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ABSTRACT

In this study, L-cystein-modified montmorillonite (MMT)-immobilized sodium alginate
biopolymer-based nanocomposite was synthesized using solution casting method. The
synthesized material was characterized by X-ray diffraction, FTIR, TGA-DTG, scanning elec-
tron microscopy and transmission electron microscopy techniques. The material was further
evaluated for the removal of heavy metal ions like (Pb**, Ni** and Cu®*) from aqueous
solutions. The effect of various parameters such as pH, agitation time, initial metal ion
concentration, temperature and adsorbent dose on the extent of adsorption was investi-
gated. The equilibrium data obtained by experiments were well analysed by four isotherm
models, and the results are well fitted with Langmuir model at 50°C, and a maximum
adsorption capacity (g,,) 100.00, 111.11 and 125.00 (mg g_l) was obtained for Cu?*, Pb** and
Ni**, respectively. Various kinetic equations were applied to kinetic data, and the results
are best found to follow pseudo-second-order kinetic model. Thermodynamic parameters of
the adsorption process such as the standard Gibbs free energy change (AG®), standard
enthalpy change (AH®), standard entropy change (AS°) were calculated, and the result
showed that adsorption of heavy metals onto Alg-Cys-MMT is spontaneous and endother-
mic in nature.
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1. Introduction heavy metals ions are found in various industrial
sources such as electroplating, textile, metal finishing,
chemical manufacturing and storage batteries [3].
Conventional techniques for the removal of heavy
metal ions from aqueous solutions include ion
exchange, chemical precipitation, evaporation, mem-
brane filtration, reverse osmosis, electrodialysis and
adsorption [4]. Among these techniques, adsorption is
generally regarded as an effective and economical

Pollution by heavy metals due to their non-
biodegradable properties and toxicity is currently of
great concern due to its serious environmental impact
[1]. Heavy metals are not only potential threat to air,
water and soil but also accumulate throughout the
food chain and finally affect human beings [2]. These
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method for wastewater treatment. A selective property
is the main advantage of adsorbent for the removal of
metal ions which depend on the functional groups on
their surface such as thiol, amine, amides, carboxylic
acid, hydroxyl groups [5,6].

Extensive efforts have recently been made towards
the development of biopolymer (chitosan, chitin,
starch, cellulose, sodium alginate, etc.)-based
nanocomposites that show higher affinity for heavy
metal ion removal than synthetic polymer-based
nanocomposite [7,8]. Among these biopolymers, algi-
nate is the most widely studied biopolymer which is a
natural polysaccharide consists of linear copolymers
composed of p-D-mannuronate (M) and a-L-gu-
luronate (G) linked by a-1,4-glycosidic bonds [9].
Besides a lot of advantages, biopolymers suffer some
serious drawbacks like poor mechanical strength,
water solubility and lack of reusability, but it is possi-
ble to overcome these drawbacks and control the sta-
bility and solubility by the introduction the
nanoparticles within the matrix [10].

In various types of smectites minerals, montmoril-
lonite (MMT) is the most important and widely used
phillosilicate as the filler in polymer nanocomposites
[11,12]. Their specific characteristics like large active
surface area, ion exchange capacity and ability to
swell remarkably in water improve functional proper-
ties and mechanical properties of nanocomposites
[13,14]. Single amino acid molecule could hold certain
advantages as pseudo-affinity ligands for industrial
application [15]. Immobilization of MMT by natural
amino acid L-cystein which interacts through its car-
boxyl, amino and thiol groups around their isoelec-
tronic point leads to an increase of interlayer gallery
of MMT which can be reinforced into biopolymer
matrix leading to the formation of a nanocomposite
which shows a higher adsorption capacity as com-
pared to pure alginate and MMT.

In the present work, we describe the synthesis and
characterization of L-cystein-immobilized MMT
sodium alginate nanocomposite adsorbent by solvent
casting process. The adsorbent was characterized by
X-ray diffraction (XRD), FTIR, scanning electron
microscopy (SEM), transmission electron microscopy
(TEM) and TGA-DSC analysis. The adsorbent was
evaluated for the removal of toxic heavy metal ions
(Pb?*, Ni** and Cu®*) from the aqueous solutions.

2. Experimental
2.1. Materials and methods

Sodium alginate (laboratory grade) and MMT K10
powder used in this study were supplied from
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Sigma-Aldrich (India), and L-cystein hydrochloride
was purchased from CDH (India). NaOH (97%) was
purchased from Fischer Scientific (Mumbai, India),
and HCI (35%) was purchased from Merck, India.
Nitrate salts of Cu?*, Pb** and Ni** were also pur-
chased from Merck, India. All the chemicals were
used as received without any further purification. The
stock solutions of metal ions were prepared by dis-
solving an appropriately weighed amount of nitrate
salts of Cu?*, Pb** and Ni**in double-distilled water.

