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Abstract

This study involves the preparation of sodium alginate poly grafted (fumaric acid-polyacrylic acid)/graphene oxide, SA-g-
p(FA-AA)/GO hydrogel to explore its potential as a promising adsorbent for water treatment mainly chromium (VI) and lead
(IT) removal. Prepared adsorbent was characterized by FTIR, TGA, XRD, FESEM, and TEM techniques for exploring the
chemical structure, thermal stability, crystallography, surface area and morphology, as well as pore size and distribution of
SA-g-p(FA-AA)/GO, respectively. The average size of the prepared nanoparticles was observed to be 78.48 nm. The TEM
images exhibit a predominantly spherical shape and heterogeneous. Effect of different physiochemical parameters such as
pH, temperature, adsorbent dosage, and contact time was explored for maximum metal adsorption. The results of the study
revealed that the maximum adsorption capacity of SA-g-p(FA-AA)/GO (0.045 mg g~! for Cr (VI) and 22.371 mg g~ for
Pb (II)) was achieved under optimized conditions, i.e., adsorbent dose of 0.05 g at 25 °C for pH of 2, 4.5 when contact time
of 5 and 100 min was used for Cr(VI) and Pb(Il), respectively. Data fits best to the pseudo-second-order kinetic equation
revealing the multilayer adsorption of Cr (VI) and Pb (II) ions on the heterogeneous adsorbent surface. Thermodynamically,
the process of Cr (VI) and Pb (II) adsorption was non-spontaneous, exothermic and feasible revealing the potential of the
prepared adsorbent to be used as an efficient adsorbent for metal removal.
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Introduction

In today’s society, water is one of the key necessities for
survival of all types of organisms. However, water resources
are getting polluted every day due to different types of pol-
lutants that leads to shortage of fresh and clean drinking
water as almost 1/3rd of the total world inhabitants are fac-
ing the problems of clean water shortage. Industrial efflu-
ents are the leading source of chemical pollutants that con-
tains a mixture of mineral anions, dyes, heavy metals, and
pathogenic substances. These pollutants when enter to the
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environment without any proper treatment, they result in
deteriorating the water quality thus posing a serious threat
to ecosystems, human health, and the overall balance of
the environment. Wastewater treatment has the potential to
offer alternative options for the current water supply thereby
leading to enhanced water security [1-3]. Among various
water pollutants, heavy metals such as lead, and chromium
can cause serious negative impacts on the environment and
human health [4]. These metals are non-biodegradable,
which can persist in the environment for a prolonged time
thus leading to bioaccumulation and biomagnification. The
World Health Organization (WHO) and the European Union
(EU) have established a permissible limit for total lead and
chromium in drinking water that comes to be <0.01 ppm
and 0.02 ppm, respectively [5, 6]. To mitigate the problems
caused by metal loaded water, it is crucial to develop some
effective monitoring and removal strategies for these heavy
metals from water sources.

Wide variety of techniques available for heavy metal
wastewater treatment include physical treatment (filtration,
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sedimentation, and flotation), chemical treatment (coagu-
lation, flocculation, and oxidation), electrochemical treat-
ment, biological treatment, membrane-based methods and
adsorption [7-9]. Among these methods, biological treat-
ment and adsorption have garnered significant attention and
widespread application in research endeavors due to their
eco-friendly, cost-effective, energy-efficient, highly efficient,
adaptable nature and addressing growing concerns over
heavy metal pollution [10].

The adsorption method stands out as an intriguing
process for wastewater treatment compared to conventional
methods because of its remarkable attributes such as a high
adsorption capacity, rapid adsorption kinetics, and the ability
to selectively trap target analytes [11, 12].

Hydrogels are soft materials that consist of three-dimen-
sional networks of hydrophilic polymers. They possess the
capacity to absorb high amount of water and promote rapid
transport of substance throughout their internal structure. In
recent years, there has been an increasing focus on the use of
hydrogels as superabsorbent [13—15]. The synthesized hydro-
gel-based superabsorbent using biological substrates such as
sodium alginate, chitosan, cellulose and lignin can effectively
remove many pollutants from aqueous solutions [16—18].
Sodium alginate (SA) is a natural polysaccharide derived from
brown algae, carries a negative charge due to the presence of
carboxyl functionalities on its surface. SA-derived adsorbents
have gained researcher’s attention due to their remarkable abil-
ity to adsorb substances, as well as their high levels of biocom-
patibility and biodegradability [19, 20]. However, their efficien-
cies can further be improved by the addition of some crosslinker
agents or chemical modifications. Generally, adsorption meth-
ods utilize SA-carbon composites and SA-polymer compos-
ites due to their high surface areas, excellent stability, robust
mechanical strength, and presence of numerous surface func-
tional groups that aid in adsorption [21]. Graphene oxide, as
a carbon atom lattice structure possesses oxygen functional
groups, such as hydroxyl (-OH), epoxy (—-O-), and carboxyl
(-COOH) groups. SA has been broadly investigated with GO
and results provide excellent heavy metal adsorption process
due to the high mechanical strength and surface area [21, 22].

