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Abstract

BACKGROUND: The adsorption technique is considered one of the most effective and economical methods for the removal of
heavy metals, due to its excellent advantages of low cost, high efficiency and easy handling. This research looks into the pos-
sibility of using ZnO/SiO2 nanorods to remove Cd(II) and Pb(II) from refinery wastewater and their reusability.

RESULTS: ZnO/SiO2 nanorods were synthesized via the sol–gel method. The analysis of ZnO/SiO2 shows the formation of a rod-
like structure and surface area of 33 m2 g−1 compared with the 0.3 and 8.620 m2 g−1 for ZnO and SiO2, respectively. Effects of
adsorption contact time, adsorbent dosage and temperature were examined via batch adsorption. The result indicates that the
ZnO/SiO2 rods exhibited higher adsorption removal efficiency of 85.06% and 84.12% for Pb(II) and Cd(II), respectively, com-
pared to Pb(II) (80.00% and 74.25%) and Cd(II) (76.48% and 70.99%) using ZnO and SiO2 nanoparticles. A thermodynamic study
indicates that the adsorption process was endothermic. The data from the adsorption isothermwere well fitted to the Langmuir
isotherm. The pseudo-second-order kineticmodel best described the adsorption process. An adsorption–desorption study indi-
cated the adsorption to be concentration-dependent and maintained up to 80.65% and 76.90% for Pb(II) and Cd(II) after the
fourth regeneration cycle.

CONCLUSIONS: These findings demonstrated that ZnO/SiO2 nanorods are a better nanoadsorbent for the removal of Pb(II) and
Cd(II) than ZnO and SiO2 nanoparticles due to their high adsorptive potential and stability.
© 2022 Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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ABBREVIATIONS
4G° Standard Gibbs free energy change of adsorption
4H° Standard enthalpy change of adsorption
4S° Standard entropy change of adsorption
1/n Unit of measurement for intensity
b Constant for Temkin isotherm (g J mol−2)
C Surface adsorption or boundary layer effect
Ce Equilibrium metal concentration (mg L−1)
Cf Final concentration of heavy metal in refinery waste-

water (mg L−1)
Ci Initial concentration of the heavy metal in refinery

wastewater (mg L−1)
Co thesame (mg/L)
k1 Pseudo-first-order rate constant (min−1)
k2 Pseudo-second-order rate constant (g mg−1 min−1)
Kd Distribution coefficient of adsorbate
kD−R Constant related to adsorption energy
KF Constant for Freundlich isotherm
kid Intraparticle diffusion rate constant (g mg−1 min−1)
KL Constant for Langmuir isotherm (L mg−1)

M Mass of the nanoadsorbent (g)
qe Mass of metal adsorbed at equilibrium
qmax Maximum adsorption capacity (mg g−1)
qt Mass of metal adsorbed at any time t
R Gas constant (8.314 J K−1)
T Temperature (K)
V Volume of refinery wastewater (L)
⊍ Initial adsorption rate (mg g−1 min−1)
⊎ Constant for desorption (g mg−1)
ε Polanyi potential
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INTRODUCTION
The growing human global population and demand–supply chain
for petroleum products coupled with the expansion of petro-
chemical industries have led to the increasing release of refinery
wastewater into the environment.1 The direct discharge of
untreated petroleum wastewater has contaminated surface and
groundwater resources with petrochemical products and conse-
quently poses a significant risk to human health as well as animal
life.2,3 It has been reported that ca 3500–5000 L of petroleum
wastewater are generated per tonne of crude oil processed. The
wastewater generated from petrochemical industries contains
several heavy metals such as vanadium, copper, cadmium, sele-
nium, chromium, iron, lead and nickel, among others.4 It has been
reported that lead causes negative effects on humans which
include nausea, vomiting, abdominal pain, renal failure, hallucina-
tions, mental retardation, birth defects, dyslexia, psychosis, paral-
ysis, muscle weakness, weight loss, brain damage and kidney
damage, and even death can occur as a result of chronic lead
exposure.5,6 Cadmium is also known to cause stomach irritation,
vomiting, fragile bones, kidney, lung damage, genetic disorders
and interruption in hormone secretions.7 These heavy metals
are mobile, sometimes pseudo-persistent, non-biodegradable
and highly recalcitrant in the environment and as such are diffi-
cult to remove using conventional wastewater processes. Thus,
effective removal of these undesirable elements is very necessary
for a sustainable ecosystem.
Various conventional methods have been studied for wastewa-

ter treatment, which include: biological processes,8 flocculation,
precipitation, co-precipitation, electrolysis and membrane
processes,9 ion exchange, coagulation and adsorption10 to men-
tion but a few. However, among all these techniques, adsorption
is considered the best and most cost-effective technique for
wastewater treatment, because of its excellent advantages of
availability, high efficiency at a reasonable cost and easy han-
dling.11 Due to the aforementioned advantages, extensive
research has been done on the development of adsorbents such
as activated carbons, polymer materials, zeolites, biofuels and
industrial byproducts for the elimination of heavy metals.12 How-
ever, these adsorbents have significant drawbacks which include
limited loading capacities, low selectivity, few metal ion binding
sites and low economic feasibility.13 In light of these setbacks,
researchers have focused on the development of nanoadsorbents
for the elimination of pollutants from petrochemical wastewater.
Efforts have been made to produce nanoabsobents of different
sizes, morphologies and shapes, with high compatibility and
stability,14 via various synthesis methods including hydrothermal,
ball millingmethod, thermal decomposition, biological and green
methods, co-precipitation, sol–gel andmicroemulsionmethods.15

Among these methods, the sol–gel method is a versatile and
effective approach because of its simplicity and versatility, low-
temperature synthesis, cost-effectiveness and production of a
very fine powder. Additionally, in comparison to other synthesis
methods, it allows for more control over other processes.16 Vari-
ous nanoadsorbents (metal oxides) such as manganese, ferric,
titanium, aluminium, selenium, zinc and silicon oxide nanoparti-
cles have been produced for the removal of heavy metals from
industrial wastewater.17 Metal oxides, such as ZnO, have long
been recognized as viable nanoadsorbents, due to their unique
characteristics such as excellent electron mobility, superior trans-
parency and strong room-temperature luminescence.18 Angelin
et al.19used spherical ZnO nanoparticles (8 nm) produced via the

sol–gel process as an adsorbent for Hg(II), Pb(II), Bi(III) and
Cd(II) removal under reaction conditions of time (60 min), dose
(0.250 g), temperature (30 °C) and metal ion concentration of
0.01 mol L−1. The removal values for Hg(II), Pb(II), Bi(III) and
Cd(II) reported were 86.8%, 97.1%, 61.2% and 80.9%, respectively.
Kamath et al.20 successfully synthesized ZnO nanorods for
Cr(VI) removal. Those authors reported 0.00165 mg g−1 to be
the highest adsorption capacity. On the contrary, ZnO nanoparti-
cles have drawbacks of stability in an aqueous matrix. Recently,
attention has shifted to the synthesis of hybrid nanocomposites
with improved properties that pure nanoparticles could not attain
on their own. For example, the potential of polypyrrole/ZnO nano-
composites for the removal of Pb(II) (92.1%) and Cd(II) (84.6%)
ions has been studied. The highest removal efficiencies of
Cd(II) and Pb(II) ions were reported by those authors at a dosage
of 1 g, contact duration of 50 min and pH of 6.21 Similarly, Tho
et al.22 used cassava root husk-derived biochar to immobilize
As(III), Pb(II), Cd(II) and Cr (VI) ions from ZnO nanoparticles, with
maximum adsorption capacities of 39.52, 44.27, 42.05 and
28.37 mg g−1, respectively.
Silica (SiO2) nanoparticles have several distinct advantages as a

delivery vehicle, including great biocompatibility, high hydropho-
bicity, thermal stability, high flexibility and pH change resistance,
as well as a high degree of multifunctionality.23 Many researchers
have used SiO2 nanoparticles to remove heavy metals, including
Sheet et al.,24 who examined the removal of lead, chromium, cad-
mium, zinc and nickel ions using SiO2 nanoparticles as an adsor-
bent. Those authors reported the removal amounts to be
85.60%, 85.0%, 88.33%, 63.0% and 89.90% for zinc, lead, chro-
mium, cadmium and nickel, respectively, at a contact time of
60 min using 20 mg per 20 cm3 of heavy metal solutions of pH 3.
To improve the performance of adsorbents in removing heavy

metals from wastewater, researchers have now focused on the
production of hybrid nanocomposites.10 Heavy metals have been
removed from wastewater using a variety of hybrid nanocompo-
sites. As an example, Soltani et al.25 synthesized ZnO/SiO2 nano-
composites by a wet impregnation method for photocatalytic
degradation of a textile dye. Similarly, flower-like ZnO/SiO2 nano-
composites were synthesized via the hydrothermal method by
Babu et al.26 for photocatalysis and antibacterial applications.
Nevertheless, no work has been performed that specifically inves-
tigated ZnO/SiO2 nanorods with good environmental stability,
ease of preparation and compatibility with other materials for
Pb(II) and Cd(II) removal from refinery wastewater.
Despite the success in the use of nanomaterials for the removal

of pollutants from wastewater, the discharge of adsorbents that
have been exhausted is a serious environmental issue.27 As a
result, it is critical to regenerate and reuse adsorbents to make
the adsorption process economically and environmentally
friendly. Desorption and reutilization of spent adsorbents in
adsorption–desorption cycles may significantly minimize the dis-
charge of the spent adsorbent into the environment. Desorption
can be achieved through thermal (solvent-free) and solvent
methods. The solvent desorption method is known to be environ-
mentally friendly, inexpensive, quick, promising and has a lot of
potential.28

