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In this work, we established composites from kaolinite (K), CoFe2O4 (CF), and
graphene oxide (GO) for the adsorption of the lead ion (Pb (II)). Initially, a
composite of CF-GO was synthesized by hydrothermal method using cellulose
bio-template extracted from false banana. The weight ratio of GO varied from
0.20 to 0.30, i.e., (1-x) CF/(x)GO (x = 0.20, 0.25, 0.30). The sample with x = 0.30,
i.e., CF-0.3GO exhibited a better adsorption capacity of about 23.6 mg g−1 from
the binary composite samples at the initial Pb concentration of 50 mg L−1. Then,
the contact time and adsorbent dosage of CF-0.3GO were optimized with the
corresponding results of 90 min and 1.2 g L−1, respectively. A ternary composite
was formulated from the sample of CF-0.3GO and Kaolinite (K) with the nominal
composition of (1-y)K/(y)(CF-0.3GO), where y = 0.30, 0.45, 0.60, and 0.75. Among
the ternary composites, the sample with a composition of 0.25K/0.75(CF0-0.3GO)
showed the best adsorption capacity of about 4.2 mg g−1 at the initial Pb
concentration of 10 mg L−1, and this sample was subsequently selected for
further studies. The synthesized composites were characterized using powder
X-ray diffraction (XRD), Scanning electron microscopy (SEM), Fourier transforms
infrared spectroscopy (FTIR), and Differential thermogravimetric analysis (TGA-
DTA), Brunauer-Emmett-Teller (BET), respectively, to determine phase purity, the
particles morphology, functional groups, thermal stability, and surface area and
pore volume of the of samples. Atomic absorption spectroscopy (AAS) was used to
determine the adsorption capacity of samples. The effect of pH ranging from 2 to
10 was investigated for the present composite. At pH of 4, the adsorption capacity
and removal efficiency changed significantly, with the corresponding results of
6.62 mg g−1 and 99 %, respectively, and becomes constant. Adsorption isotherms
and kinetics were investigated for a composite with a composition of 0.25K/0.75
(CF-0.3GO). The Freundlich isotherm model best fits the adsorption isotherm,
with a correlation coefficient of 0.93, and the kinetic behavior followed Pseudo-
second-order adsorption kinetics. Finally, the synthesized composite was stable
for three-round tests toward the Pb(II) removal. Therefore, the results of this study
indicate that the composites of CoFe2O4/Graphene oxide/Kaolinite could be a
potential candidate for the removal of Pb (II) ions.
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GRAPHICAL ABSTRACT

1 Introduction

Water is the most essential substance for human beings’
survival although its pollution by different pollutants or
contaminants brings severe threats to the health of the
environment and the societies (Asadi et al., 2020). These
contaminants may be released from different sources into
water bodies. The growth of civilization, population, and
industrialization have led to a steady worsening in the purity
of available water resources (Fiyadh et al., 2019).

Processing industries are the main sources of these pollutants
(Obayomi and Auta, 2019), which include toxic heavy metal ions,
organic dyes, particulate matter, and so on. Heavy metal ions such as
Lead (Pb), Cadmium (Cd), Mercury (Hg), Tin (Sn), Iron (Fe),
Manganese (Mn), Copper (Cu), Zinc (Zn), Chromium (Cr),
Cobalt (Co), Arsenic (As), and Nickel (Ni) can be released from
different processing industries such as mineral mining, metallurgical
plating, batteries, and fertilizer plants (Yadav et al., 2019a; Es-
sahbany et al., 2019). Among these different heavy and toxic
metal ions Pb, Cd, Hg, and As are highly carcinogenic (Obasi
and Akudinobi, 2020).

Pb (II) is an extremely toxic metal and can cause large-scale
environmental pollution and health effects in many parts of the
world (Monear and Xhabija, 2020). Generally, human vulnerability
to lead is due to drinking water. The Environmental Protection
Agency (EPA) has established zero as the ultimate pollutants level
goal for lead in tap water because lead can impair human health even
at low levels of exposure (Triantafyllidou and Lambrinidou, 2009).

Thus, to live in a clean environment and healthy life, the removal of
Lead from water is crucial.

There are several techniques to eliminate or minimize the level
of these heavy metals such as ion exchange, chemical precipitation,
electrolysis, membrane separation, solvent extraction, and
adsorption (Mnasri-Ghnimi and Frini-Srasra, 2019). Among
these methods, adsorption is considered the most effective due to
its easy operation, low cost, available adsorption materials, and high
efficiency (Zheng et al., 2021).

For the adsorption process, different adsorbent materials can be
utilized. The adsorption materials include: carbon nanotubes
(CNTs) (Yadav and Srivastava, 2017; Hayati et al., 2018; Fiyadh
et al., 2019; Verma and Balomajumder, 2020), activated carbon
(Kobya et al., 2005; Lo et al., 2012; Deliyanni et al., 2015;
Nejadshafiee and Islami, 2019), clay minerals with good
adsorbing and ion exchangeability (Yadav et al., 2019a), porous
nanomaterials (Yao et al., 2014; Lee et al., 2019) inorganic
nanoparticles (Giraldo et al., 2013; Ray and Shipley, 2015; Boix
et al., 2020), metal oxides (Lee, 1975; Kikuchi et al., 2006; Chen et al.,
2012; Ghiloufi et al., 2016), clay-based nanocomposites (Darder
et al., 2005; Das et al., 2018; Yadav et al., 2019b), and graphene oxide
(Zhao et al., 2011; Tan et al., 2015; Yari et al., 2015).