Cross-linking is the process of creating an alginate three-
dimensional framework with incorporating additional char-
acteristics into it [23, 24]. Cross-linkers play two roles (i)
they can be directly attached to the alginate structure, or (ii)
they can act as mediators to link different polymers with the
alginate skeleton. Some common cross-linkers used in the
synthesis of SA-based adsorbents include epichlorohydrin,
calcium chloride, sodium tripolyphosphate, ferric chlo-
ride, glutaraldehyde, etc. In this regard, various crosslinked
CS/SA hydrogels developed for removal of heavy metals
specially Cr (VI), Cu (II), Cd (II), and Pb (II). In addition
to cross-linkers, graft copolymerization of alginates is
another approach to modify the properties of alginate-based
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materials [25, 26]. Fumaric acid (FA) and acrylic acid (AA)
are two examples of monomers that can be used for graft-
ing purposes due to the presence of carboxylic acid groups,
which can undergo free radical polymerization to form a
graft copolymer with alginate. Furthermore, the presence of
these carboxylic acid functional groups may affect the pH-
responsive behavior of the resulting FA/AA grafted sodium
alginate material.

Within the framework resented, this study is devoted to
the synthesis and characterization of a superadsorbent SA-g-
p(FA-AA)/GO composite. In this method, 3D modified
SA-based composite with large surface area and high
stability was prepared to adsorb heavy metal ions, namely
Cr (VD) and Pb (II) from aqueous solution. To evaluate the
performance of alginate-grafted copolymer composites on
adsorption processes, different experimental conditions, such
as adsorption dosage, contact time, pH, metal concentration,
and temperature, were studied. The swelling behaviors of the
superadsorbent was also investigated.

Materials and methods
Materials

Sodium alginate (SA), fumaric acid (FA), acrylic acid (AA),
graphene oxide (GO), N, N’-methylene bis-acrylamide
(MBA), potassium persulfate (KSP), 37% HCI, NaOH,
and ethanol were procured from B.D.H company and used
directly without any further modification. FeCl;.6H,0,
NaCl, K,S,0;¢ (KSP), NaNOj;, Pb(NO,),, K,Cr,0, were
supplied from Merck. All solutions were prepared using
deionized water.

Synthesis of superimpose sodium alginate grafted
poly (fumaric acid-acrylic acid)/ graphene oxide
(SA-g-p(FA-AA) /GO)

The superimpose (SA-g-p(FA-AA)/GO) was prepared in a
series of solutions, starting with dissolving 0.5 g sodium
alginate in a 5 mL of distilled water and stirring with a
hotplate stirrer for 60 min (solution A). Afterwards, 1 g
ferric chloride, as inorganic crosslinker was dissolved in
5 mL of distilled water, and 5 g of AA monomer was added
(solution B). Then, 0.05 g KSP and MBA were dissolved
in 2 mL of distilled water, separately (solutions C and D).
This was followed by preparing, graphene oxide solution is
prepared by dissolving 0.08 g GO in 10 mL of distilled water
(solution E). After that, solutions were mixed by adding
solution A to solution B solution with continuous stirring
for 30 min. Then, 1 g in 5 mL of FA was added and mixed
for 10 min, followed by adding solution D and mixing well
for 5 min. Next, solution E was added as batches and mixed



Journal of the Iranian Chemical Society (2024) 21:1915-1927

1917

for 10 min while using N, for 2 min. Then, solution C was
added as batches and mixed for 10 min while using N, for
1 min. After that, it was added in special tubes for 2 h or less
in a water bath according to polymer freezing, followed by
cutting and drying the composite polymer in 70 °C, cutting
well, that then can be used.

Preparation and processing of the synthesized
adsorbent

The preparation and processing steps employed to transform
the nanocomposite hydrogel composite into a suitable
adsorbent. For this, initially, the composite was carefully
cut into small pieces using a sharp instrument, ensuring the
creation of an optimized adsorbent surface. Subsequently,
the cut pieces were thoroughly washed with ion-free distilled
water while employing continuous stirring on a hot plate
stirrer for a period of 1 h. Following this, the composite was
separated from the water, and this washing step was repeated
to eliminate any non-reactive composites.

In the next step, the composite was subjected to a drying
process at 50 °C for an entire day. This extended drying
period ensures complete removal of moisture from the mate-
rial. Once dried, the nanocomposite hydrogel composite was
finely ground into tiny granules, yielding a powder with var-
ying granule sizes. To achieve uniformity, appropriate sieves
with different mesh sizes (ranging from 100 to 400 pm) were
utilized to separate the granules. The fine granules obtained
through this process were utilized in the present study as
the adsorbent material. Figure 1 visually represents the
nanocomposite hydrogel composite after undergoing cut-
ting, washing, drying, and grinding stages, highlighting the
transformation of the material into its final state.

