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Environmental significance

Rapid adsorptive removal of Pb?* ions from
aqueous systems using a magnetic graphene oxide
calcium alginate composite: optimisation,
isotherms, and kinetics¥

Sadit Bihongo Malitha,® Dewan Md. Mahmudunnabi,? Shreyoshi Mazumder,?
Knandker Saadat Hossain,® Mohammad Nurnabi® and Md. Zahangir Alam @ *2¢

Water consumption from polluted sources is a significant cause of human exposure to lead
compounds, posing potential risks to humans. This study investigated the synthesis and application
of a magnetic graphene oxide calcium alginate composite (MGO@CA) for rapid removal of lead
(Pb2*) ions from aqueous systems, demonstrating its effectiveness through various adsorption
studies and characterisation techniques. We utilised XRD, FTIR, VSM, and SEM to confirm the
structural and magnetic properties of the MGO@CA composite, while BET and AFM analyses were
performed to assess its surface area and roughness, which are essential for evaluating its adsorption
capacity. Characterization results indicated the formation of a composite with functional groups of
both graphene oxide and alginate and a rough surface, high surface area, and magnetic properties.
The adsorption process was optimised by studying the effect of varying solution pH, adsorbent
dosage, contact time, and initial lead concentration. The maximum adsorption capacity for Pb%*
ions was determined to be 270.27 mg g~ as revealed using the Langmuir isotherm model,
indicating the high efficiency of the composite in removing lead from water. Different adsorption
isotherms and reaction kinetic models were studied for the adsorption process. The obtained
adsorption data fit well with both the Langmuir and Freundlich adsorption isotherms, indicating the
heterogeneous surface of the composite containing sites with different affinities for Pb%*. The
adsorption process followed pseudo-second-order reaction kinetics. Furthermore, the adsorbent is
regenerable and reusable, maintaining 82.28% of its initial adsorption capacity after 5 cycles. Thus,
the MGO@CA adsorbent is remarkably efficient, ecologically sound, readily separable, and thus
optimal for rapid and effective elimination of heavy metals from water.

Heavy metal pollution in water, originating from industrial discharge and agricultural runoff, poses a significant threat to human health and the envi-
ronment. Exposure to heavy metals can cause health issues, disrupt ecosystems, and harm soil as well as groundwater. They can damage the brain, kidneys,
and red blood cells, which deliver oxygen throughout the body. This research shows that a magnetic graphene oxide calcium alginate composite, MGO@CA,
which is derived from natural alginate, exhibits enhanced lead removal efficiency and promotes the use of eco-friendly materials. It effectively absorbs Pb*"
from aqueous systems and can be separated without the need for filtration. Furthermore, the magnetic properties of this composite facilitate its easy
retrieval, thus minimising waste. The synthesis and application of MGO@CA are intended to be economically viable and energy-efficient, in line with
sustainable methods for water treatment. Thus, the MGO@CA composite has potential as an efficient adsorbent in water treatment, with a maximum
theoretical adsorption capacity of 270.27 mg g~ for Pb>" ions. Moreover, its high efficacy at a pH of 6 indicates its compatibility with current water treatment

operations.

Introduction

“Department of Applied Chemistry and Chemical Engineering, University of Dhaka,
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Water is an essential and indispensable resource for sustaining

*Department of Physics, University of Dhaka, Dhaka 1000, Bangladesh life, and both humans and the ecosystem depend on access to
“Atish Dipankar University of Science & Technology, Sector 15, Uttara, Dhaka, ~clean water." Any metallic element with a high density that is
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harmful in even small quantities is considered a heavy metal.?

f Electronic  supplementary  information  (ESI) ~ available. ~See DOL  The release of substantial quantities of hazardous waste into
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water bodies pollutes aquatic ecosystems and modifies the
chemical properties of water with heavy metal cations.® Lead
toxicity affects plants at all stages, from germination to yield,
with its impact depending on exposure time and concentration.
Known as one of the first heavy metals used by humans, lead's
versatility—low melting point, softness, malleability, and
corrosion resistance—has made it a valuable resource for over
5000 years.*” The primary sources of lead (Pb) include auto-
mobile exhaust fumes, emissions from the chimneys of facto-
ries utilizing lead, effluents from storage battery industries, and
activities such as mining and smelting of lead ores. Additional
contributors are processes such as metal plating and finishing,
as well as the use of fertilizers, pesticides, and additives in
pigments and gasoline.®