From previous literature, the SiO2 nanoparticles used were syn-
thesized from chemical sources which are costly and generate
secondary pollutants. The SiO2 nanoparticles used in the study
reported here were synthesized from naturally available kaolin
to reduce cost. Additionally, much research used simulatedwaste-
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water for the adsorption process. The objectives of the work
reported here were to synthesize and characterize ZnO/SiO2

nanorods and to study their adsorption potential as a nanoadsor-
bent for the elimination of Pd(II) and Cd(II) from real petroleum
refinery wastewater and their reusability. Effects of parameters
such as adsorbent dosage, temperature and contact time on the
removal efficiency of the target heavy metals ions from refinery
wastewater using the ZnO/SiO2 nanorods were examined. The
experimental data were evaluated using the Elovich model, intra-
particle diffusion model and pseudo-first- and pseudo-second-
order models. Adsorption isotherms were investigated, and sev-
eral isotherm models, such as the Langmuir, Freundlich and
Dubinin–Radushkevish (D-R) models, were tested. In addition, to
investigate the mechanism during the adsorption process, ther-
modynamic properties such as standard enthalpy change (ΔH°),
standard entropy change (ΔS°) and standard free energy change
(ΔG°) were analyzed.

MATERIALS AND METHODS
Sigma Aldrich provided analytical-grade sodium hydroxide
(NaOH) and polyvinylpyrrolidone (PVP) with purity levels ranging
from 90% to 95%. All chemicals were utilized without being puri-
fied in any way. Raw kaolin was collected from Pati Shabakolo in
the Lavun local government area of Niger State. The petrochemi-
cal effluent from Kaduna refineries was collected in January 2018.

Kaolin pretreatment
Using a mortar and pestle, kaolin was disaggregated. A 75 μm
mesh sieve was used to sieve the crushed kaolin. To make a slurry,
a known quantity (400 g) of crushed kaolin was soaked in
1000 cm3 of distilled water for a week. The supernatant was dec-
anted until the distilled water became colorless and the slurry was
dried (overnight) at 100 °C.

Metakaolinization
Meatakaolinization of the Pati Shabakolo kaolin was carried out by
calcination of 20 g of the treated kaolin (800 °C) in a muffle fur-
nace for 2 h.

Synthesis of ZnO/SiO2 nanorods
Firstly, ZnO nanoparticles were prepared by measuring 60 cm3 of
a known concentration of zinc nitrate (0.1 mol L−1) into a 250 cm3

beaker, which was placed on a magnetic stirrer. An amount of
25 cm3 of 1.0 mol L−1 NaOH solution was slowly added. After
which, 10 cm3 of 5% (w/v) PVP solution was added to the same
mixture. This was accompanied by the formation of a gel-like solu-
tion. The gel solution was aged overnight before being dried in an
oven (100 °C) for 2 h and then calcined (450 °C) for 2 h. Secondly,
SiO2 nanoparticles were prepared by measuring 100 cm3 of
2 mol L−1 NaOH into 250 cm3 conical flasks followed by the addi-
tion of 1.5 g of metakaolin. To achieve a homogeneous solution,
the solution was vigorously agitated for 2 h at 2000 rpm on amag-
netic stirrer (model 400) and then left to age overnight. Each sam-
ple was washed thoroughly using distilled water to get a neutral
pH (7) after crystallization. The obtained sample was calcined at
200 °C overnight. Furthermore, the sol–gel method was followed
to synthesize the ZnO/SiO2 nanorods by measuring 0.1 mol L−1

zinc nitrate into a 250 cm3 beaker placed on amagnetic stirrer fol-
lowed by the addition of 1.5 g of metakaolin. To get a homoge-
nous solution, the solution was vigorously stirred at 2000 rpm
on amagnetic stirrer for 2 h. The resulting solution was vigorously

stirred for 30 min with amechanical shaker and allowed to age for
24 h. The resulting ZnO/SiO2 nanorods were calcined (450 °C)
for 2 h.29

Characterization of nanocomposites
Characterization of ZnO and SiO2 nanoparticles and ZnO/SiO2

nanorods was carried out to determine their mineralogical
phases, morphology, elemental compositions, functional groups,
chemical states and surface area using high-resolution scanning
electron microscopy (HRSEM; MEL-300000), X-ray diffraction
(XRD; XRD-60000), energy-dispersive spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS; XPSHI 5400), Brunauer–
Emmett–Teller (BET) N2 adsorption–desorption measurements
and Fourier transform infrared (FTIR) spectroscopy (Frontier FTI-R).

Collection and preparation of refinery wastewater
Wastewater was collected from the Kaduna petrochemical refin-
ery. To keep the oxidation states of the various elements in the
solution stable and prevent precipitation, the refinery wastewater
collected was treated with dilute nitric acid. The sample was taken
to a laboratory as soon as possible for digestion.

Determination of heavy metal concentrations of refinery
wastewater
About 50 cm3 of refinery wastewater was digested at 80 °C with
10 cm3 of concentrated HNO3 until the volume reached 20 cm3,
then cooled and filtered.30 The clear solution was diluted to a
mark of 100 cm3 with distilled water, and blank digestion was per-
formed in the same manner. Except for the wastewater, the blank
solution contained all of the reagents. Triplicates of each sample
were digested. The digests were tested for Pb(II) and Cd(II) using
a flame atomic absorption spectrophotometry (AAS) instrument
(AASPG 990).

Batch adsorption experiments
Effect of contact time
The removal of Pb(II) and Cd(II) from the refinery wastewater
using ZnO and SiO2 nanoparticles and ZnO/SiO2 nanorods as
adsorbents was studied. A known volume of the refinery waste-
water (50 cm3) was measured into separate conical flasks. The
conical flasks were corked and the solution was stirred continu-
ously at 250 rpm for various contact times (1, 5, 10, 15, 20 and
25 min) at 30 °C and adsorbent dosage of 0.08 g of ZnO, SiO2

and ZnO/SiO2 nanorods. The liquid phases were filtered out of
the solution at the end of each mixing interval and the residual
concentrations of Pb(II) and Cd(II) were determined using AAS.31

Effect of nanoadsorbent dosage
The removal of Pb(II) and Cd(II) from the refinery wastewater was
studied at different adsorbent dosages of 0.02, 0.04, 0.06, 0.08, 0.1
and 0.12 g per 50 cm3 using separate conical flasks. The conical
flasks were corked and the solution was stirred continuously at
250 rpm for 15min. The liquid phases were filtered out of the solu-
tion at the end of eachmixing interval and the residual concentra-
tions of Pb(II) and Cd(II) were determined using AAS.31

Effect of reaction temperature
The removal of Pb(II) and Cd(II) from the refinery wastewater was
studied at different temperatures (30, 40, 50, 60, 70 and 80 °C) reg-
ulated by a thermostat attached to a shaker. A known volume of
the refinery wastewater (50 cm3) wasmeasured into separate con-
ical flasks. The conical flasks were corked and the solution was
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stirred continuously at 250 rpm. Dosage and contact time were
kept constant at 0.08 g and 15min, respectively. The liquid phases
were filtered out of the solution at the end of each mixing interval
and the residual concentrations of Pb(II) and Cd(II) were deter-
mined using AAS.31

Desorption experiments
Desorption studies were performed using 0.025, 0.08 and
0.1 mol dm−3 HNO3 solutions. Nanocomposites previously
exposed to the petroleum refinery wastewater were extracted
from the solution and mixed with 20 cm3 of HNO3 solution. Agita-
tion was performed using an orbiter shaker for 15 min.
The concentration of heavy metals was measured. The desorp-

tion efficiency was calculated using the following formula:

Desorption efficiency %ð Þ= released pollutant concentration
initially sorbed concentration of pollutant

×100

ð1Þ

Reusability
To determine the reusability of ZnO and SiO2 nanoparticles and
ZnO/SiO2 nanocomposites, an adsorption–desorption cycle was
repeated four times using the same sample. Desorption studies
were performed using 0.1 mol dm−3 HNO3 solutions. ZnO and
SiO2 nanoparticles and ZnO/SiO2 nanocomposites previously
exposed to the refinery wastewater were extracted from the solu-
tion and mixed with 20 cm3 of HNO3 solution. Agitation was per-
formed using an orbiter shaker for 15 min. The desorbed ZnO and
SiO2 nanoparticles and ZnO/SiO2 nanocomposites were used for
the removal of heavy metals from the refinery wastewater by
measuring 0.05 g of the desorbed nanocomposites into conical
flasks containing 50 cm3 of petroleum wastewater. The conical
flasks were corked and the mixture was stirred continuously on
a magnetic stirrer at 250 rpm for 15 min at 30 °C and pH of 6.25.
The liquid phases were separated from the solution by filtration
with Whatman filter paper No. 4 at the end of each mixing period,
and the equilibrium concentrations of Pb(II) and Cd(II) were deter-
mined using AAS.32

Data analysis
The equilibrium adsorption capacity and the removal of Pb(II) and
Cd(II) ions were calculated using Eqns (2) and (3):

qe=
Ci−Cfð Þ×V

m
ð2Þ

Adsorption %ð Þ= Ci−Cf

Ci
×100 ð3Þ

Pseudo-first-order model
According to the pseudo-first-order kinetic model, adsorption
takes place entirely on isolated sites, and there is no interaction
between the adsorbed ions.33 The adsorption rate is proportional
to the number of vacant sites. The pseudo-first-order kinetic
model equation is as follows:

log qe−qtð Þ= log qeð Þ− K1

2:303
×t ð4Þ

The values of K1 and qe are determined from the slope and inter-
cept, respectively, of a plot of log(qe − qt) versus t.

