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Abstract: Toxic metal wastewater is a challenge for exposed terrestrial, aquatic environments and the
recyclability of the water, prompting inputs for the development of promising treatment methods.
Consequently, the rGO/ZnONP nanocomposite was synthesized at room temperature for four hours and was
tested for adsorption of cadmium and lead in wastewater. The optimized nanocomposite had the lowest band
gap energy (2.69 eV) and functional group interactions were at 516, 1220, 1732, 3009, and 3460 cm. The
nanocomposite showed saturation of ZnO nanoparticles on rGO with a weight percentage of zinc (60.02 %),
oxygen (22.96 %), and carbon (16.58 %), and the micrograph showed slight agglomeration on the sheet surface.
The nanocomposite’s D and G band intensities were almost the same constituting the ZnO presence on rGO
from the raman spectrum. The adsorption equilibrium time for cadmium and lead was reached within 10 and
90 minutes with efficiencies of ~ 100 %. Sips and Freundlich were best fitting the cadmium and lead adsorption
data (R? ~ 1), therefore the adsorption was a multilayer coverage for lead and a mixture of heterogenous and
homogenous coverage for cadmium adsorption. Both adsorptions were best fitted by the pseudo first order
model, suggesting the multilayer coverage dominance. The adsorbent was reused for three and seven times for
cadmium and lead. The nanocomposite showed selectivity towards lead (95 %) and cadmium (100 %) in the
interfering wastewater matrix. Conclusively, the nanocomposite may be embedded within upcoming lab-scale
treatment plants which could lead to further upscaling and serving as industrial wastewater treatment
material.

Keywords: toxic metal; cadmium; lead; wastewater; nanocomposite; adsorption; Sips; Freundlich;
pseudo first order

1. Wastewater

Clean and portable water plays an essential role in the preservation and maintenance of
livelihoods in aquatic and terrestrial habitats. Nevertheless, the ongoing problem is clean water
provision at an adequate rate relative to the growing human population demand which in turn
promotes industrialization based effluents to the air, soils, and available surface and groundwater
resources resulting in water pollution. The wastewater may contain chemical, physical, and biological
pollutants. Amongst these contaminants, the toxic metals are regarded to be highly resistant to
conventional treatment due to their solubility, and non-biodegradability in water and as a result they
stand a chance to form partake in secondary pollution thus leading to non-suitability of the treated
wastewater for human and animal consumption. The metals are mostly sourced from industrial
works such as manufacturing, paper, pharmaceutical, smelting, and mining operations.
Consequently, the toxic metal wastewater generation may lead to clean water supply challenges,
scarcity, and expense to affected communities.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1.2. Impact of Toxic Metal Presence in Wastewater and Challenges of Their Remouval

Although metal abundance has been naturally experienced on Earth for several years since
approximately 75% of the gross elements in the chemical periodic table are ranked as metals, most of
the environmental depositions are sourced from daily anthropogenic activities (industrial
production, smelting, mining operations, agricultural, batteries, and galvanizing works) [1].
Consequently, toxic metals participate in most of the trace inorganic contaminants as outlined by the
US Environmental Protection Agency [2]. Toxic metals are explained to be elements with a density
greater than 5 g/cm?, have high atomic mass, have persistence, pose toxicity to the water source, and
thus cause wastewater. Moreover, toxic metal water contamination may also occur via sediment
resuspension, metal ion soil erosion, leaching, atmospheric discharge, and metal from water
resources to groundwater [1]. Among all the pollutants, the toxic metals participate in the pollutants
pool and most of them are readily soluble in water especially in sulphates and nitrates forms, thus
posing a challenge in wastewater treatment due to their long life span, forming oxidative species, and
are persistent in an environment. Unfortunately, the toxic metals tend to accumulate without being
seen in the host environment, unlike the municipal waste and petroleum hydrocarbons, thus making
the challenge in the remediation process which may result in the consumption of polluted water for
use in house, agricultural, and industrial application with subsequent health and production
impairments.

1.2.1. Lead (Pb)

Lead is described as an element with greater density and atomic mass in comparison with water
molecules. In fact, lead possesses a density of 11.34 g/cm? and a weight of 207.2 g/mol, thus considered
one of the heavy metals in water. Lead has been used in several industrial applications such as
plumbing, explosives, batteries, gasoline, and cosmetics manufacturing.

Gradual lead intake through drinkable water can cause abdominal cramps, diarrhoea, vomiting,
nausea, reproductive, renal, central nervous system malfunctions, depreciated seedling growth,
abnormal root length, mitosis cell division and photosynthesis in humans, animals and plants [3,4].
In patients, the unmonitored iron intake may destructively damage the gastrointestinal mucosa and
hypovolemia sourced from blood loss too. These could result in the mortality of affected patients
(humans and animals) [5]. Consequently, the elimination of lead ions in drinkable water and
wastewater is essential for adequate water and source conservation.

1.2.2. Cadmium (Cd)

Cadmium is an element with a density of 8.65 g/cm? and an atomic mass of 112.41 g/mol greater
than water. Its uses include anti-corrosion electroplating, plastic stabilization, batteries,
pigmentations, and solar cells. On the other hand, the unmonitored accumulation of cadmium and
its compounds renders cadmium a toxic element prevalent in the industry that discharges effluents
that get into the waterways, resulting in environmental pollution, human and animal wellbeing
defects. Consequently, the use of cadmium is decreasing due to its toxicity trait. The International
Agency for Research on Cancer and the National Toxicology Program has declared cadmium as a
carcinogen (prostate, lung, urinary, kidney, and breast cancer) in humans and animals [6].
Additionally, the carcinogenicity mechanism is reported to be multifactorial. Cadmium toxicity
causes water and nutrients translocation, metabolism and photosynthetic disruptions, and uplifts
reactive oxygen species generation which initiates both the cell biomolecule destruction and plant
membrane damage [7]. Commonly, cadmium may destruct the uptake and mass transport of
nutritional elements such as magnesium, calcium, and potassium in a plant.