Clay materials have a low cost and are most abundant so they are
considered efficient adsorbent materials. For the adsorption of heavy
metals most commonly used clay minerals are Kaolinite,
Montmorillonite, and Bentonite (Beatrice and Olusola, 2020). To
improve the adsorption performance, many researchers used
modified clay minerals. For instance, a low-cost adsorbent was
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produced by modifying raw kaolinite clay with concentrated
sulphuric acid to remove copper and nickel from waste water
(Chai et al., 2020). However, these clay minerals do not have
magnetic properties that limit the reusability of clays for many
cycles of operation (Wu et al., 2013). To prevent these flaws, the
synthesis of composites of clay minerals with magnetic
nanoparticles helps in the recovery of adsorbents (Ahmed et al.,
2022; Fındık, 2023). Furthermore, incorporating nanoparticles into
composites enhances the surface area and pore structure of clays.
(Yan et al., 2016; Olusegun and Mohallem, 2020). Spinel ferrites are
commonly utilized as magnetic supports for various solid
adsorbents due to their chemical and magnetic characteristics
(Ahmed et al., 2022). Among magnetic spinel ferrites, CoFe2O4

has excellent physical and chemical stability, high surface area, high
saturation magnetization, high coercivity, and strong adsorption
capacity (Liu et al., 2007; Mathew and Juang, 2007; Santhosh et al.,
2015). However, CoFe2O4 magnetic particles have agglomeration
challenges, which can be minimized by synthesizing the CoFe2O4

using cellulose template synthesis.
Moreover, graphene oxide (GO) may increase the surface area of

clay and contain adsorption-friendly functional groups such as
hydroxyl, epoxides, and carboxyl groups (Santhosh et al., 2015;
Ahmed et al., 2022). As a result of these characteristics, GO appears
to be a promising alternative for modifying clay minerals such as
kaolinite to improve adsorption ability (Lertcumfu et al., 2020).
Magnetic NPs incorporating graphene oxide have also recently been
reported for heavy metal adsorption. Zhang et al., (Zhang et al.,
2014), for example, reported the synthesis of magnetic CoFe2O4-
reduced graphene oxide and its application in the removal of lead
and mercury ions from aqueous solutions. Ren et al. (Ren et al.,
2023) used a high-gravity reactor to manufacture a CoFe2O4-
graphene oxide nanocomposite for Pb(II) removal and then
applied it to chromium removal.

In this work, we synthesized composites from kaolinite clays and
cellulose-template Cobalt ferrite (CoFe2O4)/Graphene oxide (GO)
for adsorption of lead ions from an aqueous solution. Cellulose was
extracted from the Ensete ventricosum (false banana). The samples
were then examined using X-ray diffraction (XRD), Fourier
Transform-Infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), thermo-gravimetric analysis-differential
thermal analysis (TGA-DTA), and Brunauer-Emmett-Teller
(BET). The adsorption performance of the synthesized composite
materials was determined by Atomic absorption spectroscopy
(AAS). The effects of contact time, adsorbent dose, and solution
pH on Pb (II) adsorption were examined. Adsorption isotherm and
kinetics were also investigated in order to determine the mechanism
of adsorption.

2 Materials, chemicals, and methods

2.1 Materials and chemicals

Analytical grade chemicals were used for this work, including
ferric nitrate nonahydrate (Fe(NO3)3.9H2O), cobalt nitrate
hydrate (Co(NO3)2.6H2O, sodium hydroxide (NaOH), graphite
powder, potassium permanganate (KMnO4), sulfuric acid
(H2SO4), phosphoric acid (H3PO4), hydrochloric acid (HCl),

formic acid (CH2O2), acetic acid (CH₃COOH), N,
N-dimethylformamide (DMF), hydrogen peroxide (H2O2),
distilled water, and ethanol. The clay was collected from
Wollega, Ethiopia. In addition, the false banana by-product was
collected from Adama City, Ethiopia.

2.2 Methods

2.2.1 Pretreatment of clay
The collected clay (Figure 1A) was washed with distilled water

(DH2O) and dried overnight in an oven at 90°C. The dried clay
powder was then passed through a 75 mesh filter to create a fine
powder. (Figure 1B).

2.2.2 Cellulose extraction
The false banana waste was cleaned to eliminate dust, dried in an

oven at 80°C, sliced, and then extracted in three phases
(Veeramachineni et al., 2016; Melikoğlu et al., 2019) as described below.

2.2.2.1 Alkaline pretreatment (stage I)
First, the false banana byproduct was boiled with 2% NaOH (1:

40) w/v for 2 h to remove the remaining dust. Alkaline pretreatment
was performed on a hot plate at 90°C for 1.5 h in 3.0 L 5% NaOH
solutions with a solid to liquid ratio of dry material of 1:10 (w/v).
Byproduct residues were continuously filtered and cleaned with hot
distilled water.

2.2.2.2 Formic acid, acetic acid, and hydrogen peroxide
treatment (stage II)

The pulps were further treated with amixture of 20% formic acid
(FA)/20% acetic acid (AA)/7.5% H2O2 (2:1:2) solution on the
hotplate at 90°C for 1.5 h, at a byproduct to liquid ratio of 1:10.
Finally, the delignified pulps were filtered to separate the cooking
liquor (which contains lignin and hemicellulose) from cellulose and
washed with hot water.

2.2.2.3 Bleaching (stage III)
The pulps were bleached separately with 7.5% H2O2 in alkaline

media of 4% and 10% NaOH solutions at a fiber ratio of 1:10, first at
room temperature for 30 min, then on a water bath at 70°C for
30 min. Finally, the pulps were washed repeatedly with hot distilled
water to remove residual lignin and dried in an oven at 60°C until a
constant weight was achieved.

FIGURE 1
(A) collected clay and (B) pretreated clay.
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2.2.3 Synthesis of graphene oxide (GO)
Figure 2 shows how graphene oxide (GO) was produced from

graphite powder using an improved process with little modification
(Marcano et al., 2010). The first stage includes oxidizing graphite with
KMnO4 as the oxidizing agent. For this purpose, 360 mL H2SO4 and
40 mL H3PO4 are placed into an Erlenmeyer flask while being
constantly and vigorously stirred. Then slowly about 9 g KMnO4

and 3 g graphite (3:1) were added to the H2SO4/H3PO4 mixture by
keeping the reaction mixture at 50°C for 12 h. After the oxidation step,
the resultingmixture was kept overnight in a beaker containing 400 g of
ice flakes and 3 mL of H2O2 to stop the reaction of KMnO4. The sample
was centrifuged twice with deionized water (200 mL), HCl (200 mL),
and ethanol (200 mL) to remove the supernatant from graphene.
Finally, the compacted cake was dried in an oven at 100 °C overnight.

