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Simultaneous removal of Cu (II) and Cr (VI) ions from petroleum refinery
wastewater using ZnO/Fe3O4 nanocomposite

E. Y. Shaba , J. O. Tijani, J. O. Jacob and M. A. T. Suleiman

Department of Chemistry, Federal University of Technology, Minna, Niger, Nigeria

ABSTRACT
The presence and removal of heavy metals such as Cu(II) as well as Cr(VI) in petroleum refinery
wastewater calls for concerted efforts due to their mobility, toxicity, bioaccumulation, and non-bio-
degradability in the environment. In this present work, zinc oxide (ZnO), iron oxide (Fe3O4) nanopar-
ticles and ZnO/Fe3O4 nanocomposites were synthesized via simple sol-gel and chemical reduction
methods; characterized using different analytical tools and then applied as nanoadsorbent to
sequester Cu(II) and Cr(VI) ions from Petroleum Refinery wastewater via batch adsorption process.
Cu(II) and Cr(VI) adsorption processes were examined with respect to contact time (kinetic effect),
nanoadsorbent dosage, isotherm equilibrium, and thermodynamic parameters. ZnO/Fe3O4 nano-
composites with higher surface area (39.450m2/g) have a mixture of rod-like and spherical shapes as
compared to ZnO and Fe3O4 nanoparticles with spherical shape only and surface areas of 8.62m2/g
and 7.86m2/g) according to the high-resolution scanning electron microscopy (HRSEM) and
Brunauer–Emmett–Teller (BET) analysis. The X-ray diffractometer (XRD) results revealed the formation
of hexagonal wurtzite structure of ZnO and the face-centered cubic structure phase of Fe3O4 nano-
particles, after the formation of the ZnO/Fe3O4 nanocomposites the phases of the nanoparticles
were not affected but the diffraction peaks shifted to higher 2h degree. The average crystallite size
of ZnO and Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposites were 20.12, 26.36 and 14.50 nm
respectively. The maximum removal efficiency of Cu (II) (92.99%) and Cr (VI) (77.60%) by ZnO/Fe3O4

nanocomposites was higher than 85.83%; 65.19% for Cu (II) and 80.57%; 62.53 for Cr (VI) using ZnO
and Fe3O4 nanoadsorbents individually under the following conditions: contact time (15), dosage
(0.08g) and temperature (30 �C). The experimental data for Cu (II) and Cr (VI) ion removal fitted well
to the pseudo-second-order kinetic and Langmuir isotherm models. The thermodynamic study sug-
gested that the removal of the two metal ions from petroleum wastewater was endothermic. The
reusability study after the fourth adsorption-desorption cycle indicated the stability of ZnO/Fe3O4

nanocomposites with 85.51% and 69.42% removal efficiency of Cu (II) and Cr (VI). The results showed
that ZnO/Fe3O4 nanocomposite achieves higher performance than ZnO and Fe3O4 alone in the
removal of Cu (II) and Cr (VI) ions from the petroleum refinery wastewater.

ABBREVIATIONS: 1/n: the intensity adsorption; B (J/mol): the Temkin constant; b: the extent of
surface coverage (g/mg); Ce: Final concentration of the metal ions after the interaction with the
adsorbent (mg/L); Co: Initial concentration of the metal ions after the interaction with the adsorb-
ent (mg/L); D: crystallite size; EDS: Energy Dispersive Spectroscopy; e: Polanyi potential; HRSEM:
High-Resolution Scanning Electron Microscopy; K1: is a pseudo-first-order rate constant (min � 1);
K2: is pseudo-second order the rate constant (min � 1); Kd: is the adsorbate distribution coeffi-
cient; kD-R: is the adsorption energy constant; KL: Langmuir constant; KF: Freundlich adsorption
capacity; KT: Equilibrium binding constant (L/g); k: 0.9 is a constant; m(g): is the mass of the ZnO,
Fe3O4 and the ZnO/Fe3O4 nanocomposites (g); qmax: Maximum adsorption capacity (mg/g); qe:
Amounts of heavy metals at time t (min); qt: the amounts of heavy metals at equilibrium (mg/g);
R: Universal gas constant; T: Absolute solution temperature (K); V: Volume of the petroleum waste-
water (mL); X-ray: diffraction (XRD); DS�: Standard entropy change (J/mol.K); DH�: Standard
enthalpy change (kJ/mol); DG�: Gibbs free energy (kJ/mol); b: Full width at half maximum (FWHM);
a: Adsorption rate (mg/g min),; h: Angle of Bragg; k: Wavelength (1.54 Å)
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Introductions

Water is essential for healthy ecosystems, socioeconomic
development, food and energy production as well as human
growth.[1] However, the problem of water scarcity has
emerged as a major obstacle to human development due to
rapid industrial and urban expansion.[2] It has been reported

that by 2025 developing countries will be most affected by
water pollution, and half of humanity will reside in water-
scarce regions.[3] The pollution of water bodies through the
exploration and refining of crude oil results in the produc-
tion of petroleum-related products such as wastewater.[4]

The wastewater generated by the petroleum refinery
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industries contains highly mobile, non-biodegradable pollu-
tants such as heavy metals.[5] Heavy metals include cad-
mium, nickel, copper, zinc, chromium, and manganese
amongst others. The presence of copper and chromium in
petroleum refinery wastewater has been linked to the nature
of crude oil rock[6] and the drilling fluids used during crude
oil extraction.[7]

Heavy metals are highly non-biodegradable persistent,
and mobile in aqueous media and accumulate in living
organisms causing threats to the environment because of
their toxicity, for instance, exposure to Cu(II) has been asso-
ciated with renal dysfunction, anemia, niacin deficiency
damage to the liver, brain, kidney, leukemia, tumor, learning
disabilities, chronic fatigue, vomiting, headache, high blood
pressure, behavioral disorders, muscle, joint and abdominal
pains.[8,9] Inhalation of Cr (VI) ions has been linked to nasal
ulcers, nasal irritation, lung and skin ulcers.[10] According to
studies, Cr (III) results in reactive intermediates that
increase genotoxicity, cytotoxicity and carcinogenicity, as
well as oxidative tissue destruction and oxidative stress.[11]

Various methods such as biological,[12] flocculation,[13]

precipitation,[14] co-precipitation,[15] electrolysis,[16] and mem-
brane,[17] ion exchange,[18] coagulation[19] have been used for
the treatment of wastewater. However, these methods are
time-consuming, costly, not environmentally friendly and
inefficient for the complete removal of these pollutants.[14]

Thus, there is a need for an alternative method that can
effectively remove the pollutants in petroleum refinery waste-
water even at low concentration. Adsorption technology is
considered more effective and economical for removing heavy
metals from industrial wastewater than other conventional
wastewater treatment technologies.[20] Different adsorbents
such as zeolites, agricultural wastes, clay and activated carbon
have been used by many scientists to remove heavy metals[20].
Despite their effectiveness in removing heavy metals, these
adsorbents have some drawbacks. For example, the use of
adsorbents from carbon sources for the treatment of petrol-
eum refinery wastewater has been linked to the generation of
dimethyl disulfide (C2H6S2) as a byproduct and competition
with other organic compounds during the adsorption pro-
cess.[20] The disadvantages of zeolites and clay include poor
stability and regeneration over a wide range of pH.[21]

The use of metal oxides and their composites as nanoad-
sorbent have been globally recognized as an efficient material
for heavy metals removal due to their high adsorption cap-
acity, enhanced functionality and large surface area, stability
over a wide range of pH, and their small crystallite size.[22]

Zinc oxide (ZnO) in particular has received a lot of attention
among researchers because of its chemical and physical sta-
bility, environmental friendliness, mild operating conditions,
specific surface area and regular pore structure.[23] Other
interesting characteristics of ZnO nanoparticles include non-
toxicity, biocompatibility, and cost-effectiveness. ZnO nano-
adsorbent has been used to remove heavy metals in the
aqueous matrix. For instance,[24] employed spherical ZnO
nanoparticles to remove 96% of Cr (VI) ions at 210min, pH
of 2.5, temperature (60 �C), and dose (0.5 g). Using ZnO
nanoparticles under the reaction conditions of pH of 4.8,

concentration (8mg/L) and room temperature,[25] has also
observed 98.4% removal of Cu (II) from an acidic solution.

Another metal oxide used to remove heavy metals is
magnetite (Fe3O4) nanoparticles due to their unique charac-
teristics such as superparamagnetic, amphoteric nature, easy
dispersibility in aqueous solution, large surface area, faster
separation and, no generation of secondary pollutants.[26]

Many researchers have studied the elimination of heavy
metals using Fe3O4 nanoparticles as an adsorbent. For
instance,[27] reported 72% removal efficiency of Cr (VI) ions
using Fe3O4 nanoadsorbent at pH (3), temperature (30 �C),
adsorbent dosage (10 g) and contact time (110min), concen-
tration (10m/L). Another researcher reported 88.83%
removal efficiency of Cr (VI) ions and 96.10% of Cu (II)
ions by Fe3O4 nanoadsorbent under the following condi-
tions: pH (4), temperature (25 �C), adsorbent dosage (2.5 g),
contact time (90min), and concentration of 1mg/L.[28]

The use of individual nanoparticles such as zinc oxides (ZnO)
for the heavy metals removal from wastewater has been linked to
some limitations which include aggregation and instability in an
aqueous system and poor separation after the adsorption pro-
cess.[29] Additionally, magnetite (Fe3O4) nanoparticles are easily
oxidized with oxygen and are corroded by acids and bases
because of the presence of Fe (II) in their structures.[30] Due to
some of these limitations, the development of a nanocomposite
for heavy metal removal is essential. The performance of various
nanocomposites on heavy metal ions removal from wastewater
has been evaluated and reported. For instance,[5] Studied Cr (VI)
ion removal from the aqueous phase by ZnO/guar gum compos-
ite and the authors reported maximum removal efficiency of
95.60%, at a contact time of 50min, initial metal concentration
(25mg/L), nanoadsorbent dose of 1.0 g/L and pH of 7.
Similarly,[31] studied Cu (II) removal using ZnO/hollow fiber
composite and found that the nanoadsorbent removed 92% of
Cu (II) ion under the following conditions of concentration of
50mg L�1, contact time of 3 h and pH of 8. Another research
by[32] showed that the Fe3O4/activated carbon nanocomposites
have the potential of removing 99.21% from aqueous solution
under the following conditions: concentration (12mg/L), 40min
of contact time and 0.5 g/L nanoadsorbent dosage.