2.2. Immobilization of MMT with L-cystein

Cation exchange process was used for the immobi-
lization of nanoclay material by L-cystein [16]. MMT
(5 g) interacted at 60°C with a 100-mL solution con-
taining 0.1 M L-cystein for about 48 h. A washing
procedure was applied after binding procedure to
remove the any possible unreacted L-cystein from the
Cys-MMT which was filtered and resuspended in
deionized water. The suspension was stirred for about
1h at room temperature, and the clay was separated
by filtration. The modified clay was washed several
times with deionized water using the same procedure.
Then, Cys-MMT clay was dried with vacuum oven at
60°C and stored for further use.

2.3. Synthesis of Alg-Cys-MMT nanocomposite

The nanocomposite material was synthesized by
solvent casting method reported elsewhere [17]. A
specific amount of MMT (1, 3 and 5% w/w on solid
sodium alginate) was dispersed in 100 mL of distilled
water and vigorously stirred for 24 h at room tem-
perature. Afterwards, the alginate (5 g) was taken with
200 mL of double-distilled water in a round-bottom
flask and stirred at 40°C until complete dissolution
and was added slowly into clay suspension. The mix-
ture was stirred for 24 h on magnetic stirrer followed
by sonication using ultrasound equipment for 30 min.
The final solution was degassed under vacuum for
30 min in order to remove all bubbles. Now the above
prepared homogeneous solution was poured into
polystyrene glass Petri dish and placed in a hot air
oven for complete evaporation of solvent at 60°C. The
dried sample was crushed in fine particles and stored
for characterization and adsorption studies.

2.4. Adsorbent characterization

The FTIR spectra of the adsorbent materials were
recorded with a Perkin-Elmer 1800 model IR spec-
trophotometer operating in a frequency range from
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400 to 4,000 cm™" using KBr pallets, XRD patterns of
the samples were examined using Siemens D 5005
X-ray unit Cu Ka (4 = 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 analysis were done
using JEOL GSM 6510LV scanning electron micro-
scope. The particle size and structure of the synthe-
sized nanocomposite were observed using JEOL JEM
2100 TEM. Differential scanning calorimetry (DSC)
thermograms were recorded with a Perkin-Elmer
Pyris 6 under N, atmosphere at a heating rate of
10°C min~' to measure glass transition temperature
(Tg). Thermogravimetric 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 using atomic absorption spec-
trophotometer GBC 902. Elico Li 120 pH meter was
used to adjust the pH of the solutions.

2.5. Adsorption experiments

Adsorption experiments were carried out using
batch techniques. A known amount (0.05 g) of adsor-
bent was thoroughly mixed at 120 rpm with 20 mL of
respective metal ion solutions, with known concentra-
tion and pH values in a shaker. The pH of the reaction
mixture was initially adjusted using either hydrochlo-
ric acid (0.1 M) or sodium hydroxide (0.1 M). At the
end of desired exposure time, the suspensions were
filtered using whattman filter paper (0.45 mm) and the
filtrates were analysed by AAS.

Experimental variables considered were initial con-
centration of metal ions (10-100 mgL™"), pH (2-7),
dosage of nanocomposite (0.01-0.1 g) and contact time
(5-240 min). For optimization of the adsorption, one
parameter was varied at a time keeping the others
fixed. Adsorption isotherm studies were carried
out with five different initial concentrations
(20-100 mg L™") of heavy metal ions. Langmuir,
Freundlich, Tempkin and D-R models were applied to
the adsorption isotherm, and different constants were
generated. Kinetic and thermodynamic studies were
also conducted in order to evaluate the nature of
adsorption process.

If g is the amount of metal adsorbed per specific
amount of adsorbent (mg g™'), the adsorption capacity
at the time t, g, (mg g™') is obtained using the Eq. (1):

e = (CO _V\/CB)V (1
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where C, and C. (mgL™") are the initial and equilib-
rium concentrations of metal ions, V (L) is the volume
of metal ion taken, and W is the mass of adsorbent in
gram.