Daily, a variety of artificial and natural sources discharge
hazardous metals into water.' Among them, lead (Pb) is
particularly harmful in aqueous environments. This is because
heavy metals tend to accumulate in aquatic animals primarily
through the dissolved phase and by consuming contaminated
food.” Fish are some of the aquatic creatures that cannot escape
the negative impacts of these contaminants.” Consequently,
their development, growth, health, and survival are impacted.>
Heavy metal toxicity has been shown to also have lethal effects
on humans, including impairment or reduction of mental and
central nervous system functioning and abnormal blood
composition, which can seriously harm key organs such as the
kidneys and liver.® The average natural concentration of lead
(Pb) in the soil is typically below 50 mg kg~ '; however, in areas
near human activities, particularly abandoned mining sites, the
lead levels can be significantly higher.’

Lead can accumulate as different salts. Experiments showed
that no animals survived at the highest dose, while the control
group exhibited a mean survival rate of 68%. The survival rates
were higher in soils treated with PbCl, compared to that with
Pb(NO3),. Additionally, soil percolation enhanced the condi-
tions and further improved the survival rates.'® The concentra-
tion of Pb in contaminated sites can exceed 16 000 mg Pb per kg
of dry soil, significantly beyond regulatory limitations, such as
the 100 mg kg™ " threshold for lead in soil established by the
World Health Organization (WHO)."* In Bangladesh, over the
past three decades, there has been a sharp change in Pb expo-
sure with the rapid economic expansion.” A review of ground-
water contamination in Bangladesh indicates that the lead
concentration is in the range of 0.0006 to 3.01 mg L™ . This level
exceeds the safe drinking water standard set by the World
Health Organization (WHO), which recommends a maximum
concentration of 0.01 mg L™ " for lead in drinking water.*?

Due to its particular susceptibility to contamination,
addressing water pollution has become a focal point in tackling
some of the most significant environmental issues.** Thus, for
treating water, emphasis has been placed on eliminating sus-
pended particles, processing biodegradable substances, and
eradicating microorganisms." Among the various water treat-
ment methods, adsorption stands out as the predominant, cost-
effective method, the effectiveness of which primarily depends
on the surface characteristics, including the surface area and
availability of functional groups of the utilized adsorbents.'®
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Different materials such as biopolymers, activated carbon,
silica, zeolites, metal-organic frameworks, and graphene-based
materials have shown great potential for the removal of
pollutants. Among them, graphene oxide-based composites and
metal-organic frameworks such as ZIF-8 and ZIF-67, which
eliminate Pb**, exhibit promise in the treatment of
wastewater.””°

Graphene was initially found as a thin sheet peeled from
graphite, which is a flat structure made of tightly bonded
carbon atoms in hexagonal patterns that show strong but
breakable qualities.>® Graphene oxide monolayers exhibit
a single layer of carbon atoms with sp> and partial sp* hybrid-
isation, featuring oxygen-containing groups on both their basal
and edge planes, forming distinct regions with varying area
ratios.”* Given that GO nanosheets are hydrophilic because of
their abundant oxygen-containing groups, they can be
uniformly dispersed in water and polar organic solvents and
facilitate the preparation of TFN (thin film nanocomposite)
membranes.” In terms of both theory and experimentation,
researchers in are becoming increasingly interested in nano-
filtration membrane separation technologies, especially using
graphene oxide (GO), due to their energy efficiency, high effec-
tiveness, low cost, and tunable inter-layer spacing and
honeycomb-like lattice.****

Derived from brown seaweed, alginate is a naturally occurring,
negatively charged polymer that has been widely studied and
utilized in various biomedical applications due to its biocom-
patibility, cost-effectiveness, low toxicity, and ability to form a gel
with divalent cations such as Ca®" at a moderate rate.”® Due to its
pollutant adsorption capability, calcium alginate can eliminate
organic impurities from water and sanitise it.** Because sodium
alginate has several noteworthy properties, such as excellent
biocompatibility, biodegradability, renewability, and numerous
hydroxyl and carboxyl groups with a significant affinity for heavy
metal ions, adsorbents made using sodium alginate can
successfully remove heavy metal ions from water.”

