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Abstract Graphene and graphene oxide nanocomposites are promising and fascinating types of

nanocomposites because of their fast kinetics, unique affinity for heavy metals, and greater specific

area. Initially, in this study, a green, cost-effective and facile method was utilized to prepare G, GO,

CdO, G-CdO, and CdO-GO nanocomposites by Azadirachta indica and then analyzed using UV–

vis spectroscopy, Fourier-transform spectroscopy, Raman, X-ray diffraction and scanning electron

microscope. The synthesized nanocomposites were explored for chromium elimination from

wastewater collected from a petroleum refinery. CdO-GO, G-CdO nanocomposites showed remark-

able adsorption capability of 699 and 430 mg g�1 which was higher than G (80 mg g�1), GO

(65 mg g�1), and CdO (400 mg g�1). Based on the R2 (correlation coefficient) values, the kinetic

statistics of Cr (VI) onto the G, GO, CdO, G-CdO, and CdO-GO were effectively obeyed by

pseudo-second-order than by all other models. The R2 values for the five nano-bioadsorbents were

extraordinarily high (R2 greater than 0.990) which ensured the chemisorption. This study ensured

that the adsorptive removal rate of Cr (VI) is still greater than 85 % after repeated five cycles, sug-

gesting that the produced nanomaterials are adsorbents with strong recyclability.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1Introduction

Cadmium oxide (CdO), found naturally in single crystals of red mon-

teponite or the rare mineral brown, is an n-type oxide belonging to the

II-VI group. Various research articles have been published over the last

decades which described basic chemical and physical principles of the

synthesis of nanoparticles. In particular, oxides of various metals like

Zinc, Indium, tin, and cadmium and their composites have attracted

remarkable attention. It has a direct and indirect band gap of 2.2–

2.5 eV and 1.36–1.98 eV, respectively. Intrinsic Cadmium and Oxygen

vacancies are responsible for the large disparity in direct and indirect

band gaps. Cadmium oxide belongs to an n-type class of semiconduc-

tors, that shows a cubic rocksalt-type crystal structure having a 2.1 eV

bandgap at room temperature(Jefferson et al., 2008). It is utilized for

gas sensors (Ferrer, 1993), the transparent electrode (Su et al., 1984),

and photocell (Champness et al., 1981).

Heavy metal pollution of water streams is regarded as a crucial envi-

ronmental threat all over the globe due to their being highly hazardous

(Husein andTreatment, 2013). Heavymetals showfive times higher den-

sity as compared to water and are hazardous to human health at part per

billion levels(Gumpu et al., 2015). Excessive heavymetal intake,whether

direct or indirect, through the food chain or contaminated water, has a

negative impact on the nervous and reproductive systems, damages vital

organs such as the lung, kidney, and liver, and can cause a number of dis-

eases such as Parkinson’s andAlzheimer’s (Jaishankar et al., 2014). Con-

tamination of aqueous media due to Cr is one of the primary threats to

the ecosystem. Effluents from industries in chrome plating, leather

waste, pigments, paints, etc., are the main sources of contamination

(Kumar and Dwivedi, 2021). Cr occurs mainly in III and VI oxidations

states. Chromium (III) is an essential state in trace amounts, while Cr

(VI) is highly hazardous. Chromium (VI) toxicities involve carcinogenic,

mutagenic, and teratogenic effects. The permissible value for chromium

(VI) potable water is 0.05 mg/L and for release into aqueous media is

0.1 mg/L. Chromium (VI) also badly affects the nervous system, kid-

neys, lungs, and liver ofmammals.Generally, Cr is highly toxic and nox-

ious to the environment as well as terrestrial and aquatic life. Excess

release of Cr causes skin diseases, ulceration of mucous membranes,

and respiratory tract infection, whereas ingestion of Cr causes hemor-

rhage, diarrhea, and vomiting.

Therefore, the elimination of chromium and several other heavy

metals from water bodies (lakes, rivers, and streams) is a necessity.

In the past, several conventional approaches were utilized to eliminate

heavy metals involving precipitation, ion exchange(Zimmermann

et al., 2021), coagulation(Lin et al., 2021), membrane separation

(Feng et al., 2020), Filtration(McBeath et al., 2021), and chemical

reduction(Sahu et al., 2021). These methods have their drawbacks,

such as being difficult to operate, high cost, and energy intensive.

Among these methods, adsorption has gained remarkable attention

due to its simplicity, cost efficiency, high efficiency, flexibility, and ease

of operation.

Several materials have been utilized i.e. metal oxide/gelatin com-

posite(Kim et al., 2021), biopolymer(Wu et al., 2012), resins

(Kulkarni et al., 2018), zeolites(Razavi et al., 2021), rice husk(Dada

et al., 2013), and carbon(Dong et al., 2018) to eliminate heavy metals.

Moreover, these materials have a few disadvantages due to their com-

paratively less stability and lower sorption efficiency for toxic heavy

metals. Nowadays, G has shown tremendous potential applications

in different technology fields, particularly as a heavy metal adsorbent

due to its larger surface area and tremendous thermal conductivity.

Despite its enhanced properties, graphene prefers aggregation due to

the presence of effective van der Waal interaction between the layers

of graphene nanosheets. This limitation limits the use of graphene in

a variety of applications which can be overcome by combining gra-

phene with inorganic nanoparticles, particularly those with a greater

surface-to-volume ratio. Graphene-based materials with different inor-

ganic nanoparticles may have a significantly increased surface area. As

a result, graphene has piqued the scientific community’s interest.
The refining of petroleum and the formation of petroleum wastewa-

ter are key challenges due to the increasing global energy consumption,

which is predicted to grow by 44%over the next two decades. The reme-

diation of petrochemical effluent is a hotly debated topic. Petroleum

refineries generate huge volumes of wastewater, comprising oil well-

generated water churned up during oil drilling, which frequently com-

prises refractory chemicals and is high in organic pollutants. Petroleum

wastewater composition varies based on geographical region, crude

quality, and operational conditions(Bakke et al., n.d.). It’s usually a

complicatedmixture of organic and inorganic substances that’s very poi-

sonous and could harm the ecosystem if released into the environment.

A prominent way of treating Petroleum wastewater is to utilize

adsorbents to remove harmful components by adsorption(de Abreu

Domingos and da Fonseca, 2018). For example, activated carbon

obtained from a variety of sources is an effective adsorbent for wastew-

ater treatment(Anirudhan et al., 2009)(Chen et al., 2019)(El-Naas et al.,

2010)(Kabbashi et al., 2020)(Masoud et al., 2016)(Singh et al., 2020).

However, because it is costly, the quest for low-cost replacement mate-

rials has been a major research priority. Renewability, local availability,

eco-friendly, and high adsorption capacity are all important character-

istics to consider when choosing adsorbent materials(Sreenilayam

et al., 2021)(Habeeb et al., 2020)(Nwidi and Agunwamba, 2015). Bio-

based substances, such as phytoconstituents, are now being investigated

as alternative adsorbents that meet several of the listed conditions.