2.2.4 Synthesis of composites
Initially, binary composites (cellulose templated CF-GO) were

synthesized by altering the weight percentage of GO, after which was
ternary composite synthesis using kaolinite clay and various weight
ratios of CoFe2O4-0.3GO (CF-0.3GO).

2.2.4.1 Synthesis of cellulose templated CF-GO
CF-GO composite with different graphene content (20, 25, and 30 wt

%) was synthesized by the hydrothermalmethodwith somemodification
(Fu and Wang, 2011). In separate beakers, a determined amount of
graphene oxide powder was added to 50mL distilled water and 0.4 g
cellulose was added to 25mL distilled water and sonicated ultrasonically
for 30 min to distribute the powders uniformly. The cellulose solutionwas
put into the GO solution, which was then stirred for 30min to create a
homogenized solution. The necessary amount of Fe (NO3)3.9H2OandCo
(NO3)2.6H2O in a 2:1 ratio was added to the sonicated solution, followed

by stirring for 60min at room temperature. After that, 2 M NaOH
solution was dropped to the solution under constant stirring to adjust the
pH around 10 then stirring for 10min. The resulting mixture was placed
in a 100mL stainless autoclave lined with Teflon and heated to 180°C for
12 h. After allowing the reactionmixture to cool to room temperature, the
precipitate was centrifuged and washed with distilled water and ethanol
several times. Finally, the solution was dried in an oven at 80°C for 12 h
and then calcined at 400°C for 3 h in a muffle furnace. To compare, the
same method was utilized to make CoFe2O4 without cellulose.

2.2.4.2 Formulating composites from Kaolinite clay and CF-
GO composite

After the synthesis of CF-GO, we formulated composite materials
with kaolinite clay. First, the measured amount of kaolinite powder
and different weight percent of CF-0.3GO (30, 45, 60, and 75 wt%)
was dispersed by sonicating in 40 mL of N, N-Dimethylformamide in
separate beakers for 30 min. The result was uniform dispersion. The
CF-0.3GO solutions were then placed into a kaolinite solution,
followed by another 30 min of sonication. The resulting solution
was then agitated at room temperature for 3 h to generate a
homogenized solution. The precipitate was then centrifuged and
washed numerous times with distilled water and ethanol. Finally,
the produced CF/GO/Kaolinite composite was dried for 12 h at 80°C.

2.3 Characterizations

Adsorbent phase purity was investigated using x-ray powder
diffraction (XRD-700, Shimadzu, South Korea) with copper K
radiation (λCuKa = 1.5418 Å), a scan speed of 4.0 deg/min, 40 kV,
30 mA, and a 2- scanning range from 4°–80°. FTIR (FT/IR-4000 series,

FIGURE 2
Schematic procedure for the improved synthesis of graphene oxide (GO).

Frontiers in Materials frontiersin.org04

Daniel Reta and Desissa 10.3389/fmats.2023.1277467

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1277467


JASCO) was utilized to identify functional groups from a wave
number of 400–4,000 cm−1, and TGA-DTA (DTG-60H, Shimadzu,
South Korea) was used to test the thermal stability of the samples
throughout a temperature range of 23°C–1000°C, and SEM
(COXIEM-30, Shimadzu, South Korea) was used to determine
surface morphology of the samples. BET (Quantachrome
Instruments version 11.0) was used to calculate the specific surface
area and porosity distribution of the samples. The samples’ adsorption
capacity towards Pb (II) ion was determined using an AAS (ZEEnit
700P, Atomic Flame Mode, Analytik Jena).

2.4 Adsorption performance measurement

For the adsorption investigation, a lead standard solution of
1,000 mg L−1 Pb (II) in a diluted nitric acid standard for AAS
(AVS TITRINORM) was utilized. Then, under typical equilibrium
conditions, a series of adsorption tests were performed. To choose the
best sample from the developed binary composites, 4.5 mg adsorbents
were added to a 50 mg L−1 concentration of 15 ml of Pb (II) solution in
separate beakers. The samples were then sonicated for 10 min before
being stirred for 150 min. Effect of contact time was studied for the
binary samples by adjusting the time from 30–90 min. In addition,
adsorbent dosage for the binary samples was optimized by varying
doses from 0.6–2.1 g L−1. For the ternary composites, 22.5 mg
adsorbent was utilized for a 10 mg L−1 concentration of Pb (II) in
15 mL of solution. The effect of pH was also studied by varying the
pH values from 2 to 10 by adding 0.1 M NaOH and 0.1 M H2SO4.
Kinetic investigations were carried out by varying the period from
30–120 min. Adsorbent reusability was achieved by magnetically
extracting the adsorbents from the solution and washing numerous
times with distilled water. Allow the adsorbent powder to dry in an
oven at 90°C for 3 h before reusing it.

2.5 Desorption experiment

For desorption study, 1.5 g L−1 of produced CF/GO/Kaolinite
composite was poured in 50 mL of 10 mg L−1 Pb (II) solution at
laboratory conditions of optimal initial pH, 300 rpm mixing speed,
25°C temperature, and 60 min contact time. After the adsorption
test, the adsorber was separated from the aqueous phase and rinsed
with distilled water several times to washout the lead ion from the
adsorber surface. At the end of the intended time, the sample was
then centrifuged several times with deionized water (200 mL), and
ethanol (200 mL) to separate the solution and solid phase and the
lead ion concentration was measured.

