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GRAPHICAL ABSTRACT
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ABSTRACT:

To assess the efficacy of removing heavy metals such as Cu (Il) and Ni (Il) ions from
aqueous solution, the adsorption behaviour of a nanocomposite powder comprising of
reduced Graphene Oxide (rGO), bentonite clay, and ZnO was investigated. Various
analytical techniques including Fourier transform infrared spectroscopy, Field emission
scanning electron microscopy, Energy-Dispersive X-ray spectroscopy, X-Ray diffraction

analysis, and N. adsorption/desorption analysis were utilized to analyse the synthesized



composites. Through the batch equilibrium approach, parameters influencing adsorption
behaviours, including initial metal ion concentration, pH, adsorbent dosage, and contact
time, were comprehensively examined. Adsorption data were shown to have good fit to the
Langmuir isotherm model and pseudo-first-order model, with high R?, low root mean square
error (RMSE), low chi square (X?), and low standard deviation (SD) values when using the
linear regression approach. For the raw sample (rGO/ bentonite clay) containing copper and
nickel, equilibrium was achieved in 80 minutes, while for samples with 1% (rGO/ bentonite
clay/1% ZnQO), 3% (rGO/ bentonite clay/3% ZnQO), and 5% (rGO/ bentonite clay/5% ZnO),
equilibrium was attained within 70 minutes. Within the pH range of 2 to 12, the adsorption
kinetics of copper and nickel exhibited a notable pH-dependent relationship, highlighting the
pronounced influence of pH conditions on the adsorption process. Copper consistently
demonstrated superior removal efficiency compared to nickel in all conducted adsorption
tests, attributed to its heightened propensity for bond formation with adsorbent surfaces. The
primary pathways for copper and nickel adsorption on the composites involved
intermolecular interactions, cation exchange, physisorption and electrostatic interactions.
The Langmuir model revealed maximum Cu (Il) adsorption capacities of 312.5 mg/g, 217.39
mg/g, 161.95 mg/g, and 101.96 mg/g for raw sample, 1%, 3%, and 5% samples,
respectively. Nickel (II) adsorption capacity were measured at 252.41 mg/g, 185 mg/qg,
125.03 mg/g, and 96.60 mg/g for the raw sample, 1%, 3%, and 5% samples, respectively.
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1. INTRODUCTION:

Hygienic water stands as a vital constituent for the sustenance of all livelihood
organisms. Nevertheless, the swift pace of industrialization and the substantial surge in
global population have precipitated a surge in the contamination levels of the Earth's existing
water reservoirs. The two main categories of contaminants are dyes and heavy metal ions.
Prior to consumption, water contaminated with these pollutants should undergo purification
to ensure its suitability for drinking. It is quite challenging to completely purify water once
these heavy metal ions have entered it. All living things are at risk from these water toxins,
which also have a significant impact on ecosystems [1,2]. Therefore, to prevent these
contaminants' negative impacts on people and the ecosystem, contaminated water must be
cleaned up [3]. Controlling water contamination requires the development of cost-effective
adsorbents. Immediate intervention is imperative in the affected regions, predominantly
situated in developing nations where wastewater management infrastructure is often lacking.
Nonetheless, advancements in current wastewater management practices and technological

innovations are enhancing their capabilities to provide substantial quantities of purified



water, addressing both human and environmental requirements. Advancements in
nanoscience and technology offer the potential for the enhancement of water supplies and
infrastructure, paving the way for improved arrangements in the field. The remarkable
progress aid by nanoscience and technology, characterized by high rates of performance, is
expected to yield cost-effective and efficient solutions for wastewater treatment. The
integration of advanced and multifunctional approaches further enhances the overall
effectiveness of these solutions [4].

Heavy metals pose a significant environmental concern due to their extensive
distribution and inherent toxicity. The enduring presence of heavy metals, including Cu (ll),
Hg (1), Pb (I), Cd (ll), and Cr (VI), in aquatic habitats has given rise to a multitude of well-
being issues concerns inside both human and animal populations [5, 6]. Extensive water and
land expanses have encountered contamination from inorganic pollutants, notably fertilizers,
sludge, pesticides, and municipal waste, predominantly characterized by the presence of
heavy metals. Because they are carcinogens, heavy metals cause a potential warning to the
well-being of all livelihood organisms due to their inherent health risks [7]. Copper (Cu) and
nickel (Ni) are toxic heavy metals commonly found in industrial wastewater, especially from
electroplating industries near residential areas in developing countries. Copper exposure can
lead to hair loss, anemia, kidney damage, headaches, and its buildup in vital organs has
been linked to increased mortality. Nickel, a known carcinogen and immunotoxic agent, can
cause conditions such as dermatitis, cardiovascular issues, asthma, and respiratory cancers
[8,9,10].

The treatments of wastewater, several methods have been used, including chemical
filtration, water treatment, adsorption, and ion exchange [11]. In general, nanomaterials are
substances with internal or exterior structures or surfaces that are on the nanoscale (often 1-
100 nm). Nanomaterials often exhibit distinctive attributes at the nanoscale, encompassing
quantum effects, macroscopic quantum tunnelling phenomena, surface effects, and size-
dependent phenomena. These attributes elucidate their remarkable adsorption capacity and
reactivity, both of which provide significantly to the effective removal of heavy metals.
Extensive research has been conducted on nanomaterials to explore their potential
applications in treating heavy metal-contaminated water. The findings have demonstrated
considerable promise, positioning them as a viable alternative for efficiently adsorbing heavy
metals from wastewater [12].

Adsorption has numerous benefits over the other methods, including high removal
efficiency, adaptable design and operation, simple adsorbent regeneration and cost-
effectiveness. Thus, a variety of materials, including zeolites, activated carbons, biochar,

biomaterials, polymers, metal oxides, and nanomaterials have been used for metal



adsorption [13,14]. Fe20s, SiO2, NiO, and ZnO, commercial metal oxide nanoparticles were
used to purify water. The response of metal oxide nanoparticles in water is contingent upon
their interactions with other components within the aqueous medium, as well as their
inherent physical properties [15,16]. In recent times, natural clay minerals have garnered
considerable interest as cost-effective, non-toxic, and abundant alternatives to synthetic
materials. Depending on the specific clay type, they also offer versatility for various
applications. These materials' unique properties, low cost, and wide availability are the key
benefits of employing them [17,18]. The hydrous aluminosilicate minerals known as clays,
including bentonite and kaolin, consist of crystal structures composed of minerals such as
metal oxide and quartz, alongside combinations of clay minerals. Clays and clay minerals
show the capacity to adsorb a diverse range of inorganic and organic water contaminants
owing to their distinctive structural characteristic of a two-dimensional (2D) layer, coupled
with its individual physicochemical properties, encompasses notable features such as

swelling and ion exchange [19].