3. Results and discussion
3.1. Characterization of Alg-Cys-MMT nanocomposite

FTIR provides specific information about chemical
bonding and molecular structures. In this study, FTIR
analysis was applied to examine the possible interac-
tions between the components of the nanocomposite.
The FTIR spectra of MMT, Cys-MMT, Alg and
Alg-Cys-MMT are shown in Fig. 1. FTIR spectrum of
Na-MMT showed the band at 474 cm™' (Si-O-Si
deformation), 534 cm ! (Si-O-Al  deformation),
1,046 cm™  (Si-O  stretching), 1,646cm™' (O-H
deformation), 3,408 and 3,640 cm ! (O-H stretching)
[18]. In the FTIR spectrum of Cys-MMT, in relation to
the covalent binding between MMT and cysteine, all
the peaks are characteristics of MMT with little bit of
shift except the peaks at 1,489 cm™' are N-H bendings
and the band at 1,409 cm™! is a -C=N stretching band.
The C=0O carbonyl band was seen at 1,629 cm™'. O-H
bending band of MMT was split and it was clearly
seen in the spectrum. From these results, it seems that
MMT interacts with the -NH, groups of cysteine.
FTIR spectrum of alginate exhibited absorption bands
at 3,450 cm™ ! (OH stretching), 2,920 cm ! (CH, stretch-
ing), 1,622cm™' (COO- asymmetric stretching) and
1,426 cm™! (COO- symmetric stretching). The bands at
852-1,160 cm ! are due to the O-C-O stretching of
ether groups and the —C-O stretching of alcoholic
groups [19]. In the FTIR spectrum of Alg-Cys-MMT,
incorporation of nanoclay in alginate matrix increased
the intensity of CH, stretching peaks and the absorp-
tion wavelength of the COO peaks shifts to 3,402 cm ™"
with the loading of MMT clay to alginate. There is a
new peak at 2,110 cm™' which corresponds to NHj
stretching vibration.

XRD is a versatile and non-destructive technique
that is used for the identification of the crystalline
phases and the structural properties of the materials.
XRD patterns of MMT, Cys-MMT, Alg and Alg-Cys-
MMT nanocomposite are shown in Fig. 2. The diffrac-
tion peak of the Cys-MMT occurring at 20 = 26.69°, cor-
responding to 3.336 A, shifted from that of Na-MMT
(20 = 28.94°), corresponding to 3.01 A. These indicated
that the cation exchange is intercalated into the galleries
of silicate layers after exchanging with the sodium ion.
Thus, MMT is successfully modified by the amino acid.
After intercalation with alginate, the characteristic peak
related to clay is not disappeared and still present in
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Fig. 1. FTIR spectra of (a) MMT (b) Cys-MMT (c) alginate and (d) Alg-Cys-MMT.

position 26 =26.72°. Accordingly, it is suggested that
the Cys-MMT nanoclay are intercalated in alginate
matrix.

The morphologies of alginate and Alg-Cys-MMT
nanocomposite were investigated by SEM. The SEM
images of the samples are shown in Fig. 3 with their
EDX graphs. The SEM micrograph for alginate
revealed irregular spherical granules. After intercala-
tion of alginate into the MMT layers, the granular
structure of alginate had changed to a fracture surface
and the Alg-Cys-MMT nanocomposites displayed an
oriented fracture probably due to the orientation of
the nanoclay into the alginate matrix.

Thermogravimetric analysis (TGA) of alginate and
the prepared nanocomposites were measured under a

nitrogen atmosphere in the temperature range 30-
800°C in order to investigate the thermal stability.
TGA graph given in Fig. 4 indicates that the prepared
bio-nanocomposite decomposes at a higher tempera-
ture in three stages with good thermal properties
(residual weigh per cent 40%) as compared to neat
alginate which undergoes decomposition at relatively
low temperature (residual weight per cent 15%). It
indicates that the incorporation of 5% w/w Cys-MMT
in alginate matrix exhibited an enhanced thermal
stability. This improvement in thermal stability may
attribute to the inherently good thermal properties of
inorganic clays that prevent the quick transmission of
heat and limit any further decomposition of the
nanocomposites [20,21].
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Fig. 2. XRD spectra of individuals and nanocomposite material.

DSC can be used to measure glass transition tem-
peratures Ty of the polymers. From the Fig. 5, the
glass transition temperature (T,) of pure alginate and
its nanocomposite is found to be 50 and 53°C, respec-
tively. As the temperature increases, an amorphous
biopolymer and its nanocomposite will become less
viscous. At some point, the molecules may obtain
enough freedom of motion to spontaneously arrange
themselves into a crystalline form and the exothermic
peak in the Fig. 5 is due to the crystallization of mole-
cules in the material which occurs at 90.12°C for algi-
nate and 77.95°C for nanocpmposite material. As the
temperature increases, the sample eventually reaches
its melting temperature (T.,). The melting process
results in an endothermic peak in the DSC curve. As
can be seen, the melting temperature of Alg-Cys-MMT
nanocomposite is higher (289.77°C) than the pure algi-
nate biopolymer (271.46°C) due to intercalation of
MMT in the biopolymer matrix.