3 Results and discussions

3.1 Phase purity analysis

The XRD patterns of materials made of graphene oxide,
CoFe2O4, and CoFe2O4-GO with different graphene content are
shown in Figure 3. The diffraction pattern of graphene oxide shows a
strong peak at 2θ = 11.3° (d-spacing of 7.76 Å) corresponds to the
(001) plane which confirms the success in the GO synthesis

(Tul Ain et al., 2019). It can be seen that the diffraction peaks of
almost all CoFe2O4 with different graphene content can be traced
back to spinel-like CoFe2O4 (JCPDS 022-1086). The diffraction
peaks at 2θ values of 18.3, 30.0, 35.4, 43.1, 53.5, 56.3, and 62.4,
71.1, 74.0, and 75.2 can be assigned to the crystal planes (111), (220),
(311), (400), (422), (511), (440), (622), (533), and (620) of spinel
CoFe2O4, respectively (Zong et al., 2014; Zawrah, 2018). GO (001)
pattern is not observed in CF-GO. This can be explained by the
reduction of GO to graphene during the hydrothermal and
calcination process (Fu and Wang, 2011).

Moreover, the reduced GO layer may decorated the CoFe2O4

nanocrystals, resulting in the disappearance of the diffraction peak

FIGURE 3
XRD pattern of, from bottom to top, graphene oxide (GO),
CoFe2O4 (CF), CF-0.2GO, CF-0.25GO, and CF-0.3GO.

FIGURE 4
XRD Pattern of, pure kaolinite and different composition of CF-
0.3GO (GCF) in the kaolinite.
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of graphene of the (001) crystallographic plane. The XRD pattern,
illustrated in Figure 4, was used to estimate the phase composition of
the prepared clay. The 2θ diffraction pattern has a range of 10–80.
JCPD files 058-2004 and 046-1045 indicate the existence of high-
intensity diffraction peaks at 2θ of 12.39°, 19.85°, 24.96°, and 26.55°,
the corresponding crystal orientation are (001), (020), (002), and
(101), respectively (Zen et al., 2018; Mustapha et al., 2019). The
JCPD document confirms that the main peaks of pretreated clay are
kaolinite and quartz, which are usually found in kaolin as one of the
main components.

It is found that kaolinite (Al2Si2O5 (OH) 4) has a very strong peak;
there is also a sharp quartz peak. Characteristic peaks in the X-ray
diffraction pattern of kaolinite/(CoFe2O4-0.3GO) samples with
different weight fractions of CoFe2O4-0.3GO (30%, 45%, 60%, and
75%) is also shown in Figure 4. With an increase of GCF weight
fraction, (001) peak intensity of kaolinite decreased, which indicates that
a composite is effectively formed between kaolinite and (CoFe2O4-
0.3GO). Like kaolinite powder, the ternary composites has sharp and
significant peaks at 2θ of 12.39°, 19.85°, 24.96°, and 26.55° with the
corresponding indices of (001), (020), (002), and (101), respectively.
This indicates a high existence of kaolinite in these compounds (JCPDS.
No. 058-2004) (Olusegun and Mohallem, 2020). The diffraction peaks
of CoFe2O4 are also located at 2θ of 17.8°, 30.5°, 35.5°, 43.2°, 57.1°, and
62.7° with corresponding (111), (220), (311), (400), (511), and (400)
crystallographic planes, respectively, according to JCPDS No. 022-
1086 crystallization level. As a result, the XRD patterns demonstrate
that binary and ternary composites were successfully formed.

3.2 Morphological analysis

Figures 5A–E shows the surface morphology of kaolinite (K),
graphene oxide (GO), CF-0.3GO (without cellulose), CF-0.3GO (with
cellulose) and 0.25K/0.75[(CF-0.30GO)], respectively. Figure 5 shows
several layers of kaolin in which the kaolin particles are distributed with
fewer aggregations. These results also showed some porous structure of
the kaolinite lattice. As shown in Figure 5B layers of GO sheets were well
exfoliated. The CoFe2O4/GO particles without cellulose template
synthesis (Figure 5C) showed high agglomeration and larger particle
size due to themagnetic property of CoFe2O4. In contrast, the CoFe2O4/
GO composite with cellulose template synthesis showed a smaller
particle size with porous morphology. This is happening because
cellulose is a biopolymer with long chains and protects the
formation of high agglomeration during synthesis as exhibited in
Figure 5D. In addition, the porous structure is also exhibited in this
morphology. Although the particles were homogenous they were
aggregated at some point as seen in the SEM image. Unlike the
kaolinite clay, Figure 5E depicts the homogeneous distribution of
smaller particles, which may imply that the CF-0.3GO was spread
uniformly across the surface of the kaolinite clay and modified the
kaolinite structure.

3.3 FTIR analysis

The existence of functional groups was determined by
examining the FTIR spectra of the GO, CF-GO, K, and K/(CF-
GO). The large peak at 3416 cm-1 for GO (Figure 6A) corresponds

to OH stretching vibration. In addition, the five peaks at 1726, 1584,
1403, 1221, 1048 cm-1 belong to C=O stretching, aromatic C–C,
C–O carboxyl, epoxy C–O and alkoxy (Li et al., 2015; Wang et al.,
2019). For CF-GO, the stretching vibration O–H indicates that the
peak is narrower than that of GO, and the peaks of oxygenates are
quite attenuated or completely attenuated, indicating that the GO
content in the CF-GO compound may be reduced (Fu and Wang,
2011), and the adsorption peak near 1622 cm−1 can be traced back to
the stretching vibration of the non-oxidized carbon.

The result of 616 cm−1 showed that CF/GO corresponds to the
valence vibrational bond of Co–O and Fe–O (metal-oxygen bond). The
FTIR spectrum of the kaolinite was shown in Figure 6B. It exhibits
absorption bands at 3691 and 3620 cm−1 caused by the OH stretching
vibration, and absorption bands at 1630 cm−1, 1035 cm−1, 1105 cm−1,
and 916 cm−1 caused by an H-O-H interlayer, a tetrahedral sheet of Si-
O-Si group, Si-O stretching vibration, and Al-OH, respectively.
(Mustapha et al., 2019). The peaks at 750 and 467 cm−1 correspond
to quartz, while the bands at 430 cm−1 in kaolinite correspond to the
tensile modes of Si-O, Al-O, and Si-O-Si bonds. This information
provides a functional interface group involved in the adsorption process
of kaolinite. The CF/GO/K peak at 1622 cm−1 is significantly reduced,
indicating that there is a strong interfacial interaction between GO, CF,
and K, which improves the mechanical strength of the composite
(Huang et al., 2020). After the kaolinite was corrected with GO and
CoFe2O4, the peak area and intensity of the obtained composite
material changed significantly, which may depend on the interaction
between the functional groups in GO and the kaolinite structure
(Foroutan et al., 2020a).