Considering this, we aimed to synthesise a magnetic gra-
phene oxide calcium alginate composite (MGO®@CA) for the fast
adsorption of Pb** ions from aqueous systems. The use of
calcium alginate (CA) bound GO to the polymer matrix, stopped
its leaching, and preserved its adsorption capacity. Besides,
making the composite magnetic greatly facilitated its separa-
tion from wastewater after the adsorption operation. The
composite was characterised using different methods to study
its properties. Batch adsorption studies for the removal of Pb**
were carried out to determine the optimal pH and dosage,
whereas different isotherms and kinetic models were thor-
oughly examined.

Materials and methods

Chemicals

Iron(m) chloride hexahydrate (97%) and iron(u) chloride tetra-
hydrate (98%) were acquired from Merck (Germany). Sodium
alginate was provided by Research Lab Fine Chem. Sodium
nitrate was purchased from Unichem, a supplier based in
China. We acquired potassium permanganate, hydrogen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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peroxide (30%), ammonia solution (25%), nitric acid (65%),
hydrochloric acid (37%), and sulfuric acid (98%) from Merck
(Germany). Merck (India) supplied the graphite powder (99.5%,
=50 pm). All chemicals were employed in their original state
without undergoing any further purification. We used a Labo-
ratory Water Purification System, namely model no. SCSJ-1V,
made by Biobase, to generate deionised (DI) water.

Preparation of magnetic graphene oxide calcium alginate
composite (MGO@CA)

Graphene oxide was made using an improved and modified
version of the Hummers' method.”®* Following one hour of
sonication, 20 mL of water was used to dissolve 50 mg of gra-
phene oxide (GO). Simultaneously, 14 mg of FeCl,-4H,0 and
28 mg of FeCl;-6H,0 were dissolved in 6 mL of water with
continuous stirring, maintaining a 1: 2 ratio. Eventually, 4 mL
of a 25% ammonia solution was introduced into the mixture,
leading to the formation of Fe;O, magnetic particles. Given that
the solution had to be neutralised (pH level 7), these particles
were subjected to additional water washing. Following this, the
solution that contained magnetic nanoparticles was subse-
quently added to the graphene oxide solution that had been
dispersed earlier, and the mixture was subjected to sonication
for one additional hour. In a separate beaker, which contained
50 mL of water, 35 mg of calcium carbonate and 150 mg of
sodium alginate (SA) were dispersed. Subsequently, the soni-
cated solution of graphene oxide (GO) and magnetic nano-
particles was transferred to the same beaker. Finally, using
a syringe, the resulting solution was added dropwise to
a 150 mL 3% hydrochloric acid (HCI) solution. Given that the
reaction had to be completed and crosslinked, the resultant
composite was immersed in an acid solution for two hours.*®
Then, the solution had to be neutralised, and for this, it was
repeatedly washed and freeze-dried (Fig. 1).

Characterisation

The chemical composition and physical structure of MGO@CA
were characterised using field emission scanning electron
microscopy (FESEM) equipped with energy-dispersive X-ray spec-
troscopy (EDS). The specific instrument used was a JSM-7610F
model produced by JEOL in Japan. The chemical structures of
MGO®@CA, sodium alginate, and graphene oxide (GO) were
examined using an IR Prestige-21 (FT-IR) spectrophotometer,

Fig. 1 Laboratory images of the prepared MGO@CA composite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which is manufactured by SHIMADZU, a company based in Japan.
The X-ray diffraction analysis of the MGO@CA composite, GO,
and SA was done on an Ultima IV multipurpose X-ray diffraction
manufactured by the Rigaku Corporation in Japan. The MGO@CA
surface was rough, and its intensity was measured via atomic
force microscopy (AFM) using a Swiss Nanosurf Acoustic Enclo-
sure 100 device. By adsorbing N, gas on the surface of the
adsorbent, a BET Sorptometer (BET-201-A, PMI, USA) was used to
measure different properties regarding the porosity of the mate-
rial. Finally, using a moving sample magnetometer (MICRO-
SENSE EV9, USA) at room temperature, the magnetisation
hysteresis loops for the magnetic field were determined.