Characterization

The morphological characteristics of the composite materi-
als can be analyzed using Field-Emission Scanning Elec-
tron Microscopy (FESEM) with a high-resolution (S-4800
instrument from Hitachi, Japan). In order to determine the
particle size, the internal structure and atomic arrange-
ment, Transmission Electron Microscopy (Leo, 912AB,
Germany) was used. To examine the functional groups pre-
sent on the surface of the studied materials, Fourier Trans-
form Infrared Spectroscopy (FT-IR) was performed using
a FT-IR instrument (Shimadzu, 8400S, Japan) with KBr
tablets as sample holders in the 400-4000 cm™! region.
The crystallography of the composites can be investigated
by conducting X-ray diffraction (XRD) analysis (Bruker
D8 instrument from Germany), and the XRD data were
collected at a scanning rate of 0.03 s™! for 260 in a range
from 5° to 80°.

Fig. 1 Highlighting the transformation of SA-g-p(FA-AA)/GO into
its final state as adsorbent after undergoing cutting, washing, drying,
and grinding stages

Measurement of swelling ratios

For the measurement of the swelling ratios, a 0.5 g sample
of the synthesized adsorbent was taken and treated in
aqueous solutions with different pH values of 1.0 to 12.0.
After intervals of 15 min, the adsorbent was placed on a
filter paper to remove the excess solution. Subsequently, the
weight of the compound was noted. The swelling ratios (S,
g g71) were calculated using Eq. (1):

14

_ S_Wd
s=—_d5 100 )
Wd

where W, and W, refers to the weight of the swollen and
dried sample, respectively.

Adsorption studies

The adsorption of heavy metals (Cr (VI) and Pb (II))
using SA-g-p(FA-AA)/GO composite was investigated.
The study examined the effect of different factors, such
as initial metal concentration, pH level, contact time, and
temperature on the adsorption process. The experiments
were performed in 10 mL of individual water solution
of each metal (Cr (VI) and Pb (II)) using 100 mg L' at
pH =2 containing 0.05 g of the adsorbent with continuous
shaking with the speed of 150 rpm at 25 °C for 100 min.
By centrifugation, the samples were separated at a speed
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of 6000 rpm for 10 min. Afterwards, the residual con-
centration of ions in the solution were determined by a
flame atomic absorption spectrometry (FAAS, AA-7000,
Shimadzu, Japan). The adsorption capacity of adsorbent
for each metal (g., mg g'l) and removal efficiency, % RE,
were calculated according to Eq. (2) and (3), respectively:

C,—-C
ge=——= XV o)
m
c,-C
%RE = ——— x 100 3)
CO

While C, and C, are the initial concentration and
equilibrium concentration of metal (mg L"), respectively.
Also, V is the volume of aqueous solution (L) and m is the
amount of adsorbent (g).

Results and discussion

Figure 2 shows the schematic steps for the synthesis a SA-
g-p(FA-AA)/GO composite. The synthesis method gener-
ally consists of two steps. I) free radical polymerization, II)
covalent functionalization. In first step, the SA chemically
cross-linked with AA and FA (comonomers), MBA (organic
cross-linker), FeCl; (inorganic cross-linker), and KSP (ini-
tiator) resulting in the formation of a get gel-like solution. In
the second step, the obtaining 3D modified sodium alginate
(SA-g-p(FA-AA)) hydrogel was immersed in GO solution
to yield chemically cross-linked network was formed due to
the hydrogen bond via GO and SA.

Characterization of SA-g-p(FA-AA)/GO

FTIR of the nanocomposite hydrogel is shown in Fig. 3.
FTIR characterization of SA-g-p(FA-AA)/GO showed
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Fig.2 The schematic illustration of the steps for the synthesis a SA-g-p(FA-AA)/GO composite
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Fig.3 FTIR of the nanocomposite hydrogel for SA-g-p(FA-AA)/GO

broadband area at the 3548-3209 cm™' range, indicating
interference between O-H in the carboxyl and hydroxyl
groups, N—H in the cross-linker Methylene bis-acrylamide
(MBA), and a band at 2985 cm™! corresponds to the sym-
metrical and asymmetric stretching vibrations of—-CH,
groups of the aliphatic composites in the nanocomposite
hydrogel. Moreover, the band at 1720 cm™! corresponds to
the carbonyl group C=O0 in the carboxyl acid. The bands
(1543-1410 cm™") represented symmetrical and asymmet-
ric vibrations of both —COO groups due to sodium alginate
(SA). Further, the bands in the range 1396-1010 cm™~' were
due to the O-H, N-H, and C-H groups. There were no
bands for (Na—O), thus conforming to the interference of
the acrylic acid (AA) and sodium alginate (SA).