Conclusively, this constitutes the essentiality of cadmium removal in wastewater for safer use
in residences, industries, and agricultural purposes.
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1.3. Cadmium and Lead Wastewater Treatment

Toxic metal emissions and related effluents are regarded as prominent health challenges to both
terrestrial and aquatic organism and their habitat. Several traditional methods such as chemical
precipitation, ion exchange, solvent extraction, coagulation, and flocculation have been explored for
use in metal treatment. Among the aforementioned techniques, the adsorption method offers a
variety of applications in comparison with other methods relative to their drawbacks, for example,
large production of sludge, expensive disposal, low efficiency, and sensitive operating conditions [8].
Although they have a track record of removing the metals, adsorption is more practical, efficient and
feasible due to operation simplicity, design simplicity, removing contaminant concentration under
100 ppm unlike other methods, less or no sludge generation, environmental friendliness and fairly
supports recycle and reuse [9]. The adsorption method is a method that includes the deposition of
gas or liquid (adsorbate) on a solid surface (adsorbent), resulting in molecular film formation.

The process is partitioned into two types which are chemisorption and physisorption.
Chemisorption is described to be adsorption through chemical bonding (which includes the
generation of covalent or ionic bonds via chemical reactions), whereas physisorption occurs through
physical interaction between the adsorbent and adsorbate, and is considered non-specific since it
supports random and multilayer adsorption. As a result, precipitation, redox reactions, precipitation,
simplified diffusion, hydrogen bonding, complexation, and electrostatic interaction are feasible
mechanisms to adsorb toxic metal ions onto the adsorbent surface for water treatment.

Furthermore, the adsorption method may be monitored by variations in process parameters
such as pH, temperature, contact time, and initial concentration [10]. Additionally, the process’s
efficiency is also attributed to the adsorbent’s nature — active sites/surface area, kinetics, and
selectivity [11]. As a result, several toxic metals including Cd and Pb have been successfully removed
via adsorption with high adsorption amounts, capacity, and removal efficiencies [12,13]. Moreover,
the regulated maximum contaminant or permissible limits assigned by the World Health
Organization for Cr (chromium), Ni (nickel), Pb (lead), Cd (cadmium), As (arsenic), Cu (copper), Hg
(mercury), zinc (Zn) and cobalt (Co) in drinkable water are 0.05, 2.0, 0.05, 0.003, 0.01, 2.5, 0.001, 5.0,
0.1 mg/L and there is a need for monitoring and treating their amounts in water and wastewater [14].

1.3.1. Nanotechnology and Nanomaterials

Nanotechnology is defined as technology at the nanoscale level in which systems, devices, or
materials are fabricated through controlling matter at the nanoscale length to enhance the unique
material properties at the nano-level [15]. Moreover, nanotechnology includes several nanomaterials
- described as materials having at least one dimension in the nanoscale range of 1-100 nanometers
(nm). Their versatility allows them to be applied not only in wastewater treatment but also in sensors,
pharmaceuticals, and electronics. In contrast with conventional materials, nanomaterials have
improved surface area, catalytic activity, porosity, shape, lighter weight, electrical properties, high
reactivity, adsorption, and catalytic nature [16].

These materials and associated synthesis techniques, removal principles, and application routes
have shown a promising affinity towards toxic metal removal in wastewater as compared to the bulk
conventional adsorbents [17].

1.3.2. Reduced Graphene Oxide/Metal Oxide (rGO/MO) Nanocomposite

Multiple studied adsorptive materials capable of removing metals from aqueous solutions are
clays, biological and agricultural waste, fly ash, chitosan, zeolites, natural oxides, peat moss and
activated carbon [18-21]. However, the reported limitations of these adsorbents are their relatively
small metal-binding constants, small selectivity, low removal capacities, unstable at low or high pH
values, and intolerance for high toxic metal ion concentrations [22,23].
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Figure 1. Research roadmap in the current study.
2. Review

2.1. Challenges with Various Nanoparticles for the Treatment of Toxic Metals

Recent research projects have shown that metal oxide nanoparticles exhibit capabilities for toxic
metal ion removal in wastewater [24,25]. Nanotechnology has gained prominent interest in the
environmental application field sourced from the associated controllable physicochemical properties,
magnetism, and larger surface area [26]. However, the common challenge in their toxic metal removal
application has been separation or instability in agglomeration [27,28]. It has been evidenced that the
single metal nanoparticles suffer good separation after the wastewater treatment thus gradually
combatting their recycle and reuse phase. This could cause the generation of secondary pollutants
and if they are treated by biological and photocatalytic adsorbent regeneration, these methods could
be unsuitable and unsafe for treating spent adsorbent since the methods rely on contaminants
degradation and combustion [29,30].

However, among various materials used for toxic metal water treatment, metal oxide
nanoparticles such as cerium oxide (CeQz), iron oxide (FesOs and Fe20s), titanium oxide (TiOz) and
zinc oxide (ZnO) exhibit improved tunable functionalization, surface reactivity, selectivity,
photocatalytic nature and act as exceptional adsorbent for wastewater remediation due to their
affinitive surface functional groups towards various toxic metals including Pb(II) and Cd (II) [31-34].
Among metal nanoparticles, zinc oxide nanoparticles have received pronounced attention for
wastewater treatment since the material may act as a precipitant, photocatalytic, and adsorbent agent
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for selected toxic metals [35-38]. The possible property drawbacks associated with the ZnO
nanoparticles are agglomeration, instability, leaching, and depreciated thermal characteristics for
efficient application during toxic metal uptake in wastewater [39-41]. Therefore, the synthesis of
surfacing the nanoparticles onto the supporting material with a high surface area has been a feasible
and ongoing research interest resulting in good nanocomposite material and thus it was investigated
in this study.

2.2. Nanocomposite

The graphene material has drawn attention due to its leading optical, mechanical, thermal, and
flexibility properties [42]. Reduced graphene oxide as a graphene derivative is majorly synthesized
by the generation of graphite oxidation to graphene oxide and the reduction of oxygen content on
the graphene sheets by thermal and chemical treatment leading to multifunctional surface generation
[43]. The functionalisable surface of the reduced graphene oxide allows for the impregnation of the
nanoparticle materials on graphene layers to produce a smooth sorption surface [44]. Moreover, the
material may be macro clusters while the sorption surface may become regular. Although there are
some limitations with chemical modification, this method gives a control on tuning the functional
groups for subsequent improved adsorption efficiency and selectivity for wastewater treatment
[44,45].