More information about the microstructures of
Alg-Cys-MMT nanocomposites containing 5.0 wt.%
nanoclay was obtained by TEM observations. The sus-
pended phase of Alg-Cys-MMT nanocomposites was
shown in Fig. 6. Many dark, distinct spherical particles
(70 nm) were distributed in the micrograph. Surpris-
ingly, the nanoclay particles in the nanocomposite are
randomly distributed.

3.2. Effect of contact time and initial metal ion
concentration

The effect of contact time on adsorption of metal
ions (Cu**, Pb** and Ni*") onto Alg-Cys-MMT
nanocomposite was studied in the range of 5-240 min
using 50 mg L 'as initial metal ion concentration at
50°C. Fig. 7 shows that the amount of heavy metal
ions adsorbed per unit mass of adsorbent increased
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Fig. 3. SEM images of alginate and Alg-Cys-MMT with their EDS images.
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Fig. 4. TGA thermograms of (a) alginate and (b) Alg-Cys-MMT.

rapidly within 30min and slowly reaches the sites, and with gradual utilization of these sites, the
saturation at about 120 min. The initial rapid phase is adsorption becomes less efficient in the lower stage.
probably due to the abundant availability of reaction We did not find any significant influence of contact
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Fig. 5. DSC thermograms of (a) alginate and (b) Alg-Cys-MMT.

Fig. 6. TEM image of Alg-Cys-MMT nanocomposite show-
ing the distribution of nanoclay in the alginate matrix.

time on the adsorption efficiency after contact time of
120 min. The time profile of heavy metal ions uptake
is a single, smooth and continuous curve leading to
saturation, suggesting the affinity of heavy metals on
the surface of the adsorbent. The equilibrium time of
120 min can be considered very short, which is an
economically favourable condition for the adsorbent
described here. Based on these results, a contact time
of 120 min was selected for all subsequent batch
experiments.

The experimental values of adsorption capacity
of Alg-Cys-MMT nanocomposite for metal ions at
the equilibrium were 17.60, 18.76 and 19.96 (mg g™
for Cu?*, Pb*" and Ni®" ions, respectively, as shown
in Fig. 7. The data indicate that the initial metal ion

concentration determines the equilibrium concentra-
tion and also determines the uptake rate of metal
ions and the kinetic character of metal uptake [22].
The rate parameters were depicted in the Table 2.
Adsorption capacity (mgg ') increased from 5.16 to
2354 for Cu®*, 8.16 to 26.04 for Pb>* and 13.59 to
41.05 for Ni*" as initial concentration increased from
20 to 100 mg L™". This might be due to the fact that
increasing metal ion concentration increased the
number of collision between the adsorbent and
metal ion species, this leading an increased metal
uploading on adsorbent surface [23]. We have kept
initial metal ion concentration constant as 50 mg L'
for all optimization process.

3.3. Effect of pH

The initial pH value of the solution is an important
factor that must be considered during adsorption
studies. Experiments were performed in the pH range
of 2.0-7.0 for an initial metal ion concentration of
50 mg L™" at 25°C for 120 min, where chemical precip-
itation is avoided, so that the removal could be related
to the adsorption process. After filtration, the metal
ion concentrations in the supernatants were deter-
mined by AAS. Fig. 8 shows the effect of pH on the
adsorption of metal ions onto synthesized (Alg-Cys-
MMT) nanocomposite. At low pH due to high H" con-
centration, active sites on the adsorbent get protonated
resulting in a low removal efficiency of heavy metals.
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Fig. 7. Effect of time for the adsorption of Cu**, Pb** and Ni** onto Alg-Cys-MMT nanocomposite at 50 mg L™" as initial

metal ion concentration at 25°C.
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Fig. 8. Effect of pH for the adsorption of Cu?*, Pb** and Ni** onto Alg-Cys-MMT nanocomposite with initial concentra-

tion of each metal ion (Cy = 50 mg L") at 25°C.

As the pH of the solution increases, the removal
efficiency also increases, reaching plateau values
around pH 4 for Cu®*, 5 for Pb** and 4 for Ni**. At
optimum pH, the experimental adsorption capacities
(mg g ") for Cu**, Pb** and Ni** .ions are found to be
17.8, 18.5 and 19.9, respectively. The decrease in the
adsorption of Cu®*, Pb** and Ni** ions at a pH more
than the optimum pH was due to the formation of
hydroxylated complexes of these metal ions in the
solutions [24].