Batch adsorption analysis

Various factors, including initial pH, dye concentration, contact
time, temperature, and adsorbent dosage, were examined to
determine the optimal conditions for adsorption. Adsorption is
influenced by chemical composition, pore volume, and various
interactions." The focus of the investigation was the adsorption
of Pb** on MGO@CA. To determine the optimum pH, adsorption
experiments were performed in the pH range of 2.0 to 7.0. The
impact of dosage was investigated by employing an initial
adsorbent dose in the range of 2.5 to 10 mg of MGO®@CA. The
impact of initial concentration and contact time were examined
in 20, 30, and 40 ppm Pb solutions with 30, 60, 90 and 120 min
contact time. The liquids were stirred at a rate of 180 rpm. A bar
magnet was used to separate the adsorbent from the liquid. The
Pb concentration of each solution after adsorption was deter-
mined using a PerkinElmer PinAAcle 500 Flame Atomic
Absorption Spectrometer at a wavelength of 283.31 nm in an air-
acetylene flame. For each sample, three replicates were analyzed.

The following equation was employed to determine the
adsorption capacity, Q (mg g~ "):*

(s —5) XV

0= o

where V = volume (L) of the lead solution, W = mass (g) of the
adsorbent, s, = initial concentration of lead solution (ppm) and
s; = concentration of lead solution (ppm) at time ¢.

Also, the removal percentage can be determined using the
following equation:**

So — ¢
% removal = ——

5 x 100 (2)

The equilibrium adsorption capacity can be determined
using eqn (3), as follows:**

(S0 — 8e) X v

0=""—2 (3)

were s, = equilibrium Pb>" concentration (ppm).

Result and discussion
Characterisation of prepared MGO@CA composite

The FTIR study was conducted to identify the functional groups
present in both GO and MGO®@CA (Fig. 2).

Environ. Sci.: Adv,, 2025, 4, 595-605 | 597
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Fig. 2 FTIR spectra of GO and MGO@CA.

In the spectrum of GO, the vibrational peaks were found at
3525 em ™Y, 2955 em™ Y, 1702 cm ™Y, 1662 cm ™, 1430 cm Y,
1343 cm ', 1222 cm™ ' and 1080 cm ™, as shown in Fig. 2. The
peaks observed at 3525 cm ™' and 2955 cm ! can be related to
the stretching vibrations of the -OH groups and C-H bonds,
while peaks at 1702 cm™ ' and 1662 cm ™" were observed for the
stretching of carbonyl C=0 and aromatic C=C, respectively.
Finally, the peaks at 1343 cm ™" and 1222 cm ™" corresponded to
the C-OH and C-O stretching for the carbonyl groups, respec-
tively. Peaks were found at 1018 cm ™", 1412 cm ™, 1614 cm ™',
1735 em™ ', 2915 cm ™', and 3320 cm ™' for MGO®@CA, which
correspond to the presence of C-O-C vibrations, C-O stretch-
ing, aromatic C=C, carbonyl C=0 stretching, C-H stretching
and -OH groups, respectively. There was a shift in the peak for
the OH group in the MGO®@CA composite, which could
contribute to the formation of hydrogen bonds between GO and
SA.*> The GO groups that contain oxygen were also added to the
MGO®CA mixture, making it a good candidate for adsorption.*

The internal structure and surface morphology were studied
using the images obtained from 3 different characterisation
methods including FESEM, TEM, and AFM. The FESEM images
were captured at different angles with varying magnifications
ranging from 500 to 50 000x, which provide an all-encompassing
viewpoint. According to the FESEM images, it was portrayed that
the structure contained not only a fluffy and layered configuration
but also some crinkled sheets (Fig. 3). The surface of the MGO@CA
composite showed several stripes and was significantly rough, and
these characteristics were explained by the fact that graphene oxide
sheets were incorporated within the sodium alginate matrix.**

The EDX results of MGO®@CA confirm the presence of
a significant percentage of oxygen (43.37%) and iron (3.36%)
together with other elements such as carbon (49.50%), sodium
(0.16%), calcium (0.20%), and chlorine (3.05%) (Fig. 4).
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Fig. 4 EDX graph of MGO@CA.