Pseudo-second-order model
Ho andMcKay were the first to describe the pseudo-second-order
model for the kinetic process of divalent metal ion adsorption on
an adsorbent. The pseudo-second-order model implies that
chemical adsorption is the rate-determining step and predicts
behavior across the whole adsorption range.34 In this case, the
adsorption rate is determined by the adsorption capacity.35 The
pseudo-second-order equation is as follows:

t
qt

=
1

k2 qe2
+

t
qe

ð5Þ

The slope and the intercept of a plot of t/qt versus twere used to
determine the values of qe and k2.

Intraparticle diffusion model
Weber andMorris proposed and developed the intraparticle diffu-
sion model, which takes pore diffusion into account. Intraparticle
diffusion is assumed to be the slowest stage during the adsorp-
tion process.36 As a result, the rate-controlling step is determined
with instantaneous adsorption in the internal diffusion model.
The equation for the adsorption system is given by Weber and
Morris37 as follows:

qt=kit
0:5 +C ð6Þ

Elovich model
The Elovich model38 can be used to understand the nature of
adsorption. This model aids in the prediction of a system's
mass and surface diffusion, as well as activation and deactiva-
tion energy.39 Although the model was originally designed
for gaseous systems, it is useful in predicting the nature of
adsorption in wastewater processes. The Elovich model
assumes that as the amount of adsorbed solute increases, the
rate of adsorption decreases exponentially. The Elovich equa-
tion is as follows:

qt=
1
⊎
ln⊍⊎−

1
⊎
ln tð Þ ð7Þ

Adsorption isotherms
Adsorption isotherms give basic physiochemical data for deter-
mining the adsorption process applicability as a unit operation.
The adsorption between metal ions and nanocomposites was
studied using the Langmuir, D-R, Freundlich and Temkin models.
The Freundlich model considers heterogeneous adsorption,
whereas the Langmuir model considers monolayer adsorption
with constant adsorption energy.40 According to the Temkin iso-
thermmodel, as the adsorbed layer's coverage increases, the heat
of adsorption decreases. The D-R isotherm is an isotherm that can
be applied to both homogeneous and heterogeneous surfaces to
characterize adsorption. The Langmuir, Freundlich, Temkin and
D-R equations are presented in Table 1.
Note that the separation factor RL (dimensionless) is defined by

the following equation:

RL=
1

1+KLCe
ð12Þ
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RESULTS AND DISCUSSION
HRSEM analysis of ZnO, SiO2 and ZnO/SiO2 nanorods
The morphologies of ZnO and SiO2 nanoparticles and ZnO/SiO2

nanorods were studied using HRSEM. Their corresponding micro-
graphs are displayed in Fig. 1.
Figure 1(a) shows an agglomerated homogeneously distributed

spherical shape. Figure 1(b) indicates the formation of a mixture
of well-agglomerated spherical and hexagonal shapes. There is a
morphological transformation from spherical shape and irregular
hexagonal shape obtained for ZnO and SiO2 to a rod-like shape, as

shown in Fig. 1(c). The transformation to the rod-like structure can
be attributed to the establishment of oxide clusters of Si–O–Zn
based on the diffusion of the smaller Si ions with an ionic radius
of 0.4 Å on the lattice of Zn ions with a larger ionic radius
(0.74 Å) in the hexagonal wurtzite structure of the ZnO nanoparti-
cles. This indicates the formation of new material different from
the SiO2 and ZnO nanoparticles, evidence of the electrostatic
force of attraction between the particles.41 Different morphol-
ogies have been reported by Widiyastuti e al.42 Those authors
reported the transformation from rod-like ZnO nanoparticles to
flower-like morphology after the addition of SiO2 nanoparticles.
Additionally, the flower-like morphology of ZnO/SiO2 has also
been reported.26 The difference in this analysis could be because
of the synthesis method of ZnO and SiO2 nanoparticles and the
ZnO/SiO2 nanorods.

Elemental analysis of ZnO, SiO2 and ZnO/SiO2 nanorods
EDS was used to conduct elemental analysis of synthesized SiO2,
ZnO and ZnO/SiO2 nanorods. The spectra are presented in Fig. 2.
The EDS trace in Fig. 2(c) indicates that the synthesized ZnO/-

SiO2 nanorods primarily contain Si, Zn and O elements. In both
Figs 2(a) and (b), the peak of O appears at 0.57 keV, the peaks of

Table 1. Equations of adsorption for Langmuir, Freundlich, Temkin
and D-R isotherms

Isotherm Equation

Langmuir Ce
qe
= 1

qmax KL
+ Ce

qmax
(8)

Freundlich logq= logK f + 1
n logC (9)

Temkin qe=
RT
b lnKT + RT

b lnCe (10)

R-D lnqe= lnqm−KD−Rε2 (11)

(b) (a) 

(c) 

Figure 1. HRSEM images of (a) ZnO, (b) SiO2 and (c) ZnO/SiO2 nanorods.
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Zn appear at 1.08, 8.75 and 9.68 keV, and the peak of Si appears at
1.75 keV. The values obtained for the ZnO/SiO2 nanorods show an
increase in binding energy for O, Zn and Si, which is because of
the diffusion of Si ions into the interstitial spaces between Zn2+

and O2− ions. The atomic percentage was found to be 19.59,
45.49 and 34.91 wt% for Zn, Si and O, respectively. This result cor-
roborated the XRD analysis (discussed later) with SiO2 dominance.

FTIR spectroscopy
FTIR spectroscopy was used to analyze the functional groups in
ZnO and SiO2 nanoparticles and ZnO/SiO2 nanorods. The results
are shown in Fig. 3.
Figure 3(a) shows a typical FTIR spectrum of SiO2 nanoparticles

in the range 500–4000 cm−1. The peaks at 793 and 1020 cm−1

correspond to the asymmetric vibration mode and symmetric
stretching mode of the SiO2 groups (O Si O), respectively. This
result is similar to that of the absorption band reported by
Abello-Ribota et al.43 The peak at 950 cm−1 is attributed to the
presence of asymmetric vibration of Si H bond. The presence
of a peak at 1640 cm−1 is attributed to bending of O H groups
of SiO2 (H bonding) of adsorbed water which is based on the scis-
sor bending vibration of water molecules.44 The presence of these

functional groups may be beneficial in the application of SiO2

nanoparticles in wastewater treatment. Other researchers45,46

have independently reported similar results. The FTIR spectrum
in Fig. 3(b) shows a stretching vibration of C O at 1735 cm−1.47

The absorption band at 1358 cm−1 is due to the presence of the
C H bond.48 The C N stretching vibrations in the PVP ring may
be responsible for the absorption bands at 1110.8 cm−1. Stretch-
ing vibration is responsible for the appearance of a peak at
1024 cm−1 indicatingC O.49 Similar results have been reported
previously.50 Figure 3(c) shows that after the addition of ZnO
nanoparticles to SiO2 nanoparticles, the absorption bands shifted
to lower wavenumber for Si O, Zn O, C O and C H. The
appearance of peaks that correspond to Si O and Zn O bonds
is an indication of strong interaction between ZnO and SiO2 nano-
particles. A similar result was reported by Chen et al.,51 who immo-
bilized ZnO on amorphous SiO2 nanoparticles and observed a
shift in the absorption band after the formation of ZnO/SiO2

nanocomposites.

XRD analysis of ZnO, SiO2 and ZnO/SiO2

XRD was used to analyze the mineralogical phases of ZnO, SiO2

and ZnO/SiO2. The results are given in Fig. 4.
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Figure 2. EDS traces of (a) ZnO, (b) SiO2 and (c) SiO2/ZnO nanorods.
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Figure 3. FTIR spectra of (a) SiO2 nanoparticles, (b) ZnO nanoparticles and (c) ZnO/SiO2 nanorods.