Reduced graphene oxide/ metal oxide nanocomposites have been synthesized in various ways
aiming at achieving chemical (advanced chemical stability), physical (high thermal and electrical
conductivity, mechanical strength, large surface-to-volume ratio, porosity, capacitance) and
biological (antiviral, antibacterial, antioxidant) properties which served as promising and compatible
characteristics for supercapacitors, fuel and solar cells, drug delivery, tissue engineering, cancer
treatment, biosensors [46—48]. The graphene/ZnO electrochemical sensor for para-nitrophenol was
successfully developed and recorded a low detection limit of 8.8x 10 M using square wave
voltammetry [49]. The sensor proved to exhibit high sensitivity and specificity for para-nitrophenol
against interfering compounds which are ortho-nitrophenol, 24-di-nitrophenol, and meta-
nitrophenol in groundwater and river samples. These also signify that the composite resulted in an
improvement of the electrochemical performance of the modified glassy carbon electrode which led
to improved and fast recoveries [49]. In another study, the graphene/ZnO nanocomposite was tested
for a supercapacitor project where the material performed well with 122.4 F/g in comparison with
rGO (102.5 F/g) and graphene oxide (2.13 F/g) [50]. The good performance was attributed to the well-
dispersed electronegative ZnO particle (with a size between 30-70 nm which qualifies large surface
area and high electron mobility) on the graphene sheet and the synergistic effect sourced between the
nanocomposite structure which was confirmed by EDS, HRTEM, XRD, UV-vis and galvanostatic
charge/discharge techniques and cyclic voltammetry, thus resulting to a potential electromaterial for
advanced supercapacitor purpose . The graphene/ZnONPs nanocomposite exhibits good carriage
and pH sensitive ejection of conjugated and aromatic anticancer drugs [51]. Furthermore, the
composite possesses the capability for endosomal escape post intracellular use for genetic therapy
and transportation, hence the material are promising candidate for cancer therapeutics, drug
delivery, and co-delivery [51-53].

ZnO is considered as a wide band gap semiconductive material consisting of large charge
carriers recombination leading to its possible instability and decreased photocatalytic efficiency [53].
In order to accommodate the drawbacks, the material has been modified with other metal oxide,
polymers, zeolite, and nanocarbon based material for photocatalytic behavior improvement [53].

Majorly, the graphene material has proved to efficiently hybridize with ZnO for catalytic
characteristics. The zinc oxide nanorods were hydrothermally deposited on bilayered reduced
graphene oxide for photodegradation of methyl orange in water. The degradation efficiency
increased by 15 % when the composite was tested as compared to the unmodified zinc oxide
nanorods. Furthermore, the composite reaction rate (1.4 x 102 min') was higher than the rGO (1 x 103
min™ ) and ZnO (7.2 x 10 min™), proofing the fast kinetic reaction due to synergistic interactions
sourced from the composite’s rGO and ZnO [54]. In another study, the rtGO/ZnO nanocomposite was
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applied in gas to liquid conversion through the photoreduction of carbon dioxide (COz) to methanol
(CHs0OH). The CH30H yields for rGO/ZnO nanocomposite and ZnO nanorods were 263.17 and 52.36
pmol/get [55]. This indicated the five times increase in CHsOH yield from a pure ZnO to rGO/ZnO
nanocomposite which could be sourced from an improved charge separation and catalytic activity
by nanocomposite photocalyst. Furthermore, the nanocomposite proved to support improved
photoreductive stability, cycling, and reusability properties with a minimal decrease of 5% in CHsOH
yield [55].

As a result, these cases serve as proof of graphene/ZnONPs nanocomposites being
multifunctional materials compatible with various applications. Therefore, the current study is
aligned with water treatment and the review will majorly be on toxic metal removal from wastewater
using the selected nanocomposite through the adsorption method.

Recently, to overcome these limitations, nanolayered rGO (reduced graphene oxide)
functionalized with MO (metal oxide) nanoparticles allowing for available adsorbate binding sites,
with improved selectivity and surface area, no/less particle-particle aggregation, improved
adsorption capacities, and efficiencies have been studied for wastewater treatment [56,57]. A study
recorded high adsorption capacities and efficiencies of selected metals in the range of 100-600 mg/g
and greater than 85 % have been obtained with rGO/ZnONPs nanocomposites [14,58,59]. Several
studies have been conducted on cadmium and lead removal using GO/ZnONPs composites as
compared to rGO/ZnONPs nanocomposites [60-63]. As a result, this study focuses on rGO/ZnONPs
nanocomposite synthesis and adsorptive application in the remediation of cadmium and lead in
wastewater.

2.3. Adsorption Limitations

Although adsorption is regarded as a simple and efficient method for toxic metal treatment, the
generation of suitable adsorbing materials may not be cost-effective and some adsorbents like
commercialized activated carbons may not allow for recycling post the water treatment and this
could lead to potential unsustainable large scale toxic metal wastewater remediation [14,64]. As a
result, the drawbacks may be fairly accommodated with moderate to low-cost, recyclable, and
reusable nanocomposite adsorbent which outputs efficient metal uptake. In this context, this study
investigated the fabrication of rGO/ZnONPs nanocomposite as a promising adsorbent for uptaking
Cd and Pb with the aid of reuse, interfering species and monitoring the adsorption through various
process parameters, equilibrium, and kinetic models.

2.4. rGO/ZnONPs Nanocomposite for Treatment of Pb and Cd in Wastewater

2.4.1. Cadmium (Cd) Wastewater Treatment

The zinc oxide nanoparticles were prepared by co-precipitation. The achieved nanoparticles
were confirmed by XRD to be having hexagonal phase structure. Furthermore, the graphene oxide
layers were fabricated via the Hummers method and the Aloe vera leaf extract was used for
conversion of graphene oxide to reduced graphene oxide [65]. Although the ZnO nanoparticles
seemed to have swallowed the graphene material peak, the overall composite’s crystallinity, surface
functionalization, and morphology were evidenced by XRD, TEM, and AFM. The composite's
average crystallite size was 70 nm, with the surface wrinkled and roughness showing the composite
generation. The uptake of the cadmium by the ZnO/rGO was investigated based on time (0-120 min.)
and pH (2-8). The results showed that the adsorption efficiency increased relative to pH increase and
this could be due to competition for available and reactive sites for H* and Cd? adsorption. Although
removal efficiency increases, the Cd at pH 8 could form a precipitate that depreciates the adsorption
and possible desorption for reuse. Therefore pH 6 was preferred with efficiency greater than 80 %
[65]. The sonochemical method was used for PANI/ZnO/r-GO synthesis, which was found to be an
amorphous, semi-agglomerated surface [62]. The material was applied for Cd adsorption which was
optimally achieved at the time (60 min.: 60.9%), adsorbent quantity (0.2 g: 63%), temperature (60 °C:
57%), pH (6: 98%) and concentration (10 mg/1: 24%). The adsorption was well described by Freundlich
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(R2=0.99) and pseudo second order (R? = 0.95) as compared to Langmuir (R? = 0.93), Jonavoic (R? =
0.97) and pseudo first order (R? = 0.94). This implied that the adsorption was a non-specific uptake
and proceeded through multi layered configuration [62]. In conclusion, multiple studies have been
conducted on the effect of ZnO/rGO composites for Cd removal with uplifted efficiencies [61,66,67].