The reusability of spent nanoadsorbent is of primary eco-
nomic significance, first to minimize operating costs and,
second, to tackle challenges associated with spent nanoadsorb-
ent disposal, which is a costly and resource-intensive option.
Many researchers have used different eluents such as nitric acid
(HNO3), hydrochloric (HCl), acetic acid (CH3COOH), sulfuric
acid (H2SO4), calcium chloride (CaCl2), potassium nitrate
(KNO3), sodium hydroxides (NaOH), sodium chloride (NaCl),
sodium nitrate (NaNO3), Ethylenediamine tetraacetic acid
(EDTA) and water (H2O) as desorbing agent for the regener-
ation of heavy metals.[33] Among the aforementioned desorbing
agents acids are the most effective and extensively utilized.

According to the literature, numerous studies have
reported the use of nanoadsorbent to remove Cu (II) and
Cr (VI) ions. However, there is currently a paucity of infor-
mation in the literature on the use of and ZnO/Fe3O4 nano-
composites for the sequestration of Cu (II) and Cr (VI) ions
from real industrial wastewater. Much of the research
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conducted on the use of nanoadsorbent for the treatment of
Cu (II) and Cr (VI) did not study the adsorption-desorption
of the nanoadsorbents, indicating that once the adsorbent
has been used up, it must be disposed of which may result
in an environmental issue. As a result, nanoadsorbent regen-
eration and reusability are critical to making the adsorption
process cost-effective, environmentally friendly and reducing
adsorbent requirements. In this research, The ZnO/Fe3O4

nanocomposites were first synthesized through sol-gel meth-
ods and the produced nanocomposites were characterized by
different analytical tools to determine their physicochemical
properties. The adsorptive potentials of ZnO/Fe3O4 nano-
composites as a nanoadsorbent for the adsorption of Cu (II)
and Cr (VI) ions in petroleum refinery wastewater and their
re-usability to ascertain the cost-effectiveness was evaluated.
The adsorption isotherms, kinetics models, and thermody-
namics for the adsorption of Cu (II) and Cr (VI) on
ZnO/Fe3O4 nanocomposites were also studied.

Materials and methods

Analytical grade Iron (III) chloride tetrahydrate, sodium
hydroxide (NaOH), zinc nitrate hexahydrate and polyvinyl
pyrrolidone (PVP) (95%) were obtained from Sigma Aldrich.
The petroleum refinery wastewater from Kaduna Refining and
Petrochemical Company (KRPC).

Synthesis of zinc oxide/iron oxide (ZnO/Fe3O4)
nanocomposites

ZnO nanoparticles were synthesized by measuring 60mL of 0.
1M zinc nitrate hexahydrate into a beaker (250mL). This was
followed by the slow addition of 25mL of 1.0M NaOH solu-
tion to the mixture. To the same mixture, 10mL of
Polyvinylpyrrolidone (5%) was added. The mixture was placed
on a magnetic stirrer and stirred at 250 rpm. This was accom-
panied by the formation of a gel-like solution and was left
overnight before being dried at 100 �C in an oven and then cal-
cined at 450 �C for 2 h respectively. Secondly, Fe3O4 was syn-
thesized by measuring 25mL of 0.1M iron (III) chloride
tetrahydrate into a 250mL beaker and stirring for 15min.
Then 30mL of 0.3M sodium borohydride was added to the
iron chloride solution and stirred continuously at 30 �C for 15
mins. 10mL of the 5% PVP was added to the solution resulting
in the formation of a brownish sol-gel-like mixture. The
brownish gel-like mixture was later dried at 100 �C in the oven
overnight. The dried samples were calcined at 200�C for 2 h to
give Fe3O4 nanoparticles.

[34] Moreover, the ZnO/Fe3O4 nano-
composites were synthesized using the same sol-gel method,
which involved measuring 0.1M Iron (III) chloride tetrahy-
drate into a 250mL beaker, the addition of 0.3M sodium boro-
hydride to the solution, stirring continuously at 30 �C for
15minutes, and then adding 0.1M zinc nitrate hexahydrate.
The mixture was rapidly stirred for 2 hours, then aged for 4 h
followed by calcination in the furnace at 450 �C for 2 h.[35]

Characterization of ZnO, Fe3O4, nanoparticles and
ZnO/Fe3O4 nanocomposites

The phases and crystallite sizes of the produced ZnO, Fe3O4,
nanoparticles, and ZnO/Fe3O4 nanocomposites were deter-
mined using an advanced X-ray diffractometer (Bruker AXS
D8) with Cu K radiation,. The powdered samples were dispersed
on a degreased glass slide and the scanning and diffraction pat-
tern was obtained from 20�- 90�. The results obtained were
compared to the diffraction peaks from the Joint Committee on
Powder Diffraction Standard (JCPDS) and accessible d-spacing
data was done. The morphologies of the ZnO, Fe3O4, nanopar-
ticles, and ZnO/Fe3O4 nanocomposites were analyzed using a
Zeiss Auriga HRSEM, where 0.05mg of each sample were sput-
ter-coated with Au-Pd and then mounted on carbon adhesive
tape. For imaging, the microscope was run at a high electron
tension of 5 kV. Additionally, the elemental composition of the
produced ZnO, Fe3O4, nanoparticles, and ZnO/Fe3O4 nano-
composites were determined using energy dispersive spectros-
copy (EDS) coupled high-resolution scanning electron
microscopy (HRSEM) (EDS). The BET surface area and average
pore volume distributions were determined from the plot of the
volume adsorbed (cm3/g STP) against relative pressure.
NovawinQuantachrome device (NOVA 2400e) with N2 as an
absorbate on a micrometre ASAP 2020 was applied to deter-
mine the surface area, total pore volume, and pore size of the
various nanomaterial. Before the analysis, degassing of the sam-
ples was done at 90 �C for 4 h under inert nitrogen gas flow, to
get rid of adsorbed moisture and other compounds that may
block the pores. The functional groups present in ZnO, Fe3O4,
nanoparticles, and ZnO/Fe3O4 nanocomposites were deter-
mined using Fourier transform infrared (FTIR) spectra
(Thermo Scientific Nicolet iS5) at a wavenumber range between
4,000-500 cm�1.

Batch adsorption

Effect of contact time
ZnO, Fe3O4 and ZnO/Fe3O4 nanoadsorbents were applied for
the removal of Cu (II) and Cr (VI) ions from petroleum refinery
wastewater. Different conical flasks were filled with 0.05 g ZnO,
Fe3O4, and ZnO/Fe3O4 nanocomposite after which 50mL of
refinery wastewater was measured. The mixture was agitated
continuously at varied contact times of 1, 5, 10, 15, 20, and
25minutes at 30 �C in the conical flasks. The liquid phase was
separated from the reaction mixture after each contact period,
and the concentrations of the remaining metal ions were then
quantified via Atomic absorption spectroscopy (AAS).36

Effect of nanoadsorbent dosage
In separate conical flasks, the removal of Cu (II) and Cr
(VI) ions from petroleum refinery wastewater was investi-
gated at various nanoadsorbent doses (0.02, 0.04, 0.06, 0.08,
0.1 to 0.12 g/50mL). The solution was agitated continuously
on a magnetic stirrer at 250 rpm for 15minutes. The liquid
phase was separated from the reaction mixture after each
contact period, and the concentrations of the remaining
metal ions were then quantified by AAS.[36]
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Effect of temperature
In separate conical flasks, 50mL of petroleum refinery
wastewater was measured, and 0.05 g of the nanoadsorbent
was added after which the mixture was swirled with a stirrer
for 15minutes. Cu (II) and Cr (VI) ions were removed from
refinery wastewater at 30 �C, 40 �C, 50 �C, 60 �C, 70 �C, and
80 �C controlled by a heat regulator coupled to a shaker.
The liquid phase was separated from the reaction mixture
after each contact period, and the concentrations of the
remaining metal ions were then quantified via AAS.[36]

Leaching and desorption studies
Different concentrations (0.025, 0.08, and 0.1mol dm�3) of
nitric acid (HNO3) solutions were used in the desorption
experiments. The nanocomposites that had previously been
exposed to petroleum refinery wastewater were drained and
mixed with 20mL of HNO3 solutions. The orbiter shaker was
used to agitate the samples for 15minutes. After desorption,
the level of Cu (II) and Cr (VI) ions in the liquid phase was
quantified by AAS. The desorption efficiency was calculated
according to Eq. (1). The concentration of Zn (II) and Fe (II)
ions in the leachate was also determined after the desorption
process at different concentrations of acids using AAS.