Figure 4. XRD patterns of (a) ZnO nanoparticles, (b) SiO2 nanoparticles and (c) ZnO/SiO2 composites.
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Figure 4(a) indicates the presence of different peaks at 2⊔ values
of 21.70°, 24.47°, 26.25°, 37.64°, 46.73°, 52.92°, 56.36, 58.02° and
59.12°, corresponding to hexagonal wurtzite zincite (ZnO) nano-
particles with crystal planes of (100), (002), (101), (102), (110),
(103), (200) and (112). The diffraction peaks represent ZnO nano-
structure with a hexagonal wurtzite phase where the oxygen
atoms are arranged in a hexagonally close-packed structure with
zinc atoms occupying half of the tetrahedral sites.52 The peaks
correspond to a lattice constant of a = b = 3.242 Å and
c = 5.205 Å which match well with JCP2-36-1451. The ZnO nano-
particle crystallite size was determined to be 16.52 nm (see
Eqn 13). These findings are in accordance with the report by Nou-
kelag et al.53 who synthesized ZnO nanoparticles via the green
method using extract of Rosmarinus officinalis leaves. However,
their analysis revealed that the ZnO nanoparticles had stronger
diffraction and higher crystallinity than the ZnO nanoparticles
prepared in the present study. This is not surprising due to the cal-
cination temperature (500 °C for 2 h) used by those researchers
during the synthesis of the ZnO nanoparticles. In contrast, in this
study, the ZnO nanoparticles prepared were calcined at 450 °C
for 2 h. Calcination temperature influences the crystallinity of a
material.
Figure 4(b) indicates the presence of diffraction peaks at 2⊔

values of 10.81°, 16.51°, 26.49°, 29.39°, 30.22°, 32.39°, 35.71°,
40.04°, 44.77°, 45.21°, 49.86°, 53.90°, 67.62°, 68.19° and 73.29°
which correspond to crystal planes of (100), (101), (110), (012),
(111), (200), (021), (112), (202), (103), (211), (113), (212) and (301).
This can be assigned to the hexagonal structure ⊍-quartz phase
of SiO2 nanoparticles with a lattice constants a = 4.92100,
c = 5.41630 Å and Z = 3 (JCP2-83-0539). The average crystallite
of SiO2 was 23.59 nm. The XRD pattern in Fig. 4(c) indicates the
presence of ZnO with peaks at 2⊔ values of 31.63°, 34.45°,
36.24°, 47.64°, 56.56°, 62.81°, 67.67°, 68.05° and 69.34°, represent-
ing the Miller indices (100), (002), (101), (102), (110), (103), (200),
(112) and (004), respectively. This corresponds to the hexagonal
wurtzite phase (JCPDS 36-1541). The XRD pattern also shows
intense and sharp diffraction peaks at 2⊔ values of 20.81°,
26.53°, 36.38°, 39.44°, 40.32°, 42.38°, 45.83°, 50.04°, 54.77°,
56.56°, 60.13°, 63.90°, 67.62° and 68.19° with corresponding crys-
tal planes (100), (101), (110), (012), (111), (200), (021), (112), (202),
(103), (211), (212) and (301), respectively. This matched well to
crystalline SiO2 nanoparticles with JCP2_83–0539 of the ⊍-quartz
phase of silica. Compared with the results for the pure ZnO and
SiO2 (Figs 4(a) and (b)), it is obvious that a composite of ZnO/SiO2

was dominated by the quartz phase. After the formation of the
ZnO/SiO2 nanocomposite, the characteristic peaks of the pure
SiO2 nanoparticle with the ZnO nanoparticles did not change
except that ZnO appears at a higher diffraction angle. Addition-
ally, Fig. 4(c) indicates the formation of Zn2SiO4 which suggests
the successful immobilization of SiO2 nanoparticles onto the
core–shell of ZnO nanoparticles due to the diffusion of silicon ions
(Si4+) with a small ionic radius of 0.26 Å into the core–shell of Zn2+

ions (0.74 Å). The crystallite size of the ZnO/SiO2 rods was
15.36 nm. The result shows a decrease in crystallite size for the
ZnO nanoparticles from 16.52 to 15.36 nm due to the addition
of SiO2 to the ZnO nanoparticle unit cell causing the cell to shrink,
resulting in the formation of oxide clusters of Si–O–Zn. This is dif-
ferent from the result obtained by Rahmat et al.54 Those authors
reported high crystallinity of ZnO/SiO2 nanocomposites and a
higher shift of the diffraction angle (2⊔) after the immobilization
of ZnO and SiO2 nanoparticles at a higher temperature. Other
researcher reported a shift to a lower diffraction angle (2⊔) after

the immobilization of ZnO and SiO2 nanoparticles.55 This is an
indication that immobilization of ZnO and SiO2 at elevated tem-
peratures could cause a change in the diffraction angle (2⊔) with
the same Miller indices. However, other researchers56,57 have
reported the synthesis of ZnO/SiO2 nanocomposites without a
shift to a lower or higher diffraction angle (2⊔). The difference is
that the authors did not subject the ZnO/SiO2 nanocomposites
produced to high-temperature treatment. The analysis by Bah-
rami and Karami58 also confirmed that the addition of SiO2 does
not affect the ZnO crystal structure. However, the XRD result for
SiO2 nanoparticles and ZnO/SiO2 nanocomposites reported by
Chen et al.51 shows an amorphous structure of both SiO2 particles
and ZnO/SiO2 nanocomposites. This may be attributed to the fact
that the authors did not subject the produced nanoparticles and
the nanocomposites to temperature treatment.59

The crystallite size was calculated using the following equation:

D=
k⊗

⊎cos⊔
ð13Þ

where k is the particle shape correction factor (0.9), D is the crys-
tallite size, ⊔ is the Bragg angle and ⊗ is the wavelength of the
Cu target.

XPS analysis of SiO2 nanoparticles
General XPS analysis of the SiO2 nanoparticle was conducted to
determine the chemical oxidation states of elements. The XPS
general survey and deconvoluted spectra of O (1s) and Si (2p) of
the SiO2 nanoparticles are presented in Fig. 5.
The full XPS scan spectrumof SiO2 nanoparticles is shown in Fig. 5

(a). With electron core-level XPS spectra of O (1s), O (2s), Si (2p), Si
(2s) and C (1s), the result confirms the existence of silicon, oxygen
and carbon components in the sample. For the Si (2s) signal peak,
the result confirms the presence of Si species at 154.2 eV. The pres-
ence of a carbon atom with a binding energy of 286 eV could be
owing to the quartz sand's inherent carbon. Figure 5(b) shows the
presence of a peak at a binding energy of 106.72 eV indicating
the presence of pure SiO2 with Si4+. In Fig. 5(c) the O 1s signal peak
appears at a binding energy of 536.3 eV and suggests the presence
of oxygen in the SiO2 nanoparticles. The result obtained from this
study is different from the 532.3 eV reported by Zenkovets et al.60

due to the differences in the method, precursors and other pro-
cesses used during the synthesis of SiO2 nanoparticles.

XPS analysis of ZnO nanoparticles
Figure 6 shows the XPS spectra of ZnO nanoparticles. Figure 6(a)
shows different peaks at 1021.80 and 1045.07 eV which were
related to Zn (2p3/2) and Zn (2p1/2) core levels. The two peaks have
narrow linewidths suggesting the dominance of the Zn2+ ions in
the nanoparticles.61 The binding energy difference between
2p3/2 and 2p1/2 peaks is 23.27 eV, indicating that the Zn
(2p) peak has significantly split spin–orbit components. This is
within the standard value of 23.0 eV for Zn2+.62 A similar value
(23.00 eV) has been reported previously63 for ZnO nanoparticles,
though obtained with different synthetic methods. This result
confirms that the Zn exists mostly as Zn2+ surrounded by the O2

− oxidation state in the hexagonal wurtzite ZnO form. The spec-
trum also shows a peak at 284.60 eV corresponding to C
(1s) which indicates a considerable concentration of organic mol-
ecules adsorbed onto the surface of the nanoparticles from the
PVP used as a structure-directive agent during the synthesis of
the ZnO nanoparticles. Figure 6(b), which represents the high-
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resolution XPS result for Zn 2p3/2 (ZnO), shows the appearance of
a single broad peak at a binding energy of 1021.80 eV. This further
indicates the presence of a highly electropositive zinc ion (Zn2+)
with two donated electrons in a strongly electronegative environ-
ment with charged O2− ions. The Zn 2p3/2 peak, with a binding
energy of 1021.80 eV, was only fitted to one Gaussian with a
geometry of a hexagonal wurtzite structure. This result agrees
with previous findings,64,65 reporting the presence of ZnO at
1022.6 and 1022.15 eV. The differences observed in the binding
energies reported in this work compared to those of previous
studies are not surprising based on the report by Gao et al.66 that
the Auger parameter of metal at the nanoscale changes the bind-
ing energy of Zn photoelectrons.
Figure 6(c) shows three different peaks at binding energies of

530.6, 532.2 and 533.5 eV. The peak located at 530.6 eV is character-
istic of ZnO (bond between Zn and O) usually called the zinc oxide
peak. The result from this analysis agrees with the conclusion of

Bourlier et al.67 that the O (1s) atomwith a binding energy between
527 and 530 eV is typical of O2− ions in metal oxides. While binding
energies between 530.6 and 531.1 eV are typical of the species of
oxygen incorporated in the form of ZnO. The binding energies
between 531.1 and 532 eVmay be due to low coordinated oxygen
species described as O− ions capable of forming compounds such
as C O and COO−.68 Peaks in the XPS spectrum for O (1s) at bind-
ing energy equal to 530 or 532 eV corresponding to ZnO and bind-
ing energy around 530.6, 532.2 and 533.2 eV were ascribed to O2−,
O− and ions respectively.69 Additionally, the binding energies at
530.6 and 532.2 eV for O2− and O− respectively were assigned to
O–Zn–O and Zn(OH)2 respectively.