Reduced graphene oxide (rGO) nanolayers functionalized with metal oxide (MO)
nanoparticles provided accessible binding sites for the adsorbate, exhibiting enhanced
selectivity, surface area, and adsorption capabilities along with minimal or no particle-particle
aggregation [20,21]. The feasibility and prospective of rGO/ZnO nanocomposite as effective
adsorbents for environmental remediation and pollutant removal, but also provides
information on the catalytic and adsorptive properties of rGO-ZnO nanocomposite [22]. The
main components of nano bentonite, montmorillonite mineral, have a three-layered structure
with a 2: 1 configuration made up of two layers of tetrahedral silica and one octahedral layer
as the central layer. The presence of isomorphic substitution in the basic structure causes
the formation of negative charges on its surface, which is known as the active site and can
be used as an adsorbent to bind cations and organic and metallic compounds through
electrostatic bonds [23,24]. In this work, rGO, bentonite clay, and zinc oxide (rGO/bentonite
clay/ZnO) have been synthesized by solvothermal and precipitation methods. Different
weight ratios of metallic zinc oxide loaded with rGO and nano-synthesized bentonite clay
were produced. Investigations have been made into the material's potential for use in

removing copper and nickel ions from synthetic wastewater solution.

2. MATERIALS AND METHODS:
2.1 Materials:

Graphite powder, sodium nitrate (NaNOs, 98%), hydrogen peroxide (H202, 98%), zinc
nitrate((Zn(NO)98%), and potassium hydroxide(KOH,99%) were procured from S D Fine-
Chem Ltd. Sulfuric acid (H2SOs, 98%) and potassium permanganate (KMnO4, 98.5%) were



obtained from Merck Life Science Pvt. Ltd. and employed without further purification.
Bentonite clay (Al203.4Si02.2H,0, 99.5%) was purchased from Nice Chemicals
Ltd.Ultrapure water was utilized in the preparation of each solution, ensuring the use of high-

purity chemicals throughout the experimentation.

2.2 Synthesis of graphene oxide:

The synthesis of graphene oxide was accomplished utilizing a modified Hummers
method. First, 600 ml of H>SO4 (98%) was combined with 30 g of graphite powder and 30 g
of NaNOs in a 3000 ml beaker, which was placed in an ice bath (0-5°C) with constant
stirring. After stirring for two hours at this temperature, the suspension undergoes a gradual
introduction of 90 g of potassium permanganate. In order to maintain the reaction
temperature below 15°C, precise control was exercised over the rate of addition. A gradual
addition of 1200 ml of water is meticulously introduced into the mixture, followed by a stirring
period of 2 hours. After the removal of the ice bath, the mixture underwent stirring at 35°C for
duration of two hours. Subsequently, the mixture was maintained at 98°C for a period
ranging from 10 to 15 minutes. After the initial 10 minutes, the temperature was adjusted to
30°C, resulting in the attainment of a brown-colored solution. Finally, 60 ml of H,O- is added
to the solution, changing its colour to light yellow. 200ml of distilled water added in the
mixture and it is shaken for one hour. The particles settle to the bottom undisturbed after 3 to
4 hours, and the remaining water is added to the top for filtration. The resultant mixture
undergoes successive centrifugation with 10% hydrochloric acid (HCI) followed by deionized
water (DI), until a gel-like substance is formed. The gel-like substance is subjected to
centrifugation and subsequently dried at 60°C for duration of 4 hours, resulting in the

production of graphene oxide (GO) powder [25].

2.3 Preparation of reduced graphene oxide (rGO):

The obtained GO (1.0 g) was ultrasonically mixed with 50 ml of distilled water to
produce rGO. The solutions were sonicated in an ultrasonic bath for 30 minutes.
Subsequently, the GO aqueous dispersion was introduced into a Teflon-coated autoclave,
which was heated at 140°C for 4 hours. The autoclave was chilled naturally to room
temperature after the process. The product obtained was thoroughly cleaned with deionized
water to eliminate all residues and then dried at 60°C for five hours.

24 Preparation of Zinc Oxide (ZnO):

Zinc nitrate and KOH were used as precursors in the direct precipitation approach to
produce ZnO nanoparticles. In this study, deionized water was used to prepare the
aqueous zinc nitrate (Zn(NO3)2.6H20) solution (0.2 M) and the KOH solution (0.4 M).

At room temperature, the KOH solution was progressively mixed into the zinc nitrate



solution while vigorously stirring, resulting in the generation of a white precipitation.
After centrifuging the white product for 20 minutes at 5,000 rpm, it was washed three
times with distilled water and one time with absolute alcohol. The final product was
calcined for three hours at 500°C in an air atmosphere [26].

2.5 Preparation of composites:

In the preparation of composites, rGO, bentonite clay, and zinc oxide (by varying the
weight percentage of zinc oxide) were used. A 2 g of rGO was introduced to 50 ml of water
and sonicated for about 30 minutes. 2 g of bentonite clay was mixed with rGO and stirred for
about 30 minutes. The resulting mixture was then centrifuged, cleaned with deionized water,
and subjected to drying in a hot air oven at 60°C for duration of 3 hours [27]. 2 g of the
prepared zinc oxide powder is mixed with rGO/bentonite clay along with water and the
sonication process is carried out. After the sonication process, the mixture was centrifuged,
washed with deionized water and dried in a hot air oven at 60°C for about 3 hours. The
resulting powder was the rGO/bentonite clay/zinc oxide composite and was given for
analysis. With the weight ratio of 1:1, 1:1:1, 1:1:3 and 1:1:5 rGO: bentonite clay: ZnO.

2.6 Characterization of rGO/ bentonite clay/ zinc oxide:

The composites surface morphology was examined through by using Field Emission
Scanning Electron Microscope (FESEM) connected with Energy Dispersive Spectroscopy
(EDS) using SIGMA HV- Carl Zeiss with Burker Quantax 200-Z10 EDS detector. EDS is
used to find the composition of elements present in the composite. Barrett-Joyner-Halenda
(BJH) and Brunauer-Emmett-Teller (BET) were used to measure the samples' porosity and
surface area, respectively. In BET analysis, the degassing of the sample is conducted for a
duration of 2 to 3 hours at low pressure (below 10 mTorr) while gradually heating it (usually
within the range of 80°C to 200°C) at a slow rate (5-10°C per minute). Fourier transform
infrared (FT-IR-Burker Alpha ECO-ATR) analyser was used to find the functional groups
existing in the prepared rGO sample. Raman spectroscopy (TS- Chem Logix EZRaman — N)
results confirmed rGO in the prepared sample. The X-ray diffraction (XRD) was performed
with a The Empyrean Series Il Diffractometer using Cu Ka radiation (A = 1.54 A)), a quick
analytical technique that also reveals information on unit cells, is the phase identification of

crystalline materials.

2.7 Adsorption studies:

The sorption experiments were conducted utilizing the batch adsorption method.
Preparation involved creating a stock solution with concentrations of 1000 mg/L for copper
sulphate (3.93 g/L) and nickel nitrate (4.95 g/L). Various concentrations (20, 40, 60, 80, and

100 mg/L) were then achieved through the dilution method for the subsequent sorption tests.