Desorption efficiency %ð Þ

¼Concentration of Cu IIð Þand Cr VIð Þions desorbed

Concentration of Cu IIð Þand Cr VIð Þions adsorbed
X 100

(1)

Reusability
The exhausted nanoadsorbents were cycled four times to test
the reusability of ZnO, Fe3O4 nanoparticles, and ZnO/Fe3O4

nanocomposites. 0.1 moldm�3 HNO3 solutions were used as
desorption agents. The ZnO, Fe3O4 nanoparticles, and
ZnO/Fe3O4 nanocomposites that had previously been exposed
to refinery wastewater were drained and mixed with 20mL of
HNO3 solutions. The orbiter shaker was used to agitate the
samples for 15minutes. Desorbed ZnO, Fe3O4 nanoparticles,
and ZnO/Fe3O4 nanocomposites were applied as a nanoad-
sorbent for the adsorption of Cu (II) and Cr (VI) ions. 0.05 g
of desorbed ZnO, Fe3O4 and ZnO/Fe3O4 nanocomposites
each were added to 50mL of the petroleum wastewater in
conical flasks. The mixture was stirred for 15minutes at 30 �C
and a pH of 6.25 on a magnetic stirrer. The liquid phase was
separated from the reaction mixture after each contact period,
and the concentrations of the remaining metal ions were then
quantified via AAS.[37]

Data analysis

The removal efficiency of the amount of Cu (II) and Cr (VI)
ions by the nanoadsorbents were estimated as shown in Eq. (2).

qe ¼ ðCo � CeÞ X V
m

(1)

% Removal ¼ Co � Ce

Co
x 100 (2)

Adsorption isotherms

Adsorption isotherms provide useful information such as
adsorption mechanism, adsorbate–adsorbent affinity and
surface properties. The removal of Cu (II) and Cr (VI) ions
using ZnO, Fe3O4 and the ZnO/Fe3O4 nanocomposite as
adsorbents were studied with different adsorption isotherm
models (Langmuir, Freundlich, Temkin and Dubinin-
Radushkevish). According to the Langmuir isotherm, heavy
metals adsorb in monolayers on a homogenous surface with
a uniform affinity for the adsorbate.[38] The dimensionless
constant (RL) is an equilibrium parameter used to evaluate
the important properties of the Langmuir isotherm[39] as
shown in Eq. (7). Based on the (RL) values, adsorption can
be characterized as RL ˂ 1, linear, RL ¼ 1, unfavorable, RL

> 1, and when RL ¼ 0 the adsorption is irreversible. In line
with the Freundlich isotherm model, metal ion uptake
occurs on a surface that is heterogeneous and has an
unequal distribution of adsorption heat.[38] The Dubinin-
radushkevish model is useful for determining adsorption’s
apparent energy, which predicts the kind of adsorption
(physical or chemical). Temkin isotherm considers indirect
adsorbate–adsorbent interactions. Temkin found that the
heat of adsorption reduces as coverage increases. Table 1
shows the equations for all the adsorption isotherms.

Equation 6 defines the separation factor (RL).

RL ¼ 1
1þ KLCe

(7)

Kinetic models

Adsorption kinetics gives insight into the sorption mechan-
ism, which involves reaction, mass transfer, and diffusion on
the surface of the nanoadsorbent, as well as the reaction rate.

Four different kinetic models were tried to evaluate the
mechanism of Cu (II) and Cr (VI) ions adsorption onto
ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposite.
Kinetic equations for the pseudo-first-order model, pseudo-
second-order model, Elovich model, and intraparticle diffu-
sion model are presented in Table 2. The pseudo-first-order
kinetic model assumes that all adsorption occurs on isolated
sites with no interaction between the adsorbed.[40] The

Table 1. Adsorption isotherm models.

Model Equation

Langmuir model Ce
qe
¼ 1

qmaxKL
þ Ce

qmax
(3)

Freunlich model logq ¼ logKf þ 1
n log C ð3Þ (4)

Temkin model qe ¼ RT
b lnKT þ RT

b ln Ce (4) (5)

Dubinin-Radushkevish model lnqe ¼ lnqm � KD�Re2 (6)

Table 2. Adsorption kinetics models.

Models Equations

Pseudo first order log qe � qtð Þ ¼ log qeð Þ � K1
2:303 x t (8)

Pseudo second order t
qt
¼ 1

k2 qe2
þ t

qe
(9)

Intraparticle particle diffusion qt ¼ kit0:5 þ C (10)

Elovich qt ¼ 1
b ln ab� 1

b ln ðtÞ (11)
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pseudo-second-order model describes behavior over the
whole adsorption range and suggests that chemisorption is
the step that determines the rate of adsorption.[41]According
to the intraparticle diffusion kinetics model, intraparticle dif-
fusion is the rate-determining step in the adsorption process
if a straight line is formed from a plot of the amount of
metal ions adsorbed vs the square root of the contact
period.[42] Understanding adsorption between the ZnO,
Fe3O4 and ZnO/Fe3O4 and the metal ions better, the Elovich
kinetic model was subjected to the experimental results. The
Elovich kinetic model explains how chemical reactions
(chemisorption) occur in nature.[43]. Table 2 displays all of
the adsorption kinetics’ fundamental equations

Results and discussion

Morphological evaluation of ZnO, Fe3O4 and ZnO/Fe3O4

nanocomposites

The surface morphology of ZnO, Fe3O4 and ZnO/Fe3O4

nanocomposite were investigated by HRSEM and their cor-
responding images are shown in Figure 1

The HRSEM images in Figure 1 show similar morphology
(spherical) for ZnO (a) and Fe3O4 (b), after the formation of
ZnO/Fe3O4 nanocomposites the surface morphology changes
from spherical to a mixture of spherical and rod-like structure.
The findings support the XRD result in Figure 2(b) which
shows the existence of both the Fe3O4 and ZnO nanoparticles in

the ZnO/Fe3O4 nanocomposites. Additionally, the ZnO/Fe3O4

nanocomposites (c) are less agglomerated compared to the ZnO
and Fe3O4 nanoparticles in Figure 1(a) and (b). This result sug-
gests that the incorporation of Fe3O4 on the surface of ZnO
nanoparticles reduces the agglomeration of the nanoparticles
resulting in the formation of porous material of a higher surface
area. The larger particle shape can also be linked to the diffusion
of Fe into the cell lattice of the ZnO nanoparticles. The less
aggregation of surface particles could have originated from the
low surface energy during the attractive interaction between the
ZnO and Fe3O4 nanocomposites.[44]

XRD analysis of ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposites

The mineralogical phase of the ZnO, Fe3O4 nanoparticles
and ZnO/Fe3O4 nanocomposite were assessed by XRD and
the result is displayed in Figure 2

Figure 2(a) indicates the presence of ten different diffrac-
tion peaks at 2h values of 21.70, 24.47, 26.25, 37.64, 46.73,
52.92, 56.36, 58.02, 59.12 and 62.77�. These correspond to the
following crystal planes:100, 002, 101, 102, 110, 103, 200, 112,
201 and 004.[45] All of the diffraction peaks associated with
ZnO nanoparticles were indexed as a hexagonal wurtzite
structure, in which half of the tetrahedral sites are occupied
by zinc atoms and the arrangement of oxygen atoms is hexag-
onally closed. The lattice constants for the peaks are
a¼ b¼ 3.242 and c¼ 5.205, which fit the Joint Committee on

Figure 1. High-resolution scanning electron microscopy of (a) ZnO, (b) Fe3O4 and (c) ZnO/Fe3O4 nanocomposites.
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Powder Diffraction Standards number (JCP2-36-1451). The
ZnO nanoparticles was estimated to have a 20.12 nm crystal-
lite size according to the Debye Scherrer equation (see Eq.
11). This result corroborated the research findings by Diallo
et al.[46]. In addition,[47] studied the effect of PVP on the syn-
thesis of Fe nanoparticles via chemical reduction using
NaBH4 as a reducing agent and PVP as a capping agent. The
authors reported the existence of Fe, Fe2O3, and Fe3O4. The
existence of Fe and Fe2O3 in their analysis was linked to non-
thermal treatment during the process of the synthesis of the
nanoparticles. The method employed in this work may be an
alternative way to synthesize pure Fe3O4 nanoparticles with-
out the presence of other forms of iron nanoparticles. The
possible reaction mechanisms for the synthesis of Fe3O4 using
NaBH4 and PVP were proposed (see Eqs. 11–19). The advan-
tage of this method over the co-precipitation method as
reported by[48,49] is that the method adopted here shows that
Fe3O4 nanoparticles can be synthesized directedly using only
iron (III) ion Fe13 as a precursor against the use of (Fe131

and Fe21 via co-precipitation. This approach is cost-effective
compared to the co-precipitation method.

Figure 2(b) reveals the presence of intense diffraction
peaks with the crystal planes of (220), (311), (400), (422),
(511), (440), and at 2h values of 30.56�, 35.86�, 43.46�,
54.01�, 57.38�, 74.46� and (531). The diffraction peaks and
the reference magnetite nanoparticles (JCP2-190629) with
face-centered cubic structure and a unit cell length of
a¼ 8.396 were in good agreement and conformed to the
crystallographic system of the cubic structure of the Fe3O4

nanoparticles. According to Eq. (11), the crystallite size of
Fe3O4 nanoparticles was determined to be 26.36 nm.

Figure 2(c) indicates diffraction peaks at 2h values of 31�,
34�, 36�, 47�, 56�, 62�, 66, 67 and 72�; which correspond to
the following crystal planes (100), (002), (101), (102), (110),
(103), (200), (112), (201) and (004) reflecting ZnO hexagonal
wurtzite. The peaks at (2h) values of 27.43�, 31.65�, 35.42�,
45.51�, 54.01�, 56.44�, 62.66� and 75.28�, which match the

following crystal planes of (220), (311), (222), (400), (422),
(511), (440), and (533), suggest successful immobilization of
ZnO wurtzite lattice onto the core shells of Fe3O4. As shown
in Figure 2(b), it was noticed that Fe3O4 nanoparticles in the
nanocomposite appeared at lower 2h values compared to the
pure Fe3O4, which suggests the incorporation of Fe3O4 nano-
particles into the ZnO nanoparticles. The phases of ZnO and
Fe3O4 remain unchanged however ZnO dominated with
intense peaks while Fe3O4 exhibited a weak diffraction peak
with a face-centered cubic phase (JCP2_40-1141). This is
because some of the Fe2þ/Fe3þ ions in Fe3O4 nanocomposite
were substituted and replaced by O2- ions which did not
enter the void spaces of ZnO leading to a reduction of the
intensity of Fe3O4 in the nanocomposites. The average par-
ticle crystallite size of the ZnO/Fe3O4 nanocomposites was
14.50 nm using Debye-Scherrer’s equation (see Eq. 11). The
decrease in the crystallite size of ZnO/Fe3O4 compared to
ZnO and Fe3O4 alone can be explained as follows: Fe ions in
ZnO/Fe3O4 matrix exist in the form of Fe3þ and has a
smaller ionic radius of 0.64Å compared to that of Zn2þ

(0.74Å) in the composites. The differences in the ionic
radius may have resulted in the tensile strain as well as a
decrease in the unit cell of the ZnO/Fe3O4 formed, leading
to the reduction in the crystallite size of the nanocomposites.
A similar trend has been reported by[50] for ZnO/Fe3O4

nanocomposite prepared by a combination of sonochemical
and sol-gel methods where a mixture of Fe3O4 and a-Fe2O3

nanoparticles appeared in the nanocomposite. The differen-
ces observed may be due to the method of synthesis of the
nanoparticle and its composites, the nature of the metal salt
precursors and the calcination temperature employed.
Additionally,[51] also reported the formation of high intense
diffraction peaks of ZnO compared to Fe3O4 in composites.
Also, it was observed from the XRD pattern in Figure 2(a)
and (b) that the diffraction peaks for the pure ZnO and
Fe3O4 shift toward higher angles of the 2-theta after the for-
mation of the ZnO/Fe3O4 nanocomposites, which is an

Figure 2. XRD of ZnO (a), Fe3O4 (b) nanoparticles and ZnO/Fe3O4 nanocomposites (c).
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evidence of change of orientation. This could be linked to
the differences in the ionic radii (Fe2þ (0.76Å) and Fe3þ

(0.64Å) compared to that of Zn2þ (0.74Å)) of the nanopar-
ticles and thus responsible for the change in lattice parame-
ters of the nanoparticles after the formation of the
nanocomposites. There is also the possibility of the atoms
with smaller atomic radii diffusing into the latticed structure
of the other atoms leading to strain.