The XRD spectra of the hydrogel [SA-g-p(FA-AA)] and
the composite [SA-g-p(FA-AA)/GO] (Fig. 4) indicated
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Fig.4 XRD spectra of: a SA-g-p(FA-AA) and b SA-g-p(FA-AA)/GO

80

broadband in the angle range 260 =15-30° for the hydrogel
and in the range 20 =17-43° for the composite, indicating
the non-crystal nature of the hydrogel and the composite
structure. XRD spectrum of the hydrogel revealed an acute
and high band in the range 20 =20.339° within the calculated
interlayer distance (d=4.3627 A). Regarding the composite,
there was a broad and low band at an angle of 26=21.192°
within the calculated interlayer distance (d=4.1891 A). The
comparison of XRD spectra between GO and the composite
revealed that the band at 26 =11.60° was no longer present
in the composite spectrum. This observation suggests that
the multilayer structure of GO underwent exfoliation, disper-
sion, and spreading, resulting in the formation of individual
layers within the three-dimensional network of the polymer
composite [GO/poly(AAC-MCC)] [27].

For better understanding of the surface charge, point of
zero charges (pH,,.) play a major role particularly in the
adsorption behavior of synthesized nanoparticles and nano-
composites. pH,,,. is the pH at which a nanoparticle's or
nanocomposites’ surface charge is zero. The pH drift tech-
nique was used to compute SA-g-p(FA-AA)/GO ‘s pH,,.
(Fig. 5) and it was found to be 4.2 for SA-g-p(FA-AA)/
GO. The nanocomposite attains positive surface charge at
pH lower than 4.2. This positively charged surface leads to
electrostatic interaction with the negatively charged analyte.
As the pH increases, more of this functional group become
deprotonated and resulting in its affinity to cations.

To analyze the surface morphology (porous or smooth)
of the nanocomposite hydrogel, size and form of granules,
nature of distribution on the surface, and bonding of poly-
mer series, field emission-scanning electron microscopy
(FESEM) was utilized. Results of the study revealed that
GO was added to the hydrogel to improve its surface rough-
ness, which is very useful for target analyte’s adsorption,
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Fig.5 The zeta potential of SA-g-p(FA-AA)/GO

enabling seeing the nanocomposite’s internal pores during
formation Fig. 6a. Furthermore, as shown in the figure, the
average dimensions of nanoparticles in SA-g-p(FA-AA)/GO
were < 78.48 nm.

To provide detailed information about the internal
structure of SA-g-p(FA-AA)/GO composite, TEM analysis
was used (Fig. 6b). The results of the study revealed that
the SA-g-p(FA-AA)/GO particles exhibit a predominantly
spherical and heterogeneous shape.

Swelling studies

The swelling behavior of SA-g-p(FA-AA)/GO composite
were investigated by immersing the same amount of each

D3 = 78.03 nm

D2 = 75.81 nm

SEM MAG: 135 kx
Det: SE
Date(m/dly): 03/03/22

WD: 8.64 mm el
SEMHV: 150kV 200 nm

hydrogel in water and measuring their swelling ratios at
different pH levels. It was observed that the swelling ratio
is greatly influenced by the acidic function. Results of the
study have been summarized in Fig. 7 revealing that the
swelling ratio increases with the rise in acidic function.
Specifically, at pH=7, a higher swelling ratio was noted in
comparison to pH=1. This phenomenon can be attributed
to the chemical composition of the maize composite, which
contains hydrophilic groups (COOH, OH, C=0). These
groups ionize at an acidic function of pH="7, transform-
ing into negative groups, leading to electrostatic repulsion
among them. Consequently, this repulsion causes the poly-
mer chains in the chemical composition to separate from
each other, facilitating the ingress of water molecules and

41
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10 15
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Fig. 7 The swelling behavior of SA-g-p(FA-AA)/GO hydrogel at dif-
ferent pH levels

\
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Fig.6 a FESEM of SA-g-p(FA-AA)/GO composite and b TEM of SA-g-p(FA-AA)/GO composite
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resulting in swelling. This process results in increasing the
swelling ratio. Conversely, at a pH value of 1, the swelling
ratio is observed to be lower. This is because of the reason
that the functional groups become protonated, leading to the
development of the hydrogen bonding with each other. As
a result, electrostatic attraction occurs between the groups,
which leads to a decrease in the swelling ratio.

Adsorption process

The ability of adsorbent material to remove Cr (VI) and
Pb (II) from aqueous solutions was due to the presence
of diverse functionalities in the prepared adsorbent. By
chemically modifying SA with substances like GO, AA
and FA, the number of binding sites can be increased,
consequently improving its binding ability. In SA-g-
p(FA-AA)/GO composites, the negatively charged
carboxylate groups present in the sodium alginate chain
interact with the positively charged cationic metals through
electrostatic forces, while the oxygen-containing functional
groups of graphene oxide provide additional adsorption sites
for the adsorption of the heavy metals. The porous structure
of graphene oxide also allows the diffusion of the metals into
the composite structure, enhancing their % removal.