3.4 BET surface area and pore size analysis

Figure 7 summarizes the Brunauer-Emmett-Teller (BET) surface
area and total pore volume of pretreated kaolinite, optimal binary, and
ternary composite samples. The specific surface area of binary
composite CF-0.3GO was 266.20 m2/g, while the ternary composite
0.25K/0.75[(CF-0.30GO)] was 577.11 m2/g. In addition, the pretreated
kaolinite sample had a surface area of 519.52 m2/g. The total pore
volume of CF-0.3GO and 0.25K/0.75[(CF-0.30GO)] samples was
0.089 cm3/g and 0.214 cm3/g, respectively, whereas kaolinite clay
pore volume was 0.15 cm3/g.

The results indicate that the surface area and total pore volume
values of ternary composites are relatively high when compared to pure
kaolinite structures. The homogeneous dispersion of CF-0.3GO
particles on Kaolinite creates a new surface, which contributes to the
composite’s increased specific surface area (Foroutan et al., 2020a). The
theoretical specific surface area of graphene is known to be as high as
2630 m2/g (Fang et al., 2019). However, because of the more significant
weight contribution frommagnetic cobalt ferrite particles on the surface
of graphene sheets, the specific surface area of the CF-0.3GO is
substantially lower than the theoretical value (Ji et al., 2012).

3.5 Thermal property analysis

Figures 8A–C exhibit thermal analysis of kaolinite, CoFe2O4, and
K/CF-GO composite sample from room temperature up to 800°C. The
TGA and associated DTA curves reveal that all samples have different
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weight loss stages. The initial stage of weight loss for kaolinite, CoFe2O4,
and K/(CF-GO) is around 3.29%, 2.55%, and 1.88%, respectively, and
corresponds to the evaporation of watermolecules from the surface into a
crystalline structure (Romero-Guerrero et al., 2018). The second weight
loss is caused by coordinated water molecules dehydrating
(dehydroxylation) and clay decomposition. This is due to the
degradation of organic components contained in the sample material,
specifically Kaolinite andK/(CF-GO). The secondweight loss of CF could
be attributed to decarburization of cobalt ferrite particles (Sumathi and
Kirankumar, 2016). The overall weight loss of CFwas about 4.1% and the
thermal stability of CF can reach up to 800°C.

The onset temperature (Tonset) at the second stage of weight loss is
around 426°C, 150°C, and 400°C for K, CF, and K/CF-GO samples,
respectively. For the same stage of weight loss, the equivalent ending
temperature (Tfinish) is approximately 616°C, 500°C, and 700°C for K, CF,
and K/CF-GO samples, respectively. The overall weight loss of Kaolinite
was around 13.67%, whereas the K/CF-GO was approximately 6.31%.
This suggests that the introduction of stable CF particles into the kaolinite
improves the thermal stability of K/CF-GO.

3.6 Magnetic property of CoFe2O4-
Graphene/Kaolinite adsorbents

Themagnetic properties of CoFe2O4 enhance the separation for the
prepared composites. We studied the magnetic separation properties of
the CoFe2O4-Graphene/Kaolinite adsorbents. As demonstrated in
Figure 9, the catalyst with homogeneous dispersion is highly
responsive to an external magnetic field and can be easily isolated
from the reactionmixture using a permanentmagnet in less than 1 min.

3.7 Adsorption performance analysis

To determine the adsorption behavior of the composite, a series
adsorption test was carried out with compositions (1–x)CF/(x)GO
(x = 0.20, 0.25, 0.30, weight percentage of GO). The removal
efficiency/adsorption (%) and adsorption capacity of the
materials can be estimated using Eqs 1, 2, as shown below
(Alshameri et al., 2019).

FIGURE 5
The surfacemorphology of (A) kaolinite (K), (B) graphene oxide (GO), (C)CF-GO (without cellulose), (D)CF-0.3GO (with cellulose) and (E) K/CF-GO.
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Adsorption %( ) � Ci − Cf

Ci
× 100 (1)

qe mg g−1( ) � V Ci − Ce( )
M

(2)
where Ci and Cf are the initial and final metal ion concentration; qe
and Ce are equilibrium adsorption capacity and concentration of the
metal ions at equilibrium; V is the volume of solution (L) and M is
the mass of adsorbent in grams. Figure 10 depicts the adsorption
capability of (1-x)CF/(x)GO with x = 0.20, 0.25, and 0.30 weight
ratios of GO. The sample with x = 0.3, i.e., CF-0.3GO, showed the
maximum adsorption capacity of roughly 23.6 mg g−1 among the
produced binary composites. As a result, this sample was chosen for
future research and given the named GCF.

As shown in Figure 10, the adsorption capacity of Pb (II) using
CF-GO increased as the amount of GO increased. Moreover,
graphene oxide has a large surface area and contains many
functional oxygen groups, such as hydroxyl and carboxyl groups
(Chen et al., 2017; Lertcumfu et al., 2020). Therefore, with the
increase of GO, the increase in the adsorption capacity of Pb (II) can
be explained by the increase in surface area and surface-active sites
of the adsorbent (Wang et al., 2017; He et al., 2018). This result
indicates that the addition of graphene oxide improves the
adsorption performance of CoF2O4 on Pb (II).

3.7.1 Effect of contact time and adsorbent dosage
on GCF

The effect of contact time on the decrease of Pb (II) content in
GCF is shown in Figure 11A. Pb adsorption is carried out in GCF,
Ci = 10 mg L−1 and adsorbent dose = 60 mg L−1 to optimize the
contact time between ions and adsorbent at room temperature.
Initially, the adsorption rate of Pb (II) increases rapidly with time
and then reaches equilibrium. The adsorption occurs quickly, due to
the presence of active and vacant sites on the surface of the adsorber
in the initial stage (Foroutan et al., 2020a). Figure 11A clearly
illustrates that the optimal period for Pb removal is 90 min. At
this point, the adsorption rate equals the desorption rate, and as time
passes, the active site becomes inaccessible, resulting in a decrease in

FIGURE 6
FTIR spectra of the (A) GO, CF/GO (CF-0.3GO), and (B), K
(kaolinite), CF/GO/K 0.25K/0.75 [(CF-0.30GO)], and CF/GO samples.