D ¼ kk
bcosh

(11)

The step-by-step reaction mechanism for the formation
of Fe3O4 nanoparticles prepared using Ferric chloride as an
iron precursor is shown in Eqs. (12)–(19).

Equation 12 is the reaction between the iron (III) chlor-
ide (FeCl3Þ and sodium borohydride NaBH4 in an aqueous
solution to form Fe0.

FeCl3þ6NaBH4þ18H2O $ 2Fe0þ6NaClþ6B OHð Þ3þ21H2

(12)

2Fe0þ2H2O! 2Fe2þþH2þ2OH� Slowð Þ (13)

2Fe0þO2þ2H2O! 2Fe2þþH2þ2OH� fastð Þ (14)

4Fe2þþ3O2! 2Fe2O3 (15)

3Feþ4H2O�Fe3O4þ4H2 (16)

4Fe2O3þFe! 3Fe3O4 (17)

3 Fe2O3þH2�2Fe3O4þH2O (18)

3Fe2O3þCO! 2Fe3O4þCO2 (19)

The Fe0 reacts (redox) with (H2OÞ and oxygen (O2) to
form iron (II) oxide (Fe2þ) in solution (see Eqs. 13 and 14).

This reaction is faster in the presence of water. The Fe2þ

oxide further reacts with O2 and formed of Fe2O3 (see Eq.
15). The Fe3þ in the solution that was not completely
reduced by the NaBH4 further react with H2O to form mag-
netite under hydrothermal conditions (see Eq. 16). The
Fe2O3 form could also react with iron metal (Fe) through
the hydrothermal process to form Fe3O4.

EDS analysis of ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposites

The chemical composition of ZnO, Fe3O4 nanoparticles, and
ZnO/Fe3O4 composites was determined using EDS and the
result is given in Figure 3.

Figure 3(a) reveals the existence of Zn, O, and C elements.
There is an appearance of the peak corresponding to O at
0.50 keV, Zn at 1.01, 8.65 and 9.49 keV. The percentage con-
centration for Zn, O and C was 12.24%, 8.99% and 78.77%
respectively. The spectra in Figure 3(b) revealed the existence
of Fe, O and C. The peak of O was found at 0.54 keV, the Fe
signal was shown at 0.72 keV, 6.43 keV, and 7.10 keV while
the appearance of C was at 0.29 keV. The percentage concen-
tration was 37.24%, 13.73% and 49.03% for O, C and Fe
respectively. Figure 3(c) indicates a very strong peak for Zn
(35.03%) ion compared to the Fe (19.68%), this observation
may be related to the higher density of Zn (7.134 g/mL) rela-
tive to Fe (7.874 g/mL). Based on the density differences, Fe
may settle at the bottom with Zn deposited at the surface of
the Fe during the synthesis. This result suggests the domin-
ance of the Zn ion over the Fe ion in the composition. This
finding is consistent with the observation of[47] who reported
the elemental composition of Fe (33.08%) and Zn (66.91%) in
the formation of ZnO/Fe3O4 nanocomposite. Another
researcher has reported 70.84% and 14.79% for Zn and Fe
ions during the formation of ZnO/Fe3O4 nanocomposites.[48]

Figure 3. EDS of (a) ZnO, (b) Fe3O4 and (c) ZnO/Fe3O4 nanocomposites.
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Fourier transforms infrared spectroscopy analysis of ZnO,
Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposites

FTI-R investigation of ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposite was done to confirm the presence
of the functional groups and the result is given in Figure 4.

Figure 4(a) displays a peak at 1735 cm�1 corresponding
to C¼O which emanated from the PVP. The peak at
1358 cm�1 signifies the existence of the C–H bond. It is pos-
sible that the PVP also causes the vibrations to stretch at
1110.8 cm�1 corresponding to C-N bonds. The C-O stretch-
ing is assigned to the peak at 1024 cm�1.

The peaks around 692.12 and 771.96 cm�1 in Figure 4(b)
correspond to the Fe–O bond of Fe3O4 nanocomposites.
The vibration bond at 1119 cm�1 is related to the C–O
bond, a similar bond has been reported by.[52] Another
adsorption bond at a wavelength of 1163 cm�1 is linked to
the C-O-C bond. Additionally, the adsorption bond at
1035 cm �1 is linked to the N-H stretching and bending
vibration of the amine NH2 group in the PVP used. The
broad peak at 3447 cm�1 is allocated to the O-H stretching
vibration of H2O in ZnO/Fe3O4 nanocomposite. Other sig-
nificant peaks at 1440 and 1033 cm�1 are related to C-H
and C-O bonds. The peaks at 770 cm�1 and 691 cm�1 are
linked to microstructural characteristics caused by the add-
ition of Fe3O4 to the Zn-O lattice to form ZnO/Fe3O4 nano-
composite. The overlapping of magnetite nanoparticles onto
ZnO particles may cause a slight shift in the adsorption
bonds.[53] This result indicates that the ZnO/Fe3O4 nano-
composites had more function groups compared to the indi-
vidual nanoparticles. This is an indication that the
ZnO/Fe3O4 nanocomposite is a better adsorbent compared
with the individual nanoparticles due to the availability of
various functional groups for binding with the pollutants.

BET N2 adsorption/desorption analysis

The BET N2 adsorption-desorption method was used to
measure the surface area, pore diameter, and pore volume
of ZnO, Fe3O4, and ZnO/Fe3O4 nanocomposite materials.
The results obtained are shown in Figure 5.

According to the IUPAC classification, the hysteresis
loop of ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 nanocom-
posites in Figure 5a1, b1 and c1 correspond to type IV iso-
therm, which is typical of a mesoporous material.[54] The
similarity between the isotherms, suggests that the materials
have similar porous structures.[55] The formation of meso-
porous structure is further confirmed by the inserted pore
size distribution in Figure 5a2, b2 and c2. The pore size dis-
tribution for ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4

nanocomposites were 26 nm, 18.245 nm and 20 nm respect-
ively. These values fall between 2 and 50 nm for a typical
mesoporous material, which is further corroborated by type
IV isotherm nanoparticles.[56]

Materials with pore diameters between 2 and 50 nm are
known as mesoporous materials. These materials have been
characterized to have a high surface area, controllable pore
diameters, large pore volumes that permit quick adsorption
of pollutants, as well as active pore surfaces that are simple
to modify or functionalize.[57] These qualities satisfy the
ideal standards required of a good adsorbent for the treat-
ment of heavy metal-laden wastewater.

According to Table 3, it was found that the surface area of
ZnO/Fe3O4 (39.45m

2/g) with a corresponding pore volume of
0.353 cm3/g, 4.20 cm3/g and 0.12 cm3/g is significantly greater
than ZnO (8.62m2/g) and Fe3O4 (7.86m

2/g). The high surface
area after the formation of ZnO/Fe3O4 nanocomposites indi-
cates more active binding sites and free reactive species in
ZnO/Fe3O4 nanocomposites than in ZnO and Fe3O4

Figure 4. FTI-R of (a) ZnO, (b) Fe3O4 nanoparticles and (c) ZnO/Fe3O4 nanocomposites.
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nanoparticles alone.[38] The high surface area obtained for
ZnO/Fe3O4 nanocomposites compared to the individual
nanoparticles (ZnO and Fe3O4) may be due to the reduction
in the crystallite size after the incorporation of Fe3O4 into the
lattice structure of ZnO.[58] Have also reported that the sur-
face area of nanoparticles increases with decreasing crystallite
size.

Physico-chemical characteristics of the wastewater from
petroleum refinery

Table 4 displays the physicochemical characteristics of pet-
roleum refinery wastewater.

Table 4, demonstrates that the concentration of the pollu-
tants decreases after the adsorption using ZnO, Fe3O4 nano-
particles and ZnO/Fe3O4 nanocomposites as nanoadsrobents.
The concentration of COD (mg/L) was 880.15 ± 0.30
before the adsorption and reduced to 48.03± 0.50, 50 .20 ± 0.20
and 63.712 ± 0.11 after treatment by ZnO, Fe3O4 nanoparticles
and ZnO/Fe3O4 nanocomposites. The BOD concentration
(190.32 ± 0.20mg/L), decreased to 37.41± 0.10mg/L,
48.01±.0.03mg/L, and 52.34± 0.05mg/L. The significant
reduction in COD and BOD value after treatment with the

nanoadsorbents indicate that the prepared nanoadsorbents can
be used to remove organic pollutants from aqueous matrix.
The Cu (II) concentration reduced from 2.98 ± 0.23mg/mL to
0.305 ± 0.20mg/L, 0.703 ± 0.11mg/mL, 0.761± 0.12mg/mL.
The concentration of Cr (VI) (0.59 ± 0.15) decreased to
0.203 ± 0.05mg/L, 0.264 ± 0.11mg/L and 0.323± 0.10mg/L
using ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 nanocompo-
sites. According to Table 3, the nanoadsorbents reduced the
conductivity and the pH values within the recommended val-
ues. Generally, the ZnO/Fe3O4 nanocomposites had higher
removal efficiency for the removal of both Cu (II) and Cr (VI)
compared to the use of individual nanoparticles. This may be
ascribed to the high surface area of the ZnO/Fe3O4 nanocom-
posites compared to ZnO and Fe3O4 nanoparticles alone.