The TEM analysis also showed the fluffy and rough structure
of the MGO@CA composite (Fig. 5). It also verified the incor-
poration of Fe;O, particles in the composite matrix.**

AFM imaging of MGO®@CA again confirmed the formation of
a rough surface in the prepared composite with an uneven
surface structure. Its mean surface roughness was recorded to
be 238.20 nm (Fig. 6). This high surface roughness may

Fig. 5 TEM image of MGO@CA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 AFM image and surface roughness of MGO@CA.
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Fig. 7 XRD spectrum of GO and MGO@CA.

contribute to its high surface area, and therefore higher
adsorption of molecules on it.*

Fig. 7 shows the XRD patterns of both GO and MGO®@CA,
which indicate a broad spectrum and broad peaks rather than
sharp ones, revealing the more amorphous structure of the

120

100

Volume (V@STP)

20 © Adsorption @ Desorption

0 02 04 06 08 1 12
Relative Pressure (P/Po)

Fig. 8 BET adsorption—desorption isotherm for MGO@CA.
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composite.’” The 26 peaks for GO appeared at 10.77°, 26.86°,
and 42.68°, in its XRD spectrum, which indicate interlayer
spacings of 0.82 nm, 0.33 nm and 0.21 nm, respectively. Alter-
natively, MGO®@CA showed peaks at 26.68°, 35.57°, 57.00°, and
62.89°, revealing interlayer distances of 0.33 nm, 0.25 nm,
0.16 nm, 0.15 nm, respectively. The last 3 peaks at 35.57°, 57.00°
and 62.89° confirm the presence of Fe;O, in the composite,
providing its magnetic behaviour.*®

The surface area and pore size of the prepared mixture were
determined using the Brunauer-Emmett-Teller (BET) method.
The BET isotherm is represented in Fig. 8. The specific surface
area and average pore diameters were determined to be 178.47
m?” ¢! and 4.59 nm, respectively.

The zeta potential analysis of the magnetic composite was
carried out to understand the change in surface charge with
a change in solution pH. The result (Fig. 9) showed negative zeta
potential values, which decreased with pH. This indicated that
the surface became more negatively charged with an increase in
pH.

Finally, VSM was carried out to study the magnetic properties
of the prepared MGO@CA composite. Fig. 10 shows the
hysteresis and remanence curve of MGO®@CA having the

-10 + + + +

Zeta Potential (mV)

-85

pH

Fig. 9 Change in zeta potential with pH.

M M Fa¥ 1 M

-5000 5000 10000 15000
Field [Oe]

-
u

P00 -10000

Mass magnetization (M) [emu/g]

®

Fig. 10 Hysteresis and remanence curve of MGO@CA.
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saturation magnetisation values of —6.27 emu g~ and 6.26 emu
g~ under —15001.13 Oe and 15 001.11 Oe external magnetic
fields, respectively. These saturation values are well above 0.1
emu g ', which indicate strong ferromagnetic behaviour, and
as a result the MGO®@CA composite can be easily separated
from aqueous mixtures using an external magnet.***

Effect of pH on adsorption of Pb on MGO@CA

The adsorption of metal ions onto different adsorbents is
significantly influenced by the pH of a solution, which also
affects the ionic species of metals and the surface charge of the
adsorbent. The impact of altering the solution pH from 2 to 7 was
investigated to understand how it affects the adsorption of lea-
d(uz) on MGO®@CA, and the resultant graph is shown in Fig. 11.