The medicinal benefits of Azadirachta indica (neem) are outstand-

ing. Flavonoids, alkaloids, terpenoids, and polyphenols are among the

biologically active phytochemicals found in Azadirachta indica leaves,

and these can be utilized to reduce nanoparticles(Dubey et al., 2009).

The basic aim of this study is the synthesis of G and GO nanosheets

and their nanocomposites by utilizing Azadirachta indica extract and

characterization of prepared nanosheets, nanoparticles, and nanocom-

posites and also evaluating their effective role in the removal of Cr (VI)

from wastewater collected from a petroleum refinery. Kinetics, iso-

therm, and the thermodynamic result are explained well using different

isotherm and kinetic models.

2. Materials and methods

2.1. Chemicals used

All of the equipment employed for the experimentation had
quick-fit standard joints and was dried at 110 �C. The chemi-
cals used for this work were sodium sulphate (Merck), Potas-

sium permanganate (Merck), hydrogen peroxide (Merck),
hydrochloric acid (Merck), and cadmium nitrate (Merck).
Throughout this work, deionized water with no elemental

composition was employed. Hp pencils were purchased from
the native market and utilized as a source of graphite. All
chemicals utilized in this research were pure and utilized with-
out any purification. The wastewater was collected from Pak-

istan Oil Refinery in Karachi, Pakistan.

2.2. Azadirachta indica collection and extraction

The Azadirachta indica leaves were used for synthesis and
obtained from native Pakistani Nursery. A Botanist at the
department of botany, Punjab University Lahore (PU) certified

the A. Indiaa. The A. indica leaves were washed with tap water
and completely dried at room temperature. FineIndiaunded A.
indica (10 g) leaves were added to 100 mL boiled water and con-

stantly heated for 90 min at 70 �C. The resultant mixture was
cooled at room temperature and then carefully filtered utilizing
filter paper. The aqueous extract of A. indica was utilized in the
synthesis of CdO NPs because water is considered the greenest
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solventWater is considered an interesting solvent because of the
physiochemical transformation of water from ambient to near
critical temperature due to which subcritical water extraction

can be carried out. Another reason for choosing water as a sol-
vent is cost-efficient, easily available, and safe solvent for extrac-
tion(Castro-Puyana et al., 2017).

2.3. Preparation of graphene nanosheets

The electrochemical exfoliation method had been used to cre-

ate graphene(Hassanien et al., 2019). Two pencil rods (gra-
phite) were introduced as electrodes and a 2 M sodium
sulfate (Na2SO4) solution was utilized as an electrolyte in the

electrochemical cell. The exfoliation procedure was carried
out at a voltage of 12. The collected graphene nanosheets,
which settle down as black fragments, were cleaned with dis-
tilled water and sonicated for up to 20 min to complete exfoli-

ation. The prepared graphene nanosheets were washed and
further dried at 55 �C for 3 hr.

2.4. Synthesis of graphene oxide nanosheets

The GO NPs were created using a modified Hummers method
with expandable graphite powder as the starting material. The

properties and structure of GO are determined by the synthesis
procedures used and the degree of oxidation. In short, sodium
nitrate (3 g) and graphite powder (3 g) were stirred in 85 % sul-
phuric acid for 6 hrs. Potassium permanganate (13 g) was pro-

gressively into the mixture solution and kept temperature
lower than 10 �C. The resultant mixture was diluted with water
and again stirred at 40–45 �C for 2 h until a brown past is

formed.
Further, the resultant product was kept in the reflux system

for 15 min at 55 �C and 35 �C for the next 10 min. The same

product was kept at 30 �C for 3 h while being stirred. The reac-
tion was stopped by adding 150 mL of distilled water and 58 %
hydrogen peroxide solution (40 mL). The resultant mixture

was washed via centrifugation with 15 % hydrochloric aque-
ous solution followed by double distilled water until the pH
of the reaction become 7 (neutral) and the same product was
then sonicated. The obtained precipitate is dried at 70 �C for

12 h to produce GO NPs.

2.5. Preparation of CdO nanoparticles

For the A. indica – mediated Cdo nanoparticles, we utilized the
aqueous extract of A. indica that was prepared in last the step.
For this purpose, 15 mL of 10 % A. indica extract was added

to 50 mL of 2 mM cadmium nitrate solution under constant
stirring. The resultant solution was then aged at a temperature
of 80 0C for 3 hrs and resulted in the precipitates. These precip-

itates were isolated by utilizing centrifugation (Lasec Sigma) at
800 rpm for 15 min. The final A. indica- mediated CdO
nanoparticles were frozen, dried, and store at 4 �C until further
use.

2.6. Preparation of G-CdO nanocomposites

About 0.5 g of prepared graphene was dispersed in 200 mL A.

indica extract at 37 �C. Then 2 mM solution of Cd (NO3)2 was
added to the graphene under continuous stirring for 50 min.
The resultant precipitate was centrifuged using Lasec Sigma,
further washed, dried at room temperature, and calcined as

conducted cadmium oxide nanoparticles formation.

2.7. Preparation of CdO-GO nanocomposites

Initially GO nanosheets were prepared by the following proce-
dure under subheading 2.3. Furthermore, a solution of cad-
mium nitrate spread in 60 mL of double distilled water was

transposed to the above GO media. After stirring for
10 min, 3 M aqueous solution sodium hydroxide was trans-
posed to the above mixture to keep pH in the range of 11,

and then the resultant reaction mixture was stirred at 80 0C
under optimum conditions and the final product was formed.
The CdO-GO composites were centrifuged and cleaned with
double distilled water repeatedly and dried the final product

was in an oven for 1 day. The final product is stored for char-
acterization. Schematics illustration of the preparation of CdO
NPs, CdO-GO, G, and G-CdO composite is exhibited in

Fig. 1.

2.8. Sample collection and processing

The wastewater was collected from Pakistan Oil Refinery in
Karachi, Pakistan. The wastewater was evaluated to determine
the mean concentration of Cr present using the standard
method reported by(Agoro et al., 2020)(Hardi et al., 2019).

After calculating the average quantity of chromium ion,
wastewater was emulated in the laboratory the quantity of
chromium ion was altered slightly above and below the calcu-

lated mean quantity. After calculating the average quantity of
chromium ion, wastewater was emulated in the laboratory the
quantity of chromium ion was altered exactly, slightly above,

and below the calculated mean quantity. Before and after pro-
cessing, the wastewater was studied to identify several physic-
ochemical properties such as dissolved oxygen, total dissolved

solids, Biochemical oxygen demand, total suspended solids,
and pH using the protocol reported by(Osuoha and Nwaichi,
2019).

2.9. Preliminary phytochemical screening of Azadirachta indica
leaves

Phytochemical constituents of aqueous extract of Azadirachta

indica leaves were determined using the process as reported by
Sosa and Soni(Sooad Al-daihan, 2012), and Harborne(Olivia
et al., 2021).

2.10. Phytochemicals identification by GC–MS

The phytochemicals present in the Azadirachta indica leaves

were identified and determined utilizing gas chromatography-
mass spectroscopy conducted at an initial temperature of 30
0C and ignited up to 300 0C.