3.4. Effect of adsorbent dose

The effect of the adsorbent dosage on the adsorp-
tion of Cu®*, Pb** and Ni** was investigated in the
range of 0.01-0.1 g in 20 mL of metal ions solutions
with the initial metal ion concentration of 50 mg L™,
50°C and optimum pH. As can be seen in Fig. 9, the
Cu?*, Pb** and Ni?** ions removal efficiency by adsor-
bent was maximum at 0.05, 0.07 and 0.08 g and then
declined. By increasing the concentration of the
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Fig. 9. Effect of adsorbent dosage for the adsorption of Cu®*, Pb** and Ni** onto Alg-Cys-MMT nanocomposite with
initial concentration of each metal ion (Cy = 50 mg L™ at 25°C.

adsorbent, access to the residual sites for metal ions
adsorption was restricted. In addition, the effective
surface area for adsorption decreased due to the par-
tial aggregation of the adsorbent at high adsorbent
concentrations leading to a decrease in the adsorption
capacity of the metal ions. Consequently, for further
experiments, 0.05g was selected for all metals as
ptimum dose.

3.5. Adsorption isotherm models

Adsorption isotherms are of great importance in
the design of adsorption systems because they can
reflect the surface and adsorption characteristics of
adsorption capacity, adsorption strength and absorp-
tion state of adsorbent. Adsorption equilibrium data
were applied to Langmuir, Freundlich, D-R and
Tempkin isotherms at 50°C, and the linear fitting
results were shown in Table 1.

3.5.1. Langmuir adsorption isotherm

The theoretical Langmuir isotherm model is often
used to describe the equilibrium adsorption isotherms
of homogeneous surfaces. This isotherm model
assumes that all sites possess equal affinity for the
adsorbate. In this theory, the adsorption reaches to its
maximum level after a complete monolayer formation
of adsorbate molecules onto the adsorbent surface
[25]. Mathematically, the equation can be written as
follows:

Ce 1 Ce

7o = quL + q—m (2

where g, is the maximum metal ion uptake capacity
(mg g "), Ky is the Langmuir constant related to the
adsorption energy (L mg '), and g, and C,. are defined
as adsorption capacity (mgg~') and equilibrium con-
centration (mgL™"). Using the linear Langmuir iso-
therm equation, the isotherm constants were
calculated from the plot between C./g. and C.
(Fig. 10) and the results are tabulated in Table 1. From
this research work, the maximum monolayer coverage
capacity gy, (mg g~ ") for Cu®*, Pb®>* and Ni** ions from
Langmuir isotherm model was determined to be 125.0,
111.11 and 100.0 for K; (Langmuir isotherm constant)
values of 0.076, 0.117 and 0.185ng_1 and the R?
value is 0.99 proving that the sorption data fitted well
to Langmuir isotherm model.

3.5.2. Freundlich adsorption isotherm

The Freundlich isotherm model is the earliest
empirical equation based on the adsorption on reversi-
ble heterogeneous surfaces. The mathematical expres-
sion of the model is given as follows [26]:

1
In g, = Eln C.+ InKg 3)
where 1/n is a numerical value related to the adsorp-

tion intensity which varies with the heterogeneity, and
Kr indicates the adsorption capacity. The value of n
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Table 1
Adsorption isotherm parameters for the adsorption of Cu**, Pb** and Ni** onto Alg-Cys-MMT nanocomposite at 50°C
Metals
Isotherm models Parameters Cu® Pb>* Ni?*
Langmuir Im (mg g™ 125.0 111.11 100.0
Ky (L mg ") 0.076 0.117 0.185
R? 0.999 0.999 0.999
Freundlich Kg (mg g™ 5.328 7.53 12.23
n 1.56 1.43 1.56
rR? 0.979 0.998 0.985
Tempkin A(@Lgm™) 1.713 1.726 1.754
B (J mol™) 7.725 10.53 16.02
R? 0.980 0.964 0.992
Dubinin-Radushkevish (D-R) Im (mg g™ 21.26 26.26 42.37
kp_r (mol® k] 5x 107 4 %107 5x 107
E (k] mol™) 10.47 11.70 10.47
R? 0.980 0.970 0.986
0.25 -
0.2 @ Cu
@Pb
0.15 - ANi
Ce
/4
0.1 A/A//
0.05 -
0 : : ; ; ; ; ‘
0 2 4 6 8 10 12 14
Cll (mg L)

Fig. 10. Langmuir isotherm for the adsorption of Cu?*, Pb?>* and Ni** onto Alg-Cys-MMT nanocomposite at 50°C and

optimum pH for each metal ion.

and Kp can be calculated by a linear plot between In
ge and In C. (Fig. 11), and the data obtained are given
in Table 1. As perceived in Table 1, the n value is
more than the unit indicating a favourable adsorption
of Cu®*, Pb®" and Ni%* on the surface of the adsorbent.
From the data in Table 1, that value of n for Cu®*,
Pb>* and Ni** ions is 1.56, 1.43 and 1.56 indicating
that the sorption of metal ions unto Alg-Cys-MMT is
favourable and the R? value is 0.97, 0.99 and 0.98.