2.4.2. Lead (Pb) Wastewater Treatment

In another study, the ZnO/rGO nanocomposite was sono-chemically synthesized for Pb(II)
adsorption. The composite was found to be semi crystalline, photoactive, sphere shaped
nanoparticles dispersed on rGO sheets with some agglomeration [68]. The adsorption process was
optimized pH (2 - 6), contact time (0 — 70 min), concentration (20 — 100 mg/1), temperature (5 — 80 °C)
and adsorbent dosage (20 — 100 mg). The optimum parameters were 60 min., 100 mg, pH 6, 20 mg/l,
and 65 °C with maximum removal efficiencies of 68, 68, 98, 17 and 57 %, respectively. The adsorption
data well fitted Langmuir isotherm and pseudo first order with the highest regression coefficients of
0.993 and 0.973. The composite sustained three recycling phases (with 0.1M HCI) for reuse with the
following descending efficiencies: 78, 63 and 41 % [68]. The removal deficiency could have been due
to unsuccessful full desorption and significant surface compositional change when exposed to the Pb
as evidenced by irregular and agglomerates presence from SEM images after the adsorption [68]. The
ZnO/rGO nanocomposite was hydrothermally synthesized in an autoclaved reactor at 180 °C for 6
hours [66]. The nanoparticle's TEM image showed spherical shapes deposited on the graphene sheet.
The adsorption of Pb(II) was then investigated from 1 to 50 mg/1 (initial concentration), 10 to 50 mg
(adsorbent quantity), and the maximum capacity was achieved under room temperature for five
minutes. As a result, 50 mg of the adsorbent dose, pH 6, resulted in the highest removal efficiency of
754 %. The adsorption improvement by functionalizing the graphene’s surface with ZnO
nanoparticles has been evidenced in other studies too [63,69,70].

Table 1. Adsorption of Pb(Il) and Cd(II) in wastewater using graphene oxide based composite

materials.
Equilibriu Toxic  Adsorption Kinetic and
Adsorbent Ai]s;?;nt mTime  Metal  Efficiency = Thermodynamic Ii{e e:g;::; Ref.
(min.) Treated (%) Model
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2.5. Experimental Procedure

2.5.1. Zinc Oxide Nanoparticles (ZnONPs)

0.5 M ZnSO4+.7H20 (100 ml) was precipitated with 1 M NaOH (100 ml) at room temperature for
3 hours. The obtained white precipitate was washed with 0.5 M MeOH (250 ml) and 200 ml of
deionized water. Lastly, the product was oven dried at 100 °C for 35 minutes and calcined at 200 °C
for 2 hours.

2.5.2. Reduced Graphene Oxide (rGO)

H250: (50 ml) was pre-cooled for 30 minutes in an ice bath. Thereafter, the graphite (3 g) and
NaNO:s (1.5 g) were added to H2504 (50 ml) with continuous stirring for 30 minutes in an ice bath.
Moreover, KMnOs (3 g) was moderately added for an hour while stirring. Afterwards, the mixture
was stirred at 40 °C and added H:0 (100 ml). Furthermore, the composition was stirred for an
additional 2 hours at 90 °C and added H20 (50 ml) with H20: (6 ml) for an additional 2 hours. Then,
the graphene oxide (GO) was filtered and washed with H2O (~ 500 ml) and 0.5 M MeOH(50 ml). The
resultant black precipitate was dried at ~ 100 °C for overnight.

For reduction, the dried GO (1 g) was dissolved into H20O (100 ml) with NaBHa (0.2 g) for 4 hours
at 100 °C in a reflux setup followed by bath ultrasonication (2 hrs) for sheet exfoliation. Lastly, the
graphene was washed with H20 (200 ml), dried at ~ 100 °C for overnight and thermally treated in the
tube furnace at 350 °C (10 °C/min) for 2 hours under nitrogen flow.

2.5.3. rGO/ZnONPs Nanocomposite

A weight ratio of 1:3(w/w) (rGO/ZnONPs) was used for composite synthesis. The rGO/ZnONPs
nanocomposite was prepared by dispersion of reduced graphene oxide in ethanol (99 %) and mixing
with ZnONPs powder while continuously stirring in an inert environment for 1 to 6 hours.
Thereafter, the resultant black-white precipitate was washed with 1 M ethanol (50 ml) and deionized
water (100 ml) to remove excess solvent and dried in a vacuum oven at 100 °C for 30 minutes.

2.6. Characterization of Adsorbents

The adsorbent was analyzed for its material characteristics. FT-IR, Uv-vis, SEM-EDS, and Raman
spectroscopy were used to investigate functional groups present, optical nature, surface morphology,
elemental composition, and defects density in the adsorbent.

The functionalization was studied using attenuated total reflectance FT-IR from 400 to 4000 cm-
1 in five replicate scans, spectral resolution of 4 cm? using Perkin—-Elmer-Spectrum100 FTIR
spectrometer, coupled with universal ATR top plate and diamond crystal. Furthermore, Uv-vis
analysis was done by dissolving 0.0015 g of the synthesized material in 20 ml of deionized water and
using a quartz cuvette of light path 1 cm. The Uv-vis measurements were carried out on Wirsam
Scientific (Uv/vis 920) GBC instrument with processing parameters: step size (0.133 nm), speed (300
nm/min), slit width (2 nm), and results read by Cintral v 2.4 software. The morphology was
monitored by LEO 1450 scanning electron microscope (at 10 kV) and corresponding microimages
were generated by using SMARTSEM v 5.03.06 software. The sample preparation was done by
evenly dispersing fine powdered samples over carbon tape attached to copper stubs. Thereafter, the
samples were gold capped using the sputtering tool for clear scanning electron microscope
observations. Raman spectra were done using the Jobin—Yvon LabRAM HR Raman spectrometer.