2.11. Characterizations

Different techniques were utilized to characterize the prepared
nanoparticles or nanocomposites (G, GO, CdO, G-CdO, and



Fig. 1 Schematics illustration of the preparation of CdO NPs, CdO-GO, G, and G-CdO composite.
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CdO-GO). UV–vis spectrophotometer (V-780), FT-IR (Bruker
ALPHA), Scanning electron microscope: SEM and Raman
spectrometer (HR-TEC-785).

2.12. Adsorption experiment

To 25 mL of a solution containing Cr (VI), 0.3 g of each G and
GO nanosheets, CdO Nps and their composites were mixed

and stirred at 300 rpm. After 3 hrs, the resultant solution
was investigated using AAS to evaluate the quantity of chro-
mium ions. The effects of adsorbent (CdO, CdO-G) dose, ini-

tial conc of chromium ion, and pH on the adsorption behavior
were reported in this article. The sorption Kinetic investigation
was carried out by mixing 1–6 g of adsorbents and chromium

solution having an initial concentration1-1500 mgL-1 at pH of
1–10 and measuring the residual chromium ion concentration
at time (1–8 h) utilizing inductively coupled plasma optical
emission spectrometry. The pH was monitored by adding

HNO3 or NaOH.
The uptake or elimination/removal percent was measured

by using equation (1)
qe¼ Co�Ce
Mð ÞV ð1Þ

The sorption capacity was measured using equation (2)

R ¼ Co � Ce

Ce

� �
� 100 ð2Þ

Where Ci and Ct are the chromium dosage (mg/L) in a liq-

uid state before or after adsorption, respectively. m (g) is the
weight of the nano-sorbent and V is the volume (dm3) in the
liquid state.

2.13. Kinetic study

The possible heavy metal or dye sorption mechanism and rates-

controlling step could be determined using the kinetics model.
The kinetics of the sorption process was examined via pseudo-
first-order, pseudo-second-order, Avrami, Bangham, intra-

particle diffusion, Elovich, and fractional powder models.
The pseudo-first-order equation (3) indicates that the

adsorption rate strongly depends on removal capability(Yuh-
Shan, 2004)
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qe ¼ qe � qtð Þ ¼ ln qe � K1t ð3Þ
qt and qe are chromium concentrations adsorbed by

nanoparticles (mg/g) at equilibrium. K1 (mg/g) is rate constant

(pseudo-first-order reaction).
The pseudo-second-order equation (4) shows that a sorp-

tion phenomenon is governed via a chemical mechanism,
involving sharing between the nano-adsorbent and contami-

nates(Ho and McKay, 1999)

qe ¼
t

qe
þ 1

K2q2t
ð4Þ

Where K2 is rate constant (pseudo-second-order).
Equations (5) and (6) described the linear and non-linear

types of the Avrami model, respectively(Attama et al., 2007)

ln �lin 1� að Þ½ � ¼ nAVKAVþnAV ln t
ð5Þ

qt ¼ qe 1� exp � KAVtð Þ½ �nAV
� � ð6Þ

Avrami constant is denoted by KAV. nAv donated the

exponent of time (Avrami model exponent) linked with change
in the mechanism of sorption.

Equations (7) and (8) described the linear and nonlinear

forms of the Elovich model(Juang et al., 1997)

qt ¼ 1=b ln abð Þ þ 1=b ln t ð7Þ

qt ¼ b ln abð Þ ð8Þ
Where a is an Elovich constant that described chemisorp-

tion and b is a constant that represents the amount of surface

coverage.
EEquations9 and 10 described the nonlinear and linear

form of the Fractional power kinetic model.

qt ¼ Ktv ð9Þ

log qt ¼ logKþ v log t ð10Þ
and log K are the slope and intercept of the plot of log t and

log qt respectively. Therefore, the antilog of intercept provides
the definite value of constant K.

The intraparticle diffusion kinetic model reported by Mor-
ris and Weber(Weber Jr and Morris, 1963)

qt ¼ Cþ Kint tð Þ
1
2 ð11Þ

Where Kint is the rate constant (for the intraparticle
model). The value of C explains the thickness of the bound-

ary. This implies that the larger the intercept (C), the signif-
icantly larger the impact of the boundary layer on the
solution.

Adsorbate pore diffusion potential was examined via Bang-
ham models and defined as in equation (12)

Log log
Ci

Ci � qtM

� �
¼ log

KjM

2:303V

� �
þ log t ð12Þ

Where Ci has represented the initial conc of Cr (VI) solu-
tion in mg/L. V (mL) is the used volume of the Cr (VI) solu-
tion. The adsorbent’s mass is denoted by M (g/L). The

amount of Cr (VI) adsorbed at time t is denoted by qt. Kj

and a are Bangham constants that can be derived from inter-
cept and slope respectively.
2.14. Isotherm adsorption

After the adsorption tests were completed, four essential mod-
els (Freundlich, Langmuir isotherm, Dubinin Redushkevich,
and Temkin) were used to describe the isothermal parameters

of CdO Nps, GO, CdO-GO, G, and CdO-G nanomaterial
adsorbents as in equations (13)–(19).

The mathematical form of Langmuir’s isotherm model is
indicated in equation (13)(Langmuir, 1918).

Ce

qe
¼ 1

qLKL

� �
þ 1=qLð ÞCe ð13Þ

Where, qL (mg/g) is the highest adsorption capacity of

nano-adsorbent, and KL (mg/L) is Langmuir’s constant. The
main features of Langmuir’s could be explained in the form
of a dimensionless parameter RL, defined as equation (14)

RL ¼ 1

1þ KLCe

� �
ð14Þ

Freundlich isotherm is indicated as in equation (15)

log qe ¼ logKF þ 1

n

� �
logCe ð15Þ

Where, the KF factor, (mg/L) is the Freundlich isotherm
constant representing the chromium multilayer adsorption

capability.
The D-R isotherm is defined as in equation (16)

ln qe ¼ ln qm � b e2 ð16Þ

e ¼ RT 1þ 1

Ce

� �
ð17Þ

b is D-R factor that corresponds to free energy E (KJ/mol2)
while Polynyi potential is ԑ (Jm/mol) as in equation (13).

Temkin isotherm is defined as in the equation form equa-
tions (18) and (19)

qe ¼ B lnAþ B lnCe ð18Þ

B ¼ RT

b
ð19Þ

Where A is the Temkin constant (L/g) associated with the

equilibrium binding constant and B is associated with equilib-
rium sorption heat. R (j/mol K-1) is represented as the ideal gas
constant and T showed the absolute temperature.

2.15. Thermodynamic analysis

The valuable information from the thermodynamic experiment
was examined to obtain the change in standard entropy (kJ/-

mol), free energy (KJ/mol), and standard enthalpy (kJ/mol)
as in equations (20), 21, and 22.

lnKd ¼ �DH
RT

þ DS
R

ð20Þ

Kd ¼ qe
Ce

ð21Þ

DG ¼ DHþ TDS ð22Þ
Kd shows a linear adsorption coefficient.
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2.16. Error function

Determination of the error function is important to fit the var-
ious models in batch sorption experimental data. In various
reports, error functions such as R2 are widely utilized to deter-

mine the models. In this work, two error functions such as the
chi-square (v 2) test and root-mean-square (RMSE) along
with correlation coefficient (R2), were utilized to estimate the
well-fitting model.