3.5.3. Dubinin—Radushkevich adsorption isotherm

D-R isotherm is generally applied to express the
adsorption mechanism with a Gaussian energy dis-
tribution onto a heterogeneous surface [27]. The model
has often successfully fitted high solute activities and
the intermediate range of concentrations.

In g. = In gy, — kp_gé? 4)
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Fig. 11. Freundlich isotherms for the adsorption of Cu**, Pb>* and Ni** onto Alg-Cys-MMT nanocomposite at 50°C and

optimum pH for each metal ion.

where g, is the amount of adsorbate in the adsorbent
at equilibrium (mg g™"); g, is the theoretical isotherm
saturation capacity (mgg™'); K,y is Dubinin-
Radushkevich isotherm constant (mol? k]_z); and ¢ is
Dubinin-Radushkevich  isotherm  constant.  The
approach was usually applied to distinguish the
physical and chemical adsorption of metal ions with
its mean free energy. The E per molecule of adsorbate
(for removing a molecule from its location in the
sorption space to the infinity) can be computed by the
relationship.

1

®)
V2kp_r

¢ is Polanyi potential which is related to the equilib-
rium concentration as follows:

¢=RTIn (1 + cl) (6)

(§

where R, T and C. represent the gas constant
(8.314] mol ' K™), absolute temperature (K) and
adsorbate equilibrium concentration (mgL™"), respec-
tively. One of the unique features of the D-R isotherm
model lies on the fact that it is temperature-dependent
and when adsorption data at different temperatures
are plotted as a function of logarithm of amount
adsorbed In g, vs. the square of potential energy, all
suitable data will lie on the same curve, named as the
characteristic curve Fig. 12 [28]. The constants such as
gm and K,q were determined from the appropriate plot
using Eq. (4) above. From the linear plot of D-R

model, g, (mgg ') was determined to be 21.61 for
Cu?*, 26.26 for Pb** and 42.37 for Ni?*, the mean free
energy, E (kJ]/mo)), is 10.47 for Cu?*, 11.70 for Pb**
and 10.47 for Ni** indicating a chemisorption process.

3.5.4. Tempkin isotherm model

This isotherm contains a factor that explicitly takes
into account of adsorbent-adsorbate interactions. The
Tempkin isotherm model is based on two assump-
tions: (i) heat of adsorption would decrease linearly
rather than logarithmic with the coverage and (ii) its
derivation is characterized by a uniform distribution
of binding energies up to some maximum binding
energy [29]. The Tempkin isotherm equation would
be:

ge=BInA+BInC, @)

where B=RT/b and A (L mg™") is Tempkin constant
representing the equilibrium binding. The mentioned
isotherm constants were calculated from the plot
between g, and In C. from Fig. 13, and the results are
listed in Table 1. As can be seen from the Table 1, the
binding constant is maximum for Ni** followed by
Pb** and then Cu®* supporting the maximum affinity
shown by Ni** > Pb** > Cu*".

3.6. Adsorption kinetics

The adsorption kinetics process was investigated by
four kinetic models: Lagergren pseudo-first-order,
pseudo-second-order, Elovich equation and intraparticle
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Fig. 12. D-R isotherm for the adsorption of Cu®*, Pb** and Ni** onto Alg-Cys-MMT nanocomposite at 50°C and optimum

pH for each metal ion.
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Fig. 13. Tempkin isotherm for the adsorption of Cu**, Pb** and Ni** onto Alg-Cys-MMT nanocomposite at 50°C and opti-

mum pH for each metal ion.

diffusion. Parameters of the kinetic models and
coefficients of determination (R? were calculated to
determine the conformity of the models with the
experimental data; the results are presented in Table 2.
Figs. 14-18 shows the linear plots of the kinetic models
for all the tested metal ions.

3.6.1. Lagargren pseudo-first-order

A kinetic model for the adsorption analysis that is
preceded by diffusion through a boundary will most
likely follow the pseudo-first-order equation of
Lagargren [30]:

ky
2.303

log(ge — q:) = logge — t 8

where g. and g; represent the amount of heavy metal
ions absorbed on the adsorbent (mgg™') at equilib-
rium and time ¢, respectively. K; is the rate constant of
the pseudo-first-order kinetics. The value of adsorp-
tion rate constant K; and g. is calculated from the
straight line plot of log(ge—g) vs. time shown in
Fig. 14.