70

XPS analysis of ZnO/SiO2 nanorods
Chemical states of different elements within the core–shell of ter-
nary ZnO/SiO2 nanorods were determined using XPS. The results
are displayed in Fig. 7.
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Figure 5. (a) XPS general survey spectrum and XPS spectra of (b) O 1s and (c) Si 2p of SiO2 nanoparticles.
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Figure 7(a) shows the presence of peaks at a binding energy of
103.78 eV confirming the existence of Si in SiO2 nanoparticles. The
peaks at 1047 and 1025.1 eV represent Zn 2p1/2 and Zn 2p3/2,
respectively, suggesting that the zinc occurs in the form of a
Zn2+ chemical state on the sample surfaces. The C (1s) peak at
285.6 eV indicates the presence of adventitious carbon atoms
originating from the PVP used as a structure-directing agent for
the synthesis of pure ZnO.
The appearance of a peak at binding energy of 531.16 eV in

Fig. 7(b) shows that only Si–O–Si or SiO2-like bonds were present
in the composites. This result is different from that of other
researchers reporting peaks corresponding to Si Si, Si OH and
C O bonds.70 The differences observed in this work compared
with previous research may be due to the methods, conditions
applied and chemical precursors used for the synthesis of the
nanorods. Additionally, the result confirmed the stability of SiO2

after the formation of the ZnO/SiO2 nanorods. Figure 7(c) shows
the Zn (2p) spectrum with peaks at 1045.63 and 1022.63 eV

associated with Zn (2p1/2) and Zn (2p3/2), suggesting Zn element
in the ZnO/SiO2 nanorods present only in one valence state
(Zn+) as against the Zn2+ reported earlier for the pure ZnO nanor-
ods. The presence of Zn with only one valence state indicates the
formation of bonds with Si and O. The XPS patterns of the Zn
(2p) for ZnO/SiO2 nanorods show two peaks compared to only
one peak for Zn (2p) in ZnO nanoparticles. This suggests the exis-
tence of Zn (+1) oxidation in ZnO/SiO2 nanorods compared to
(+2) valence state in pure ZnO nanoparticles. The oxidation of
the state of Si in ZnO/SiO2 nanorods remained (+4) after the for-
mation of ZnO/SiO2 nanorods.

BET analysis of ZnO and SiO2 nanoparticles and ZnO/SiO2
nanorods
BET measurements were used to study the surface area of ZnO
and SiO2 nanoparticles and ZnO/SiO2 nanorods. The result is pre-
sented in Fig. 8.

(c)

(b)(a)

Figure 6. (a) XPS general survey spectrum and XPS spectra of (b) Zn 2p3/2 and (c) O (1s) core level of ZnO nanoparticles.
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According to the IUPAC classification, adsorption isotherms are
classified into Type I, Type II, Type III and Type IV. Based on the curves
in Fig. 8, it can be noticed that all three samples exhibited a Type IV
isotherm characteristic of mesoporous materials. Figure 8(a) shows
that the hysteresis loops were formed at a relative pressure of
0.57–0.98. A relative pressure of 0.7–1.5 was recorded for ZnO in
Fig. 8(b). Hysteresis loops in the relative pressure range 0.8–0.98
were recorded for ZnO/SiO2 nanorods. The results show that the vol-
ume of nitrogen adsorption increases with relative pressure until a
limit is reached, indicating the availability of pores.
It is evident from Table 2 that ZnO/SiO2 nanorods had the

highest surface area (33 m2 g−1) compared with the 0.386
and 8.620 m2 g−1 recorded for the SiO2 and ZnO nanoparticles.
The enhancement in the surface area can be linked to the change
of the nanoparticles from spherical to rod-like structures, which
results in the creation of more active sites due to more atoms
on the surface and edges of the composite. This result suggests
that the ZnO/SiO2 nanorods may have a higher adsorption capac-
ity compared to the ZnO and SiO2 nanoparticles. Materials with a
high surface area are advantageous for adsorption because such a
surface area provides more active sites for adsorption.71 Table 2
also indicates that SiO2 and ZnO nanoparticles and the ZnO/SiO2

nanorods had pore volumes of 0.002, 0.353 and 0.166 cm3 g−1,
respectively. The inset plots in Figs 8(a)–(c) indicate that the pore
diameters for SiO2 and ZnO nanoparticles and the ZnO/SiO2

nanocomposites were 32.150, 13.173 and 26.946 nm, respectively.

According to the IUPAC classification of pore sizes, materials with
pore widths between 2 and 50 nm are categorized asmesoporous
materials.72

Physicochemical properties of refinery wastewater
The physicochemical properties of the refinery wastewater were
examined. The result is presented in Table 3.
Table 3 presents the physicochemical parameters such as pH,

temperature, conductivity, COD, BOD and content of lead and
cadmium. The pH value obtained was 6.25, which is lower than
the 6.51–8.5 recommended by the WHO. The low pH could have
been caused by dissolved organic carbon in the wastewater.73

The temperature recorded in Table 3 indicates that the temper-
ature value was closer to the recommended values of the WHO.
This observation could be because water has a large specific
heat capacity, which implies it takes more energy to raise its
temperature than other substances. The high temperature
may reduce the amount of dissolved air in water, which could
lead to aquatic organism mortality.74 Electrical conductivity
decreases, indicating that the sample contains a significant
number of dissolved ions, forming a barrier to organism survival.
The refinery wastewater has high values of COD and BOD com-
pared to the 40 and 1 mg L−1 recommended by the WHO.75 This
is an indication that the sample contained a very high concen-
tration of organic pollutants. Additionally, the higher the BOD,
the faster the oxygen in the wastewater is lost, indicating that

(c)

(a)
(b)

Figure 7. XPS general survey of (a) ZnO/SiO2 nanorods and XPS core level of (b) SiO2 and (c) ZnO nanoparticles.
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less oxygen is available to aquatic life leading to stress, suffoca-
tion and death of aquatic organisms.76 Table 3 also presents the
concentration of lead and cadmium with lead having the high-
est concentrations. The concentration of the two heavy metals
was greater than the recommended limits of the WHO. Because
both Pb(II)and Cd(II) ions are extremely harmful even at small
concentrations, removing them from the refinery wastewater

before their discharge into the environment is critical. Other
physicochemical parameters of the refinery wastewater before
and after batch adsorption are presented in Table S1 (support-
ing information).

Batch adsorption studies
Effect of contact time
The contact time has an important effect on the process of
adsorption.77 This is the most essential component that governs
the adsorption process efficiency and also impacts the adsorption
process economic efficiency. The elimination of Pb(II) and
Cd(II) from refinery wastewater using ZnO and SiO2 nanoparticles
and ZnO/SiO2 nanorods was investigated at various time intervals
(1–25 min). The results are given in Fig. 9.
Figures 9(a) and (b) show the adsorption of Pd(II) and Cd(II) ions,

respectively, from the refinery wastewater between 0 and 25 min.
It was found that the removal of both Pd(II) and Cd(II) was slow
between 0 and 5 min and rapidly increases during min, after

(a) (b)

(c)

Figure 8. BET pore size and pore diameter distributions for (a) SiO2 nanoparticles, (b) ZnO nanoparticles and (c) ZnO/SiO2 nanorods.

Table 2. Surface area, total pore volume and pore diameter of ZnO
and SiO2 nanoparticles and ZnO/SiO2 nanorods

Sample
BET surface
area (m2 g−1)

Total pore
volume
(cm3 g−1)

BJH pore
diameter (nm)

SiO 0.386 0.002 32.150
ZnO 8.620 0.353 26.173
ZnO/SiO2 33.469 0.166 15.946
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Table 3. Physicochemical parameters of refinery wastewater before and after batch adsorption

Parameter
Value before
adsorption

Value after adsorption
WHO permitted
limit (2017)aZnO/SiO2 ZnO SiO2

Chemical oxygen demand (COD), mg L−1 880.15 ± 0.30 52.05 ± 0.20 60 0.20 ± 0.10 73.75 ± 0.12 40
Biological oxygen demand (BOD), mg L−1 190.32 ± 0.20 37.41 ± 0.10 58.01 ± 0.0.03 62.34 ± 0.05 1
Total organic carbon (TOC), mg L−1 560.12 ± 0.03 84. 90 ± 0.05 93.02 ± 0.1 97.64 ± 0.08 —

Lead (Pb), mg L−1 1.94 ± 0.06 0.26 ± 0.10 0.56 ± 0.06 0.52 ± 0.10 0.003 ± 0.04
Cadmium (Cd), mg L−1 1.28 ± 0.10 0.244 ± 0.03 0.37 ± 0.02 0.39 ± 0.05 0.05 ± 0.10
Temperature (°C) 31.20 ± 0.12 30.12 ± 0.15 31.34 ± 020 31.45 ± 0.15 30
pH 6.25 ± 0.10 7.16 ± 0.01 6.60 ± 0.12 6.75 ± 0.10 6.51–8.5
Electrical conductivity (μS cm−1) 483.74 ± 0.13 72.53 ± 0.14 98.83 ± 0.10 91.06 ± 0.12 —

a WHO, World Health Organization.