The adsorption of metal ions onto an adsorbent’s surface
is significantly affected by the pH of the solution, due to its
impact on both the adsorbent’s surface charge and the dif-
ferent forms of the metal ions. Figure 8a reveals the removal
efficiency of Cr (VI). It was observed that the predominant
form of hexavalent chromium, changes with the change
in solution pH. Cr (VI) commonly exists in solution as an
anion Cr202_,CrOi_ and HCrO}. As per the results, it can
be inferred that the highest removal efficiency for Cr (VI)
would be observed at a pH <pH,,., where the adsorbent
surface carries a positive charge. The oxygen-containing
functional groups on the adsorbent surface can also coor-
dinate with the Cr (VI) ions via hydrogen bonding and
chemical complexation. Furthermore, the effect of pH on
Pb (II) removal was also examined within the range of 2-9.
Figure 8a shows that the % removal of Pb (II) decreases
gradually with an increase in solution pH. This trend can be
attributed to the solubility and speciation of the Pb (II) ions
in solution. Therefore, the removal efficiency of proposed
composite need to be optimized by adjusting the pH of the
surrounding solution at 2-3, 4.5 for Cr (VI) and Pb (1),
respectively.

In addition to solution pH, dose of the adsorbent is also
an important factor affecting the adsorption processes in
terms of the adsorption capacity, efficiency, and the time
required to reach equilibrium. To ensure the maximum
adsorption capacity, the effect of the adsorbent dose on the
removal of Cr (VI), and Pb (II) in the range of 0.01-0.06 g
was investigated. Results of the study revealed that as the

weight of the adsorbent (W,) increases to 0.04 g, no obvious
change was observed for Pb (IT) adsorption. However, with
further increase in adsorbent dose, % adsorption increases
allowing for equilibrium between the adsorbate and the
adsorbent to occupy all the available active sites on the
adsorbent surface. This results in an increase in % adsorption
on the surface, with the maximum adsorption capacity or
saturation achieved when all active sites are filled by the
adsorbate. However, by further increase in adsorbent dose,
no significant increase in the removal efficiency of Pb (II)
was observed.

The effect of contact time for Pb (II) and Cr (VI) adsorp-
tion on the SA-g-p(FA-AA)/GO nanocomposite hydrogel
was investigated to determine the required equilibrium time
and the results are shown in Fig. 8b. The contact time was
varied from 1 to 180 min at constant experimental condi-
tions of 25 °C, pH=2.5 and 4.5, a fixed weight of 0.06 g,
and a concentration of 100 ppm for each metal. Based on the
study’s findings, the required equilibrium time was deter-
mined to be 5 and 100 min for removal of Pb (II) and Cr
(VD), respectively. It was observed that Cr (VI) reached its
maximum efficiency quickly and remained constant with
further increase in time. Within the first 5 min, the removal
efficiency was evident, i.e., it increases from 0 to 43%, and
thereafter, slight changes were recorded until the maximum
removal efficiency of 48% was achieved after 180 min. In
case of the adsorption of the Pb (II), results revealed that
the adsorption rate was slower in the beginning which then
gradually increases with time until it reached a constant
maximum removal efficiency after 100 min. The difference
in adsorption behavior between the two metal ions could be
attributed to their different physical and chemical proper-
ties, such as size, charge density, and electronic configura-
tion. Cr (VI) is a smaller ion with a higher charge density,
which allows it to develop stronger electrostatic interactions
with the adsorbent surface and thus adsorb more quickly. Pb
(II), on the other hand, is a larger ion with a lower charge
density and thus has weaker interactions with the adsorbent
surface, leading to slower adsorption kinetics. Generally, the
initial quick increase in adsorption of metal ions were due
to the availability of the numerous active sites present on
the adsorbent surface. As the metal ions occupied the active
sites, the adsorption process became slower and more chal-
lenging as evident from kinetic study.

Wastewater can contain various types of salts in addi-
tion to metal ions. The presence of salt in the adsorption
process can affect the selectivity and efficiency of the
adsorption process. Chloride and carbonate are the most
frequently occurring anions in wastewater samples. Hence,
an experiment was also conducted to examine the influ-
ence of different salts including NaCl, KCl, and CaCO; on
the removal of the studied metal by adsorption, Fig. 8c,
d. Under the optimal experimental conditions, a suitable
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Fig.8 a Effect of pH on the adsorption capacity of Cr (VI) and Pb
(II) on the SA-g-p(FA-AA)/GO nanocomposite hydrogel (C,=50
and 10 mL (100 mg LY for Cr (VI) and Pb (II), temperature =25
°C, stirring rate 700 rpm and W,=0.05 g), b Effect of contact time
(Cp=10 mL (100 mg L, temperature =25 °C, stirring rate 700 rpm

amount of each salt in concentration range of 0.001-0.2 g
L~! was introduced into each metal solution that had an
initial concentration of 1000 mg L™! at an optimum pH.
Results of the study showed that for both of studied metals,
the removal efficiency was reduced as the concentration
of salts were increased. The % removal of the Cr (VI)
was more efficiently affected by CaCO; that results in a
decrease in the removal efficiency from 92.5% to about
87.5% while on the other hand, NaCl demonstrates a lower
level of effect on the removal efficiency of the adsorbent.
Furthermore, KCI displays the least efficient performance
amongst the three tested ions. These results can be attrib-
uted to their ability to compete with the adsorbate for the
adsorption sites, resulting in reduced adsorption efficiency.
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ring rate 700 rpm and pH=4.5, W,=0.05 g)