3.6.2. Pseudo-second-order

The pseudo-second-order kinetic model notes that
the adsorption should relate to the squared product of
the difference between the number of the equilibrium
adsorptive sites available on an adsorbent and that of
the occupied sites. This model is expressed as follows
[31,32]:



17802

Table 2
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Kinetic parameters for the adsorption of Cu”**, Pb** and Ni** onto Alg-Cys-MMT nanocomposite at 50 ppm as initial

metal ion concentration

Metals
Kinetic models Parameters Cu** Pb** Ni**
Pseudo-first-order g (mg g™ ") 7.320 6.560 5.880
K; (min™) 0.032 0.034 0.034
rR? 0.984 0.984 0.987
Pseudo-second-order ge (mg g™ ") (cal) 18.18 19.2 2041
K> (g mg™" min ")(x107%) 0.012 0.015 0.015
ge (mg g™ ") (exp) 17.60 18.76 19.96
rR? 0.999 0.999 0.999
Elovich o (mg g ' min™") 135.1 754.78 1,311.78
B (gmg™) 0.526 0.583 0.583
rR? 0.934 0.928 0.952
Interparticle diffusion Kint (mg g_l min '/?) 0.493 0.437 0.441
11.29 13.18 14.25
R? 0.774 0.767 0.785
1~
0.8 -
0.6 -
= 0.4 -
g
=]
2 0.2
0 ‘
70
0.2
.04 -

Fig. 14. Pseudo-first-order model for the adsorption of Cu?*, Pb*" and Ni** onto Alg-Cys-MMT nanocomposite with
initial concentration (Cy = 50 mg L") and optimum pH of each metal ion at 25°C.

t 1 t
P o &)
where g, (mgg ') amount of metal ions adsorbed
onto the surface of the nanocomposite at time ¢, k, is
the pseudo-second-order rate constant (g mg ' min ),
and g. (mg g") is the amount of metal ion adsorbed
at equilibrium. The pseudo-second-order constants
can be calculated from the linear plot between t/g;
and time which is given in Fig. 15 and the calculated
data are tabulated in Table 2. From the Table 2, the
values of g. calculated from the pseudo-second-order

kinetic models are very close to the experimental
values in comparison with the values obtained from
pseudo-first-order. The pseudo-second-order model
has higher correlation coefficients (R* = 0.99) than the
pseudo-first-order model (R* = 0.98) with experimental
data. So pseudo-second-order kinetic model fits
best to describe the sorption rate for all the tested metal
ions.

3.6.3. Elovich model

The linear form of this equation is expressed
as [33]:
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Fig. 15. Pseudo-second-order for the adsorption of Cu®*, Pb>* and Ni** onto Alg-Cys-MMT nanocomposite with initial
concentration (Cy = 50 mg LY and optimum pH of each metal ion at 25°C.

qr = %lnt + %ln(aﬁ)

(10)
where « is the initial adsorption rate (mg g ' min™)
and g is the adsorption constant (g mg™') during any
experiment. Fig. 16 shows a plot of linearization form
of Elovich model. The slopes and intercepts of plots of
g+ vs. In t were used to determine the constant £ and
the initial adsorption rate a. However, the experimen-
tal data deviated considerably from the theoretical
data. A comparison of the results with the correlation
coefficients is shown in Table 2. The correlation

coefficients for the Elovich kinetic model obtained at
all the studies concentrations were low as compared
to pseudo-first-order and pseudo-second-order. This
suggests that this adsorption system is not an
acceptable for this system.

3.6.4. Weber-Morris intraparticle diffusion model
This model can be expressed as:

gt = Kint®® +C (11)

25 -
20
e Cu
~ 151 ©Pb
o A Ni
on 1
E
Uq') 10_
5,
0 T T T T T )
0 1 2 3 4 5 6
Int

Fig. 16. Elovich model for the adsorption of Cu®*, Pb** and Ni** onto Alg-Cys-MMT nanocomposite with initial concen-
tration (Cy = 50 mg L") and optimum pH of each metal ion at 25°C.
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where Kj,; is the intraparticle diffusion rate constant
(mg g~' min"). The plot of g, vs. +”* at different initial
solution concentrations gives the value of K, and
may present multi-linearity which indicates two or
more steps occurring in the adsorption process. The
first sharper portion is the external surface adsorp-
tion or instantaneous adsorption stage. The second
portion is the gradual adsorption stage where the
intraparticle diffusion rate is controlled. The third is
the final equilibrium stage where intraparticle diffu-
sion starts to slow down due to extremely low solute
concentration in the solution. The parameters
calculated are given in Table 2. The intraparticle
diffusion rate was obtained from the slope of the
gentle-sloped portion (Fig. 17). From Table 2, with a
low regression coefficient values for all metal ions, it
seems this model is not fitting well for adsorption
process.