Batch adsorption studies

Effect of contact time

Figure 6(a) and (b) depict the removal of Cu (II) and Cr
(VI) ions at different times (0 to 25minutes) using ZnO,
Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposite as
nanoadsorbent

Both the removal of Cu (II) and Cr (VI) ions was slow
within the first five minutes and thereafter rapidly increased
till 10minutes, then the adsorption efficiency increased at a
very slower rate until it achieved equilibrium after
15minutes of contact using the three nanomaterials. This
phenomenon may be attributed to the availability of an
enormous number of unoccupied sites at 10minutes for the
adsorption of Cu (II) and Cr (VI) ions from wastewater

Table 3. BET results of ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposite.

Sample
Surface

area (m2/g)
Pore

volume (cm3/g)
BJH pore

diameter (nm)

ZnO 8.62 0.35 26.17
Fe3O4 7.86 4.20 18.24
ZnO/Fe3O4 39.45 0.12 20.54

Figure 5. ZnO (a1), (b1) and (c1) are nitrogen adsorption desorption curves and (a2), (b2) and (c2) are pore size diameter distributions for ZnO, Fe3O4 nanoparticles
and ZnO/Fe3O4 nanocomposites.
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from petroleum refinery wastewater. The highest removal
efficiency was in the order of Cu (II) (76.4%, 74.47%, and
86.76%) > Cr (VI) (65.19%, 62.53% and 77.65%) for ZnO,
Fe3O4 and ZnO/Fe3O nanocomposites respectively. The high
percentage removal of Cu (II) and Cr (VI) ions occurred
using ZnO/Fe3O4 nanocomposite may be due to its large
surface area (Table 2) and small crystallite size than ZnO
and Fe3O4 nanoparticles alone. Furthermore, the increase
adsorptive capacity of ZnO than the Fe3O4 nanoadsorbent
could be attributed to the additional active functional groups
present in ZnO nanoparticles compared to Fe3O4 nanopar-
ticles. The high removal of Cu (II) ion compared to Cr (VI)
ion by the nanoadsorbents at every contact time may be cor-
related to its smaller atomic radii of Cu (II) (1.657Å) than
Cr (VI) (2.778Å) ions. This suggests that the higher the
ionic radii the lower the removal efficiency of the metal ions
because higher ionic radii generate more steric congestion
and cause faster saturation of the adsorption sites, which
hinder the movement of the ions from the aqueous phase to
the nanoadsorbent surface.[16]

Effect of adsorbent dose

The effect of the nanoadsorbent dosage on the adsorption
of Cu (II) and Cr (VI) ions from petroleum refinery waste-
water was examined at different dosages (0.02, 0.04, 0.06,
0.08, 0.1to 0.12 g/50mL) and the result obtained is displayed
in Figure7(a) and (b)

According to Figure 7, the adsorption removal efficiency
increases as the adsorbent dose increases, and maximum

removal efficiency was attained at 0.08 g/50mL. The availability
of more binding sites may be responsible for the increase in
the percentage adsorption efficiency as the nanoadsorbent dos-
age increases.[58] The highest removal efficiency for Cu (II) ion
were 83.86%, 80.57%, and 90.99% while that of Cr (VI) were
64.34%, 61,00% and 77.60%. There was no notable increase in
the elimination of Cu (II) and Cr (VI) after 0.08 g/50mL. The
percent removal remained unchanged because the available
adsorption sites were saturated and further increase did not
lead to any notable adsorption. The high adsorption behavior
of ZnO/Fe3O4 nanocomposites compared with ZnO and Fe3O4

nanoparticles may be associated with the existence of add-
itional functional groups and higher surface area in the former
than in the latter.

Effect of temperature

The results of the effect of temperature on the adsorption of
Cu (II) and Cr (II) ions from wastewater from petroleum
refinery are presented in Figure 8(a) and (b):

Figure 8(a) and (b) reveal that the adsorption efficiency of
Cu (II) and Cr (VI) ions by ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposites increases as the temperature
increases, this rise in Cu (II) and Cr (VI) adsorption efficiency
may be linked to the creation of more active sites as a result of
the breakage of some internal bonds, as well as the edges of the
nanoadsorbents, at high temperatures.[59] The increase in reac-
tion temperature also caused an increase in energy, resulting in
high solubility and mobility of ions. The increase in reaction
temperature also lead to an increase in the swelling of the

Figure 6. Effect of contact time on the elimination of Cu (II) (a) and Cr (VI) ions (b) at adsorbent dose (0.05 g), volume of the petroleum wastewater (50mL), pH
(6.25) and temperature (30 �C).

Table 4. Physico-chemical evaluation of the petroleum refinery wastewater before and after treatment.

After Adsorption

Parameter Before Adsorption ZnO/Fe3O4 ZnO Fe3O4 WHO permissible limit (2017)

Chemical oxygen demand (COD) mg/L 880.15 ± 0.30 48.03 ± 0.50 50.20 ± 0.20 63.712 ± 0.11 40
Biological oxygen demand (BOD) mg/L 190.32 ± 0.20 37.41 ± 0.10 48.01±.0.03 52.34 ± 0.05 1
Copper (Cu) mg/mL 2.98 ± 0.23 0.305 ± 0.20 0.703 ± 0.11 0.761 ± 0.12 0.01
Chromium (Cr) mg/mL 0.59 ± 0.15 0.203 ± 0.05 0.264 ± 0.11 0.323 ± 0.10 0.08
Temperature (

�
C) 31.20 ± 0.12 31.41 ± 0.12 31.65 ± 01 31.32 ± 0.1 30

pH 6.25 ± 0.10 7.02 ± 0.11 6.81 ± 0.11 6.34 ± 0.20 6.51–8.5
Electrical conductivity (mS/cm) 483.74 ± 0.13 63.23 ± 0.04 76.03 ± 0.13 80.00 ± 0.121 –

Key: WHO¼World Health Organization.
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interior content of the adsorbent and adsorbate’s capacity to
penetrate the adsorbent.[60] The increase in removal efficiency
as a function of temperature confirmed that the adsorption
process is endothermic.[61] Figure 8 shows that the highest
adsorptive efficiency of Cu (II) and Cr (VI) ions usnig ZnO,
Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposites were
85.83%, 82.86% and 92.67%; 55.33% %, 49.00% and 65.33% at
40 �C: The high adsorption of ZnO/Fe3O4 nanocomposites
compared with the individual nanoparticles indicates more
functional groups after the formation of the nanocomposites,
and more complexation between the adsorbate and the adsorb-
ent through coordinate and electrostatic interaction.[62]

Furthermore, the high performance of ZnO/Fe3O4 nanocom-
posites than the individual nanoparticles could be ascribed to
the large surface area of the nanocomposite.

Adsorption isotherm

Various isotherm models (Freundlich, Langmuir, Temkin,
and Dubinin-rasdushkevish (D-R)) were used to test the
equilibrium data for Cu (II) and Cr (VI) ions adsorption

onto ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 and the
results are shown in Table 5.

Table 5 shows that the adsorption data fitted more closely to
Langmuir isotherm model due to its highest correlation coeffi-
cient (R2) values which range between 0.998 to 0.999 compared
with the 0.953-0.998, 0.941-0.990, 0.894-0.957 obtained for
Freundlich, Temkin and D-R isotherm using ZnO nanopar-
ticles as an adsorbent. A similar trend was observed for Fe3O4

nanoparticles and ZnO/Fe3O4 nanocomposites.
As a result, the Langmuir model was more suitable for

explaining Cu (II) and Cr (VI) adsorption by ZnO, Fe3O4

nanoparticles and ZnO/Fe3O4 nanocomposites. This also
demonstrates that mechanisms of the adsorption are mono-
layer in nature and the chemisorption phenomenon domi-
nated the adsorption process. The highest adsorption capacity
(qmax) values for Cu (II) were (44.948mg/g, 35.024mg/g,
46.955mg/g); and Cr (VI) were (14.539mg/g, 13.736mg/g,
23.766mg/g) using ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4

nanocomposites respectively. This result indicates that the
ZnO/Fe3O4 nanocomposites performed better than ZnO and
Fe3O4 nanoparticles due to the presence of more binding
sites, functional groups and the large surface area of

Figure 8. Effect of temperature on the removal of (a) Cu (II) and (b) Cr (VI) at pH (6.25), volume of the petroleum wastewater (50mL), contact time (15min) and
nanoadsorbent dosage (0.05 g).

Figure 7. Removal of (a) Cu (II) (b) and Cr (VI) using different nanoadsorbent at volume of the petroleum wastewater (50mL), pH (6.25), temperature (30 �C) and
contact time (15min).
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ZnO/Fe3O4 nanocomposites compared to ZnO and Fe3O4

nanoparticles. The high adsorptive capacity of Cu (II) ions
compared to that of Cr (VI) ions may be ascribed to their
electronegativity value. For instance, Cu (II) ions have a
higher electronegativity of 1.94 compared to that of Cr (VI)
ions (1.66) resulting in the high removal efficiency of Cu (II)
ions compared to the Cr (VI) ion. Additionally, it has been
reported that heavy metal ions with a high electronegativity
have a considerable attraction for the oxygen atoms’ electron
cloud in the ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4.

[63,64]

Who investigated the elimination of Ni (II), Cr (VI), Cu (II),
Pb (II), Cd (II) and Zn, (II) ions from the aqueous phase,
noticed a similar pattern. The author ascribed the high
adsorption capacity of Pb (II) to the higher electronegativity
of Pb (II) compared with that of other heavy metals. Another
researcher[63] has reported that higher electronegativity favor
the adsorption of heavy metals.