X2 ¼
X qeobs � qepred

� �2
qepred

ð23Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qeobs � qepred
� �2

N

s
ð24Þ

Where qeobs (mg g�1) is the quantity observed and qepred
(mg g�1) is the amount calculated from the various models.

2.17. Desorption analysis.

For investigation of the reusability efficiency of the adsorbents
(TAAAB and TABAB), the adsorption and desorption proto-
col was designed utilizing the batch mode of analysis. After the

adsorption phase, the spent sorbents were desorbed in methyl
alcohol for 12 h. The spent sorbents were agitated at 600 rpm,
and the investigation of the concentration was done using UV–

vis-spectroscopy.

2.18. Statistical analysis

All experiments were conducted three times, and the mean val-
ues were calculated. The repeatability and standard deviation
of the experiment were determined, and the results are utilized
in the result and discussion section to represent graphs with an

error bar.

3. Result and discussion

3.1. Preliminary phytochemical screening

The absence or presence of phytochemicals in A. indica is
exhibited in Table 1. Our results showed that tannin, ter-
penoids, flavonoids, and saponins are in the aqueous extract

of A.indica.
Table 1 Presence and absence of phytochemicals in the

extract of A. indica (+indicated present and – indicated

absence).

Phytochemicals Test performed A. indica

Tannin Ferric chloride test +

Terpenoids Salkowski’s test +

Flavonoids Hydrochloric acid test +

Saponins Froth test +

Alkaloid Dragendorff’s test –
3.2. GC–MS profiling of aqueous extract of A. indica

A total of 11 compounds were determined or identified from
the GC–MS study of aqueous extract of A.indica leaves show-
ing different phytochemicals activities. GC–MS chromatogram

is illustrated in figure.S1, while the chemical compound with
their retention time, molecular weight, and molecular formula
are summarized in Table.S1. The bioactive compound identi-
fied in GC–MS includes Benzeneacetaldehyde, Benzene 1-

ethyl-2,4 diethyl, 1-Piperazinecarboxaldehyde, Benzene,
2methoxy1,3,4 trimethyl, Pyrroliodine5,1, 2[3hydroxypropyl],
3Methyl-4phynl-1H-pyrolle,

Hexadecamethylcyclooctasiloxane, Cyclononasiloxane, hex-
adecanoic acid, Phytol, and.

3.3. UV–vis spectroscopy

To analyze the absorption spectra of prepared CdO, G, CdO-
G, GO and CdO-GO, nanoparticles, UV–Visible spectra of

samples were studied in the range of 200–800 nm and shown
in Fig. 2. CdO NPs have a wide absorption peak from 400
to 800 nm, indicating that it absorbs light in the visible range.
Furthermore, CdO NPs have a characteristic absorption peak

around 231 nm, which could be resulted in an interband elec-
tronic transition from deep-level valance bond electrons simi-
lar peak reported by (Azam et al., 2020). The UV spectrum

of G-CdO nanocomposites exhibited electronic transition
around 262 nm and 232 nm. The characteristic peak at around
265 nm is attributed p-p* aromatic transition of the graphene.

The spectra of GO revealed characteristic peaks around
211 nm with a shoulder at 308 nm, which were ascribed to
the aromatic (C‚C) bonds p-p* transition and the carbonyl
(C‚O) bonds’ n-p* transition similar peak for GO. The peak

at 258 nm has been shifted (blue) by 3 nm. This shift is caused
by the excitation of p-plasmon of pure graphite. The spectra of
the CdO-GO composites in the visual light band from 479 nm

to 800 nm are significantly affected by the addition of GO, as
shown in the figure. CdO-GO nanocomposites have substan-
tially greater absorbance than pure CdO NPs because of the

addition of graphene oxide (GO). Moreover, the band of the
CdO-GO nanoparticles exhibits a progressive red shift com-
pared to CdO NPs, suggesting a small bandgap in the CdO-

GO(Shen et al., 2010).

3.4. FTIR analysis

FT-IR spectra of the synthesized G nanosheets, GO

nanosheets, CdO NPs, G-CdO, and CdO-GO nanocomposites
showed in Fig. 3. The FTIR spectra of CdO NPs represented
peaks at 3372, 1830, 1741, 1020, and 603 cm�1 corresponding

to hydroxyl (OAH), aromatic (CAH), and alkene (C‚C),
amine (CAN) and Cd-O bonding. The occurrence of peaks
at 3352 and 1830, 1741, and 1020 cm�1 ensured the presence

of phytomolecules of extract essential for reducing precursor
into nanoparticles, while at 603 cm�1 ensured the formation
of CdO nanoparticles. The FTIR spectra of G nanosheets rep-

resented peaks at 3300, 1945, 1633, 985, and 840 cm-1corre-
sponding to a hydroxyl group (C-OH), aromatic (CAH),
vinylidene (C‚C), strong alkene (C‚C), and medium alkene
(C‚C) stretching. The peaks at 1641, 990, and 840 ensured

that the G nanosheets were successfully prepared. The FTIR



Table 2 Physiochemical characteristics of wastewater obtained from petroleum refinery.

Parameters Before

processing

WHO

standard

Treated with G

nanosheet

Treated with GO

nanosheet

Treated with G-CdO

nanocomposites

Treated with CdO-GO

nanosheet

Cr 1.45 ± 0.89 0.01 0.015 0.01 0.002 0.002

DO 6.39 ± 48 4–5 3.84 ± 0.12 3.84 ± 0. 05 4.03 ± 0.56 4.13 ± 0.73

TSS 50.72 ± 33 30 25.02 ± 0.23 29.31 ± 0.67 17.01 ± 0.39 11.32 ± 0.37

TDS 606 ± 77 500 417 ± 0.91 433 ± 0.28 390 ± 0.34 296 ± 0.56

COD 58.06 ± 85 40 4.19 ± 0.48 3.97 ± 0.03 2.83 ± 1.03 1.99 ± 0. 41

BOD 1.80 ± 45 1.00 1.2 ± 0.34 0.98 ± 0.22 0.83 ± 0.89 0.74 ± 0.98

Parameters abbreviations with units: DO = Dissolved oxygen, TSS = Total suspended solid, TDS = Total dissolved solid, COD = Chemical

oxygen demand, and BOD = Biochemical oxygen demand, and all parameters are measured in mgL-1.