20mL of the previously produced copper and nickel stock solution and 0.01g of different
adsorbents were added to the beaker, constantly mixed, and then stirred at room
temperature for 60 minutes. To calculate the concentrations of Copper (lI) ions and Nickel
(II) in solution using a calibration curve, a Ultraviolet-visible spectrum of the sample was
taken. Various adsorption tests were carried out to investigate the impact of adsorbent
dosage, contact time, pH, and initial concentration on the adsorption of Copper (Il) and
Nickel (Il). The gathered sorption data was then used in isotherm and kinetics investigations.

The copper and nickel solution removal efficiency was determined by Equation (1):

i

Percentage removal of heavy metal ions = ( f)x 100 (1)

Where,
Ci: Initial concentration of copper and nickel (mg/L)
C+. Copper and nickel concentration at equilibrium after treatment with the adsorbent
(mg/L)
The sorption capacity g (mg/g) was calculated by Equation (2):
G -¢

m

ge = ( ) xV (2)

Where,
m is the mass of adsorbent (g) and V is the volume of adsorbate solution (L).

Adsorption Kinetics

2.8 Models
Various mathematical models were employed to examine both kinetic and

equilibrium aspects of the system.

2.8.1 Kinetic models:
Reaction kinetics analysis involved the application of first-order, second-

order, and intra-particle diffusion models.

2.8.2 Equilibrium models:
To understand adsorption behaviour and surface interactions, the Freundlich,
the Langmuir, and Temkin isotherm models were utilized. Model fit evaluation

included R?, RMSE, chi-square tests, and standard deviation.

This comprehensive modelling approach facilitated a thorough understanding of the
system's kinetics and equilibrium behaviour, ensuring robust conclusions for the

study.



Various error functions were utilized, including the residual root mean square error
(RMSE), the chi-square error nonlinear analysis (X?), and normalized standard
deviation (Aq), to assess the correlation between the experimental data and the

theoretical models [28].

RMSE = jz?zl(zgx;;‘r_ zmod)z

3)

Residual root mean square error

ey (tzgxp —zmdf)

Zmod

(4)

Nonlinear analysis chi-square test

Ag = JZ[(qexp = qmod)fqup]z
1 N -1

Normalized standard deviation (5)
Zexp and Qexp is the experimental value, Zmod and gmod is the value as calculated from

the model, N is the number of experimental data points.

3. RESULT AND DISCUSSION:

In this study, rGO/bentonite clay and rGO/bentonite clay/ZnO were used as
nanoadsorbents in characterisation analyses and batch adsorption tests. Here, bentonite
clay nanoparticles and rGO were functionalized to remove Cu and Ni from aqueous
solutions. ZnO was used to assess the success of the functionalization. The results of the

tests are shown below.

3.1 Raman spectra analysis:

Raman spectroscopy serves as an effective and non-destructive tool for
characterizing carbonaceous materials, enabling the differentiation between ordered and
disordered carbon structures. In the analysis of rGO/bentonite clay and rGO/bentonite clay-
ZnO nanocomposites, the exploration of the samples' structural properties involved the

application of Raman spectroscopy.

Among the distinctive features of carbon structures, the G-band emerges from the
stretching of C-C atoms, while the D-band arises from aromatic ring breathing. The Ip/lg
ratio, which quantifies the intensity of the D and G bands, serves as a valuable indicator for
evaluating the degree of disorder within the sample. Figure 1 depicts the Raman spectrum of

the nanocomposite materials. Upon the incorporation of ZnO, the Ip/l¢ ratio rises from 1.13



(rGO/bentonite clay) to 1.54 (rGO/bentonite clay/ZnO) nanocomposite. This shift in the ratio
highlights that the treatment with ZnO nanoparticles leads to the fragmentation of the
graphene sheet into smaller fragments, consequently reducing the size of the sp? domain
[29].
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Figure 1 presents the Raman spectra of the rGO/bentonite composite, highlighting the
distinct features corresponding to the compositions with 1%, 3%, and 5% ZnO in the
rGO/bentonite matrix, alongside the spectra of the pure rGO/bentonite composite

(raw).

3.2 FTIR analysis:

Functional groups within the produced nanocomposite materials were analysed using
Fourier Transform Infrared (FTIR) spectroscopy. Figure 2 illustrated the Fourier Transform
Infrared (FTIR) spectrum of the nanocomposite materials. In the initial sample, the peak at
3628 cm™ corresponds to the O-H stretching vibration, indicating the presence of Al-OH

groups originating from the clay. The peak at 593 cm™ is attributed to S-O stretching [30].



The band at 1704 cm™ is associated with C=0 stretching, while the O-C-O epoxy stretching
is discernible with its peak at 1235 cm™ [31]. The peaks at 1017 cm™' signify the stretching
vibration associated with Si-O bonds. In the 1% sample, the peaks observed at 1029 cm-’
indicate the presence of Si-O-Si stretching and the stretching peaks associated with the
tetrahedral layer. The band observed at 559 cm™ is indicative of the Zn-O stretching mode
[32]. The bands located at 684 cm™ and 913 cm™ serve as indicators for the Al-O-Si-O bond
and Al-Al-OH bond, respectively [33]. Additionally, a strong peak caused by Si-O stretching
is evident at 1040 cm™ [34].

The absorption peaks detected at 1578 cm™ within the FT-IR spectra of the
composite were associated with the asymmetric stretching vibrations of COO groups. The
most extensive absorption peak, positioned at 3593 cm™, was ascribed to the vibrations of
the -OH bond [35]. AI-OH groups existing on the aperture and lumen surfaces were
represented by the peak at a higher value of 3708 cm™, whereas Al-OH groups situated
between tetrahedral and octahedral sheets contributed to the absorption peak around 3628
cm™ [36]. The confirmation of the presence of a C=C aromatic symmetric stretch was
achieved through the observation of the peak at 1589 ecm™ [37]. The presence of C=C
functionalities within a graphene oxide sheet was substantiated by the signal observed at
1566 cm™' [38]. The spectral region at 1555 cm™' was allotted to N-H bending. [39].The band
at 1223 cm™ was designated for C-O vibrations. Additionally, out-of-plane OH bending
vibrations at 902 cm™ were correlated with CH, bending vibrations. The peak at 570 cm™’
encompassed the bending vibrations of the OCO functional group. Absorption peaks at the
wavenumber 3823 cm™ signified the presence of Si-OH group and stretching -OH group

absorptions.
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Figure 2 presents the FTIR spectra of the rGO/bentonite composite, highlighting the
distinct features corresponding to the compositions with 1%, 3%, and 5% ZnO in the
rGO/bentonite matrix, alongside the spectra of the pure rGO/bentonite composite

(raw).

3.3 X-ray diffraction (XRD) analysis:

X-ray Diffraction (XRD) analysis was utilized to investigate the phase composition
and crystalline structure of the produced composite materials. The impact of nanoparticles
on the morphological structure of rGO/bentonite clay was investigated through X-ray
Diffraction (XRD) analysis. In Figure 3, the XRD spectra of rGO/bentonite clay are depicted,
highlighting the discerning features of the synthesized rGO/bentonite clay/ZnO samples
within the 26 range of 10° to 75°. Characteristic XRD peaks of rGO/bentonite clay
manifested at 26 values of 19.96° and 26.61°. The diffraction patterns of the hexagonal ZnO
phases in the rGO/bentonite clay/ZnO samples corresponded to the (100), (002), (101),
(102), (110), (103), and (112) planes as per the JCPDS card (36-1451). These peaks were
observed at 26 angles of (31.53°, 34.32°, 36.26°, 47.64°, 56.64°, and 62.66°) [40]. Despite
the diminishing intensity of the primary identifying peak of rGO/bentonite clay, the intensity of
peaks consistently amplified across different weight ratios, ranging from rGO/bentonite

clay/1% ZnO to rGO/bentonite clay/5% ZnO. Notably, with the increase in zinc oxide content,



the major identifying peak of graphene within various composite ratios exhibited a shift
towards higher 20 values.