Kinetic studies

The kinetic study of the adsorption process is necessary to
determine the best-fit model for the adsorption process and
to obtain information on the adsorption mechanism. Two
commonly used models are the pseudo-first-order and pseudo-
second-order kinetic models, which are expressed in Egs. (4)
and (5), respectively.

ln(qe - ‘I;) =Ing, — k;t @
f_ 11,
4% kgl 4. )
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The equations include rate constants k, (min~") and k, (g
mg~'min~!) for the pseudo-first-order and pseudo-second-
order adsorption models, respectively. Also, g, and g, are the
amounts of analytes adsorbed at equilibrium and time 7 (mg
g~ !). The adsorption kinetic plots and the linear fitted data
are shown in Fig. 9. The kinetic parameters obtained from
various kinetic models are listed in Table 1.

Based on the determination coefficients being closer to 1
for the pseudo-second-order kinetic model compared to the
pseudo-first-order kinetic model, it can be inferred that the
current adsorption system is predominantly following the
pseudo-second-order rate model for both adsorption of Pb
(IT) and Cr (VI) on SA-g-p(FA-AA)/GO nanocomposite. The
obtained values of k, from the assessment of the pseudo-
second-order kinetic model represent the rate constant for
adsorption of Pb (II) and Cr (VI) on SA-g-p(FA-AA)/GO
nanocomposite. The value of 9.852 for Cr (VI) suggests
faster adsorption when compared with Pb (II) with a value
of 0.019, which is consistent with the findings depicted in
Fig. 8b. The maximum adsorption capacities, as determined
by the pseudo-second-order model, are 22.3714 mg g~' for
Pb (IT) and 0.0447 mg g_l for Cr (VI). This indicates that the
adsorption capacity for Pb (II) is higher than that of Cr (VI),
suggesting that a greater number of Pb ions are absorbed

(@

(b)

Pseudo-first-order model

* Ph(II)

mCr(VI)
0 4
-
Z
S
c 2
-3 4
4
-5
0 50 100 150
t (min.)

200

by the nanocomposite compared to Cr ions when reaching
equilibrium under identical experimental conditions. This
may be due to the preference of the sorbent for interacting
with Pb ions over Cr ions. Table 2 lists a comparative study
of adsorption capacities for the prepared SA-g-p(FA-AA)/
GO nanocomposite with SA-based adsorbent in the literature
for the removal of heavy metals from water.

Adsorption isotherm study

Adsorption isotherms provide valuable information about
the behavior of adsorption of molecules on a solid surface,
the capacity and selectivity of adsorbents, and the surface
properties of the adsorbent (i.e. surface area, pore size
distribution). By evaluating the equilibrium adsorption
capacities, various adsorption systems and conditions can
be compared. Several isotherm models, such as Langmuir,
Freundlich and Tempkin isotherms, were investigated on the
concentration data of the study.

Langmuir’s isotherm theory assumes that the surface of
the adsorbent is homogeneous, and uniform, and that the
adsorption process is reversible. According to this theory,
the adsorbate molecules are assumed to adsorb onto the
surface of the adsorbent until all available adsorption sites

20

18 1 Pseudo-second-order model

16 -
14 1 * Pb(I)
12 mCr(VI)

t/qt

0 50

100
t (min.)

150 200

Fig.9 a pseudo-first-order and b pseudo-second-order kinetic models for adsorption of Pb (II) and Cr (VI) on SA-g-p(FA-AA)/GO nanocom-

posite

Table 1 The kinetic parameters
obtained from various kinetic

Pseudo-first-order

Pseudo-second-order

models k, (min~") q. (mg g_l) R? k, (g mg_1 min~!) q. (mg g‘l) R?
Pb (II) 0.038 21.3190 0.897 0.019 22.3714 0.949
Cr (VD) 0.0018 9.5965 0.560 9.852 0.0447 0.999
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Table 2 Comparison of removal
of heavy metals with SA-based