Fig. 2 UV–vis spectra of the synthesized G nanosheets, GO nanosheets, CdO NPs, G-CdO, and CdO-GO nanocomposites.
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spectra of G-CdO nanocomposites represented peaks at 3352,

1973, 1641, 991and 603 cm
�1

corresponding to hydroxyl
(OAH), aromatic (CAH), vinylidene (C‚C), alkene (C‚C)
and Cd-O bonding. The occurrence of the peak at 3352 and

1973 cm�1 ensured the presence of phytomolecules of extract,
while 1641, 99, and 603 cm�1 ensured the formation of G-CdO
nanoparticles. The FTIR study of GO spectra (Figure) repre-
sented at peaks 3540, 2000, 1706, 1613, and 1080 cm�1 corre-

sponding to hydroxyl (C-OH), aromatic (CAH), carboxyl
(C‚O), and alkene (C‚C) and primary alcohol (CAO). The
occurrence of those oxygen-containing groups (hydroxyl, car-

boxyl, and epoxy groups) ensured that the GO was successfully
prepared. FTIR spectra of GO-CdO indicated peaks at 3500,
1981, 1717, 1620, 1085, and 603 cm�1 corresponding to hydro-

xyl (C-OH), aromatic (CAH), carboxyl (C‚O), and alkene
(C‚C) and primary alcohol (CAO) and Cd-O bonding. The
occurrence of peaks at 3500 and 1981 cm�1 ensured the pres-

ence of phytomolecules of extract, while 1717, 1620, 1085,
and 603 cm�1 ensured the formation of GO-CdO nanoparti-
cles(Shen et al., 2010).
3.5. XRD analysis

XRD spectra of the synthesized G nanosheets, GO nanosheets,
CdO NPs, G-CdO, and CdO-GO nanocomposites are exhib-

ited in Fig. 4. The crystalline nature of prepared nanocompos-
ites was determined using XRD analysis. The strong
diffraction bands ascribed to (111) around 2h = 33.05,

(200) around 2h = 38.5, (220) around 2h = 53.4, (311) at
2h = 64.3 and (222) at 2h = 68.1 of the cubic structure of
CdO NPs and similar result reported by(Aldwayyan et al.,

2013)(Kaviyarasu et al., 2014). The XRD study of G exhibited
an intense diffraction peak at 26.45 associated with the (002)
plant ensuring the exfoliation of graphite into graphene
nanosheets. Fig. 4 showed the intense and broad peak of GO

at (001) at 2h = 10.3. The interlayer distance in GO is
0.82 nm, which is significantly larger than that in pure graphite
(0.29 nm). That indicates lamellar and orderly sheets like the

GO framework, because of the presence of different oxygen-
containing functional groups and intercalate water molecules.
Fig. 4 shows that the X-ray-diffraction spectra recorded for



Fig. 3 FT-IR spectra of the synthesized G nanosheets, GO nanosheets, CdO NPs, G-CdO, and CdO-Gnanocomposites before

adsorption.

Fig. 4 XRD spectra of the synthesized G nanosheets, GO nanosheets, CdO NPs, G-CdO, and CdO-GO nanocomposites.
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CdO NPs resemble spectra of CdO-GO nanocomposites. Fur-
thermore, in the XRD spectra of the as-prepared CdO-GO
composites, no obvious peak for GO and G was noticed which
may be because of the exfoliation of GO and G nanosheets.
and a similar result was reported by(Xu et al., 2008). It may
also be due to the existence of fewer layers (2–3) in G and
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GO nanosheets(Jiang et al., 2012). The X-ray-diffraction spec-
tra of G-CdO nanocomposites is matched to both graphene
nanosheets and pristine CdO nanoparticles suggesting the

anchoring of cadmium oxide nanoparticle on the graphene.

3.6. Raman analysis

To illustrate the further structure of G-CdO and CdO-GO
composites as well as essential electronic interactions among
G, GO, and pure CdO NPs. The Raman study was employed,

which is thought to be a promising approach for analyzing
carbon-based materials. The Raman analysis is greatly based
on the electronic phase and is employed as a potential tool

to differentiate between ordered and disordered structures of
carbon. Raman pattern of as-prepared CdO-GO and G-CdO
was studied in the region of 100–1700 cm�1 and presented in
Fig. 5. Fig. 5 shows the Raman pattern of G, G-CdO, GO,

and CdO-GO nanocomposites. The Raman spectra of GO
nanosheets showed two peaks at typical 1596 cm�1 (G band)
and 1352 cm�1. A similar band is reported by (D band)(Guo

et al., 2013). The D-band associated with phase defects is
Raman active only when defects exist, and its strong intensity
is frequently utilized to determine the extent of distortion. In

this work, the presence of D and G bands at larger wave-
number indicates the presence of clear defects because of the
damaging of the Sp2 skeleton of C-atoms because of redox
phenomena(Jambure and Lokhande, 2013). During the pro-

cess of oxidation, oxygen enrich groups become attached to
the basal plane and edges of GO nanosheets, consequently
defects in the framework. Fig. 5 represented that the Raman

spectrum of CdO-GO nanocomposites exhibited similar D
Fig. 5 Raman spectra of the synthesized G nanosheets, GO na
and G bands showed by graphene oxide. In addition to G
and D bands, the Raman pattern of the CdO-GO composites
exhibits sharp bands at 270 cm�1, 584 cm�1, and 938 cm�1(-

Kim et al., 2013). The sharp peak at 270 cm�1 exhibits the exis-
tence of transverse optical mode (TO) whereas the longitudinal
modes (LO) have been recorded at 584, and 938 cm�1. Fur-

thermore, The IG/ID ratio was enhanced from 1.02 (graphene
nanosheets) to 1.07(graphene oxide-cadmium oxide compos-
ite) indicating a high defect of graphene oxide and CdO-GO

nanocomposites were determined to be 0.76 and 0.84, respec-
tively (Luo et al., 2012).

Similarly, graphene nanosheets exhibited two wide bands at
1346 cm�1 showing D-band and 1587 cm�1 showing G-band.

The Raman pattern of G-CdO nano-composite represents a
redshift for the D and G band by 9 and 7 cm�1 respectively,
ensuring the attachment of CdO nanoparticles on the G.

3.7. SEM analysis

The SEM of the morphology of G nanosheets, GO nanosheets,

CdO NPs, G-CdO, and CdO-GO nanocomposites are indi-
cated in Fig. 6(a-e). According to a previous study(Kudin
et al., 2008), the transformation of graphite to graphene,

induce defect and holes on the carbon grid. These defects or
holes may be due to the elimination of oxygen during biolog-
ical reduction. It’s also likely that the G-CdO and CdO-GO
nanocomposites will grow around and into the holes and

defects in the graphene or graphene nanosheets(Yu et al.,
2005). These defects were also observed in Raman’s results.
Furthermore, hard particles could sink simply into the

supported- materials(Pan et al., 2011). Visual examination
nosheets, CdO NPs, G-CdO, and CdO-GO nanocomposites.



Fig. 6 SEM images of the synthesized G nanosheets, GO nanosheets, CdO NPs, G-CdO, and CdO-GO nanocomposites (a-c)

respectively.
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reveals that the surfaces of G and GO nanosheets were uni-
form morphology having few small wrinkles, whereas CdO

nanoparticles are anchored on the surface of G and GO
nanosheets. This finding further confirms the conversion of
G and GO nanosheets into G-CdO and GO-CdO nanocom-
posites. The morphology of CdO nanoparticles is irregular.