According to Table 5, the dimensionless (RL) value for
Cu (II) ion adsorption from petroleum refinery wastewater
using ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 were
(0.028, 0.029 and 0.018) while that obtained for Cr (VI)
were: (0.295, 0.357 and 0.024). The value obtained is less
than one (1) irrespective of the nanoadsorbent used, signify-
ing that the adsorption process was favorable. The smallest
value lower RL value (0.018 and 0.24) was obtained for
ZnO/Fe3O4 nanocomposites for both Cu (II) and Cr (VI)
ion sequestration in comparison to the individual nanopar-
ticles indicating more favorable adsorption of heavy metals
using ZnO/Fe3O4 nanocomposites.

The value of KL is a parameter for evaluating the affinity
between the adsorbent and adsorbate and the values are
shown in Table 5. The greater the value of KL, the higher the
attraction between the nanoabsorbent and Cu (II) and Cr
(VI) ions in the solution. In Table 5, it was observed that
(KL) values for the elimination of Cu (II) ion were 4.921,
4.768, and 8.010 while that of Cr (VI) ion were 0.246, 0.163

and 0.420 using ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4

nanocomposites as adsorbent. Cu (II) has a greater affinity
for ZnO/Fe3O4 nanocomposites (8.010) compared to 4.921
and 4.768 obtained for ZnO and Fe3O4, nanoparticles.
Similarly, ZnO/Fe3O4 nanocomposites have a greater affinity
for Cr (VI) (0.420) compared to 0.246 and 0.163 obtained
for ZnO and Fe3O4, nanoparticles. The high affinity of
ZnO/Fe3O4 nanocomposites toward Cu (II) and Cr (VI) ions
compared to the individual nanoparticles may be due to the
presence of additional adsorption binding sites upon the pro-
duction of ZnO/Fe3O4 nanocomposites. The result indicates
that the Cu (II) ion has a stronger attraction to all the
adsorbents than Cr (VI) ion. This may be caused by varia-
tions in the atomic radius of Cu (II) and Cr (VI) ions; the
higher the atomic radius of the cation, the higher the influ-
ence on binding site competition during the adsorption pro-
cess; thus, Cu (II) ions (1.57Å) are more influential than Cr
(VI) ions (0.53Å). Smaller ions have been reported to be
highly hydrated and then become bulkier than larger ions.[64]

This increases their chances of being absorbed to the surface
of the adsorbent sites earlier than the highly hydrated ions
that slowly migrate from the aqueous solutions.

Table 5 displays the Freundlich isotherm models with
parameters such as the distribution coefficient for adsorption
(KF (mg/g)), which represents the quantity of Cu (II) and Cr
(VI) adsorbed on the surface of ZnO, Fe3O4 and ZnO/Fe3O4

nanocomposites. The KF value for Cu (II) ions were 1.774,
1.487 and 1.929 and that of Cr (VI) ions were 1.673, 1.406 and
2.097 for ZnO, Fe3O4 and ZnO/Fe3O4 respectively. The result
indicates that ZnO/Fe3O4 nanocomposites show a higher value
for both Cu (II) and Cr (VI) ions. This could be related to the
smaller crystallite size of the ZnO/Fe3O4 (14.50nm) nanocom-
posites compared to ZnO (20.12nm), Fe3O4 (26.36nm) nano-
particles as earlier reviewed by the XRD result.

Table 5 shows that the 1/n value in the case of the
Freundlich isotherm model was less than one for both Cu

Table 5. Adsorption isotherms for the removal of Cu (II) and Cr (VI) ions.

Model Parameters
Cu (II) Cr (VI)

ZnO Fe3O4 ZnO/Fe3O4 ZnO Fe3O4 ZnO/Fe3O4

Langmuir qmax (mg/g) 44.948 35.024 46.955 14.539 13.736 23.766
KL 4.921 4.768 8.010 0.246 0.163 0.420
RL 0.028 0.029 0.018 0.295 0.357 0.024
R2 0.999 0.998 0.999 0.997 0.995 0.999
SSE 0.052 0.053 0.127 0.057 0.056 0.209
x2 0.432 0.437 0.043 1.414 1.083 0.141

Freundlich KF (mg g�1) 1.774 1.487 1.929 1.673 1.406 2.097
1/n 0.343 0.409 0.311 0.735 0.868 0.553
R2 0.956 0.953 0.993 0.995 0.994 0.998
SSE 0.186 0.198 0.186 0.389 0.407 0.389
x2 0.284 0.295 0.284 1.101 1.139 1.101

Temkin KT (L mg�1) 0.795 0.575 1.131 0.795 0.575 1.131
B (J/mol) 1972.140 1395.420 1428.700 805.616 755.076 951.753
R2 0.941 0.941 0.990 0.941 0.941 0.989
SSE 0.076 0.081 0.008 0.080 0.081 0.023
x2 0.270 0.292 0.124 0.237 0.247 0.187

D-R qmax (mgg�1) 19.747 20.890 22.106 2.903 3.642 5.063
BD (mol kJ�2) 988.710 493.530 1552.470 3309.480 2992.650 3787.410
E (kJ mol�1) 1.274 1.275 0.990 1.439 1.460 0.989
R2 0.896 0.895 0.955 0.894 0.893 0.957
SSE 0.555 0.560 0.243 1.537 1.206 0.943
x2 6.989 7.221 3.068 18.330 14.671 10.709
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(II) and Cr (VI). This confirmed the favourability of the
removal of Cu (II) and Cr (VI) using ZnO, Fe3O4 and
ZnO/Fe3O4 nanocomposite.[65] The value of (1/n) is less
than one as presented in Table 5, showing that the adsorp-
tion between the adsorbate and the adsorbent is a normal
Langmuir isotherm,[66] since 1/n less than one implies a
normal Langmuir isotherm, whereas when 1/n is bigger
than 1, cooperative adsorption is established (Freundlich iso-
therm). This observed trend supports the earlier claims of
(R2) and RL values that the removal of the target pollutants
using ZnO/Fe3O4 nanocomposites, ZnO and Fe3O4 nanopar-
ticles are monolayer and chemisorption in nature. To distin-
guish between physisorption and chemisorption adsorption,
the D-R isotherm was employed. According to the D-R iso-
therm model, chemisorption occurs when the free energy of
adsorption (E) is larger than 16 kJ/mol and physisorption
adsorption occurs when E ranges from 1 and 16 kJ/mol.[67]

For the selected heavy metals removed by the nanoadsorb-
ents, the value of (E) obtained in this study is greater than
16 kJ/mol, which implies that chemisorption occurs during
the elimination of Cu (II) and Cr (VI) ion using ZnO,
Fe3O4 and ZnO/Fe3O4 nanoadsorbent. This result corrobo-
rated the thermodynamic and kinetics data where the
adsorption of the heavy metals regardless of the adsorbent
utilized shows a positive enthalpy value.

The isotherm models were subjected to different error
analyses such as the sum of squared errors (SSE) and chi-
square (x2) since in some circumstances, the correlation
coefficient (R2) is not adequate to characterize the model fit-
ting. It has been reported that the values of X2 and SSE
error analysis would be small if the values model data is
similar to experimental data, and vice versa.[65] Based on the
result shown in Table 5, the R2 for both Cu (II) and Cr (VI)
ion for Langmuir isotherms was higher than the other mod-
els for all the nanoadsorbents indicating the fitness of the
adsorption process to the Langmuir Isotherm as earlier
reported. Table 5 shows that the values of x2 and SSE of
Langmuir isotherm were lower than the values of
Freundlich, Temkin and D-R isotherm for Cu (II) and Cr
(VI) ion adsorption irrespective of the nanoadsorbent used.
This confirmed the fitness of the Langmuir isotherm model
to the other models. The obtained results show that the
nanoadsorbents were effective for the treatment of petrol-
eum refinery wastewater under the applied conditions.
Various researchers have studied the elimination of Cu (II)
and Cr (VI) ions and confirmed the monolayer nature of
the adsorption process using different nanoparticles and
nanocomposites. For instance,[31] studied the elimination of
Cu (II) using composites of ZnO/hollow fiber. The authors
reported the fitness of the removal process of Cu (II) ions
using ZnO/hallow fiber to the Langmuir isotherm (Chemical
adsorption). Similarly, the report on the elimination of Cr
(VI) ion using ZnO/graphene oxide from an aqueous phase
by[67] revealed that the Langmuir isotherm is ideal for
removing Cr (VI). These results support the conclusion that
monolayer adsorption occurs during the adsorption of Cu
(II) and Cr (II).

Adsorption kinetics

The simultaneous elimination of Cu (II) and Cr (VI) ions
from petroleum refinery wastewater using Fe3O4, ZnO and
ZnO/Fe3O4 was investigated using various kinetics models
and the results are presented in Table 6.

According to Table 6, the R2 values derived for pseudo
first kinetic model using ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposites for the adsorption of Cu (II)
were (0.888, 0.853 and 0.898); while for Cr (VI) the values
were (0.773, 0.721 and 0.886. These values were lower than
(R2) of Cu (II) (0.998, 0.998 and 0.999); Cr (VI) (0.990, 0.983
and 0.993) for the pseudo-second-order model. Thus, the
experimental data for the removal of Cu (II) and Cr (VI) ions
from ZnO, Fe3O4 nanoparticles, and ZnO/Fe3O4 nanocompo-
sites best fits the pseudo-second-order than the pseudo-first-
order model. This demonstrates that chemical adsorption
dominates the adsorption process and the adsorption process
fitted into the pseudo-second order kinetic model.[25] Table 6
shows that the values of the (k2) using ZnO, Fe3O4 nanopar-
ticles and ZnO/Fe3O4 nanocomposites for the adsorption of
Cu (II) were 2.269, 2.215, and 2.447mg/g�min; Cr (VI) (2.287,
2.046 and 2.726mg/g�min), which is higher than; 0.188, 0.182
and 0.196mg/g�min; 0.175, 0.166 and 0.193mg/g�min for (k1)
values. The high k2 recorded for Cu (II) compared to Cr (VI)
may be linked to the easy transfer of Cu (II) from the aque-
ous phase to the surface of the ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposites, leading to the formation of
more chemical bonds.