adsorbent in previous studies

are occupied. In other words, absorption is considered as a

Adsorbent analyte Gimax (Mg g1 References
SA-polyacrylamide (PAM)/GO Cu (IT) 68.76 [28]
Pb (II) 240.69
NH2-SA/ poly-N-isopropyl acrylamide (PNIPA) Cu (1D 57.20 [29]
Cd D) 100.50
Chitosan /SA/Ca®* Pb (II) 176.50 [30]
Cu (D) 70.83
Cd (D) 81.25
SA-g-poly(acrylic acid-co-acrylamide) Pb (II) 231.88 [31]
Cd D) 235.62
Ni (II) 67.52
Cu (D) 76.35
SA-g-p(FA-AA)/GO Pb (II) 22.371 This work
Cr (VD) 0.0447
1
logg, = logKy + ~logC, (10

monolayer. The Langmuir equation can be represented as
follows:

qe = quLl-I-—];LCe (6)
where C, represents equilibrium concentration (mg L"),
g, the amount absorbed at the equilibrium (mg g™'). The
g,, (mg g~") indicates the maximum adsorption capacity
of the monolayer, and K| (L mg~') indicates the Langmuir
adsorption constant. The Langmuir’s linear equation form
can be expressed as below:

C, 1 C,

9e KLQm dm ( )

The R; parameter, also known as the separation factor
is a dimensionless quantity used in the Langmuir isotherm
equation. It is defined as:

1

R=—
LT 14K, G, ®)

The R; parameter can be used to evaluate the favorability
of the adsorption process; R; values less than 1 indicate
favorable adsorption, while R; values greater than 1 indicate
unfavorable adsorption.

Unlike the Langmuir isotherm model, the Freundlich
isotherm model assumes the surface of the adsorbent as
heterogeneous and suggesting the multilayer adsorption.
This model can be expressed mathematically by an equation
given below:

= rpcl’ ®

Linear form of the equation is given as:

@ Springer

where K (mg!™ L" g~!) shows the adsorption capacity and
% shows the adsorption intensity. The value of ‘n’ generally
ranges from 0.1 to 1.0, and values greater than 1 indicate
that the adsorption process is favorable, while values less
than 1 denote unfavorable adsorption. A value of n equal
to 1 signifies a linear relationship between g and C, sug-
gesting that the surface of the adsorbent is homogeneous.
Additionally, this variable helps in distinguishing the kind
of adsorption either physical or chemical adsorption. Where
n is greater than 1, the adsorption process is mainly a physi-
cal one, while if 7 is less than 1, the adsorption process is
primarily chemical in nature.

Another isotherm model, i.e., the Temkin isotherm is
another model that is useful for describing the adsorption
of molecules onto materials with non-uniform adsorbent
energies. In other words, this model leads to best fit when
different parts of the surface have different affinities for the
adsorbate molecules. The Temkin isotherm equation can be
expressed as:

RT
q. = TIHKTC"‘ (11)

Above equation can be rearranged to a linear form:

q, = R7TanT + ElnC

5 InC, (12)

K is the equilibrium constant of adsorption (L mol™")
and constant B=2L is related to the heat of adsorption and
the strength of the surface heterogeneity of the adsorbent.
Also, R, T and b are the universal gas constant (8.314 J
mol~! K1), the absolute temperature (K), and a constant,
respectively.
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Table 3 .Langmuir an.d NO. Isotherm Model parameters Cr (VD) Pb (IT)
Freundlich and Temkin
isotherm parameters and their Values S.E. R’ Values S.E. R?
corresponding standard errors
(S.E.) along with regression 1 Langmuir 4 (Mg g_l) 526.31 High* 0.033 185.18 High* 0.314
coefficients (R?) for Cr (VI) and K, Lmg™) 0.0003 High* 0.1220 High*
Pb (II) adsorption on SA-g- 2 Freundlich K, (mgg™') 0.16  0.05 0.966 23 04 0.974
p(FA-AA)/GO composite n Lol 0.06 152 0.09

3 Temkin Ky (L mol™") 0.03 0.02 0.899 0.07 0.02 0.972

B (J mol™) 162 19 250 17

*Not fitted to the model so the standa

rd error of calculated model parameters is high

Fig. 10 The best fitted Freun- 4.0 4.5
dlich isotherm for adsorption * Pb(I)
of Cr (VI) and Pb (II) on SA-g- 3.5 4
p(FA-AA)/GO composite 3.0
2.5 3.5
L
=20 :‘
= y=0.9829x - 18197 - 3 = 0.6565x + 0.8537
= 1.5 M R?=0.966 . R = 00745
1.0 ’5
0.5
0.0 2
3 35 4 45 5 55 6 29 34 39 44 49 54
In Ce In Ce
All model parameters with related correlation coeffi- K. = 4q.
cients are corroborated in Table 3 and further represented d C, 13)
in Fig. 10.
The results reveal that current adsorption data for Cr 0 0 0
. . AG AH” = AS
(VI) and Pb (II) are not appropriate for Langmuir isotherm  InK, = = = wmr T ® (14)
(R2 <0.314). However, Temkin isotherm showed a high
correlation coefficient but the Freundlich isotherm model o 0
AG® = AH® — TAS’ (15)

performs well fitting by a correlation coefficient higher than
0.966. It indicates that multilayered adsorption of metal ions
takes place on the heterogeneous surface of SA-g-p(FA-AA)/
GO adsorbent. In addition, n values for each metal indicate
that the adsorption process is favorable and mainly physical
in nature.