3.8. EDX spectrum of CdO, G, G-CdO, CdO-GO, and GO

Fi gure 7 (a-d) exhibits the EDX spectrums of CdO, G, G-

CdO, CDO-GO, and GO, respectively. Fig. 7 (a) interprets
the presence of Cd and O, confirming the successful synthesis
of CdO nanoparticles. EDX pattern of graphene (Fig. 7b)

exhibits the existence of C and O. The oxygen content was very
than GO. The oxygen content in the EDX pattern of graphene
could be derived from the electrolyte. Similarly, oxygen con-

tent from the electrolyte in the graphene EDX pattern was
reported by (Ilias et al., 2021). Fig. 7(c) showed the EDX pat-
tern of G-CdO. EDX pattern of G-CdO consists of carbon,
oxygen, and cadmium. In the case of G-CdO, there may be

two sources of oxygen. The first source may be CdO NPs,
and the second may be the electrolyte that was used. EDX pat-
tern (figure: 7d) of CdO-GO consists of carbon oxygen and

cadmium. EDX pattern of GO is composed of C and O, con-
firming the successful synthesis of GO nanosheet. The oxygen
content in the GO EDX pattern is greater than G.

3.9. Physiochemical characteristics of wastewater obtained from

petroleum refinery

The average quantity of Cr ions after treatment was observed
in the range of WHO standards. Some Other traits of petro-
leum wastewater samples are exhibited in Table 3. From the
results, it can be concluded that before treatment some basic

pollution indicators e.g. BOD, TSS, and TDS were above than
standards of WHO. Thus, it is necessary to treat wastewater
collected from the petroleum industry before discharge.

3.10. Physiochemical characteristics of wastewater obtained
from petroleum refinery

The average quantity of Cr ions after treatment was observed

in the range of WHO standards. Some Other traits of petro-
leum wastewater samples are exhibited in Table 2. From the
results, it can be concluded that before treatment some basic

pollution indicators e.g. BOD, TSS, and TDS were above than
standard of WHO. Thus, it is necessary to treat wastewater
collected from the petroleum industry before discharge.

3.11. Impact of pH and zeta potential

The zeta potential of G, G-CdO, GO, CdO-GO, and CdO
becomes more negative with growth in pH exhibited in

Fig. 8 (a-b). Fig. 8 (a-b) indicates that CdO, G, G-CdO, GO,
and CdO-GO composites had no charge at 3.0, 5.8, 5.8, 8.2,
and 8.2 pH, respectively. Thus, at pH levels above 3.0, 5.8,

5.8, 8.2, and 8.2, the surface of CdO, G-CdO, GO, and
CdO-GO respectively became negatively charged.

The pH value of the desired solution has been recognized as

one of the essential factors responsible for heavy metal ion
adsorption to adsorbent (solid particles) which would influence
the relative distribution of heavy metal ions and the surface

potential features of G nanosheets and GO-mediated nanopar-
ticles, especially deprotonation-protonation reaction at vari-



Fig. 7 EDX images of the synthesized CdO NPs (a) G nanosheets (b), G-CdO (c) CdO-GO (d), and GO nanosheets (e) before

adsorption.

Table 3 Comparative study of the Cr (VI) removal efficiency

G-CdO and CdO-GO composite with previously reported

adsorbents.

Adsorbents Removal efficiency

(%)

Reference

Chi@Fe3O4GO 41.8 (Subedi et al., 2019)

Fe3O4/graphene 75 (Wang et al., 2019)

GO-Trp 55 (Mahmoud et al.,

2020)

a-Fe2O3/GO (Bulin et al., 2020)

G-CdO, and CdO-

GO

97,and 98

respectively

This work
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ous pH values. The removal of Cr was performed in the pH
range of 1.0–10 indicated in Fig. 8 (c). In the case of G and
G-CdO, The rate of adsorptive elimination of Cr increases
with raising pH from 1.7 to 5.8 because of electrostatic inter-

action between Cr (VI) and grapheme ring(Husein et al.,
2021). The adsorptive removal of Cr (VI) using CdO NPs
was not significant at a pH value greater than 6.0(Mallick

et al., 2006). In the case of CdO NPs, the rate of adsorptive
elimination of Cr increases with the enhancement of pH from
1.0 to 3.0. The maximum adsorption capability was deter-

mined to be at pH 3 and above pH 3; it exhibits a lower rate
of adsorptive removal of Cr (VI). Below 3 pH, the competition
between the Cr (VI) and H+ ion for the adsorption site of CdO
NPs. In the case of GO and CdO-GO nanocomposites, the

maximum rate of Cr adsorptive elimination was observed



Fig. 8 Zeta potential of G, G-CdO, CdO (a), CdO-GO, and CdO (b) Impact of pH on the rate of adsorption (c). Error bars describe the

Standard deviation of means of three replicates.
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around a pH of 8.02. The ionization degree of adsorbate and
adsorbent’s surface charge describes the impact of solution

pH. The present form of chromium on varying pH will influ-
ence the adsorption limit of graphene oxide (GO nanosheets)
and CdO-GO nanocomposites. In an aqueous solution, chro-

mium hexahydrate can be excited different anionic forms
(Cr2O7 2

-, CrO4
2�, H2Cr2O7, HCr2O7

–, and HCrO4
�) depending

on the pH. Therefore, chromium adsorption capability is mon-

itored by complexation in place of electrostatic interaction.
The existence of hydroxyl groups (OH) further assists in the
surface complexation among Cr (VI) and CdO-GO. However,

an enhancing pH from 8 causes an intense decrease in the
adsorptive elimination due to repulsion between negatively
charged chromium and deprotonated CdO-GO. Similar results
were also reported by(Singh et al., 2022). The highest adsorp-

tion capacity was recorded for both GO-CdO, and G-CdO
nanocomposites than GO, G, and CdO nanoparticles.
3.12. Effect of nano-bioadsorbents dose

The dose of nano-adsorbents influences the sorption process.
Thus, various doses of graphene, CdO, G-CdO, CdO-GO,

and GO nano-bioadsorbent were utilized for the Cr (VI)
removal. As shown in Fig. 9 increases in Cr removal capability
can be observed with increases in the dose of nano-
bioadsorbent but it remains unchanged after saturation. This

may be linked to an effective active site on the surface of
nano-bioadsorbent and directly increased with an increase in
sorbent dosage, resulting in rapid uptake of Cr (VI) ion from

sorption media(Aoudj et al., 2015), the elimination of Cr
(VI) ions attain equilibrium. This point may be regarded as
the saturation point the growth in the dosage of nano-bio sor-

bents after the saturation point shows only an enhancement in
the consistency of the Cr adsorbed (Zhang et al., 2019).



Fig. 9 Effect of nano-bioadsorbents on the rate of adsorption

(%). Error bars describe the Standard deviation of means of three

replicates.
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Adsorptive elimination was higher for G-CdO and CdO-GO
composites as compared to G, GO, and CdO nanoparticles.