FIGURE 7
The BET specific surface area and total pore volume of samples.
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driving force and a decline in the adsorption rate (Santhosh et al.,
2015). However, increasing the contact time results in a decrease in
the amount of Pb. This brief effect could be attributed to metal ion
saturation of the adsorbent surface, followed by the adsorption and
desorption processes (Mustapha et al., 2019). As a result, 90 min is
thought to be the optimal time to maximize GCF adsorbent dose.
The effect of GCF adsorbent dosage on Pb ion removal was
investigated by increasing the dose from 0.6 to 2.1 g L−1, as
shown in Figure 11B.

The elimination effectiveness of Pb ions was raised with a rise of
adsorbent dose, which can be associated with the existence of a lot of
active sites on the surface of adsorbent for adsorption

FIGURE 8
TGA-DTA analysis of (A) kaolinite (K), (B) CoFe2O4 (CF), and (C) K/CF-GO 0.25K/0.75[(CF-0.30GO)].

FIGURE 9
Images of 0.75[(CF-0.3GO)/0.25K suspension without (A) and
with (B) a magnetic field.

FIGURE 10
The equilibrium adsorption capacity of CF-GO composites with
different GO loading initial concentrations of 50 mg L−1, at a
temperature of 25°C.
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(Foroutan et al., 2019). Because all of the active sites may not be
readily available for adsorption, saturation will result. The saturation
factor for Pb(II) ions was 1.5 g L−1 for GCF, with a removal efficiency
of 55%. As a result, 1.5 g L−1 adsorbent was taken as the optimal
adsorbent dosage values for more detailed examinations. After
optimizing the contact time and the dose of the binary
compound (GCF), the ternary composites, i.e., (y)[(CF-0.30GO)]/
(1-y)K, where y = 0.3, 0.45, 0.60, and 0.75, were synthesized. The
adsorption capacity was then assessed. The adsorption capacity of
the produced ternary composites is shown in Figure 12. Among
other composite materials, a sample with the composition 0.25K/
0.75[(CF-0.30GO)] had the highest adsorption capacity, around
4.2 mg g−1. This sample is then employed in further experiments,
such as pH fluctuations, contact time, adsorption isotherm and
kinetics.

3.7.2 Effect of pH and contact time for the ternary
composite

The effect of pH on the adsorption performance of 0.25K/0.75
[(CF-0.30GO)] was investigated, as shown in Figure 13A, because
this has a direct effect on the adsorption performance. Both metal
ions have an initial concentration of 10 mg L−1 at 25°C.

The pH range of Pb ions with the same metal ion concentration
is 2–10. Figure 13A shows that the adsorption increases with the
increase of pH under acidic conditions (2–4) significantly, and then
reaches a peak at pH 4 and then all points are flatted. At pH 4, the
adsorption capacity and removal efficiency become 6.6 mg g−1 and
99%, respectively.

At low pH (pH = 2), the removal ability of the Pb ion was 63.5%,
whichmay be due to the high concentration of H+ ion in the medium,
so the ion occupies the active sites (Elass et al., 2011). The initial
pH value increases, the amount of H+ in the medium decreases, and
the competition between H+ and metal ions on the adsorber surface
might be reduced, which significantly improves the efficiency of the
adsorption method (Naeem et al., 2019).

The percentage of Pb (II) adsorbed onto the present composite
was also examined as a function of contact time (Figure 13B). First,

the adsorption rate of Pb (II) increases rapidly with time and the
adsorption capacity becomes higher after 30 min. Then there is an
almost small increase in adsorption rates. Compared with the
adsorption from 30 min to 120 min, the adsorption capacity after
90 min was 6.64 mg g−1, as a result, the 90 min time was chosen as
the equilibrium time for the isotherm and kinetics study.

3.8 Adsorption isotherm analysis

The Freundlich, Langmuir, and Temkin isotherm models were
used to assess the adsorption capacity of the ternary composite
material, 0.25K/0.75[(CF-0.30GO)]. The Freundlich isotherm is a
nonlinear sorption model that assumes a monolayer adsorption

FIGURE 11
Effect of (A) contact time and (B) adsorbent dosage on the percentage of lead ion on to GCF, initial concentration of 10 mg L−1, T = 25°C.

FIGURE 12
Adsorption capacity (qe) of CoFe2O4 (CF), CF-0.3-GO (GCF), and
K/GCF composites with different GCF loading on kaolinite, initial
concentration of 10 mg L−1, T = 25°C.
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process on heterogeneous surfaces and provides no over-loading
even at high concentrations (Lindholm, 2004). This procedure
also involves interaction between the adsorbed species (Bany-
Aiesh et al., 2015). The equation for this model is given in
equation (3) below.

qe � KFC
1/n
e (3)

Where:
1/n = an adsorption intensity on adsorbing surfaces that varies

with the heterogeneity of the adsorbed monolayer.
KF = Freundlich constant, which quantifies sorption capacity.
Both of n and KF are related to the strength of the adsorbent-

sorbent contact and the distribution of bond strength among the
surface locations of heterogeneous sorbents. Figure14A, which is a
nonlinear plot produced by plotting qe versus Ce, can be used to
calculate the values of KF and n, which are stated in Table 1. The
non-linear version of the Freundlich isotherm appears to offer an
adequate and relevant model of the adsorption process based on the
R2 value (0. 93).