The adsorption of Pb(u) was comparatively low at lower pH
values, likely because of the comparative affinity between
hydronium ions and heavy metal ions to the surface sites. On
the surface of the adsorbent, hydronium ions were predomi-
nant in low-pH solutions. Conversely, the hydronium ion
concentration decreased with an increase in the pH of the
solution, creating more negatively charged sites on the
composite surface. This change made it easier for cationic Pb(u)
ions to bind to the surface. This was also confirmed by the zeta
potential analysis, where the surface of the composite became
progressively negatively charged with an increase in pH.

The graph in Fig. 11 indicates that the highest adsorption of
Pb(u) occurred at pH values in the range of 5 to 7. In this range,
free Pb(u) ions were more favourable for adsorption on the
negative surface of the adsorbent. Conversely, when the solution
PH exceeded 8, Pb(n) underwent precipitation as Pb(OH),. Thus,
to ensure the optimal adsorption effectiveness and prevent Pb(n)
precipitation, all investigations in this study were done at pH 6.

Effect of adsorbent dosage on adsorption of Pb by MGO@CA

By gradually increasing the adsorbent concentration from 2.5
mg/20 mL to 10 mg/20 mL, while keeping the same values for
the other parameters (pH = 6, contact period = 2 h, solution
concentration = 40 ppm), an investigation was conducted to

50

45 1

40 1

30 +

Adsorption Capacity q (mg/gm)

20 +

15 +

10

pH

Fig. 11 Effect of pH on lead(i) adsorption on MGO@CA (5 mg/10 mL
dosage, 10 ppm solution, and 301 K).
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Fig. 12 Effect of adsorbent dose on lead adsorption on MGO@CA at
pH 6 and 301 K.

assess the influence of adsorbent dosage on the adsorption of
lead(n). The relationship between the amount of MGO@CA
used and the proportion of lead(n) removed, as well as its
adsorption capacity, was observed to be inversely correlated, as
depicted in Fig. 12. The percentage of lead(u) removal from the
solution varied from 96.71% to 98.53% as the adsorbent dosage
increased from 2.5 mg to 10 mg. However, throughout this time,
the adsorption capacity of the composite decreased from
310.11 mg g ' to 78.74 mg g '. This situation is due to the
increase in the adsorbent dosage, which resulted in a larger
surface area and more available adsorption sites. However, the
amount of metal ions adsorbed per unit of adsorbent decreased
when larger quantities of adsorbent were added.

Fig. 12 clearly indicates that the concentration of 4.5 mg/
20 mL serves as the intersection point of the two curves, where
both adsorption capacity and percentage removal show signifi-
cant values. Thus, for simplicity in further investigations,
a concentration of 5 mg/20 mL was chosen as the optimum dose.

Effect of adsorption time and initial solution concentration
on adsorption of Pb on MGO@CA

This experiment examined the decrease of Pb(i) concentration
over time for three initial concentrations, ie., 20, 30, and
40 ppm. The results are depicted in Fig. 13. The experiment was
conducted at 301 K, with a constant pH of 6 and a fixed dosage
of adsorbent of 5 mg/20 mL.

The adsorption capacity increased rapidly in the first 30 min.
The initial rapid adsorption rate can be due to the many binding
sites on the exterior surface of the adsorbent. Initially, heavy
metal ions readily bind to these external sites. However, it may
take some time for the ions to penetrate the interior regions of
the adsorbent.**

As depicted in this figure, with an increase of the Pb
concentration from 20 to 50 mg L™, the quantity of metal ions
removed at equilibrium increased from 79.15 mg g ' to
195.65 mg g '. This increase in adsorption capacity can be
attributed to the overcoming of the mass transfer resistance
between the solid phase and the aqueous solution due to the
increasing concentration gradient.*” As the concentration of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Effect of adsorption time and initial solution concentration on
adsorption of Pb on MGO@CA (301 K, 5 mg/20 mL dosage).

Pb*" ions increases in the solution, more active sites of the
composite take part in the adsorption process, and thus the
adsorption capacity increases.*

Langmuir adsorption isotherm

The Langmuir model assumes monolayer adsorption, which
was assessed using eqn (4).***

C. 1 1

= +—C 4
qe qmb+qm @)

This is the linear form of Langmuir isotherm, where C, and g,
are the concentration and adsorption capacity at equilibrium,
respectively. g, refers to the highest theoretical adsorption
capacity, while b is the Langmuir constant.*® The adsorption data
resulted in a straight line, supporting monolayer adsorption.