3.13. Effect of chromium ion dosage

The impact of Cr dosage on the removal capability of synthe-

sized nano-bioadsorbent is exhibited in Fig. 10. The maximum
adsorption capability toward Cr (VI) ion is an essential char-
acteristic of nanoparticles or nanocomposites as an adsorbent.
Fig. 10 exhibited that the chromium uptake capability

decreased sharply with an enhancement in Cr (VI) concentra-
tion. It was considered that at higher Cr (VI) concentration,
the adsorptive removal capability decreased due to the filling

of the vacant nano-bioadsorbents sites(Dehghani et al.,
2015). During the enhancement in initial Cr (VI) concentra-
tion, the exposed surface areas of synthesized nano-

bioadsorbents available for elimination are inadequate. Thus,
Cr (VI) elimination lowered with enhancing chromium
concentration.
Fig. 10 Effect of chromium ion concentration on rate of

adsorption (%). Error bars describe the Standard deviation of

means of three replicates.
3.14. Effect of contact time

The mass transfer rate of pollutants during the adsorp-
tion process is influenced by time. Fig. 11 represents the influ-
ence of time. At 0–2.9 h, the elimination of Cr (VI) ion

enhanced substantially. After 2.9 h, the rates of adsorptive
removal attain equilibrium (remained unchanged). This behav-
ior is explained by the fact that the available sites of adsorption
on nano-bioadsorbents are in excess at the initial period. The

available adsorption sites on the nano-bioadsorbents surfaces
and the essential driving forces metallic ions to the binding
sites become lowered with the contact time increasing from

2.9 h, consequently, adsorption phenomena became slow and
finally attained saturated adsorption capability. Similar behav-
ior is reported by(Chen et al., 2015). The Cr (VI) elimination

% enhance in order CdO-GO > G-CdO > CdO > GO > G
and attained 85.5, 81.3, 76.3, 65, and 54.0 % respectively. This
demonstrated that the prepared composite exhibited greater

selectivity as compared to its individual materials, GO, G,
and CdO NPs. The higher intake of nanocomposites is due
to their larger adsorption surface area and a larger number
of adsorption sites obtained from plant extract. It is essential

to note that time-saturated adsorption capability is a very nec-
essary factor for the application of nano-biosorbents in real
applications. The shorter time attained saturated adsorption

capability recommends the higher efficiency and greater econo-
mies of nanoparticles and composite application in wastewater
treatment.

3.15. Adsorption isotherm

Table.S2 shows the different linear and non-linear factors
derived from the different isotherm graphs. Fig. 12 showed a

non-linear and linear Freundlich isotherm of G, GO, CdO,
G-CdO, and CdO-GO. Composite. Measured RL, the value
was lowered than 1 whereas the value of n was higher than

unity thus, biosorption phenomena were favorable. The linear
Freundlich model efficiently demonstrates the biosorption of
Cr (VI) onto nano-absorbents with R2 = 0.9883, 0.9820,

0.9929, 0.9969, and 0.9993 for graphene, GO, CdO, CdO-
Fig. 11 Effect of contact of concentration on rate of adsorption

(%). Error bars describe the Standard deviation of means of three

replicates.



Fig. 12 Non-linear and linear Freundlich isotherm model. Error bars describe the Standard deviation of means of three replicates.

14 A. Bukhari et al.
GO, and G-CdO and respectively due to lower value of RMSE

and v2, and higher value of R2. This indicates that adsorption
did not occur on a uniform site, but rather on a multilayer in
the Cr-nano-biosorption system. Moreover, monolayer

biosorption played a significant role in heavy metal uptake
onto the nano-biosorption system with R2 = 0.87140, 8938,
0.9304, 0.9543, and 0.9834 for graphene, GO, CdO, CdO-

GO, and G-CdO respectively. The isotherm models also
showed that feasibility is predicted RL parameter. Bioadsorp-
tion is either unfavorable (R2 greater than 1), linear

(R2 = 1), favorable (0 < RL < 1), and irreversible
(R2 = 0) depend on RL values. The values of (RL) predicted
utilizing the Langmuir isotherm for Cr (VI) elimination were
in the range of 0.0095 to 0.29 describing that the elimination

phenomena was favorable. Table.S2 indicates that the value
of n (constant), for the biosorption of Cr (VI) is greater than
unity, suggesting that uptake phenomena were favorable.

Thus, the uptake of Cr (IV) ion by G, GO, CdO, G-CdO,
and CdO-GO nano-bioadsorbent surface proceeds having
few heterogeneous sites. Table.S2 shows that the Temkin

parameters A and B were greater in the case of CdO-GO
and G-CdO than G, GO, and CdO suggesting that heat of
adsorption explains the physical phenomenon. Even though

the Dubinin-Redushkevich isotherm is not fit the adsorption
phenomenon, the value of EDR ensured the physical
phenomenon.

3.16. Kinetics analysis

Based on the R2 values, the kinetic statistics of Cr (VI) onto
the G, GO, CdO, CdO-GO, and G-CdO, and were effectively

obeyed by the linear pseudo-second-order exhibited in Table.
S3 and Fig. 13. The higher value of R2 and lower value of
RMSE and v2 suggested the excellent suitability of the linear

pseudo-second-order model. The R2 values for the five nano-
bioadsorbents were extraordinarily high (R2 greater
than 0.990). Generally, the pseudo-second-order model was
used to show chemical adsorption, having ionic force regard-

ing electron exchange or sharing between the Cr (VI) ion
and nano-biomaterials as ion exchange, and covalent interac-
tion. Consequently, the chemical adsorption phenomena gov-

erned the elimination of Cr (VI) by graphen, GO, CdO, G-
CdO, and CdO-GO nanocomposites. Low Dqe as well as X2,
characterized the Elovich model and pseudo-second-order that
both these isotherm models explain the kinetics of Cr (VI) on

to the G, GO, CdO, G-CdO, and CdO-GO nanocomposites.
bEl is associated with the surface coverage, and the surface area
of nano-bioadsorbents was found to be very low (in the nano

range), indicating that Cr (VI) uptake onto nano-
bioadsorbents may have been more via functional groups.
Even though the values of v (constant) attained for the frac-

tional power kinetic model were less than one, indicating that
fractional power may demonstrate the adsorptive kinetics of
Cr-nano-bioadsorbents systems. The greater values of Dqe as

well as X,2 achieved for Avrami and fractional power powder
kinetics models validated that both these models do not
demonstrate the kinetics of Cr(VI) uptake on the nano-
bioadsorbents. The intraparticle diffusion and the Bangham

models represent that multiple adsorptive stages occurred. R2

was recorded from the Bangham model in the range of
0.9146–0.9613, indicating that pore diffusion was included in

Cr (VI) uptake onto nano-bioadsorbents. Furthermore, the
linearity of the Bangham graph indicates that adsorbate pore
diffusion is not only the adsorptive rate controlling step. A

multilinear profile was achieved for the intraparticle diffusion
model graph and this graph did not cross the origin, this shows
that boundary layer diffusion is also involved in the adsorptive

uptake of Cr (VI) onto nano-bioadsorbents. While R2
1, k,i1,

and C1 are the correlation, slope, and intercept of the first stee-
per segment whereas R2

2, ki2, C2, and C1are the correlation,
slope, and intercept of the second linear segment. The values

of intercept (ki1) are higher than the obtained values of i2sug-
gestingts that the intraparticle diffusion model primarily con-
trolled the adsorptive uptake of Cr (VI) onto nano-

bioadsorbents.