The Langmuir isotherm model is a non-linear theoretical
explanation of the adsorption process that suggests that
adsorption occurs on homogeneous surfaces with no interaction
between deposited Pb (II) (Alatalo et al., 2013). Its expression is
given by Eq. 4 below.

qe � q maxbCe

1 + bCe
(4)

Where:
b (1mg−1) = Absorption ability corresponds to the Langmuir

adsorption constant.
qmax = The adsorbent’s maximal adsorption capability (mg g−1)

for a full monolayer.
Figure 14B and Table 1 illustrate some values derived from a

non-linear plot of qe against Ce using Eq. 4. The plot of qe versus Ce
(14b) was found to be non-linear, with an R2 value of (0.24),
indicating that the Langmiur model was not acceptable for
predicting the adsorption isotherm of lead ions.

Temkin Isotherm features a component that explicitly examines
interactions between adsorbing species and adsorbate (Temkin and
Pyzhev, 1940; Bany-Aiesh et al., 2015). This isotherm assumes that
adsorption has a uniform distribution of binding energies up to
maximum binding energy and that the heat of adsorption of all
molecules in the layer decreases linearly with coverage due to
adsorbate-adsorbent interactions. The equation explaining the
Temkin isotherm model is provided below in Eq. 5:

qe � RT

b
ln KTCe( ) (5)

Where:
KT = The equilibrium binding constant of the Temkin isotherm

(L/g)
R = universal gas constant (8.314 J/mol/K)
T = Temperature at 298 K.

B1 � RT

b
(6)

Based on the non-linear Temkin isotherm, as illustrated in
Figure 14C. According to the correlation coefficient (R2 = 0.78),
the composite adsorption moderately followed the Temkin model as
well. The non-linear isotherm constants and coefficients of the
Temkin isotherm model are also shown in Table 1. In summary,
the R2 value for the Freundlich adsorption isotherms is closer to
1 than for the Langmuir and Temkin adsorption isotherms,
indicating that multilayer adsorption occurs in this system.

3.9 Adsorption Kinetics

A kinetic model suited for data analysis, mass transfer, and
chemical reactions is required to investigate the mechanism of
controlling adsorption. The adsorption data in this study
conforms to two kinetic models: Lagergren pseudo-first-order
and pseudo-second-order. The kinetic models were studied using
the derived data in Table 2. The first-order kinetic model is

FIGURE 13
Effect of (A) pH (B) contact time on percentage of lead adsorption onto 0.25K/0.75[(CF-0.30GO)] compositematerial, initial conc. 10 mg/L,T = 25°C.

Frontiers in Materials frontiersin.org11

Daniel Reta and Desissa 10.3389/fmats.2023.1277467

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1277467


appropriate for solid-liquid systems, and the system equation is as
follows (Xu et al., 2013; Shukla and Kisku, 2015; Saleh et al., 2016).

For the Pseudo-first-order, the corresponding equation can be
written as:

log qe − qt( ) � log − k1
2.303

t (7)

Where, qe and qt are the adsorption capacity (mg g−1) at
equilibrium and time t, respectively, and k1 is the rate constant
of the pseudo-first-order kinetic model. The slope and intercept
of the log (qe-qt) vs. t plot can be used to get the k1 and qe
values.

For the Pseudo-second-order, the corresponding equation can
be written as:

t

qt
� 1
k2q2e

+ 1
qe
t (8)

Where qe and qt are the sorption capability (mg g−1) at
equilibrium and time t, respectively, and k2 is that the rate
constant of the pseudo-second-order kinetic model. The k2
and qe values may be calculated from the intercept and slope
of the plot of t/qt against t. Figures 15A, B show the linear

FIGURE 14
A graph depicting (A) the Freundlich isotherm, (B) the Langmuir isotherm, and (C) the Temkin isotherm model for 0.25K/0.75[(CF-0.30GO)]
composite material.

TABLE 1 Isotherm constants and correlation coefficients by non-linear
regression.

Isotherm models Parameters Values R2

Freudlich n 11.37 ± 3.15 0.93

KF (L g−1) 1.86E14 ± 1.4

Langmiur b (1/mg) 0.0036 0.24

qmax (mg g−1) 104751.37 ± 1.5

Temkin B1 157.52 ± 47 0.78

KT 16.31 ± 0.9
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diagrams of the pseudo-first-order and pseudo-second-order
kinetic models of Pb (II) adsorption on 0.25K/0.75[(CF-
0.30GO)], respectively.

The values of the correlation coefficient (R2) obtained from
the linear fitting curve of each model are provided and Table 3
summarizes the fitting parameters. For adsorbent, the R2 value
obtained from the pseudo-first-order model is comparatively low
(R2 = 0.99488). In contrast, the pseudo-second-order model is
more consistent with the experimental data with R2 = 0.9999.
Furthermore, the calculated equilibrium adsorption capacity
(qe,(cal)) is very consistent with the experimental equilibrium
adsorption capacity (qe,(exp)).

Based on these results, the pseudo-second-order kinetic model
can better describe the adsorption of Pb (II) in 0.25K/0.75[(CF-

0.30GO)]. The pseudo-second-order kinetic model is based on the
assumption that the rate-limiting step is controlled by chemical
adsorption (Li et al., 2013). This indicates that the adsorption of
Pb(II) on 0.25K/0.75[(CF-0.30GO)] composite is controlled by
chemical adsorption.

3.10Comparison of specific surface area and
adsorption capacity with other adsobers

One of the distinctive qualities of the adsober that can affect the
adsorption process and improve the ability and effectiveness of the
adsorption process is the specific surface area and pores in the
adsober surface. Specific surface area values for GCF and K/GCF

TABLE 2 Parameters for plotting adsorption kinetics for the sample of 0.25K/0.75[(CF-0.30GO)].

Time (min) qe (mg g−1) qt (mg g−1) qe-qt Log(qe-qt) t/qt

30 6.64 6.586 0.054 −1.267606 4.554

60 6.64 6.58 0.06 −1.221848 9.117

90 6.64 6.64 0.0 - 13.533

120 6.64 6.61 0.03 −1.522878 18.147

FIGURE 15
(A) Pseudo-first order, and (B) Pseudo-second order kinetic models for 0.25K/0.75(CF-0.3GO) composite material.