3. Adsorption Study

Batch tests were done to study the impacts of initial solution pH values, dosage, contact time,
initial concentration, and temperature on the adsorption capacity of Pb (II) and Cd (II) ions using
rGO/ZnONPs. Separately, 100 mL of Pb (II) and Cd (II) synthetic wastewater was prepared from
Pb(NO:3)2.4H20 and CdCsHsO4+.2H20 while magnetically stirring at 180 rpm with the adsorbent. After
the equilibrium, the aqueous phase was separated from solids by centrifugation (3000 rpm, 15 min)

d0i:10.20944/preprints202407.1109.v1
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and subsequently filtered through 0.22 um membranes to quantify Pb (II) and Cd (II) residual
concentration. The triplicate equilibrium concentrations of Pb (II) and Cd (II) were measured via the
ICP-OES instrument. Moreover, the resultant adsorbent was exposed to desorption by using 0.01 M
H2504 (50 ml) solution for 45 minutes under magnetic stirring (80 rpm) and resulted in adsorbent
recycling and reuse.

The interference study was carried out by one pot method made up of copper, iron, chromium,
zing, cadmium, and lead. 90 mg, pH 5, 25 °C, 10 ppm (for each metal), 200 rpm, 4 hours were applied

during the testing.
The equilibrium removal capacity and efficiency were determined using eq. 1 and 2:
_ (Co—Ce)xv
Q.- Gt M
%R= (Co—Ce)x100 (2)

Co

where V is the suspension volume (dm?®), and m is the adsorbent weight (g), Co is the initial
concentration (mg/L), Ce is the aqueous-phase equilibrium metal concentration (mg/L).
3.1. Adsorption Isotherms

The batch experimental data was fitted by using Langmuir, Freundlich, Tempkin, and Sips
model in the determination of sorption capacity via eq. 3 - 6.

_ qLKiCe
1= Tk, ®)
1
q= KpC} (4)
q=BIn4.C, (5)
_ (gmKxCe)"n)
9= G+ n) (6)

where,
q = amount adsorbed (mg/g)
q, = adsorption capacity related to a monolayer surface coverage;
K; = Langmuir constant corresponding to the adsorption energy;
Kp =Freundlich constant related to the adsorption capacity;
A, = Equilibrium binding constant related to Tempkin isotherm;
n = adsorption intensity constant;
C, = metallic equilibrium concentration in aqueous phase (mg/l);
B = abbreviation of RT/b;, R — gas constant (8.314 J/mol K), K — absolute temperature, b, =
Tempkin isotherm constant
gm = maximum amount adsorbed
K = Sips isotherm model constant

3.2. Adsorption Kinetics

For investigation of kinetics, 0.015 and 0.050 g of rtGO/ZnONPs were added to 100 ml of Pb>
solution (3 mg/L) and Cd* (10 mg/L). The suspensions were stirred at 180 rpm under room
temperature. The samples were withdrawn at 3 to 240 minutes. Afterward, the data was fitted by
pseudo-first (eq. 7) and pseudo-second order equations (eq. 8), intraparticle diffusion (eq. 9), and
elovich (eq. 10).

y =a* (1- e(-b*)) @)

t 1

e " watn (8)

qt ka3 = qe
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q = Ka*sqrt(t)+C )

q:=In (AB)/B + (1/B)*In (t) (10)

where,

A (mg/g/min) = initial rate of adsorption

B (g/mg) = term related to the extent of surface coverage and activation energy for chemisorption
b = rate constant

t (min.) = adsorption time

y & q: (mg/g) = adsorption capacity at time (t)

qe & a (mg/g) = adsorption uptake at equilibrium

ki (min) = rate constant related to pseudo-first order

k2 (g/(mg min)) = rate constant corresponding to pseudo-second order kinetic model
Ka = intraparticle diffusion rate constant

C = plot intercept implying boundary layer effect or surface adsorption

4. Results and Discussion
4.1. Characterization

4.1.1. UV-vis

The determination of band gap energy was performed via direct extrapolation (DE) which is
normally achieved by best-fitting straight line curve to the linear portion of the adsorption spectrum
(where (ahv)? = 0). The determined ZnONPs band gap energy was 3.172 eV (Figure 2) which is near
the reported band gap energy of ~ 3.37 eV [80,81].

Furthermore, the optical nature of rGO and GO was also monitored via uv-vis spectroscopy
(Figure 2). In GO, a peak (235.73 nm) and a shoulder (307.77 nm) were observed while only a single
peak (254.42 nm) was detected in rGO spectrum. Consequently, the adsorption peak at 235.73 nm
and a shoulder at 307.77 nm constitute the aromatic C-C bonds’ rt-rt* transition and C=0O bonds’ n-rt*
transition implying the oxidation of the graphene sheet. In rGO, the shifting of the absorption peak
is due to the aromatic C-C bonds' m-7t* transition, evidence of oxygen content elimination and the
disappearance of the C=O bonds' n-rt* transition [82]. The optimized nanocomposite’s band gap
energy was the lowest when grown at 4 hours (2.69 eV), this value showed that the composite may
also be treated as a potential photocatalyst besides the adsorption behavior which was studied in this
work.
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Figure 2. Tauc plot and uv-vis spectra of ZnONPs, GO, rGO, and rGO/ZnONPs nanocomposite.
4.1.2. FTIR

FTIR of ZnONPs, GO, rGO, and rGO/ZnONPs

Figure 3(a) shows the spectrum of graphene oxide with the presence of oxygen functional group
stretches and vibrations at 1050, 1212, 1354, and 1710 cm™ for C-O, O-H, and C=O confirming
oxidation of graphene surface [83]. During the conversion to rGO, the carbon groups (C-H, C=C) were
present at 1567, 2695, and 3100 cm! revealing the restoration of sp? hybridized graphene structure
with noticeable elimination of oxygen functional groups (1050 — 1710 cm™) Figure 2(a).