The high values of (k2) compared to the values of the (k1)
for ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 nanocompo-
sites indicates that the rate of removal of Cu (II) and Cr (VI)
ions from the petroleum refinery wastewater was faster for
pseudo-second-order compared to the pseudo-first-order kin-
etics. This further supports the fact that the reaction fits bet-
ter to pseudo-second order. Comparatively, the ZnO/Fe3O4

nanocomposites have higher values of (R2), (k1 and k2) and
(qe1 and qe2) followed by ZnO nanoparticles while Fe3O4

nanoparticles recorded the smallest value of (R2), (k1 and k2)
and (qe1 and qe1) for Cu (II) and Cr (VI) ions.

This demonstrates that the ZnO/Fe3O4 nanocomposites
were more efficient in the removal of Cu (II) and Cr (VI)
ions from petroleum refinery wastewater due to their higher
surface area compared to ZnO and Fe3O4 nanoparticles.

To validate the fitness of the adsorption of Cu (II) and
Cr (VI) the data were subjected to different error functions
such as chi-square (x2) and the sum of squared error (SSE).
The values presented in Table 6 indicate that the x2 for
pseudo-second-order kinetics was small for Cu (II) and Cr
(VI) irrespective of the adsorbent used. This result supports
the fact that the process was governed purely by chemisorp-
tion. Similarly, the SSE values for the pseudo-second-order
model were lower compared to pseudo-first order, this also
confirms the fact that the adsorption was chemical adsorp-
tion. It is essential to note that the chi-square (x2) value and
the sum of squared error (SSE) for ZnO/Fe3O4 nanocompo-
sites was lower than the values obtained for ZnO and Fe3O4

nanoparticles. This is another confirmation that the
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ZnO/Fe3O4 nanoadsorbent performed better than ZnO and
Fe3O4 nanoparticles for both Cu (II) and Cr (VI).

To understand the adsorption mechanisms, other kinetic
models such as the Elovich and intraparticle diffusion were
employed. Table 6 shows that the (R2) for the intraparticle
diffusion ranges from 0.679 to 0.918, comparing these values
with the earlier reported values for the pseudo-first-order
(0.721-0.898) and pseudo-second-order (0.990 to 0.999) kin-
etic models, it means that the removal of Cu (II) and Cr (VI)
ions using the three nanoadsorbents from the petroleum
refinery wastewater was not governed by intraparticle diffu-
sion kinetic model. The kid (g/min) values were found to be
higher for ZnO/Fe3O4 nanocomposites compared with ZnO
and Fe3O4 nanoparticles which could be as a result of the
stronger driving force between the pollutants and ZnO nano-
particles. This result justifies the high efficiency of ZnO/Fe3O4

nanocomposites over ZnO and Fe3O4 nanoparticles.
Additionally, it has been reported that the plot of qt

against t0.5 should be linear and pass through the origin if
the intraparticle diffusion kinetic model governed the
adsorption process.[68] The plots of qt against t0.5 are linear
and did not pass through the origin. This deviation strongly
suggests that the intraparticle diffusion kinetic model was
not the rate-controlling step during the adsorption of Cu
(II) and Cr (VI) from the petroleum refinery wastewater,
but other kinetic models may simultaneously control the
adsorption rate.

The Elovich kinetics model is one of the most helpful
models for understanding chemisorption. Table 6 indicates
that the R2 ranges between 0.661 to 0.898, this result further
supports the earlier claim that the removal process is chemi-
sorption.[69] The pseudo-second-order kinetic model had R2

closer to 1 when compared to intraparticle diffusion, Elovich
and pseudo-first-order kinetic models. This suggests that the
removal of Cu (II) and Cr (VI) ions irrespective of nanoad-
sorbent used was more accurately explained by a pseudo-
second-order kinetic model.

Thermodynamics

The thermodynamics study for the removal of Cu (II) and Cr
(VI) ions using ZnO, Fe3O4 and ZnO/Fe3O4 composites were
investigated to predict the feasibility of the adsorption pro-
cess. Standard enthalpy change (DHo) and standard entropy
change (DSo) were determined from the slope and intercept
of the linear plot of l nKd versus 1

T as presented in Eq. (12).
Equation 13 was used to calculate the standard Gibb’s free
energy change (DGo), and the result is presented in Table 7.

DGo ¼ � RTlnKd (20)

LnKd ¼ ðDSoÞ
R

� ðDSoÞ
RT

(21)

DG ¼ DHo � TDS (22)

The thermodynamic parameters (Table 7) demonstrate that
the removal of Cu (II) and Cr (VI) ions from petroleum Ta
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refinery wastewater was endothermic, as evidenced by the
positive values of standard enthalpy change ðDH�) at all
temperatures. The Positive entropy values (DS�) in Table 7
indicate a high affinity between the nanoadsorbent (ZnO,
Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposite) and
the heavy metals ions. This further implies that as the
adsorption process increases, the adsorbent and adsorbate
contact becomes more random.[70] The fact that (DG�) val-
ues increase as temperature rises suggest that higher temper-
atures favor the adsorption process.[71] Cu (II) is more
temperature-sensitive than Cr (VI), according to the results
in Table 7 as evidenced by the lower value of (DG�). This
means that Cu (II) removal is more spontaneous than Cr
(VI) due to the lower value of (DG�).

Comparison of selected heavy metals’ percentage
removal with previous studies

The results obtained in this study were compared with pre-
vious studies in the literature and the results are shown in
Table 8

Table 8 shows that Cu (II) and Cr (VI) ions have a lower
adsorptive removal efficiency on ZnO and Fe3O4 nanopar-
ticles compared to several other monometallic oxide nanopar-
ticles reported in the literature. This could be a result of the
authors using simulated wastewater, which contains fewer
metal ions than actual industrial effluent. The presence of
multiple contaminants in wastewater from a petroleum
refinery may potentially be the cause of the poorer adsorption

Table 8. Comparison of selected heavy metals percentage removal and other parameters on ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposites.

Synthesis methods Nanoadsorbent
Characterization

tools
Crystallite
size (nm) Pollutants Removal (%) Other adsorption Conditions References

Sol-gel Fe3O4 TGA, SEM, XRD 56 Cr (VI) 72 pH (3), temperature (30 �C), adsorbent
dosage (10 g) and contact time
(110min), concentration (10m/L)

[27]

Sol-gel Fe3O4 SEM, XRD 13.38 Cr (VI), 72.45 Temperature (30 �C), contact time (4 h),
pH of 2

[72]

Co-precipitation Fe3O4 XRD, SEM, EDS,
TEM,

12.3 Cu (II) 69.46 Adsorbent dosage of 0.05 g and 30min
of contacts time.

[20]

Precipitation ZnO FTI-R, SEM, FTI-R
and TGA

73 Cu (II), 100, 77.47,
97.85

Stirred at 120 rpm at 150min and
adsorbent dosage of 0.1 g.

[73]

Co-precipitation Fe3O4 SEM, XRD, FTI-R 27.68 Cr (VI) 80 pH (4), at room temperature, adsorbent
dosage (25mg/L), contact time
(250min)

[74]

Precipitation ZnO XRD, SEM and EDX not available Cr (VI) 98 pH of 3 at 40min of contact time [75]

Electrochemical Fe3O4 TEM 12 Cr (VI) 100 pH (3.5) at room temperature, adsorbent
dosage (2.5 g), contact time (2 h)
concentration (25mg/L)

[76]

Precipitation Ultrafine
mesoporous
Fe3O4

BET, XRD. TEM (II), Cu (II), 98, 87, 90,
and 78

Adsorbent dosage (100mg), pH of 1.0
at 25 �C using 50mg L�1

concentration of the water

[77]

Commercial
nanoadsorbent

Fe3O4 SEM, XRD, FTI-R 20 Cr (VI), Cu (II) 88.83, 96.10 pH of 6, adsorbent dosage (2.5 g),
contact time of 20min at 45 �C

[78]

Co-precipitation Fe3O4/talc SEM, XRD, XPS Not available Cu (II), 72.15, 50.23,
91.35

Contact time of 25min at 25 and
adsorbent dosage of 0.12 g.

[79]

One-Pot Amine/ Fe3O4 SEM, TEM, XRD,
VSM

Not available Cr (VI), 96 for both pH of 6 and under 30 s at 298 �K [80]

Co-precipitation Rice straw/ Fe3O4 XRD, SEM, BET Not available Cu (II) 96.25, 75.54 Temperature (25 �C), adsorbent dosage
(0.13 g) and contact time (41.96 and
59.35 s for Pb (II) and Cu (II),
concentration 100 and 60mg/L for
Pb(II) and Cu(II)

[81]

Sol-gel- chemical
reduction

Fe3O4 XRD, HRSEM FTI-R,
EDX and BET

26.36 Cr (VI), Cu (II) 62.53, 80.57 Stirring speed of 250 rpm, nanoadsorbent
dosage of 0.005 g and 15min of
Contact time at 35 �C

This
work

Sol-gel ZnO XRD, HRSEM FTI-R,
EDX and BET

20.12 Cr (VI), Cu (II) 65.19, 85.83 Stirring speed of 250 rpm, nanoadsorbent
dosage of 0.005 g and 15min of
Contact time at 35 �C

This
work

Sol-gel- chemical
reduction

ZnO/ Fe3O4 XRD, HRSEM FTI-R,
EDX and BET

14.50 Cr (VI), Cu (II) 77.60, 92.67 Stirring speed of 250 rpm, nanoadsorbent
dosage of 0.005 g and 15min of
Contact time at 35 �C

Table 7. Thermodynamic parameters for the adsorption of Cu (II) and Cr (II) ions.