The robust and characteristic ZnO peaks identified in the rGO/bentonite clay/ZnO
nanocomposites, akin to the pure sample, provided evidence for the stacking of ZnO

nanoparticles onto graphene nanosheets [41].
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Figure 3 presents the XRD analysis of the rGO/bentonite composite, highlighting the
distinct features corresponding to the compositions with 1%, 3%, and 5% ZnO in the
rGO/bentonite matrix, alongside the spectra of the pure rGO/bentonite composite

(raw).

3.4 FESEM analysis:

Figure 4 illustrates microscope images at a 50K magnification of the synthesized
materials, including rGO/bentonite clay, rGO/bentonite clay/ZnO, and various ZnO weight
percentages. The examination of surface characteristics, distribution, homogeneity, and
structure of the samples was conducted using FESEM analysis. As the weight percentage of
ZnO in the initial sample is increased, significant variations in morphological attributes
become evident. In Figure 4(a), it is apparent that rGO is extensively dispersed across the

surface of the bentonite, and the bentonite appears devoid of large clusters [42]. The



morphology of rGO/bentonite clay/ZnO exhibits a translucent, wrinkled, flaky, and layered
structure. ZnO nanoparticles exhibit a random dispersion across the surface of the
rGO/bentonite clay composite, functioning as spacers to uphold separation between
adjacent sheets.. This arrangement effectively prevents agglomeration. The FESEM analysis
thus provides insight into the surface features and structural characteristics of the

synthesized materials, highlighting the impact of varying ZnO weight percentages on the

overall morphology.
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Figure 4. FESEM of the (a) rGO/bentonite clay (Raw sample), (b) rGO/bentonite
clay/1% ZnO (1% sample), (c) rGO/bentonite clay/3% ZnO (3% sample), (d)
rGO/bentonite clay/5% ZnO (5% sample).

3.5 BET analysis:
The adsorption-desorption isotherms of the prepared nanocomposites are presented
in Figure 5. In accordance with the IUPAC classification, the isotherm structure corresponds

to a type IV isotherm, which is depicted in the image. The isotherm of the raw sample



exhibits an H1 hysteresis loop, primarily attributed to the capillary condensation sorption of
mesoporous nitrogen (Figure 5a). On the other hand, the isotherm for rGO/Bent/ZnO
displays a type H3 hysteresis loop, confirming the presence of some mesoporosity arising
from clay stacking cracks (Figure 5b, c, and d).

Comparing the BET surface area of the nanocomposites, the rGO/bentonite clay/ZnO
composite exhibits a smaller surface area than rGO/bentonite clay. This reduction in surface
area suggests that the ZnO particles, synthesized using the chemical precipitation
technique, have been effectively deposited onto the surface of rGO/bentonite clay. This
could be attributed to the nanoscale, homogeneous dispersion of ZnO, along with its pore-
blocking characteristics [43]. Specific surface area values obtained from the BET isotherms
are as follows: rGO/bentonite clay (264.42 m?/g), rGO/bentonite clay/1% ZnO (197.12 m3/q),
rGO/bentonite clay/3% ZnO (178.70 m?/g), and rGO/bentonite clay/5% ZnO (175.34 m?/g). A
clear trend is observed where the specific surface area decreases with the addition of ZnO,

indicating the penetration of these nanoparticles into the pores of the rGO/bentonite clay

composite.
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Figure 5. BET analysis of the (a) rGO/bentonite clay (Raw sample), (b) rGO/bentonite
clay/1% ZnO (1% sample), (c) rGO/bentonite clay/3% ZnO (3% sample), (d)
rGO/bentonite clay/5% ZnO (5% sample).

The decrease in pore volume as indicated by BJH measurements provides further
evidence for the incorporation of oxide nanoparticles within the pores of rGO/bentonite clay.
While a reduction in surface area can indeed have a negative impact on a material's
capacity to removing heavy metals ions from wastewater, this is not the sole critical factor. It
suggests that other factors, including the interactions between composite components, play
a significant role as well [44]. The pore size distribution of the prepared composite materials
is shown in figure 6. The average pore size, total pore volume for rGO/bentonite clay,
rGO/bentonite clay with 1% ZnO, rGO/bentonite clay with 3% ZnO, and rGO/bentonite clay
with 5% ZnO, respectively, are 17.76 nm, 15.49 nm, 14.83 nm and 14.15nm, 0.437 cm?®/g,
0.225 cm®/g, 0.208 cm®/g, and 0.189 cm?®/g, respectively.
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Figure 6. Pore size distribution of the (a) rGO/bentonite clay (Raw sample),
(b) rGO/bentonite clay/1% ZnO (1% sample), (c¢) rGO/bentonite clay/3% ZnO (3%
sample), (d) rGO/bentonite clay/5% ZnO (5% sample).



3.6 Effect of adsorbent dosage:

The influence of adsorbent dosage was investigated across different composites,
varying dosage amounts within the range of 0.01 to 0.05 g/l. The findings are plotted in
Figure 7, the removal percentage of adsorbed ions demonstrated an augmentation
concurrent with an increase in adsorbent dosage. This phenomenon could be attributed to
the heightened adsorbent concentration, which expands the accessible surface area and
augments the availability of functional groups for adsorption. Consequently, a greater
number of adsorption sites for the same liquid are established. Raising the amount of
adsorbent in a consistent liquid volume leads to a decrease in the number of available
adsorption sites. This reduction occurs as the effective surface area for adsorption is
expected to decline. Despite an increase in the adsorbent dosage within a constant liquid
volume, the number of active adsorption sites per unit mass of the adsorbent is expected to
stay constant and unaffected by the total adsorbent mass. It can be explained that particle-
particle interactions are assumed to be the cause of the adsorbent dose effect. By using a
high concentration of clay as an adsorbent, there is a chance that solid particles will collide
and aggregate, decreasing the surface area available for adsorption and lengthening the
diffusional path [45]. A greater mass of adsorbent contributes to improved removal of metal
ions and plays a crucial role in eliminating any mass transfer resistance experienced by
heavy metal ions between the solid and aqueous phases. With an increase in adsorbent
dosage, the ratio of adsorbed metal ions to the unit mass of adsorbent decreases, leading to
a reduction in adsorption capacity.
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3.7 Effect of initial metal ion concentration:

Removal percentage (%)
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Investigating the concentration spanning from 20 to 100 mg/l, a
comprehensive analysis was undertaken to assess the impact of the initial metal ion
concentration on the percentage of removal. lllustrated in Figure 8, the removal
percentages exhibited a declining trend with rising initial concentrations. At lower ion
concentrations, the abundance of accessible adsorption sites, relative to the quantity of
metal ions present, facilitated the heightened removal of metal ions from the bulk
solution. This phenomenon was ascribed to the increased driving force required to
overcome mass transfer resistance, thereby facilitating the migration of ions from the
bulk solution to the active adsorption sites. Consequently, each unit mass of adsorbent
encountered a greater number of metal ions. After a certain threshold of metal
concentration, a gradual saturation of the adsorption sites occurred, aligning the
adsorption process with the capacities of the adsorbents. The intensified competition
among metal ions resulted in a reduction in the number of ions that could be adsorbed

onto the finite active adsorption sites at elevated metal concentrations.
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Figure 8 Effect of initial metal ion concentration on the removal of a percentage of
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3.8 Effect of contact time:

Employing a consistent cations concentration of 60 mg/L, investigations were

conducted over diverse time intervals, spanning from 10 to 90 minutes, under ambient

temperature conditions. The study focused on examining the impact of contact time on the

adsorption of copper and nickel onto composite materials. Figure 9 illustrates the diverse
efficacy of composites in adsorbing Cu (Il) and Ni (Il) ions when exposed to 60-minute

duration and an initial metal ion concentration of 60 mg/L. The adsorption of Cu(ll) and Ni(ll)

ions exhibits an initially rises but stabilizes after achieving equilibrium. This equilibrium is



observed at a contact time of 80 minutes for the raw samples and 70 minutes for the 1%,
3%, and 5% composite samples. Initially, numerous vacant sites may be adsorbed, but as a
result of the saturation of these sites, the adsorption capacity gradually decreases. The initial
adsorption rate and ion exchange capacity are considerably improved and accelerated due
to the presence of diverse functional groups on the surface of the adsorbent. As the
adsorption process advances, the vacant sites on the surface reach saturation, resulting in a
plateau in the adsorption rate, which stabilizes at a constant value [46]. The amount of

copper and nickel adsorption on the raw sample was substantially higher than that on the
1%, 3%, and 5% samples.
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Figure 9 Effect of contact time on the removal of a percentage of

(a) Copper (b) Nickel using Composites

3.9 Effect of pH:
The influence of pH ranging from 2 to 12 and ionic strength at 0.1 M NaCl on

adsorption of copper and nickel on raw and 1%, 3%, 5% samples was investigated till
equilibrium time is reached. Figure 10 demonstrates significant influence of solution pH on
the adsorption of copper and nickel ions by raw sample and by samples of 1%, 3%, and 5%.
The adsorption of metal ions is significantly influenced by the solution pH, as pH plays a
crucial role in modulating the electrostatic interactions governing the attachment of ions to
corresponding functional groups. The pH of the solution exerts influence on multiple factors,
including the extent of adsorbent ionization, the concentration of counter-ions associated
with functional groups, and the solubility characteristics of metal ions. This modification is
vital, as the interaction between cations and adsorbent surfaces experiences limitations
arising from electrostatic repulsion between positively charged sorption sites and metal
cations. Adjusting the pH becomes imperative to mitigate these electrostatic barriers and
enhance the binding efficiency in adsorption phenomena. At low pH levels, the interaction

between ions and the adsorbents faced constraints attributed to electrostatic repulsion

100



among cationic copper ions and protonated active sites on the adsorbents. Consequently,
the adsorption capacity was diminished, emphasizing the significance of pH control to
optimize ion adsorption processes. The elevation of pH resulted in an increased adsorption
of copper ions onto the adsorbents, as protonation diminished, leading to a weakening of
electrostatic repulsion. Within the pH range of 7-10, copper ion removal demonstrates
uniform and high percentages. However, beyond a pH of 10, the removal percentage
declines, attributed to the formation of copper chloride precipitate. For nickel ions, the

removal percentage increased up to pH 10, after which it decreased.
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3.10 Adsorption kinetics:

To elucidate the adsorption behaviour of copper and nickel ions on a composite of
adsorbents, as depicted in Figures 11, 12, and 13, an investigation of linear forms of
pseudo-first-order, pseudo-second-order, and intra-particle diffusion models are examined.

The following mathematical expression represents the pseudo-first-order kinetic

model:

In(g, —q.)=Inq, — kyt (6)

Where ge and q: are the amounts of metal adsorbed (mg/g) at equilibrium and time (min),
and K; (1/min) is the rate constant of pseudo-first-order adsorption respectively. This
quantity is represented by the slope of the linear plot depicting q: against t.

The mathematical equation for the pseudo-second-order kinetic model is as follows:




Where and g. and q: are the amounts of metal adsorbed (mg/g) at equilibrium and time t
(min), and Kz (g/mg min) is the equilibrium rate constant for the pseudo-second-order
adsorption respectively. [47]

The intra-particle diffusion model can be represented as the following equation:
q: = 'i':i:-zti"' C (8)
Where q: represents the quantity of copper and nickel adsorbed at time t (min), and ki,

represents the internal diffusion coefficient (mg/g min'2). The constant C calculated from the

slope and intercept of the q: versus t"? plot. [48]
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Figure 11 Pseudo First Order kinetic model for (a) Cu (ll) and (b) Ni (ll) ions

The experimental data for both Cu (ll) and Ni (ll) indicated a robust concordance with
the pseudo-first-order kinetic model. The observed elevated R? values, spanning from
0.9315 to 0.9885 for Cu(ll) and 0.9178 to 0.9885 for Ni(ll), affirm the effective descriptive
capacity of the model in elucidating the adsorption kinetics. Furthermore, the minimal Root
Mean Square Error (RMSE) values, spanning from 0.0086 to 0.0394 for Cu(ll) ions and
0.0086 to 0.0394 for Ni(ll) ions, substantiate the precision of the pseudo-first-order model in
forecasting the dynamics of the adsorption process. These outcomes suggest that the
adsorption of both metal ions onto the adsorbents is likely governed by a chemisorption
process. [49]
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Figure 12 Pseudo Second Order kinetics for (a) Cu (ll) and (b) Ni (ll) ions

The application of the pseudo-second-order kinetic model was extended to the
adsorption data for both Cu (ll) and Ni (Il). Although this model exhibited reasonable fits, as
indicated by R? values ranging from 0.0027 to 0.5882 for Cu (ll) ions and 0.4034 to 0.8823

for Ni(ll) ions, the R? values were generally inferior compared to those achieved with the

pseudo-first-order model. This implies that the pseudo-first-order model may offer a more

accurate representation of the adsorption kinetics for both metal ions. Additionally, the Root

Mean Square Error (RMSE) values for the pseudo-second-order model were comparatively
elevated (ranging from 0.0057 to 0.0874 for Cu (Il) and 0.0020 to 0.0215 for Ni (Il)),

signifying a less accurate alignment with the experimental data in comparison to the pseudo-

first-order model [50].
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Figure 13 Intra particle model for (a) Cu (ll) and (b) Ni (ll) ions



The intra-particle diffusion model was employed to explore the rate-controlling phase
of the adsorption process for both Cu (lI) and Ni (Il). For both metal ions, this model
exhibited commendable resemblance with the data, yielding elevated R? values spanning
from 0.8886 to 0.9643 for Cu (Il) and 0.8886 to 0.9643 for Ni (ll). Nevertheless, it is pivotal to
emphasize that the RMSE values were relatively elevated (ranging from 11.8136 to 58.0861
for Cu (ll) and 11.8136 to 58.0861 for Ni (Il)), signifying to some disparities between the
model's predictions and the empirical observations. This suggests that although intra-particle
diffusion exerts a significant influence on the adsorption process, there may be intricacies
that resist comprehensive encapsulation within the confines of this model. Table 1 presents
the tabulated values of kinetic constants and associated error values for the pseudo-first-
order, pseudo-second-order, and intra-particle diffusion models pertaining to the adsorption

of Cu (Il) ions.