Figure 9. Influence of contact time on removal of (a) Pb(II) and (b) Cd(II) at pH 6.25, 30 °C and adsorbent dose of 0.05 g.

Figure 10. Influence of nanoadsorbent dosage on adsorption of (a) Pb(II) and (b) Cd(II) at 30 °C and contact time of 15 min.
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which the removal efficiency further increased, however at a
much slower rate, until it reaches equilibrium after 15 min of inter-
action with the nanoadsorbents. The rapid adsorption rate at the
start (10 min) was attributable to the higher number of surface
adsorption sites, after which the adsorption achieved a steady
state.78 This may also be ascribed to significant interaction
between the nanoadsorbent and the adsorbate, leading to
greater removal of the heavy metals. As the contact time
increases, the heavymetals occupy the active sites leading to their
blockage.79 Accordingly, the adsorption pattern was in the order

Pb(II) (77.00%, 70.99% and 83.88%) > Cd(II) (76.91%, 68.54% and
81.98%) for SiO2, ZnO and ZnO/SiO2 nanorods, respectively. The
trend observed shows that the ionic radius of the heavy metal
ions plays a critical role in the removal of the heavy metal. The
ionic radius is in the order Pd(II) (1.19 Å) > Cd(II) (0.97 Å). The
greater the ionic radius of a metal ion, the greater its removal
due to the lower hydration potential of the heavy metal ion. A
similar pattern has been observed previously,80,81 the authors
reporting higher removal of 98.0% for Pb(II) and 97.3% for Cd(II).
A similar trend has been observed by Rodríguez et al.,82 who

Figure 11. Influence of reaction temperature on removal of (a) Pb(II) and (b) Cd(II) for contact time of 15 min and adsorbent dosage of 0.05 g.

Table 4. Adsorption isotherm models for removal of Pb(II) and Cd(II) ions from petrochemical refinery wastewater by selected nanoadsorbents

Model Parameters

Pb(II) Cd(II)

ZnO SiO2 ZnO/SiO2 ZnO SiO2 ZnO/SiO2

Langmuir qmax (mg g−1) 30.772 24.860 37.951 30.328 20.124 33.603
KL 5.369 4.768 5.764 0.133 0.090 0.526
RL 0.026 0.029 0.024 0.785 0.844 0.48
R2 0.998 0.996 0.998 0.992 0.988 0.993
SSE 0.058 0.053 0.070 0.049 0.054 0.081
x2 0.326 0.417 0.035 0.530 0.859 0.067

Freundlich KF (mg g−1) 0.079 0.060 0.161 0.719 0.587 0.341
1/n 0.077 0.084 0.067 0.082 0.084 0.083
R2 0.952 0.939 0.959 0.989 0.978 0.975
SSE 0.135 0.137 0.135 0.138 0.143 0.140
x2 0.267 0.269 0.252 0.270 0.365 0.292

Temkin KT (L mg−1) 1.658 1.848 1.224 2.007 2.235 1.458
B (J mol−1) 306.790 262.271 625.113 222.299 196.548 364.649
R2 0.995 0.868 0.898 0.890 0.884 0.894
SSE 3.1572 3.542 2.283 39.763 45.671 27.772
x2 3.854 4.315 2.751 48.545 55.637 33.467

D-R qmax (mg g−1) 11.115 11.132 14.801 10.433 10.251 12.449
BD (mol kJ−2) 2.06 × 10−7 2.05 × 10−7 2 × 10−7 4 × 10−7 4.02 × 10−7 3.90 × 10−7

E (kJ mol−1) 1556.496 1560.087 1581.139 1461.139 1581.139 1785.16
R2 0.846 0.835 0.861 0.826 0.822 0.850
SSE 0.158 0.154 0.163 1.8732 1.305 0.976
x2 1.984 1.983 1.985 4.592 6.827 2.318
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studied the potential of graphene oxide–ZnO nanoadsorbent for
the removal of heavy metal ions. In their analysis, they reported
the rapid removal of the heavy metals between 30 and 60 min.
The high percentage adsorption of Cd(II) and Pd(II) by the ZnO/-
SiO2 nanorods could be related to the formation of new material
(Zn2SiO4), enhanced surface area (Fig. 1(c) and Table 2) and the
crystallite size of the nanocomposites compared with the individ-
ual nanoparticles. Additionally, the high adsorptive potential of
ZnO nanoparticles compared to SiO2 nanoparticles may be linked
to the presence of more functional groups in the former than in
the latter.

Effect of adsorbent dose
The adsorbent dose is one of the most critical factors impacting
the performance of adsorbents in the removal of pollutants from
wastewater.83 Adsorbent dosage controls the availability of the
binding sites during adsorption.84 Thus, the adsorbent dosage
was investigated to assess the adsorptive potential of ZnO and
SiO2 nanoparticles and ZnO/SiO2 nanorods for the elimination of
Pb(II)and Cd(II) from refinery wastewater. The results are given in
Fig. 10.
Amounts of 0.02, 0.04, 0.06, 0.08, 0.1 and 0.12 g per 50 cm3 of

adsorbent were used. It was observed that increasing the nanoad-
sorbent dosage from 0.02 to 0.12 g per 50 cm3 results in an
increase in the removal of Pb(II) and Cd(II) to 1.0 g per 50 cm3,
after which the percentage adsorption removal remains constant.
This observation may be linked to more active sites on the
nanoadsorbent surface as the dosage increases.85 Figure 10(a)
shows Pd(II) has maximum removal efficiency of 80.00%, 74.25%
and 85.06% while Cd(II) shows removal efficiency of 76.48%,
70.99% and 84.12% for ZnO and SiO2 nanoparticles and ZnO/SiO2

nanorods, respectively. The high adsorption of the ZnO/SiO2

nanorods may be linked to their high surface area and crystallite
size compared with the individual nanoparticles (ZnO and SiO2).

Effect of adsorption temperature
One of the most critical parameters in adsorption processes is
temperature.86 The effect of various temperatures on the removal
of Pd(II) and Cd(II) from refinery wastewater was examined. The
results are presented in Fig. 11.
It was observed that for all of the nanoasorbents employed, the

removal efficiency increases as the reaction temperature rises,
suggesting that the elimination process of Pb(II) and Cd(II) is an
endothermic reaction. This observation is different from the
adsorption principle, which states that adsorption decreases as
temperature rises and the adsorbate that is adsorbed on a surface
is desorbed at a higher temperature.87 This difference may be
linked to an increase in the molecular kinetic or thermal energy,
making Pb(II) and Cd(II) more mobile and increasing molecular
motion, which allowed the adsorbate to enter pores more easily,
as well as increased binding site activity, as the temperature
rises.88 This increase in metal ion removal efficiency could be
attributable to the adsorption sites created by the breaking or
rupture of some internal bonds along with the nanoparticle and
nanorod edges at high temperatures.89 Additionally, the direct
relationship between the reaction temperature and the removal
efficiency may be ascribed to the increase in the solubility of the
metal ions as the reaction temperature increases.90 The increase
in removal efficiency as the temperature increases is evidence
that temperature has a significant impact on the elimination of
Pb(II) and Cd(II) ions, which suggests that the adsorption process
involved chemical reaction (chemisorption) as reported
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previously.91 Another observation from the analysis is that the
ZnO/SiO2 nanorods exhibited higher adsorption compared with
the individual ZnO and SiO2 nanoparticles, due to there being
more adsorption sites in the former compared with the latter.
ZnO/SiO2 nanorods have more functional groups on their surface,
making them a potential adsorbent for metal ion complexation
via both electrostatic and coordination processes.92