In Figure 3(b), the FT-IR spectrum of the calcined ZnONPs showed an intense and sharp peak
at 515 cm™, indicating the existence of Zn-O vibrations [84]. Moreover, the hydroxyl group present
in room temperature ZnONPs at 3482 and 868 cm! was fairly eliminated, confirming the successful
synthesis of ZnONPs rather than Zn-OHNPs [85].

In the case of rGO/ZnONPs nanocomposite (Figure 3(c)), the peak at 516 cm! indicated the
stretching vibration of the ZnO [86]. The graphene sheet structural peaks were signalled by the C-H,
and C=C at 1376, and 1569 cm. Furthermore, the binding of the ZnONPs onto rGO sheets was
attributed to C-O, and C=0O at 1220, and 1732 cm[87]. The broad and medium stretching vibration
mode at 3009, and 3460 cm constitutes the hydroxyl group from water molecules that are absorbed
on the composite surface [88]. Thus, these results have shown the formation of ZnONPs on the rGO
matrix. Moreover, the optimized composite at room temperature for 4 hours was selected for further
characterization and subsequent metal ion removal tests. The composite showed a pronounced peak
for Zn-O signaling the successful deposition as compared to other composite synthesized at room
temperature (1,2,3,5 and 6 hours) (Figure 3(c)).
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Figure 3. FTIR spectra of GO, rGO (a), ZnONPs (b) and rGO/ZnONPs nanocomposite (c).
4.1.3. Morphology of ZnONPs and rGO/ZnONPs

SEM-EDS

Figure 4(a) showed fairly separated rGO sheets with high carbon content (83.14 %). The surface
revealed that the spherical ZnONPs were achieved with almost fair distribution accompanied by
agglomeration which may be sourced from a lack of thorough purification and moisture exposure
(Figure 4 (b)). The round shaped particles signaled modification of ZnONPs on the rGO sheet. This
was supported by the appearance of a new peak of Zn-O stretch on FTIR spectra of the synthesized
rGO/ZnONPs nanocomposite (Figure 3(c)). The corresponding EDS showed the high presence of
ZnONPs’ participants (Zn and O) due to the used weight ratio in this study. Similar results have been
documented by authors [89-91].
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4.1.4. Defect Density Study

Raman Spectra of ZnONPs and rGO/ZnONPs

The spectrum of rGO contained three prominent peaks at 1347, 1577, and 2687 cm assigned to
D, G, and 2D [92]. The D and G bands are sourced from sp? carbon with information on carbon pairs
in a ring, the aromatic ring breathing mode, and defects. Amongst these bands, the G band (for sp?
carbon structure) appeared to be sharp and with the highest intensity (~ 4 folds of the D band). The
observed D and 2D are associated with disordered crystalline carbon structural defects (oxygen,
sulphur content) and a set of the graphene sheet, respectively [93]. Five peaks were present in
ZnONPs, which are positioned at 102, 336, 440, 579, and 1151 cm’. The peak at 336 cm™ was assigned
to the second order structure of ZnONPs sourced from zone boundary phonon, and 440 cm™ was
attributed to the E2 mode of wurtzite ZnO [94]. The weak broadband at 579 cm-! was attributed to
E1(L) and implying marginal defects on ZnONPs surface, the sharp peak for optical phonon E2 mode
was recorded at 102 cm, and the localized acoustic phonon mode was positioned at 50 cm™[95].

The Raman spectrum of rGO/ZnONPs is shown in Figure 5 with noticeable four bands at 10.76,
1347, 1577, and 2687 cm. Furthermore, the reduced graphene oxide spectrum and rGO/ZnONPs
showed D, G, and 2D bands at relatively same frequency implying that the graphene structure is
fairly maintained in the composite. In observation, the intensity of D, G, and 2D bands decreased due
to ZnONPs modified rGO surface suggesting successful functionalization [96]. The optical mode at
10.76 cm! is assigned to the E2 mode of the zinc and oxygen sub lattice [97].
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Figure 5. Raman spectra of ZnONPs, rtGO and rGO/ZnONPs.
4.2. Removal Study

4.2.1. Adsorption Performance

For the determination of adsorption efficiency, the initial pH is an essential aspect because it
includes the principal interaction between the adsorbent and adsorbate species. At various pH
numbers, the activity and concentration of hydronium (H*) and hydroxyl group (OH-) tend to be
different and this may have an impact on electrostatic interaction between the adsorbent surface and
adsorbates, being one of the adsorption mechanisms. Consequently, the effect of pH on the
adsorption capacity of Pb(II) and Cd(II) using rGO/ZnONPs was investigated from pH 3 to 9 (Figure
6). For Pb adsorption, at pH 3 (19.75 mg/g) and 4(19.91 mg/g), the adsorption capacities are lower
than at pH 5 (20.00 mg/g); this could be due to enhanced adsorbent surface protonation (more acidic)
which possibly lead to hindrance of oxygenated functional group protonation, less Pb?* adsorption
sites and thus leading to repulsive interaction between the H*and Pb? at pH 3 and 4. Moreover, at
pH 6 and 7, the adsorption performance decreased drastically due to the gradual insolubility of Pb
resulting in possible hydroxide precipitation which may be Pb(OH)z(s), Pbs(OHa4)*(s), Pb4(OHas)*(s)
and Pbs(OHs)*(s) [98].

Cd adsorption was favoured by pH 5.5, implying that the adsorbates’ transport within the
adsorbent surface outperformed the presence of hydronium (H*) ion in the acidic phase and hydroxyl
group (OH-) in the alkaline level. This resulted in maximum removal capacity and efficiency of 49.99
mg/g and 99.99 %. The implication was that the alkaline pH may be avoided because of the inactivity
of adsorption and enhanced precipitation which may result in secondary pollution (sludge
formation). Thus, the removal of Pb?* and Cd?* is the least efficient at a more basic pH =9 (19.09 mg/g)
and 8 (18.51 mg/g). Conclusively, the optimum adsorption pH was found to be 5 and 5.5 for Pb* and
Cd>.
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Figure 6. pH study for the adsorption of Pb and Cd by rGO/ZnONPs.