Table 1: Kinetics constant for the adsorption of Cu (ll) ions on raw, 1%,3% and

5% samples.

Pseudo First Order

Metal | Adsorbents e, k4

Je, €XP (mg/g) (min") R? RMSE X Aq
Raw 145 172.12 | 0.06517 0.9817 | 0.0282 | 0.1308 | 0.0009
1% 123.57 | 139.21 | 0.05826 0.9639 | 0.0062 | 0.0226 | 0.0005
3% 112.86 | 122.96 | 0.04882 0.9507 | 0.0017 | 0.0054 | 0.0001
5% 98.57 [ 112.49 | 0.04836 0.9315 | 0.0046 | 0.0152 | 0.0003
Pseudo Second Order

ge, K2x10° R? RMSE X Aq

(mg/g) | (g/mg,min)
Raw 145 227.27 | 7.27 0.5882 | 0.0057 | 1.2843 | 0.0118
1% 123.57 | 285.71 | 2.99 0.2504 | 0.0152 | 1.6468 | 0.0161

Cu(ll) | 3% 112.86 | 384.62 | 1.214 0.0862 | 0.0295 | 1.7994 | 0.0181
5% 98.57 |428.57 | 0.053 0.0027 | 0.0874 | 2.0179 | 0.0324
Intra-particle diffusion

K, Cc R? RMSE | X° Aq

(mglg

min)
Raw 145 16.47 17.80 0.9457 | 60.9304 | 1.4391 | 4.8321
1% 123.57 | 15.02 19.55 0.9243 | 71.3549 | 1.6695 | 5.7793
3% 112.86 | 13.68 20.32 0.9025 | 78.9208 | 1.8161 | 6.2586
5% 98.57 [12.20 21.63 0.8993 | 86.4974 | 2.0942 | 7.1274

It is observed that the pseudo-first-order model emerges as the preeminent fit for
both metal ions, as underpinned by the superior R? values and the minimal RMSE values.
Although the pseudo-second-order model provides reasonable fits, its performance is
eclipsed by the superior accuracy exhibited by the pseudo-first-order model. The intra-

particle diffusion model sheds light on the rate-controlling step but discloses certain




disparities in predictive accuracy. In aggregate, these findings collectively contribute to a
comprehensive understanding of the adsorption kinetics governing Cu (II) and Ni (Il) ions on
the respective adsorbents [51]. Table 2 presents the tabulated values of kinetic constants
and associated error values for the pseudo-first-order, pseudo-second-order, and intra-

particle diffusion models pertaining to the adsorption of Ni (ll) ions.

Table 2: Kinetics constant for the adsorption of Ni (ll) ions on raw, 1%, 3% and 5%

samples.
Pseudo First Order
Metal | Adsorbents e, e, k1 2 -
exp | (mglg) | (Umin) | N | RMSE | =X Aq
Raw 136.88 | 144.75 | 0.07530 0.9885 | 0.0086 | 0.0113 | 0.0008
1% 111.87 | 123.79 | 0.07715 0.9705 | 0.0137 | 0.0174 | 0.0016
3% 99.38 | 113.51 | 0.07277 0.9382 | 0.0178 | 0.0218 | 0.0020
5% 93.13 | 110.50 | 0.06609 0.9178 | 0.0319 | 0.0394 | 0.0039
Pseudo Second Order
e, K2x10° R? RMSE X Aq
(mgl/g) | (9/mg
min)
Raw 136.88 | 166.67 | 0.240 0.8823 | 0.0020 | 1.1420 | 0.0065
Ni (1) 1% 111.87 | 149.25 | 0.205 0.8115 | 0.0042 | 1.2228 | 0.0091
3% 99.38 | 147.06 | 0.147 0.6687 | 0.0094 | 1.3591 | 0.0124
5% 93.13 [139.49 | 7.53 0.4034 | 0.0215 | 1.5247 |0.0174
Intra-particle diffusion

K, C R? RMSE | X° Aq

(mg/g

min)
Raw 136.88 | 14.75 | 2.55 0.9643 | 11.8136 | 10.2693 | 0.1183
1% 111.87 | 12.73 | 4.49 0.9527 | 23.1384 | 5.1622 | 0.1861
3% 99.38 [11.49 |7.63 0.9361 | 34.8085 | 3.2022 | 0.3262
5% 93.13 [10.95 |11.84 0.8886 | 58.0861 | 2.5360 | 0.5765

3.11 Adsorption isotherms:

The experimental equilibrium data were connected with the Langmuir, Freundlich,
and Temkin equations to understand the various adsorption behaviours at various contact
times. The foundation of the theory of Langmuir lies in the concept that the solute is
adsorbed onto homogenous sites of the adsorbent, forming a monolayer. The formation of
multiple adsorbate layers is precluded by electrostatic attraction between adsorbed
molecules and those in the solution. An example of a linear Langmuir equation is:

C, 1 C
4. anb (9)

&

Where b (L/g) and gm (mg/g) are Langmuir constants relating to the adsorption of metal ions.
ge (Mg/g) is the capacity of metal ions to adsorb at equilibrium. By plotting Ce against Ce/qe,
a linear relationship emerges, exhibiting an intercept of 1/bgm and a slope of 1/gqm. This

enables the determination of the Langmuir constants gm and b.




For heterogeneous surfaces, the Freundlich model is often stated in a linear form as follows:

1
IncC,

Ing, =InK; +—
q T (10)

When C. is equal to 1, adsorption capacity is Kr (mg/g (g/L)"; n is the Freundlich exponent,
This signifies the degree to which the adsorption aligns with the equilibrium concentration.
Plotting In g¢ vs In Ce similarly yields the two constants n and Kg, as well as a straight line
with an intercept of In Kr and a slope of 1/n.