Adsorption isotherms
The results of the batch adsorption of Pb(II) and Cd(II) from refin-
ery wastewater were examined using the Freundlich, Langmuir,
Temkin and D-R isotherms, as presented in Table 4.
Table 4 presents the results of the various isotherm models for

the removal of Pb(II) and Cd(II). The findings indicate that the
adsorption of Pb(II) fits better the Langmuir isotherm model with
correlation coefficient (R2) values of 0.998, 0.996 and 0.998 for
ZnO and SiO2 nanoparticles and ZnO/SiO2 nanorods, while the
adsorption process of Cd(II) ions with ZnO, SiO2 and ZnO/SiO2

exhibited R2 values of 0.992, 0.988 and 0.993, respectively. The
x2 and the sum of square error (SSE) statistics were also used to
evaluate the goodness fit of the isotherm for the removal of
Pb(II) and Cd(II) using ZnO and SiO2 nanoparticles and ZnO/SiO2

nanorods from refinery wastewater. It is evident from Table 4 that
the Langmuir isotherm model has the lowest error function
values, which suggests the removal of Pb(II) and Cd(II) using
ZnO and SiO2 nanoparticles and ZnO/SiO2 nanorods from refinery
wastewater best fits the Langmuir isotherm model. This suggests
that adsorption mechanisms involve monolayer adsorption. The
order of the fits to the models were Langmuir > Freundlich >
Temkin > D-R. The maximum adsorption capacity (qmax) values
for metal ion binding to ZnO and SiO2 nanoparticles and ZnO/-
SiO2 nanocomposites followed the sequence 37.951 > 30.772
23.860 > 24.860 mg g−1 for Pb(II) and 33.603 > 30.328 >
20.124 mg g−1 for Cd(II), respectively. The dimensionless RL value
from Table 4 ranges from 0.231 to 0.844, which is smaller than
1, indicating that the adsorption process is favorable for ZnO
and SiO2 nanoparticles and ZnO/SiO2 nanorods. The KL value is a
criterion for determining the affinity of absorbent and adsorbate
molecules. The values obtained for Pb(II) were 5.369, 4.768 and
5.764 while those for Cd(II) were 0.133, 0.090 and 0.526 for ZnO/-
SiO2 nanocomposites and ZnO and SiO2 nanoparticles, respec-
tively. The larger the KL value, the greater the affinity between
the absorbent and adsorbate molecules. From the results,
Pb(II) has a greater affinity for all the nanoadsorbents used than
Cd(II).93 Additionally, the adsorption of Pb(II) onto ZnO/SiO2 was
more favorable than the adsorption of Cd(II). The value of RL
obtained for both Pb(II) and Cd(II) was less than 1, indicating
the favorability of the adsorption process. The 1/n value for the

Freundlich isotherm model ranges from 0.067 to 0.084 and the
greater the interaction between adsorbent and adsorbate, the
smaller the value of 1/n.94 The D-R isotherm model was used
to differentiate between the physical and chemical adsorption
of metal ions. The adsorption process is physical if the free
energy of adsorption (E) is between 1 and 16 kJ mol−1 and is
chemisorption if E is greater than 16 kJ mol−1.95 For all nanoad-
sorbents and metal ions, the E value determined in this research
is larger than 16 kJ mol−1. This shows that Pb(II) and
Cd(II) adsorption is a chemisorption process. This result is similar
to the earlier result obtained for thermodynamic and the kinet-
ics studies where both Pb(II) and Cd(II) show a positive enthalpy
value irrespective of the adsorbent used.

Adsorption kinetics
The nature of adsorption that occurs on the adsorbent surface
was evaluated using various kinetic models, namely the pseudo-
first-order, pseudo-second-order, intraparticle diffusion and Elo-
vich kinetic models, and the findings are summarized in Table 5.
Table 5 indicates that the adsorption process conformed better to

the pseudo-second-order kinetic model for both Pb(II) (R2 = 0.863,
0.753 and 0.881) and Cd(II) (R2= 0.954, 0.953 and 0.996) than to first-
order kinetics for all the nanoadsorbents with Pb(II) (R2 = 0.990,
0.921 and 0.954) and Cd(II) (R2= 0.987, 0.953 and 0.996).
The data were also subjected to an error function analysis to

determine the kinetics models’ appropriateness. Table 5
reveals that the adsorption process predominantly followed
the pseudo-second-order kinetic model, as demonstrated by
lower x2 and SSE values for both Pb(II) and Cd(II) when com-
pared to the pseudo-first-order kinetic model. This finding sup-
ported the previous conclusion from the regression analysis
(R2) that the removal of Pb(II) and Cd(II) using ZnO and SiO2

nanoparticles and ZnO/SiO2 nanorods favored pseudo-sec-
ond-order kinetics over pseudo-first-order kinetics. The
pseudo-second-order kinetic model of adsorption implies that
the rate-determining step of the adsorption process involves
chemisorption (chemical reaction). To further understand the
nature of the adsorption between adsorbent and adsorbate,
the experimental data were subjected to the Elovich kinetic
models (Table 5). The results also suggest that the adsorption
of Pb(II) from refinery wastewater was greater than that of
Cd(II) due to the higher value of R2 for all nanoadsorbents. This
indicates that the adsorption of Pb(II) and Cd(II) on the nano-
composites was more of chemical bonding than van der Waals
forces. The adsorption process was also investigated by sub-
jecting the data to the intraparticle diffusion model. The result
(R2) shows that intraparticle diffusion plays more of a role in the
adsorption of Cd(II) ions for ZnO/SiO2 nanorods compared to

Table 6. Thermodynamic characteristics for adsorption of Pd(II) and Cd(II) from refinery wastewater

Selected heavy metal Nanomaterial ΔH (kJ mol−1) ΔS (J mol−1 K−1)

ΔG (kJ mol−1)

303 K 313 K 323 K 333 K 343 K 353 K

Pb(II) ZnO 17.595 31.811 6.071 5.767 5.462 5.158 4.854 4.550
SiO2 22.747 48.805 7.959 7.471 6.983 6.495 6.007 5.519
ZnO/SiO2 21.842 55.560 5.008 4.452 3.897 3.341 2.769 2.129

Cd(II) ZnO 16.134 32.351 6.332 6.008 5.685 5.361 5.038 4.714
SiO2 9.661 10.759 7.956 7.638 7.320 7.002 6.684 6.366
ZnO/SiO2 26.184 66.147 6.141 5.480 4.818 4.157 3.495 2.834
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Pb(II). The value of R2 for all the kinetic models shows that the
process of adsorption of Pb(II) and Cd(II) on the metal adsor-
bent used involves more than one mechanism, with chemical
adsorption dominating the process.

Thermodynamic evaluation of adsorption process
The adsorption of Pd(II) and Cd(II) from petrochemical refinery
wastewater using ZnO, SiO2 and ZnO/SiO2 nanorods was studied
from a thermodynamic perspective to predict the adsorption
mechanism. The slope and intercept of a linear plot of ln Kd versus
1/T were used to determine ΔH° and ΔS°, respectively (see

Eqn 15). Standard Gibbs free energy change (ΔG°) was calculated
using Eqn (16). The results are presented in Table 6.

ΔGo=−RT lnKd ð14Þ

lnKd=
ΔS
R
−
ΔS
RT

ð15Þ
ΔG=ΔH−TΔS ð16Þ

The positive values ofΔH° for Pb(II) and Cd(II) adsorption irre-
spective of the nanoadsorbents at an interval of temperatures
confirmed that the adsorption process is endothermic. Many

Table 7. Comparison of removal of Pb(II) and Cd(II) ions using various nanoparticles and nanocomposites

Nanomaterial

Removal
efficiency

(%)
Metal
ion Experimental conditions

Best fit kinetics/
isotherm

Type of
wastewater Ref.

Polyaniline/ZnO 46 Cd(II) 0.1 g L−1 and at 25 °C after 400 min Pseudo-second
order/Langmuir
isotherm

Industrial
wastewater

98

ZnO/polymer 97.1, 80.9 Pb(II),
Cd(II)

Dosage: 0.250 g; contact time: 60 min; metal
ion concentration: 0.01 mol L−1;
temperature: 30 °C; time: 10 min

Pseudo-second
order/Langmuir
isotherm

Simulated
wastewater

19

ZnO 89.2, 87.6
and
85.3

Cd(II),
Pb(II)

Concentration (25 mg L−1) Pseudo-second-
order kinetic
model

99

ZnO 93 Cd(II) Temperature (30 °C), contact time (150 min),
adsorbent dose (0.1 g), stirring speed
(120 rpm)

Pseudo-second
order/Langmuir
isotherm

Simulated
wastewater

100

ZnO/
montmorillonite

97.2 Pb(II) Initial concentration (100 mg L−1), contact
time (2 h)

Pseudo-second
order/Langmuir
isotherm

Simulated
wastewater

101

ZnO 98.00 Cd(II) Contact time (40 min) at pH 3, adsorbent
dosage (0.08 g)

Pseudo-second
order/Temkin and
Freundlich
isotherms

Simulated
wastewater

20

Casein/ZnO2 95.35,
85.63

Pb(II),
Cd(II)

Temperature (30 °C), adsorbent dosage
(0.08 g), contact time (120 min), stirring
speed (200 rpm)

Pseudo-second
order/Langmuir
isotherm

Simulated
wastewater

102

Cu0.5Mg0.5Fe2O4 98.5 Pb(II) pH (8.5), dosage (0.1 g), stirring speed
(100 rpm), concentration (200 ppm),
contact time (60 min)

Pseudo-second order Simulated
wastewater

103

ZnO2/GO 56.81 Pb(II) Dosage (0.16 g L−1), pH (5), temperature (30 °
C), time (30 min)