TABLE 3 Calculated parameters from Pseudo-first and Pseudo-second-order kinetic models for the sample of 0.25K/0.75[(CF-0.30GO)] composite material.

Model Parameters Values R2

Pseudo-first-order qe,exper. (mg g−1) 0.06751 0.99488

qe,calc. (mg g−1) 6.6405

K1 (min−1) −0.0000564

Pseudo-second-order qe,exper. (mg g−1) 6.6401 0.9999

qe,calc. (mg g−1) 6.6405

K2 (min−1) 0.5815
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were 266.20 m2/g and 577.11 m2/g, respectively, according to the
lead ion adsorption method. The capacity and efficiency of adsobers
are determined by a variety of elements, including the adsober’s
primary source, techniques of modification, and active sites present
on the adsober surface. At pH 4, the removal efficiency of the
optimized ternary composite (K/GCF) was 99% in this study.
Furthermore, at pH 2, the optimized binary composite (GCF)
and K/GCF removal efficiencies were 55% and 63.5%,
demonstrating that uniform particle dispersion improves the
surface area and performance of the ternary composite sample.
The lead removal efficiency of GCF and K/GCF was compared with
the results of other adsobers at diffrent pH values (Table 4). The
results reveal that the generated adsobers are more feasible for
adsorbing the lead ion from aqueous solutions than many other
adsobers.

3.11 Reusability of the adsorbent

The 0.25K/0.75[(CF-0.30GO)] adsorbent was tested for up to
three adsorption-desorption cycles for the reuse of Pb (II) aqueous
solution (Figure 16). The test was done at the optimized pH value (at
pH of 4) and reaction time (90 min) at room temperature. The
results show that as the adsorption-desorption stage increases, the
adsorption percentage of Pb (II) decreases. This decrease in
efficiency may be related to the damage or change of the active
center of the adsorber (Foroutan et al., 2020b). The removal
efficiency of the lead ion using the present adsorbent was 99.5,
99.4, and 96.2 % in the first, second, and third cycles, respectively. In
addition, it should be noted that at the third cycle of the adsorption
process, the reduction in the amount of Pb (II) adsorption using the
adsorber is less than 4%. The results show that the obtained
adsorbent can be used for up to three cycles to remove lead ions
from an aqueous solution without significantly reducing the
adsorption capacity. Table 5 compares the reusability of the
produced nanocomposite with that of different sorbents. The
repeated adsorption/desorption process decreases the
contaminant level to a lower volume.

4 Conclusion

In this study, Graphene oxide, CoFe2O4, CoFe2O4-GO (CF-GO), and
K/(CF-GO) were successfully synthesized by improved, hydrothermal,
and solution methods, respectively. Among the binary composites, CF-
0.3GO showed a better adsorption capacity of about 23.6 mg g−1 from the
binary composite samples at the initial Pb concentration of 50mg L−1. In

FIGURE 16
Effect of recycling 0.25K/0.75[(CF-0.30GO)]on the adsorption
efficiency.

TABLE 4 Comparision of percentage removal of different adsorbents for lead
removal.

Adsorbents pH Removal
efficiency (%)

References

GCF 2 55% This work

K/GCF 2 63.5 This work

K/GCF 4 99 This work

Zeolite-A/reduced GO 11 93.9 Farghali et al. (2021)

natural kaolinite clay 6 98 Jiang et al. (2010)

Melanin-impregnated
activated carbon

5 91.1 Manirethan and
Balakrishnan (2020)

bentonite modified with
imidazole

5 90 Kakaei et al. (2020)

CuO/ZnO-tetrapods 10 97% Sharma et al. (2020)

MnFe2O4/GO 6 98.8 Katubi et al. (2021)

ethylenediamine
functionalized
magnetic GO

4 98 Zarenezhad et al.
(2021)

glutathione-functionalized
NiFe2O4/GO

5 94 Khorshidi et al. (2020)

Polypyrrole-Fe3O4-
seaweed nanocomposite

5 97.2% Sarojini et al. (2021)

TABLE 5 Comparison of the reuse capacities of different adsorbents for lead removal.

Adsorbent No. of cycles Removal efficiency (%) References

K/GCF 3 96.2 This work

Polypyrrole-Fe3O4-seaweed nanocomposite 2 94.5 Sarojini et al. (2021)

5 62.5

Nanochitosan/sodium alginate/microcrystalline cellulose beads 2 93 Vijayalakshmi et al. (2017)

Magnetic inverse Fe3O4 nanoparticles 5 80 Lingamdinne et al. (2017)
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addition, the sample with a composition of 0.25K/0.75[(CF-0.30GO)]
showed the best adsorption capacity of about 4.2 mg g−1 at the initial Pb
concentration of 10 mg L−1 from the ternary composites and was selected
for further studies. The materials were characterized using XRD, SEM,
FTIR, and TGA-DTA. The XRD results showed that the pretreated clay
was contained a high content of kaolinite clay with little quartz amount.
The XRD pattern of the synthesized CoFe2O4 and GO confirmed the
formation of pure CoFe2O4 particles and graphene oxide. The effective
formation of the ternary composite was also confirmed by the XRD
results. The FTIR data of (CF-GO)/K confirmed the presence of various
oxygen-containing functional groups which enhance the adsorption
capacity by the reactions of Pb (II) with active surface groups. TGA-
DTA data revealed that the thermal stability of kaolinite enhanced with
the incorporation of CoFe2O4 andGO through the structure. The effect of
pH (2–10) and contact time (30–90min)were also studied for 0.25K/0.75
[(CF-0.30GO)] composite. At pH of 4, the adsorption capacity and
removal efficiency was 6.62mg g−1 and 99 %, respectively, and becomes
constant. Adsorption studies revealed that the adsorption capacity of
ternary composites can be well described by the Freundlich isoterm
model. The adsorption kinetics best fitted with Pseudo-second-order
adsorption. Finally, the reusability of the present composite was studied
after separating the catalyst magnetically for up to 3 cycles with a small
reduction in removal efficiency. Therefore, the experimental results of this
study specify that the present composite could be a potential candidate for
the removal of Pb (II).
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