Thermodynamic study

Thermodynamics is a vital tool for gaining insight into the
energetics of chemical reactions, phase transitions, and reac-
tion mechanisms. To evaluate the process, thermodynamic
parameters such as the changes in standard enthalpy (AH?),
standard entropy (AS"), and standard free energy (AG®) are
required. Experimental data obtained at different tempera-
tures (15, 20, 25, 30 OC) were used to calculate these param-
eters by Van’t Hoff equation given below as:

where K, C,, q,, AGY R, T, AH’, and AS? are equilibrium
constant, the equilibrium concentration of analyte (mg L™!),
the amount of analyte adsorbed on the adsorbent surface
at equilibrium time (mg g'), change in Gibbs free energy
(kJ mol™"), constant of gases (8.314 ] mol~! K1), the
temperature in Kelvin (K), change in enthalpy (kJ mol™')
and change in entropy (J mol~! K1), respectively. Table 4
presents a summary of the thermodynamic parameters
obtained, including their associated uncertainties. For Cr
(VI) and Pb (II), the Gibbs free energy change (AGY are
positive which suggest that the reaction is non-spontaneous.
This means that external energy is required for adsorption of
Cr (VI) and Pb (IT) on adsorbent’s surface. As temperature
increases, there is a corresponding increase in (AG?) values,
which suggests that adsorption becomes more favorable at
lower temperatures.
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Table 4 The thermodynamic AG® (kI mol™1) AH® (kI mol™1)  AS°(J mol™1 K1)
parameters for adsorption of
Cr (VI]) and Pb (II) on SA-g- 288 K 293 K 298 K 303 K
p(FA-AA)/GO
Cr(VI) 3.64+022 432+0.16 4.85+0.22 573+0.16 —34.72+2.81 —135.48+9.70
Pb (I) 231+0.16 2.69+0.17 3.09+0.15 3.14+0.15 —-13.96+3.28 —57.73+£11.30

The negative values of AH? indicate that the adsorption
process of studied metal was exothermic in nature. The
negative sign in the entropy (AS®) for adsorption indicates
that the process the adsorbing species interacting with the
adsorbent surface in a more ordered state of the system.

Conclusion

This paper demonstrated the synthesis of sodium alginate
poly grafted (fumaric acid-polyacrylic acid)/graphene
oxide (SA-g-p(FA-AA)/GO) hydrogel via combination of
free radical polymerization and covalent functionalization
for exploring its adsorptive potential against heavy metals.
FTIR, XRD, FESEM, TEM analysis of the nanocomposite
hydrogel confirmed its successful synthesis. The maximum
swelling percent of SA-g-p(FA-AA)/GO composite was
obtained at pH=12. The ability of the synthesized adsor-
bent was examined for the removal of Cr (VI) and Pb (II).
The optimized removal efficiency of the prepared composite
was attained at pH=2-3, 4.5 using 0.05, 0.06 g adsorbent
amount when the contact time of 60 and 120 min was given
to the adsorption of the Cr (VI) and Pb (II), respectively.
The presence of salt in the adsorption process reduced the
removal efficiency of the studied adsorbent. The maximum
adsorption reached 0.045 mg g~! for Cr (VI) and 22.371 mg
g~ ! for Pb (II) under the optimized conditions. It implies that
more Pb ions are adsorbed on the nanocomposite compared
to Cr ions under similar conditions. Langmuir, Freundlich,
and Temkin isotherms were used to analyze the equilibrium
data, and results revealed that the Freundlich model fits well
to the experimental data revealing the multilayer adsorp-
tion of Cr (VI) and Pb (II) on SA-g-p(FA-AA)/GO. Based
on kinetic study, the system is predominantly following the
pseudo-second-order model for the adsorption of both Pb
(ID) and Cr (VI). Furthermore, the obtained rate constant
values show faster Cr (VI) adsorption (having k, = 9.852)
when compared to Pb (II) (having k, = 0.019). The thermo-
dynamic parameters showed that the adsorption process was
non-spontaneous and exothermic with a decrease in disor-
derliness at the interface between the solid and liquid phases
(over a range of temperature) during the adsorption of Cr
(VD) and Pb (II) on SA-g-p(FA-AA)/GO. Overall, the adsor-
bent prepared in this study has great potential for use as an
efficient sorbent to remove heavy metal, i.e., chromium and
lead from water. In the future, the practical potential of the

@ Springer

SA-g-p(FA-AA)/GO hydrogel in real-world scenarios, like
wastewater treatment plants and industrial effluents, need
to be assessed for addressing environmental contamination
issues.
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