The Temkin model, encompassing a multilayer adsorption process, considers interactions
between the adsorbent and adsorbate but overlooks very tiny and very large concentration

values. The Temkin isotherm is given by its linearized form, which is

RTI K;+ RTI C
g, =—1In —InC,
by T by (11)
The universal gas constant (R) (8.314 J/mol K), the equilibrium binding constant (Kr) (L/g),
br, Temkin isotherm constant the temperature at 298 K (T), and the heat of sorption constant

(B) (J/mol) are all related to the Temkin isotherm. [47]

The Langmuir isotherm model, widely applied to relate monolayer adsorption on
homogeneous surfaces, provides essential parameters, including the Langmuir constant (Ky)
and the high adsorption capacity (gm). Figure 14 shows the linearized Langmuir adsorption
model for (a) Cu (II) and (b) Ni (ll) ions, For Cu(ll) adsorption onto the raw adsorbent, an
excellent fit to the data is observed with an R? value of 0.9917, and the RMSE value of
0.0226 suggests precise concordance between the model and experimental data. The chi-
square value of 0.9681, close to 1, confirms the goodness of fit, indicating that Cu (ll) ions
adhere to the raw adsorbent following a monolayer adsorption mechanism. Furthermore, as
the adsorbent undergoes modification (1%, 3%, and 5%), the Langmuir model maintains its
robustness, yielding relatively high R? values (0.9779 to 0.9917), low RMSE values, and chi-
square values indicating a suitable fit to the data. This consistency across various adsorbent
modifications suggests that the Langmuir model effectively describes Cu (llI) adsorption

under different conditions.
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Figure 14 Langmuir isotherm for (a) Cu (ll) and (b) Ni (ll) ions

For Ni (II) adsorption onto the raw adsorbent, the Langmuir isotherm also exhibits an
excellent fit with an R? value of 0.9913 and a low RMSE of 0.0156. The chi-square value of
0.2643, close to 1, indicates that the monolayer adsorption mechanism effectively describes
Ni (Il) adsorption onto the raw adsorbent. As the adsorbent is modified, the Langmuir model
consistently provides a strong fit, with R? values spanning from 0.9718 to 0.9913, low RMSE
values, and chi-square values suggesting good concordance between the experimental data
and model [52].

The Freundlich isotherm model, apt for heterogeneous surfaces and multilayer
adsorption, was used to assess adsorption capacity (Kr) and adsorption intensity (nf). Figure
15 shows the linearized Freundlich adsorption model for (a) Cu (ll) and (b) Ni (Il) ions, For
Cu (Il) adsorption onto the raw adsorbent, the Freundlich isotherm displayed a reasonably
good fit, characterized by an R? value of 0.9715 and an RMSE of 0.4209. The chi-square
value of 2.4911 indicated that the model reasonable account of the adsorption process on
the raw adsorbent, suggesting the presence of both monolayer and multilayer adsorption. As
the adsorbent was modified, the Freundlich model continued to provide satisfactory fits, with
R? values spanning from 0.9333 to 0.9715, declining RMSE values, and Chi-square values

indicate a fitting level of reasonability with the dataset.
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Figure 15 Freundlich isotherm for (a) Cu (ll) and (b) Ni (ll) ions

Similarly, for Ni (II) adsorption onto the raw adsorbent, Freundlich isotherm exhibited
a reasonably good fit, as indicated by an R? value of 0.9540 and an RMSE of 0.1802. The
chi-square value of 1.0199 suggested reasonable agreements, implying the presence of
both multilayer and monolayer adsorption. As the adsorbent underwent modification, the
Freundlich model maintained its satisfactory fit, with R? values between 0.9368 and 0.9540,

declining RMSE values, and chi-square values indicating a reasonable fit [53

The Temkin isotherm model, accounting for interactions between adsorbate and
adsorbent and non-uniform adsorption, provides insights into the equilibrium binding
constant (Kr) and the heat of adsorption (bt). Figure 16 shows the linearized Temkin
adsorption model for (a) Cu (ll) and (b) Ni (Il) ions For Cu (ll) adsorption onto the raw
adsorbent, the Temkin isotherm model demonstrates a good fit with an R? value of 0.9801
and a low RMSE of 0.1198. The chi-square value of 1.1991 indicates good agreement,
suggesting interactions between the adsorbent and Cu (llI) ions. As the adsorbent is
modified, the Temkin model consistently provides reasonable fits, with R? values spanning

from 0.9465 to 0.9801, low RMSE values, and chi-square values implying a good fit.
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Figure 16 Temkin isotherm for (a) Cu (ll) and (b) Ni (ll) ions
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Similarly, for Ni (Il) adsorption onto the raw adsorbent, the Temkin isotherm exhibits
a good fit, with an R? value of 0.9905 and a low RMSE of 0.0342. The chi-square value of

0.2616 suggests good agreement, indicating interactions between the adsorbent and Ni (Il)

ions. As the adsorbent is modified, the Temkin model maintains its ability to describe the

adsorption process effectively, with R? values spanning from 0.9420 to 0.9905, low RMSE

values, and chi-square values indicating a good fit [54]. Table 3 presents the isotherm

constants and associated error values for Langmuir, Freundlich, and Temkin models applied

to the adsorption of Cu (Il) ions, while Table 4 tabulates the corresponding values for Ni (Il)

ions.

Table 3: Isotherm constant for the adsorption of Cu (ll) ions on raw, 1%, 3% and 5%

samples.
Langmuir isotherm
Metal | Adsorbents | , 9™ K. R? RMSE Aq
(mg/g)
Raw 312.5 0.3210 | 0.9917 0.0226 | 0.9681 13.4723
1% 217.39 0.1812 | 0.9888 0.6137 | 4.9593 | 8.3621
3% 161.95 0.0686 | 0.9864 1.1972 | 6.7997 | 7.1258
5% 101.96 0.04019 | 0.9779 | 2.2073 | 8.4773 | 5.0923
Freundlich isotherm
Kr Nf R? RMSE Aq
Cu | Raw 287.35 1.89 0.9715 | 0.4209 | 2.4911 | 0.5638
(M 1% 516.52 0.98 0.9678 0.2910 | 1.9745 | 0.3381
3% 711.89 0.75 0.9606 0.2603 | 1.8454 | 0.2819
5% 984.51 0.68 0.9333 0.2169 | 1.6676 | 0.2027
Temkin isotherm
br Kr (L/g) R? RMSE Aq
Raw 226.95 0.28 0.9801 0.1198 | 1.1991 | 0.1184
1% 177.40 0.36 0.9743 0.0126 | 0.0851 | 0.0018

100



3% 142.32 0.46 0.9620 | 0.0049 | 0.0295 | 0.0005
5% 114.53 0.69 0.9465 | 0.0017 | 0.0095 | 0.0002

Table 4: Isotherm constant for the adsorption of Ni (ll) ions on raw, 1%,3% and 5%

samples.
Langmuir isotherm
Metal | Adsorbents Am, KL R? RMSE X7 Aq
(mg/g)
Raw 252.41 0.2641 | 0.9913 [0.0156 | 0.2643 | 2.0414
1% 185 0.2586 |0.9854 [0.1334 | 0.5671 | 1.0761
3% 125.03 0.1103 | 0.9805 |0.2338 | 0.0098 | 0.6883
5% 96.60 0.0722 |0.9718 |0.2911 | -1.5567 | 0.4999
Freundlich isotherm

Kr ne R? RMSE X Aq
Raw 394.49 1.62 0.9540 |0.1802 | 1.0199 |0.0472
Ni (I1) 1% 510.27 0.91 0.9509 | 0.1115 |0.6972 | 0.0282
3% 786.07 0.62 0.9411 0.4160 | 0.5661 | 0.2099
5% 979.38 0.50 0.9368 | 0.3858 | 0.5008 | 0.1937