3.7. Thermodynamic studies

When designing an adsorption system, the
designer should put into consideration the change in
the reaction and this change requires an idea of
thermodynamics. Thermodynamics is based on the
assumption that in an isolated system, where energy
cannot be gained or lost to the surroundings, the
entropy change is the driving force [34]. In environ-
mental engineering practice, both energy and entropy
factors must be considered in order to decide what
processes will occur spontaneously. The thermody-
namic parameters such as the Gibbs free energy
change (AG®), enthalpy change (AH®) and entropy

25

0 2 4 6 8
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change (AS°) were determined using the following
equations;

Cad
Ko =— 12
C. (12)
AG = —RTInK, (13)
AG = AH —TAS (14)
AH  AS
The gas constant R is defined by

8.3145 ] mol ' K™L. K. is the distribution coefficient; T
is the temperature of the solution in Kelvin. AH® and
AS®, the enthalpy and the entropy of adsorption for all
metal ions, were calculated from the slope and inter-
cept of a plot of In K. as a function of 1/T using
Eq. (15) as shown in Fig. 18. The standard free energy
(AG®) can be calculated from Eq. (14).

Table 3 gives the values of the parameters for
thermodynamic studies. The free energy change (AG®)
obtained during the absorption reaction at tempera-
tures of 30-50°C were all negative, and this indicates
that the adsorption of Cu®*, Pb** and Ni** onto Alg-
Cys-MMT is spontaneous and favourable. The positive
value of AH" indicates that the adsorption process is
endothermic in nature. The positive value of AS® indi-
cates the increased randomness at the solid—solution
interface during the adsorption of Cu**, Pb** and Ni**
on Alg-Cys-MMT bio-nanocomposite.

10 12 14 16 18

12

Fig. 17. Intraparticle diffusion model for the adsorption of Cu?*, Pb** and Ni** onto Alg-Cys-MMT nanocomposite with
initial concentration (Cy = 50 mg L") and optimum pH of each metal ion at 25°C.
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Fig. 18. Thermodynamic plot between In K. and 1/T at 30, 40 and 50°C for the adsorption of Cu®*, Pb** and Ni** onto
Alg-Cys-MMT nanocomposite.

Table 3
Thermodynamic parameters for the adsorption of Cu®*, Pb** and Ni** onto Alg-Cys-MMT nanocomposite at 30, 40 and
50°C
Metals Temperature (K) AG° (k] mol ™) AH® (k] mol ™) AS° (J mol K™Y
Cu** 303 -4.19 63.02 221.82

313 —6.41

323 —8.63
Pb** 303 -5.57 60.15 216.91

313 ~7.74

323 -9.91
Ni** 303 —6.75 65.09 237.12

313 -9.12

323 -11.49
Table 4
Comparison of adsorption capacities (mg g~') with other adsorbents
Adsorbent Cu®* Pb** Ni?* Refs.
Cross-linked alginate beads 54.90 - - [35]
Carbon nanotube/CA 67.9 - - [36]
Graphite carbon/CA - 460.9 93.3 [37]
PSC - 57.6 - [38]
Magnetic alginate - - 30.49 [39]
Alginate beads 30.51 227.92 7.62 [40]
Silica/alginate - 83.33 - [41]
Alg-Cys-MMT 100.00 111.11 125.00 This study

3.8. Comparison of adsorption capacities

Table 4 demonstrates the comparison of adsorption
capacity of various adsorbents. It is evident from the

table that the present adsorbent exhibits highest
adsorption capacity towards all the metal ions. There-
fore, the nanocomposite material can be successfully
utilized for the removal of these metal ions.
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4. Conclusions

In this study, a biopolymer-based nanocomposite
Alg-Cys-MMT was successfully synthesized and was
characterized by various techniques such as XRD,
FTIR, TGA-DTG, SEM and TEM. The nanocomposite
was used in the removal of Cu?*, Pb** and Ni** from
their aqueous solutions by batch method. However,
the results obtained from the adsorption isotherm
investigation indicated the data are best fitted to the
Langmuir model in the concentration range studied.
The g, (mg g ") from Langmuir model was found to
be 125.0, 111.11 and 100.0 mg/g for Ni**, Pb** and
Cu”*, respectively, at a temperature of 50°C and opti-
mum pH values corresponding to each metal ion.
High pH and temperature values were found as the
favourable conditions for maximum adsorption.
The values of the thermodynamic parameters revealed
that the adsorption of heavy metal ions onto Alg-
Cys-MMT is spontaneous and endothermic in nature.
Kinetics of adsorption was best followed by
pseudo-second-order model.
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