According to the graph in Fig. 14, the highest theoretical
adsorption capacity was found to be 270.27 mg g .

Freundlich adsorption isotherm

The Freundlich adsorption model supports multilayer adsorp-
tion, where different active sites have varying adsorption

0.006

0.0055 A R?=0.9872
0.005 A
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Ce/q

0.0035 4
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0.0025 4

0.002 T T T T T
0.1 0.3 0.5 0.7 0.9 11 13
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Fig. 14 Langmuir adsorption isotherm for the adsorption of Pb on
MGO@CA (301 K and 5 mg/20 mL dosage).
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Fig. 15 Freundlich adsorption isotherm for the adsorption of Pb on
MGO@CA (301 K and 5 mg/20 mL dosage).

energies. The adsorption data was assessed using the following
equation, and the graph is shown in Fig. 15.

1
In qe:InkF—O—Z In C, (5)

where k; and n are constants. ky indicates the theoretical
capacity of the adsorbent, and n indicates the favorability of the
adsorption process.*”

The values of n and kg were calculated to be 1.79 and 188.18,
respectively. The linear form of the isotherm, as well as the values
of n and kr support multilayer adsorption.*® The adsorption data
fits both models, which indicates that the adsorbent has regions
with different adsorption energies, leading to a combination of
monolayer and multilayer adsorption.*

Adsorption kinetics

The adsorption data was analysed using the pseudo-first-order
and pseudo-second-order models to assess the kinetics of the
adsorption process using the following equations:****

0.6
® 20 ppm
0.4 - ® 30 ppm
0.2 40 ppm
5 50 ppm
o 0 - ~
(=3 =
? \ _
= -0.2 A1
-0.4 -
-0.6 - _
-0.8
20 40 60 80 100 120
Time (min)

Fig. 16 Pseudo-first-order adsorption kinetics for the adsorption of
Pb on MGO@CA at 301 K.

Environ. Sci.: Adv,, 2025, 4, 595-605 | 601


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00341a

Open Access Article. Published on 26 December 2024. Downloaded on 6/20/2026 10:20:46 PM.

Environmental Science: Advances

1.6

R2=

1.49—20ppm —8—30ppm

1.2 A1

0.8 A

t/qt

0.4 A

0.2

0 T T T T T
20 40 60 80 100 120

Time (min)

Fig. 17 Pseudo-second-order adsorption kinetics for the adsorption
of Pb on MGO@CA at 301 K.
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Fig.19 Regeneration study of MGO@CA up to the 5t recycle (pH =6,
10 mg/20 mL dosage, and 2 h).
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where g. = equilibrium adsorption capacity, g, = adsorption
capacity at time ¢, k; = rate constant of pseudo-first-order
adsorption (L min~"), and k, = the rate constant of pseudo-
second order adsorption (g mg~' min™").
Fig. 16 and 17 represent the graph of the reaction kinetics.
The adsorption data exhibited a stronger fit with the pseudo-
second-order kinetics (Fig. 17). Thus, the adsorption process
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Fig. 20 Schematic representation of the proposed mechanism for the
adsorption of Pb on MGO@CA.
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Fig. 21 FTIR spectrum of MGO@CA before and after adsorption.
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Fig. 22 EDX graph of MGO@CA after adsorption.
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Fig. 23 Adsorption capacities of graphene oxide, calcium alginate and
the MGO@CA composite.

depends not only on the concentration of the adsorbent but also
on the initial concentration of the metal ions.” This result is
also supported by the adsorption time and initial concentration
data, which showed that a higher initial concentration resulted
in higher adsorption capacity. A comparison between the
experimental adsorption capacities with the adsorption capac-
ities obtained from pseudo-first-order and pseudo-second-order
kinetic models is shown in Fig. 18. It can be clearly seen that the
experimental data is closer to the theoretical values calculated
from the pseudo-second-order reaction kinetics.