Temkin isotherm

br Ar (L/g) R? RMSE X Aq
Raw 229.01 0.29 0.9905 | 0.0342 | 0.2616 | 0.0076
1% 211.69 0.32 0.9857 | 0.0037 | 0.0219 | 0.0004
3% 170.42 0.45 0.9676 | 0.0013 | 0.0076 | 0.0001
5% 105.40 0.64 0.9420 |0.0008 | 0.0044 | 0.0003

In summary, the Langmuir, Freundlich, and Temkin isotherm models consistently
provide reasonable to excellent fits for both Cu (lI) and Ni (Il) adsorption onto various
adsorbents. The Langmuir isotherm generally exhibits the highest R? values and lowest
RMSE values, indicating its effectiveness in describing the adsorption behaviour. However,
the Freundlich and Temkin models also demonstrate good fits, especially as the adsorbent
undergoes modification. The choice of the most appropriate isotherm model may depend on
specific contextual factors and assumptions regarding the adsorption mechanism.
Nevertheless, all three models effectively contribute to our understanding of the adsorption
properties of Cu (Il) and Ni (ll) ions onto the researched nanocomposites comprising
rGO/bentonite Clay/ZnO [55].



3.12 Comparative assessment of the adsorption capacity of composites relative to

other adsorbents:

Based on capacity of adsorption, or gmax value, an adsorbent material's performance
and quality are evaluated. An adsorbent attains superior status by demonstrating elevated
adsorption capacity at a cost-effective level. Analyses were performed to evaluate the
adsorption capacity values of the composite materials (raw, 1%, 3%, and 5% samples)
utilized in this research for the sequestration of Cu (ll) and Ni (I) in synthetic effluent and
those reported in existing publications for the elimination of heavy metals from alternative
adsorbent materials. Table 5 presents the reported values. It can be seen that the
composites (raw,1%,3% and 5% samples) also displayed higher removal capacity than the
majority of published adsorbent materials, evidencing the practicability of employing this

nano adsorbent for the elimination of heavy metals ions from synthetic effluent.

Table 5: Comparative analysis of the highest adsorption capacities exhibited

by diverse adsorbents.

Adsorbents Heavy metals Omax(Mg/g) References
Bentonite Cu(ll) 248.93 45
Ni(ll) 215.77
Bentonite/GO Cu(ll) 558.36
Ni(ll) 402.45
sawdust  chitosan Cu(ll) 7.320+0.47 46
nanocomposite .
beads(SDNCB) Ni(ll) 6.91610.54
Hyphaene thebaica Cu(ll) 41.84 56
Fiber
cocoa cortex Cu(ll) 76.923 57
/sodium alginate
Modifed Cassia Ni(ll) 182.2 58
fstula seeds
PD-Fe304@CCS Cu(ll) 45.4 59
Graphene  Oxide Cu(ll) 32.362 60
Modified with Acid
Activated bentonite
rGO/ bentonite clay 312.5
rGO/bentonite 217.39 .
rGO/ bentonite clay/ 161.95
3% Zn0O




rGO/bentonite 101.96
clay/5% ZnO
rGO / bentonite clay 252.41
rGO/bentonite 185
clay/1% ZnO
Ni(ll) This work
rGO/ bentonite clay/ 125.03
3% Zn0O
rGO/ bentonite clay/ 96.60
5% Zn0O

3.13 Desorption and regeneration analysis:

Desorption and regeneration experiments were conducted by treating 20 mg/ L
solutions of Cu (ll) and Ni (ll) with 0.2 g of raw adsorbents as well as adsorbents
containing 1%, 3%, and 5% loading, utilizing 20 mL of 0.1 M HCI for duration of 1
hour. The desorption process achieved significant efficiencies, with Cu (lI) and Ni (I1)
attaining 89% and 98% desorption, respectively, through the use of HCI. This
successful desorption highlights the effectiveness of raw adsorbents as well as those
with different loadings (1%, 3%, and 5%) in reclaiming heavy metals from various
sources. Remarkably, as indicated in Table 6, the regenerated forms of raw and the
different loaded adsorbents exhibited sustained capability for the adsorption of Cu (Il)
and Ni (Il) from synthetic effluent, the material demonstrated sustained efficacy even

after undergoing three round of adsorption and desorption [61].

Hence, the efficiency of adsorption for raw adsorbents, as well as those with 1%,
3%, and 5% loading, exhibits a gradual reduction to 85% and 68% of the initial
adsorption efficiency for each respective concentration. However, these levels of
efficiency remain suitable for the purpose of heavy metal removal. This decline could
potentially stem from the degradation of functional groups as a consequence of the
adsorption—desorption processes conducted in acidic conditions. It is noteworthy that

similar findings have been documented by other researchers in their studies [62].

Table 6. Regeneration efficiency of raw,1%, 3% and 5% samples

Metals Adsorbent Adsorption efficiency (%)
Cycle | Cycle Il Cycle lll

Cu (ll) Raw 98 89 78
1% 98 85 75
3% 96 85 75
5% 95 84 76

Ni (Il) Raw 95 83 72
1% 93 80 70
3% 93 82 70
5% 91 79 68




4 CONCLUSION:

This research investigated the efficiency of adsorption of composites for Cu (Il) and
Ni (Il) ions from synthetic effluent. Various operational factors, including initial metal ion
concentration, pH, adsorbent dosage, and contact time have to found influence on the batch
adsorption process. The analysis of the equilibrium data involved the utilization of the
Langmuir, Freundlich, and Temkin models. Cu (Il) and Ni (Il) ions removal from synthetic
effluent using raw, 1%, 3%, and 5% samples has been explored using linear regression of
isotherm models with two parameters and three error functions. Cu (lI) and Ni (Il) ions
adsorption from synthetic effluent utilizing raw, 1%, 3%, and 5% samples fit well into two
parameter Langmuir model. As per the Langmuir model, the highest Cu (Il) adsorption
efficiency is determined as follows: 312.5 mg/g for the raw sample, 217.39 mg/g for the 1%
sample, 161.95 mg/g for the 3% sample, and 101.96 mg/g for the 5% sample. Ni (ll)
adsorption capacities of, the raw sample contained 252.41 mg/g, the 1% sample contained
185 mg/g, the 3% sample contained 125.03 mg/g, and the 5% sample contained 96.60
mg/g. Three isotherm models were scrutinized, and the Langmuir model exhibited optimal
conformity with the experimental equilibrium data. The Langmuir model and the pseudo-first-
order kinetic model, associated with monolayer physisorption of metals onto composite
materials, served as the principal models for depicting adsorption isotherms and kinetics,
respectively. The data suggest that the adsorption kinetics conform to the pseudo-first-order
rate, wherein intra-particle diffusion serves as the rate-determining steps. As a result, the
composites exhibit considerable potential for wastewater treatment application, owing to

their high efficacy, low toxicity, cost-effectiveness, and environmentally friendly attributes.
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