Furthermore, Figure 7 illustrates Pb% and Cd? metal uptake using various adsorbent dosages (5-
50 mg). During the Pb?* adsorption, it can be seen that rapid adsorption took place from 5 to 15 mg
due to occupation of available surface sites. When 15 mg of rGO/ZnONPs was utilized for sorption,
the Pb? removal capacity reached a maximum of 19.98 mg/g. From 15 to 25 mg dosage, the process
had equilibrium characteristics thus indicating the excessive site state for the studied 3 ppm. Hence,
the 15 mg seemed to be the optimum rGO/ZnONPs dosage for Pb(Il) adsorption. However, at 25 to
50 mg, there was a depreciation of removal efficiency on the adsorbent surface and this may be
sourced from slight desorption (physisorption characteristic), stirring effect, and competition of sites
amongst the H* and Pb?".

From 5 to 15 mg, there was a decrease in removal efficiency from 59.37 to 53.55 mg/g. This could
be sourced from the unavailability of uptake sites related to H* and Cd? ion concentration. However,
the efficiency increased from 15 mg with the maximum removal efficiency related to Cd? recorded
as 73.13 % using 50 mg. Afterwards, there was a slight decrease in efficiency from 50 to 85 mg and
the source may be excess site preoccupied by H*ion and Cd?* site competition.

An increase in adsorbent dosage resulted in a decrease in adsorption capacity, this could be due
to net active sites being available at lower doses whereas only active sites fraction was exposed at
larger doses. Therefore, the high adsorbent dose usage could result in sudden material aggregation
and thus decrease material net surface area, pore volumes, and sizes which will result in a decrease
in adsorption performance [99].
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The adsorbent’s available site to adsorbates concentration ratio is key for adsorption, especially
in signaling the saturation/unsaturated site relations and equilibrium state. Consequently, Figure 8
shows the study on the concentration of Pb>* and Cd* (3 — 60 ppm). For Pb* removal, the trend
implied a proportional increment of both the initial concentration and corresponding removal
capacity even at a maximum of 50 ppm with 242.013 mg/g. However, the removal efficiency
moderately decreased with increased concentrations since the surface occupation was gradually
reaching the maximum uptake level with the order: 50<40<30<25<10<3 ppm =
72.60<81.080<88.87<91.92<89.85<99.99 %.

During Cd?* removal, the adsorption capacity increased with an increase in concentration,
implying that the adsorbent had active binding sites for Cd*. However, the removal efficiency
decreased from 99.79 to 89.84 % possibly because of desorption and the unavailability of sufficient
adsorption sites [100].
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Figure 8. Concentration study for the adsorption of Pb and Cd by rtGO/ZnONPs.

Various treatment environment deals with different pollutants’ specific temperatures.
Therefore, the temperature effect on adsorption performance towards incoming adsorbate species
was investigated. Figure 9 shows the temperature study on the adsorption of Pb* and Cd*. An


https://doi.org/10.20944/preprints202407.1109.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 July 2024 d0i:10.20944/preprints202407.1109.v1

18

inverse proportional relationship between the temperature (25-100 °C) and adsorption performance
was observed. Evidently, there were maximum capacity (19.82 and 49.93 mg/g) and efficiency (99.073
and 99.86 %) at 25 °C as compared to lowered levels until minimum capacity (9.66 and 35.60 mg/g)
and efficiency (48.28 and 55.79 %) at 100 °C for Pb? and Cd?". This observation could be due to an
increased temperature (heat deposition) disturbing the surface adsorption mechanism between the
adsorbent and adsorbate ions. Therefore, the optimum temperature was found to be 25 °C.
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Figure 9. Temperature study for the adsorption of Pb and Cd by rGO/ZnONPs.

Additionally, since the adsorption is partitioned into two phases (rapid and equilibrium), the
contact time study was conducted to determine the generation of each phase. As a result, Figure 10
shows the investigated Pb? and Cd?* removal from 0 — 240 minutes. Rapid adsorption was seen from
0-90 minutes (due to active sites abundance) and equilibrium plateau clocked at 90 — 240 minutes
showing the maximum adsorption (19.99 mg/g; 99.96 %) for Pb? uptake. On the other hand, there
was a rapid Cd? removal in a short period of 10 minutes and equilibrium was quickly reached too,
thus fast kinetic rates characteristic.
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Figure 10. Contact time study for the adsorption of Pb and Cd by rGO/ZnONPs.
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The life cycle assessment of adsorbent is dependent on adsorbent synthesis, method costs, and
secondary waste management to meet consistent desorption-adsorption trials [101].

As a result, Figure 11 shows the uptake efficiency of the Pb?* and Cd?*in multiple cycles using
rGO/ZnONPs. The use of H250s solution allowed for successful desorption, recovery and reuse of
rGO/ZnONPs and the material may reach half of its removal efficiency after 7 desorption cycles. The
maximum efficiency achieved at cycle 1 was 99.96 % until the lowered efficiency of 52.21 % for Pb?.

In the case of Cd?* removal, the material supported 3 successive desorption efficiencies towards
almost half the performance of the uptake. This could be attributed to the unavailability of sites,
enhanced population of Cd*, lack of magnetism, low acid strength for desorption, and loss of
structural material formation (surface area and porosity) [102,103].

Desorption efficiency (%)
Desorption efficiency (%)

1 2 3 4 5 6 7 8 1 2 3 4
Number of cycle reactions Number of cycle reactions

Figure 11. Number of succeeding cycles for adsorption of Pb and Cd by rgo/ZnONPs.

The observed removal efficiency trend was Cu > Cr > Fe > Pb > Cd > Zn. The rgo/ZnONPs
nanocomposite showed an affinity towards Cu, Fe, Cr, Cd, and Pb, unlike Zn removal efficiency. This
constitutes selectivity and specificity towards the five metal ions [104]. The rgo/ZnONPs
nanocomposite’s lowest adsorption performance towards Zn metal adsorption may be attributed to
undesirable used contact time, concentration, temperature, agitation speed and pH, thus leading to
poor transport to and within the adsorbent active surface sites or quick and spontaneous desorption
after a possible physisorption phase [105,106].
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Figure 12. Simultaneous removal for adsorption of toxic metals in wastewater by rgo/ZnONPs.
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4.2.2. Adsorption Mechanism

The adsorption experimental data was fitted using Langmuir, Freundlich, Temkin and Sips
isotherm models, and the corresponding parameters are summarized in Table 1. After an
investigation of adsorption factors, the results showed a best fit by using the Freundlich model (R? ~
1) with an unfavourable fit related to Sips, Langmuir, and Temkin isotherm models for Pb(II)
adsorption. Freundlich model assumes multilayer adsorption, that is, the adsorbed layer is only
multiple molecules in thickness, so adsorption can only occur at an infinite number of sites and the
adsorption occurs at the heterogeneous adsorbent surface (physisorption characteristic). Multiple
studies have been conducted with the use of graphene-zinc oxide composites for Pb (II) uptake,
where Freundlich was dominant over the other isotherm models.