Pseudo-first order/
Langmuir isotherm

Simulated
wastewater

104

Aminopropyl-
functionalized
silica

95 pH (9), temperature (30 °C) — 105

Ash/GO/Fe3O4 99.67 and
98.68

Pb(II),
Cd
(II)

pH (6), concentration (10 mg L−1), dosage
(1 g), stirring speed (600 rpm), temperature
(25 °C), contact time (150 min)

Pseudo-second
order/Langmuir
isotherm

Simulated
wastewater

106

ZnO2 80.00,
76.48

Pb(II),
Cd
(II)

Temperature (30 °C), stirring speed
(250 rpm), contact time (15 min), dosage
(0.08 g)

Pseudo-second
order/Langmuir
isotherm

Real
industrial
wastewater

This
study

SiO2 74.25,
70.99

Pb(II),
Cd
(II)

Temperature (30 °C), stirring speed
(250 rpm), contact time (15 min), dosage
(0.08 g)

Pseudo-second
order/Langmuir
isotherm

Real
industrial
wastewater

This
study

ZnO/SiO2 85.06,
84.12

Pb(II),
Cd(II)

Temperature (30 °C), stirring speed
(250 rpm), contact time (15 min), dosage
(0.08 g)

Pseudo-second
order/Langmuir
isotherm

Real
industrial
wastewater

This
study
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researchers have observed similar findings, including Kheza-
mia et al.96 who studied the adsorption of Cd(II) by ZnO nano-
particles. The results in Table 6 suggest that ΔS° is positive
irrespective of the adsorbent. This suggests higher random-
ness at the solid–solution interface, which could lead to a
change in adsorbent and adsorbate structure. The change in
Gibbs free energy (ΔG°) showed a general decrease as the tem-
perature increases as presented in Table 6. The positive ΔG°
implies that the removal process needs more energy from
external sources.97

The obtained maximum adsorption removal efficiency for the
uptake of Pb(II) and Cd(II) onto ZnO and SiO2 nanoparticles and
ZnO/SiO2 nanorods has been compared with the adsorptive
capacity for other adsorbents available in the literature
(Table 7).

The adsorption efficiency of Pb(II) and Cd(II) on ZnO and SiO2

nanoparticles and ZnO/SiO2 nanocomposites is lower, as evi-
dent from Table 7. This is not surprising because other authors
used stimulated wastewater which has a higher concentration
of metal ions compared to real industrial wastewater. Addition-
ally, the lower adsorption efficiency compared to the other
studies may also be linked to the presence of other pollutants
in petrochemical wastewater, which usually compete for the
active sites with the heavy metal ions against the use of stimu-
lated wastewater that contained only the heavy metals. The
differences in the adsorptive performance of the nanomater-
ials may also be ascribed to the applied experimental condi-
tions. Maximum removal efficiency occurred within 15 min in
this study compared to 30 min to 2 h reported in the literature
(Table 7).

Figure 12. Effect of HNO3 concentration on desorption efficiency of ZnO and SiO2 nanoparticles and ZnO/SiO2 nanocomposite for (a) Pb(II) and (b) Cd(II).

Figure 13. Desorption–adsorption of ZnO and SiO2 nanoparticles and ZnO/SiO2 nanocomposite for (a) Pb(II) and (b) Cd(II) after four cycles using
0.1 mol L−1 HNO3 solution as the desorption agent.
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Desorption and regeneration
Desorption
Desorption tests were carried out using ZnO and SiO2 nanoparti-
cles and ZnO/SiO2 nanocomposites to determine the best con-
centration of HNO3 to use in subsequent regeneration cycles.
The results are presented in Fig. 12.
Figure 12 shows that the desorption of both Pb(II) and

Cd(II) increases as the concentration of nitric acid increases from
0.025 to 0.05 and 0.1 mol L−1 for ZnO and SiO2 nanoparticles
and ZnO/SiO2 nanocomposites. The result in Fig. 12(a) suggests
that Pb(II) recovery of 72.541%, 69.00% and 83.931% was
achieved. Figure 12(b) demonstrates that the highest
Cd(II) recovery from the surface of ZnO and SiO2 nanoparticles
and ZnO/SiO2 nanocomposites was 75.34%, 69.07% and 82.98%
at a desorption time of 15 min, dosage of 0.05 g and temperature
of 35 °C. The findings indicated that 0.1 mol L−1 of HNO3 led to
recovery of moremetal ions than 0.025 and 0.05 mol L−1 irrespec-
tive of the adsorbent used. Thismay be ascribed to the fact that an
increase in the concentration of HNO3 caused increases in the
number of H+ in solution, which increases the concentration gra-
dient of the metal ions and H+ and therefore increases the driving
force for ion exchange, which favored metal ions during the
desorption process.107 The results in this study corroborate the
analysis of Bayuo et al.108 who reported similar values using
0.1 mol L−1 H2SO4 (82.1%) and HCl (74.2%) for desorption of
Pb(II). Similar results have been reported by Samson et al.,109

who studied desorption using different concentrations of HCl
(0.01, 0.1, 1.0 and 1.20 mol L−1). Those authors reported a desorp-
tion efficiency of 68% at 0.3 mol L−1. This result confirms that an
increase in the concentration of acid increases the desorption of
heavy metals. However, it has been reported that a higher con-
centration of acid above 0.15 mol L−1 may damage the structure
of the adsorbent.28

Regeneration
Regeneration of an adsorbent is a significant aspect in increasing
the efficiency of the adsorption process and can lower operating
costs while also protecting the environment.110 Adsorption–
desorption cycles of Pb(II) and Cd(II) were conducted four times
using ZnO and SiO2 nanoparticles and ZnO/SiO2 nanocomposites.
The results are presented in Fig. 13.
Figure 13(a) demonstrates that the adsorption removal effi-

ciency of Pb(II) onto ZnO and SiO2 nanoparticles and ZnO/SiO2

nanocomposites was 69.54%, 65.95% and 80.651% while the
values obtained for Cd(II) (Fig. 13(b)) were 69.00%, 63.89% and
76.907% after four cycles. Generally, the desorption–adsorption
result for both Pb(II) and Cd(II) remained consistent after four
cycles with no significant differences. The high adsorption effi-
ciency of the nanoparticles could be explained by the fact that
the use of an acid as a desorbing agent increases the adsorption
properties of the adsorbent.111 It has been found that if the spent
adsorbent can be regenerated and utilized again after the first
cycle, the adsorbent is considered to be cost-effective and eco-
nomically viable.112 The adsorbent used in this work showed high
removal efficiency even after four adsorption–desorption cycles,
suggesting that the adsorbent provides an economic benefit by
being able to be reused in the removal of Pb(II)and Cd(II) via
adsorption processes. Generally, ZnO/SiO2 nanocomposites were
very stable compared with ZnO and SiO2 nanoparticles. As a
result, it is possible to conclude that ZnO/SiO2 nanocomposites
are stable and reusable and that they could be used multiple

times to remove heavy metals such as Pb(II) and Cd(II) from
wastewater.

CONCLUSIONS
The applicability of ZnO and SiO2 nanoparticles and ZnO/SiO2

nanorods was studied as new adsorbents for the removal of
Pb(II) and Cd(II) from refinery wastewater. The batch studies dem-
onstrated that the adsorption process was controlled by contact
time, adsorbent dosage and reaction temperature. ZnO/SiO2

composites performed better as an nanoadsorbent for the
removal of Pb(II) and Cd(II) ions from refinery wastewater than
ZnO nanoparticles and SiO2 nanoparticles. The results showed
that the ZnO/SiO2 nanorods had the highest removal of 85.06%
and 84.12% for Pb(II) and Cd(II) ions. The adsorption of Pb(II) and
Cd(II) onto the ZnO/SiO2 nanorods was endothermic and feasible
at a higher temperature. The adsorption process fits pseudo-sec-
ond-order kinetics. Physicochemical adsorption was identified to
be the nature of the adsorption rather than the purely physical
and chemical adsorption, though chemical adsorption domi-
nated. The adsorption process fits better the Langmuir isotherm
with maximum adsorption capacity of 30.772, 24.860 and
37.951 mg g−1 for Pb(II) and 30.328, 20.124 and 33.603 mg g−1

for Cd(II) using ZnO and SiO2 nanoparticles and ZnO/SiO2 nano-
composite as adsorbents.
Four desorption–adsorption cycles were conducted. The ZnO/-

SiO2 nanocomposite was more stable than ZnO and SiO2 with
removal of 80.651% and 76.907% for Pb(II) and Cd(II) after four
desorption–adsorption cycles under conditions of desorption
concentration of 0.1 mol L−1 NHO3, time of 15 min, dosage of
0.05 g and temperature of 35 °C. The desorption–adsorption
cycles revealed that the ZnO/SiO2 nanocomposites were more
stable than ZnO and SiO2 nanoparticles, indicating that the ZnO/-
SiO2 nanocomposites were better and more economical com-
pared to ZnO and SiO2 nanoparticles and they can be reused.
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