope and intercept of a linear plot between
Ce/qe and c.. Similarly, a plot between In g. vs. Inc,,
In (ge/Gm — ge) vs. Ince and ge vs. Inc. gives the
adsorption parameters for Freundlich, Sips and
Temkin model.

The results for each model are presented in Table 2.
The determination coefficients, Rz, were used to

C. (mgL™h

Fig. 15. Langmuir isotherm for Pb(II) and Cu(l) ions at
50°C and pH 5 with 0.05 g adsorbent dosage and pH 5.
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Fig. 16. Freundlich isotherm for Pb(Il) and Cu(l) ions at
50°C and pH 5 with 0.05 g adsorbent dosage at pH 5.

compare the four isotherm models. As can be seen
from Table 2, the Freundlich model showed a higher
determination coefficient 0.998 for Pb(II) and 0.995 for
Cu(I) than the Langmuir, Sips and Temkin models.
The Langmuir-Freundlich (Sips) model revealed,
through n values, that the system composed of adsor-
bent-Pb was less heterogeneous than adsorbent-Cu as
larger value of n tends to more heterogeneous surface.
Furthermore, the n values from the Sips model also
suggested that the Freundlich model can describe the
adsorption of Pb(I) and Cu(l) very well. The gmax for



19830

1.5 4
1 4
mPb
0.5
o Cu
0
0 0.5 1 1.5 4

In (qe/Qm-qe)
o
[$)]

25

Fig. 17. Sips isotherm for Pb(I) and Cu(Il) ions at 50°C
and pH 5 with 0.05 g adsorbent dosage.
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Fig. 18. Temkin isotherm for Pb(II) and Cu(Il) ions at 50°C
and pH 5 with 0.05 g adsorbent dosage.

PbdI) and Cu(ll) of adsorbent using the Langmuir
model was found to be 625 and 35.7mg g_l,
respectively. Higher value of binding constant (A4) 0.24
for Pb(l) attributes to the high affinity of Pb(II) for
adsorbent surface as compare to 0.14 for Cu(l). The B
values stands for the heat of adsorption and in this
study clearly indicates that the adsorption process is
chemisorption.
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Fig. 19. Thermodynamic plot between In K. and 1/T at 30,
40 and 50°C.

Table 3
Thermodynamic parameters for Pb(I) and Cu(ll) ions
adsorption onto Alg-gft-PMMA /Fe;O,4

AG® (k] mol ™)

Metal ions AH° AS°

K mol™' JK'mol™ 303K 313K 323K
Pb(I) 63.54 225.65 -484 -7.09 -9.21
Cu(ID 25.24 94.82 -349 —444 -539

3.5. Thermodynamic studies

To substantiate our prediction about the endother-
mic nature of the adsorption process, thermodynamic
parameters such as Gibbs free energy change (AG"),
enthalpy change (AH") and entropy change (AS°) were
calculated using the Gibbs equation and the Van't
Hoff equation, listed as follows:

AG®° = —RT In K, (11)
AH®  AS°
In K, =— ? + RT (12)

The gas constant R is defined by 8.3145 ] mol ' K™'. K,
(cad/ce) is the distribution coefficient; T is the tempera-
ture of the solution in Kelvin. AG® and AS° were

Table 2
Adsorption isotherm parameters of Pb(II) and Cu(Il) ions at 50°C

Langmuir Freundlich Sips Temkin
Tons Gm Ky R? n Kg R? g b R? A B R?
Pb(1I) 62.50 0.12 0.97 1.75 8.94 0.99 0.432 0.04 0.99 0.24 18.23 0.99
Cu(l) 35.71 0.14 0.98 1.85 4.80 0.99 0.630 0.07 0.98 0.14 14.26 0.98

Notes: g (mg g ™), Kp (L mg™"), Kg [mg g ' (L/mg)"/"], b L. mg™), AL g™, B (Jmol™).
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Table 4
Comparison of adsorption capacities (mg g~ ') of various adsorbents
Adsorbent Pb(I) Cu(Il) Refs.
PMMA /PEI core-shell - 14.00 [47]
Electrospun Fe,03;-AlO3 23.75 4.98 [48]
SMA-EthDA 3.33 100 [49]
Fe;0,@TSTC[4]AS-s-SA 19.96 18.11 [50]
PMDA /TMSPEDA 49.72 - [51]
Sesbania gum-based magnetic carbonaceous 22.7 27.6 [52]
Iron oxide-coated eggshell - 44.83 [53]
PMMA-gft-Alg/Fe;0, 62.50 35.71 This study

calculated from the slop and intercept of a plot of
In K. as a function of 1/T, as shown in Fig. 19. The
free energy change (AG®) can be determined from the
following equation:

AG°® = AH®° — TAS® (13)

Thermodynamic parameters associated with the Pb(Il)
and Cu(l) adsorption by the nanocomposite are listed
in Table 3. The positive value of AH® 63.54 k] mol ™’
for Pb(I) and 25.24 kJ mol ™! for Cu(Il) confirmed the
endothermic nature of the adsorption process of Pb(II)
and Cu(Il). The values of AG® are all negative, and the
negative value of AG® increases as the temperature
increases from 30 to 50°C, which indicates that the Pb
(I and Cu(lI) adsorption process of the nanocompos-
ite is spontaneous and spontaneity increases with
temperature [46]. The positive value of AS’
225.65 ] mol ' K™! for Pb(Il) and 94.82 ] mol ! K™! for
Cu(ll) revealed the increased randomness and an
increase in the degrees of freedom at the adsorbent-
solution interface during the immobilization of the
heavy metal ions on the active sites of the adsorbent,
which indicate the partial liberation of the salvation
metal ions from solvent molecules before adsorption
(liberation of water molecules from solvated-heavy
metals), therefore, enabling commonness of random-
ness and spontaneity in the system.

3.6. Desorption studies

The adsorbed Pb(Il) and Cu(Il) metal ions could be
desorbed by HCI solution (0.1 M, 20 mL) at 30°C.
Desorption of Pb(II) and Cu(ll) was found to be 87.54
and 89.25%, respectively. The corresponding products
after desorption were dried and reused. It was found
that the maximum capacities of Pb(Il) and Cu(l)
were found to be 15.72 and 12.39 mg g ', respectively,
after single desorption. Thus, PMMA-gft-Alg/Fe;O,

nanocomposite has great renewable performances and
can be used for the adsorption of metal ions.

3.7. Comparison of adsorption capacities

Table 4 presents the comparison of adsorption
capacities of various adsorbents with our adsorbent
and we found that the adsorbent exhibits very good
adsorption capacity towards Pb(II) and Cu(Il). There-
fore, the present adsorbent can be utilized for success-
ful removal of these metal ions from industrial waste
water.

4. Conclusions

The synthesized PMMA-gft-Alg/Fe;O, nanocom-
posite exhibits excellent capacity for the adsorption of
Pb(I) and Cu(Il) from aqueous solution. The adsorp-
tion of Pb(Il) and Cu(ll) is highly pH dependent and
the maximum adsorption was obtained at pH 5 for
both the metal ions. The experimental data were
tested using Langmuir, Freundlich, Sips and Temkin
models, and the data were best followed by
Freundlich model. The kinetic adsorption process can
be well described by pseudo-second-order model for
the adsorbent. The positive values of AH® and AS”
indicate the adsorption process to be endothermic and
spontaneous in nature. Desorption of Pb(II) and Cu(Il)
was found to be 87.54 and 89.25% in 0.1 M HCl solu-
tion, respectively.
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