During the Cd(Il) adsorption, it can be observed that the isotherm data was well fitted by the
Sips adsorption model (R? = 0.999) as compared to others. Since the model is a hybrid of Langmuir
and Freundlich, this implies that the adsorption can fairly be described by Freundlich behaviour
(multilayer adsorption with physical interaction) at low concentrations and be favourable to
Langmuir (monolayer adsorption with chemical interaction) model at adsorbate high concentration.

Table 1. Parameters of the Freundlich, Sips, Temkin, and Langmuir isotherms for Pb(II) and Cd(II)

adsorption.
Pollutant Isotherm Model Parameter
Qmax 242.0133
Langmuir Ku -4424.779
R2 -1.319
n 0.345
Freundlich Kt 0.479
R2 0.915
Pb (1) B 18.00530
Temkin At 427.121
R2 0.698
qm 19.552
Sips K 1.368
n 0.687
R2 -2.447
(max 50.003
Langmuir Ko -2.510
R2 0.350
n 0.143
Freundlich Kt 39.0222
R2 0.838
Cd (1) B 4.255
Temkin At 20.357
R2 0.952
gm 49.999
Sips K 0.7
n 50.734

R2 0.999
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Figure 13. Isotherm plot of Langmuir, Freundlich, Temkin and Sips for Pb(II) and Cd(II) adsorption.

4.2.3. Kinetic Models

Figure 14 showed the best fit with the correlation coefficient of pseudo first order being favoured
(R2=10.99) and followed by descending order of elovich < intraparticle diffusion < pseudo second
order. From the models, the adsorbate’s constant uptake rate and interaction with the contact time at
the interface of solid and solution could be quantified [107]. In terms of the pseudo-first order model,
the assumption is that the adsorption site occupying rate is correlated to the number of unoccupied
sites [108]. The (R?) of this model is ~ 1, it depicted that the adsorption had occurred through
physisorption which is in correlation with the Freundlich isotherm of Pb(Il) adsorption [109]. In the
case of Cd(II) adsorption, the kinetic data was favoured by pseudo first order with R2=0.999 and b =
0.538 as compared to pseudo second order (R?=0.905), elovich (R?=0.322) and intraparticle diffusion
(R2 = 0.323). The alignment with pseudo first order constitutes a fast kinetic rate and affinitive
surface for Cd(II). The lowest correlation coefficient related to Elovich also constitutes that
chemisorption (partial characteristic of the Sips model) was involved in the metal uptake [110].
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Figure 14. Kinetic study by Pseudo first, Pseudo second, Elovich, and Intraparticle diffusion for Pb(II)
adsorption.

5. Conclusion

This study has shown a possible optimized development route for rGO/ZnONPs
nanocomposite. The method was achieved under room temperature, inert environment, and for 4
hours. It was observed that the synthesized nanocomposite has the potential to be treated as a
multifunctional material (photoactive and adsorptive capability). Furthermore, pronounced peaks in
FTIR and Raman spectra have shown the successful functionalization of reduced graphene oxide
surface with minimal defects while fairly retaining the sp? carbon of the support material. Afterward,
the nanocomposite was tested for adsorption of Pb(Il) and Cd(Il) in wastewater. The observation
showed that the optimized equilibrium contact times (10; 90 min.), pH (5; 5.5), temperature (25 °C),
adsorbent dose (15; 50 mg), initial concentrations (3; 10 mg/l) were achieved for Pb(Il) and Cd(II)
uptake with corresponding adsorption capacity (19.99; 49.99 mg/g) and removal efficiency (~ 100 %)
for Pb(II) and Cd (IT) removal.

Furthermore, the adsorption behaviour was monitored by isotherm and kinetic study. Both
studies revealed favouritism of pseudo first order with Pb and Cd isotherm related to the Freundlich
and Sips adsorption model, respectively. As a result, the possible adsorption mechanisms are due to
the presence of strong ionic bonding and electrostatic interactions involving dipole-dipole moment
between the oxygen group of the supported ZnO nanoparticle and the adsorbate (Cd (II) and Pb (II)).
Furthermore, the electronegativity of the nanocomposites proved to be accommodating co-existing
metals (with efficiency > 90 %), thus can potentially act as multifunctional cation adsorbate remover.
The rGO/ZnONPs nanocomposite also proved to support the desorption and reuse mode with
considerable removal efficiencies, especially during Pb(II) adsorption (7 successive cycles towards
half material efficiency) as compared to Cd (II) adsorption (3 successive cycles towards half material
efficiency) and this could be improved by combatting leaching of the material by further
functionalization with a capping agent. = Conclusively, the functionalized rGO/ZnONPs
nanocomposite could act as a potential material for contaminants (not necessarily toxic metals)
removal in wastewater. Therefore, this nanocomposite presents the simple route of surface tuning,
less energy consumption, is efficient, reusable, and possesses technical feasibility in affinitive
adsorbent production for wastewater treatment.
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6. Recommendations/Future Perspectives

Although there are multiple prospects for nanocomposites and nanomaterials, such as high
adsorption capacity and efficiency, tunable surface for various functionalities, porosity, challenges
like durability, harsh chemical use for pH adjustment, specificity, selectivity, real world practical
application, scaling up, long term stability, regeneration, and reusability are supposed to be deeply
researched. Additionally, thorough concentration should be channelled into understanding the effect
of shape, particle size, surface pore diameter and volume, surface area, adsorbent type and material's
stability on the adsorption thermodynamics and kinetics model, engineering efficient and sustainable
adsorbents and various adsorption phases for removal of toxic metal ion in wastewater. Although
treatment of real wastewater from industries may require large amounts of adsorbing material, the
focus should be on up scaled production of adsorbents while maintaining low cost, low energy
consumption, reproducibility, and stable compatibility in wastewater treatment plants.
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