3.17. Thermodynamics study: Effect of temperature

To examine the adsorption process of Cr (VI) in detail, ther-
modynamic parameters were evaluated. For G nanosheets,
GO nanosheets, CdO NPs, G-CdO, and CdO-GO nanocom-
posites, the measured thermodynamic parameters in Table.S4

and Fig. 14 showed an exothermic process (DHo). The negative
DSo value indicates a decrease in randomness in the Cr (VI) -G
system during the elimination process whereas the DSo of four
nanobiosorbents is positive, suggesting that randomness at the
nanobiosorbents-Cr system is enhanced as the process pro-
ceeds. Table.S4 also indicated that DGo for GO, CdO, G-



Fig. 13 Pseudo-first-order kinetics for sorption of cr (vi) onto sorbents (a), pseudo-second-order kinetics for sorption of cr (vi) onto

sorbents (b), elovich kinetics for sorption of cr (vi) onto nanobiosorbents (c), avrami kinetics for sorption of cr (vi) on to nanobiosorbents

(d), bangham pseudo-first-order kinetics for sorption of cr (vi) on to nanobiosorbents (e) and intraparticle diffusion plot for sorption of cr

(vi) on to nanobiosorbents (f).. Error bars describe the Standard deviation of means of three replicates.

Fig. 14 Effect of temperature on the rate of adsorption (%).

error bars describe the standard deviation of means of three

replicates.
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CdO, and CdO-GO nano-bioadsorbents are negative suggest-
ing spontaneous reaction and feasible process for the adsor-

bents. Fig. 14 indicated that a greater temperature raises the
adsorption rate, and DHo values are positive. Ren et al.
described an enhancement in graphene/MnO2 capability from
46 � 60 mg/g as the temperature was grow from 298 t to
318 K. The adsorption capacities of nanobiiosrbents were
found to be higher at 302 K than it was at 290 K in this work.

3.18. Effect of adsorption-desorption on the elimination of Cr

(VI) using nano-biosorbents

The adsorbent’s efficacy in purifying petroleum wastewater
can be described by its ability to be reused for an enhanced,
wide range of applications. The adsorbents were utilized for
Chromium absorption for up to 3 cycles, as shown in

Fig. 15, leading to a thorough examination of biosorbents abil-
ity to be reused. This study ensured that the adsorptive
removal rate of Cr (VI) is still greater than 85 % after repeated

five cycles, suggesting that the produced nanomaterials are
adsorbents with strong recyclability. It can be determined that
G and Go-based CdO nanocomposite has significant reusabil-

ity and durability even after three regenerations.

3.19. Selectivity of G, GO, CdO, G-CdO, and CdO-GO
composite

Li (I), Mg (II), Cu (II), Cr (IV), Zn (II), and Cd (II) were
selected to evaluate the selective sorption performance of G,
GO, CdO, G-CdO, and CdO-GO composite, since these heavy

metal ions also generally present in the wastewater.



Fig. 15 Regeneration capacity for three consecutive cycles.. Error bars describe the Standard deviation of means of three replicates.

Fig. 16 FT-IR spectra of the synthesized G nanosheets, GO nanosheets, CdO NPs, G-CdO, and CdO-GO nanocomposites after

adsorption.
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Fig. 17 EDX images of the synthesized CdO NPs (a) G nanosheets (b), G-CdO (c) CdO-GO (d), and GO nanosheets (e) after

adsorption.
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The quantity of Li (I), Mg (II), Cu (II), Cr (VI), Zn (II), and
Cd (II) before and after sorption are illustrated in figure.S2 (a-
f). Figure S2 (a-f) exhibited that G, GO, CdO, G-CdO, and

CdO-GO composite showed excellent selective sorption for
Cr (VI).

3.20. Adsorption mechanism

The adsorption mechanism was explained using FTIR and
EDX spectrums. The FTIR spectra of CdO, G, G-CdO,

CdO-GO, and GO after adsorption of chromium are illus-
trated in Fig. 16. In FTIR spectra of CdO after adsorption
of Cr, the C‚O band moves from 3372 cm�1 to 3359 cm�1.

The sharp peak of CdO also moves from 607 cm�1 to
596 cm�1. In the FTIR spectra of graphene after adsorption
chromium, the peak moves to lower from 3300 cm�1 to
3287 cm�1. Similarly, the peak shifts from 1633 cm�1 to

1619 cm�1. In the FTIR pattern of G-CdO after adsorption
of Cr, the OH peak of G-CdO moves from 3352 cm�1 to
3345 cm�1. The peak at 1641 cm�1 belonging to C‚C also

changed and appeared at 1630 cm�1. The intense peak of
CdO also moves from 607 cm�1 to 588 cm�1. In the FTIR
spectra of GO after sorption of Cr, the peaks at 3540 cm�1,
1706 cm�1, and 1020 cm�1 belonging to OH, C‚O, and
CAO changed their positions and appeared at 3522 cm�1,

1691 cm�1, and 1009 cm�1, respectively. In the FTIR spec-
tra of CdO-GO after sorption of Cr, the peaks at 3500 cm-
1, 1717 cm�1, 1085 cm�1, and 603 belonging to OH, C‚O,

CAO, and CdO changed their positions and appeared at
3472 cm�1, 1708 cm�1, and 1068 cm�1 and 583 cm�1,
respectively. These changes in positions of peak after

adsorption, suggest the interaction of chromium with CdO,
G, G-CdO, CdO-GO, and GO. In the FTIR spectra of all
samples after sorption, a new FTIR peak at 506 cm�1 was
observed for chromium adsorbed, designated to Cr-O

stretching, and similar peak was reported by (Singh et al.,
2022)(Fig. 16).

Fig. 17 (a-d) exhibits the EDX spectrums of CdO, G, G-

CdO, CdO-GO, and GO after adsorption of chromium,
respectively. The EDX spectrum CdO, G, G-CdO, CdO-GO,
and GO exhibited the presence of characteristic peaks of Cr

after adsorption, while no peak for Cr was observed before
adsorption of Cr. These results confirm the successful adsorp-
tion of Cr on the surface of prepared all prepared samples.
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3.21. Comparative study

A comparative study of recent work of Cr (VI) adsorbing pre-
pared composite is summarized in Table 3. Table 3 exhibits
that prepared adsorbent exhibited greater adsorbing efficiency

than previous literature Cr (VI).

4. Conclusion

G nanosheets, GO nanosheets, CdO NPs, G-CdO, and CdO-GO

were synthesized and characterized. G nanosheets, GO nanosheets,

CdO, G–CdO, and CdO-GO composites were successfully produced,

as evidenced by UV–vis, FT-IR, RAMAN, SEM, and XRD studies.

The combination of graphene, graphene oxide, and CdO NPs

resulted in a new nanomaterial that has the potential to eliminate

chromium from aqueous solutions. The findings of the batch

adsorption studies indicated that CdO-GO and G–CdO had the

highest adsorption capabilities 6 of 399 and 430 mg g�1, respec-

tively. Langmuir model and pseudo-second-order model described

the sorption phenomena. The thermodynamic analyses were carried

out through physical, endothermic, and spontaneous adsorption

reactions. Furthermore, nanobiosorbents may be regenerated and

utilized at least five times without substantial loss of performance,

allowing the nanobiosorbents to be used for in situ chromium elim-

ination from aqueous media.
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