Table 1 Comparison of lead adsorption by different composites
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Regeneration study

The MGO®@CA composite was regenerated by washing the used
adsorbent with 4% HCI solution several times. Then, the
composite was washed with distilled water several times to
neutralize the pH. The results from the regeneration study
(Fig. 19) confirmed the reusability and stability of the composite
as an adsorbent. The composite retained 82.28% of its initial
adsorption capacity after the 5th recycle.

Plausible mechanism

According to the FTIR spectrum (Fig. 2), it is evident that
carboxyl and hydroxyl groups were present on the surface of the
MGO@®@CA composite, and these groups became dissociated
when exposed to an aqueous solution, resulting in the forma-
tion of a negatively charged surface. The presence of negative
charge on the surface was confirmed by the zeta potential
analysis (Fig. 9). Because of electrostatic attraction, the Pb>"
cations will be drawn to the negatively charged surface of the
MGO@CA beads. These ions will either stick to the surface or
transport into the interior of the composite. Consequently, the
composite demonstrated very high adsorption capabilities in
the presence of positively charged Pb*>* ions. The mechanism is
schematically shown in Fig. 20.

Fig. 21 shows the FTIR spectrum of the MGO@CA adsorbent
before and after the adsorption experiment. The reduction in
the FTIR peak intensity after adsorption suggests that the
functional groups were involved in the adsorption process,
which means they successfully latched onto the positively
charged ions. Given that the active sites were blocked by the
adsorbed dye molecules, they were less free to interact with IR
radiation, and as a result their intensity was reduced.

The adsorption of Pb*>" was also confirmed by the EDX
analysis carried onto the adsorbent after the adsorption
process. The spectrum and data shown in Fig. 22 indicate the
presence of a significant amount (2.64 weight%) of Pb>* on the
composite after adsorption, which was not recorded in the EDX
spectrum before adsorption (Fig. 4).

Fig. 23 depicts the adsorption capacities of graphene oxide,
calcium alginate and MGO@CA composite. MGO@CA showed
a higher adsorption capacity than other two materials, which
were used for synthesising the composite.

The maximum adsorption capacity for Pb of some other
materials is given in Table 1. It is evident from the table that
MGO®@CA performed really well in removing Pb*" from an
aqueous system.

Name of the composite Maximum adsorption capacity Reference
Organic ligand-embedded large-pore facial composite materials 176.66 mg g~ " 51
Sustainable biochar derived from poplar saw dust 62.68 mg g~ 52
Magnetic oak wood ash/graphene oxide (ash/GO/Fe;0,) nanocomposites 4716 mg g " 53
Magnetic chitosan/graphene oxide composites 76.94 mg g~ 54
Hydrophilic biochar obtained by an acid ammonium persulfate oxidation (nZVI-HPB) 1354 mgg ! 55
Magnetic graphene oxide calcium alginate composite 270.27 mg g~* This study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

A composite (MGO®@CA) was synthesised successfully and
characterised using multiple techniques, including FTIR,
FESEM, XRD, EDX, TEM, AFM, BET, and VSM, which confirmed
the presence of graphene oxide, magnetic iron oxide nano-
particles, and sodium alginate with calcium carbonate cross-
linking. This study investigated several doses of MGO®@CA,
ranging from 2.5 mg to 10 mg. The adsorption of Pb>* ions was
greatly affected by the solution pH, with the most favourable
adsorption taking place at pH 6. The maximum theoretical
adsorption capacity, as determined by the Langmuir isotherm
model, was 270.27 mg g~ *. This value represents the upper limit
of the lead ion adsorption per gram of the composite material
when the conditions were optimised. The adsorption data fit
both the Langmuir and Freundlich adsorption isotherms,
indicating homogeneous and heterogeneous surface charac-
teristics. The adsorption process followed the pseudo-second-
order reaction kinetics. The high surface area and negative
surface charge of the prepared composite are the plausible
reasons for its high adsorption capacity. This discovery yields
a stable and highly effective adsorbent material for efficiently
eliminating Pb®>" ions from wastewater.
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