DG ðkJ=molÞ
Selected heavy Metals Nano materials DH kJ

mol

� �
DS J

mol:K

� �
303K 313K 323K 333K 343K 353K

Cu (II) ZnO 10.015 16.451 5.030 4.866 4.701 4.537 4.372 4.208
Fe3O4 8.521 11.913 4.911 4.792 4.673 4.554 4.435 4.316
ZnO/Fe3O4 20.286 51.749 4.606 4.089 3.571 3.054 2.536 2.019

Cr (VI) ZnO 33.000 37.875 21.524 21.145 20.766 20.388 20.009 19.630
Fe3O4 36.000 33.000 26.001 25.671 25.341 25.011 24.681 24.351
ZnO/Fe3O4 18.419 11.902 17.843 17.824 17.805 17.786 17.767 17.748
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removal effectiveness compared to other previous research,
which often competes with the pollutants for the active sites
against using simulated wastewater which contains only the
target heavy metal. The used experimental conditions may
also be accountable for the variations in the adsorption
removal of nanomaterials. For instance, in this study, the
highest percentage of removal was within 15min compared
to the 30minutes to 2 h reported in the literature.
Additionally, the adsorbent dosage used in this study is 0.05 g
compared to the 0.4 -10 g reported by the authors. The result
from this study is better when compared with the analysis
of[20] who used the same adsorbent dosage (0.05 g) under the
applied condition of 30min and reported a lower removal
efficiency (69.46%) of Cu (II) ion compared to 85.43%
reported in this study using ZnO and Fe3O4 nanoparticles
respectively. The lower adsorption efficiency may also be
related to the crystallite size and synthesis method of the
nanoparticles used for the elimination of the target pollutant.

The adsorption of Cr (VI) and Cu (II) ions onto
ZnO/Fe3O4, nanocomposites have comparable percentage
adsorption removal to other bimetallic nanocomposites reported
in Table 8. The result suggests that the size of the nanoparticles,
morphology and method of synthesis had a significant impact
on the adsorption process. Another possible explanation for the
lower adsorption efficiency of the bimetallic oxides in this study
may also be ascribed to the use of simulated wastewater by
most of the authors which, when compared to actual industrial
effluent, has a greater metal ion content.

Mechanisms of adsorption of the Cr (VI) and Cu (II) ions
ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4

nanocomposite

The adsorption of Cu (II) and Cr (VI) from petroleum
refinery wastewater is greatly influenced by the PVP used as a
capping and stabilizing agent during the synthesis of

nanoadsorbents. The PVP added onto the ZnO/Fe3O4 nano-
composites donated electrons into the orbitals of the Zn and
Fe ions while the nitrogen or carbonyl oxygen of the PVP
repeating unit stabilizes the PVP/ZnO/Fe3O4 nanocomposites
(see Figure 9). This interaction resulted in the formation of
both cation ions and anions groups that bind the heavy metals
with both the nanoparticles and the nanocomposites via com-
plexation, ion exchange, diffusion, Surface adsorption, trans-
portation and precipitation mechanisms[82] (see Figure 10).
This may ether lead to physical adsorption or chemical
adsorption

Leaching, desorption and reusability of the ZnO, Fe3O4

nanoparticles and ZnO/Fe3O4 nanocomposite

Desorption of the ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposite
Various concentrations of NHO3 (0.025, 0.08 and 0.1 moldm�3)
were used as desorbing agents to examine the desorption char-
acteristics of previously deposited Cu (II) and Cr (VI) on the
surface of ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 nanocom-
posite and the result is presented in Figure 11.

Figure 11 depicts the effect of the different concentrations
(0.025, 0.08 and 0.1 moldm�3) of HNO3 as a desorbing
agent. It can be seen that 0.100 moldm�3 is a more effective
desorbing agent for Cu (II) and Cr (VI), as it desorbs
81.83%, 80.86% and 90.80% of the adsorbed Cu (II) ions
while 61.33%, 60.13% and 73.02%, of Cr (VI) ions desorbed
from the surface of ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposite respectively. This is because
increasing the acid’s concentration, the surface of ZnO,
Fe3O4 and ZnO/Fe3O4 nanoadsorbents become more proto-
nated and no longer attract positively charged metal ions,
causing the protons to replace the bonded metal ions.

Figure 9. Interaction of PVP with Zn (II) and Fe (II) after the formation of the ZnO/Fe3O4 nanocomposites.
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The high percentage desorption observed at a higher con-
centration of HNO3 suggested that Cu (II) and Cr (VI) ions
were adsorbed onto both adsorbents by strong intermolecu-
lar forces via the chemisorption mechanism. The earlier
result from the adsorption isotherm, kinetic, and thermo-
dynamic analyses supported this data, that the adsorption of
Cu (II) and Cr (VI) ions onto the surface of ZnO, Fe3O4

and ZnO/Fe3O4 nanoadsorbents is chemisorption. This
result agrees with the conclusion[83] that poor desorption of
metal ions from the nanoadsorbents surface may be caused
by a lower concentration of the desorbing agents.
However,[84] reported decreases in the desorption of Cu (II)
as the concentration of acid increases. The differences
observed may be linked to the type of adsorbent employed
in this study.

Leaching of the ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposite

A leaching test was conducted on ZnO and Fe3O4 nanopar-
ticles and ZnO/Fe3O4 nanocomposites used for the removal
of Cu (II) and Cr (VI) ions from the petroleum refinery
wastewater during the desorption studies. The leaching test
was conducted at different concentrations (0.025, 0.08, 0.1
and 0.2mol dm�3) of nitric acid (HNO3) solutions. This
evaluation is important to determine the safety level of the
nanoadsorbent. Table 9 shows that after 15minutes of the
desorption of ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4

nanocomposites, 0.099 ± 0.11mg/L Fe ions were leached
using 0.025 moldm�3of the nitric acid (HNO3) solution as a
desorbing agent due to the none usage of any stabilizing or
capping agent during the synthesis of the Fe3O4

Figure 10. Adsorption mechanism for heavy metal removal.

Figure 11. Percentage desorption of (a) Cu (II) and (b) Cr (VI) using different concentrations of nitic acid (HNO3) under the condition of adsorbent amount 0.25 g,
pH ¼ 6, desorption time (15min), and reaction temperature (30 �C).
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nanoparticles. At the same concentration of acid, Zn did not
leach from ZnO. Similarly, both Fe and Zn ions were not
leached at between 0.025 and 0.08 moldm�3 of the nitric
acid (HNO3) solution as a desorbing agent due to the forma-
tion of a nanocomposite that is more stable than individual
nanoparticles. As the concentration of the nitric acid (HNO3)
solution increases from 0.08 to 0.2 moldm�3 there was leach-
ing of both Zn (II) ions and Fe (II) ions for both the individ-
ual nanoparticles and the nanocomposites. The concentration
of the metals leached into the solution falls well within the
acceptable limit for various metal ions in drinking water except
for Fe ions at at 0.2 moldm�3[85] Additionally, after the
desorption of the heavy metals, the metal-rich aqueous phase
was incorporated into concrete and the leaching test was car-
ried out using 0.1 moldm�3. The result indicates that the level
of both the Cu (II) and Cr (VI) ions was less than the WHO
permissible limit. Many researchers such as[86] have reported
that the amounts of heavy metals (Cr, Ni, and Zn) in the bio-
solids had no bearing on cement strength, initial setting time,
or cement hydration. This method is an alternative method for
the management of the waste generated from the adsorption
process. Other researchers including[87,88] have reported other
methods for managing spent sorbents and wastewater gener-
ated during the adsorption process including phytocapping
and phytoremediation, which employ specific plant species.

Reusability of the ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 nanocomposite

Reusability studies aid in understanding the mechanisms of
heavy metal removal and recovery from metal-loaded

adsorbents, as well as the reusability of the nanoadsorbents,
which can save costs and help preserve the environment.
The reusability of ZnO, Fe3O4 and ZnO/Fe3O4 nanoadsorb-
ents were studied and the result is presented in Figure 12.

Figure 12 shows that the reusability efficiency of ZnO,
Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposites were
slightly reduced after each cycle (> 5%); nevertheless, in
comparison to the initial use for Cu (II) (85.83%, 80.57%
and 92.67%) and Cr (VI) (65.19%, 62.53% and 77.60%) by
ZnO, Fe3O4 and ZnO/Fe3O4 nanocomposites, it retained its
high adsorption potential. At the 4th cycle, the removal effi-
ciencies were 75.84% 67.00%,85.51 and 58.03%, 55.56%,
69.42% for Cu (II) and Cr (VI) using exhausted ZnO, Fe3O4

and ZnO/Fe3O4 nanoadsorbents respectively. This confirms
that the ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 noad-
sorbent can be recycled after use, which lowers waste pro-
duction and makes it a valuable application for the removal
of heavy metal ions from wastewater. The findings of this
study could be compared to other studies on desorption and
reusability of exhausted adsorbents. For example, de-ionized
water, pipe-borne water, 0.1M H2SO4, 0.1M HCl and 0.1M
NaOH were used as desorption agents for the desorption of
chromium (VI) and lead (II) ions under the condition of
desorption time (60min) stirring speed (120 rpm) at 30 �C.
The authors found that the acids were better desorbing
agents for the heavy metals compared to de-ionized water,
pipe-borne water and 0.1M NaOH. The adsorption effi-
ciency was maintained at 53.5% and 54.6% after the third
cycle periods.[79] This result confirms the efficiency of acids
compared to the other adsorbing agents used for the desorp-
tion of heavy metals.

Figure 12. Desorption-adsorbed of (a)Cu(II) and (b) Cr (VI) ion and reusability of ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposites using 0.1 moldm�3 of
HNO3 acid as desorbing agent.

Table 9. Concentration of leached Metal ions in solution at a different acid concentration.

Nanoadsorbent
Concentration of the
leachable ions (mg/L)

Concentration (moldm�3)
WHO Permissible
Limit (2017)0.025 0.08 0.1 0.2

ZnO Zn (mg/L) ND 0.082 ± 0.02 0.103 ± 0.10 0.330 ± 0.11 5
Fe3O4 Fe (mg/L) 0.099 ± 0.11 0.102 ± 0.05 0.169 ± 0.02 0.383 ± 0.15 0.3
ZnO/Fe3O4 Zn (mg/L) ND ND 0.038 ± 0.02 0.126 ± 15 5

Fe (mg/L) ND ND 0.095 ± 0.15 0.19 ± 11 0.3
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Conclusion

ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 nanocomposites
were successfully synthesized via simple sol-gel chemical
reduction methods which were confirmed by characterization
techniques such as HRSEM, EDS, XRD, FTI-R and BET.
The specific active surface area of ZnO and Fe3O4 improved
following the synthesis of ZnO/Fe3O4 nanocomposites sug-
gesting the existence of synergetic effects. The removal of Cu
(II) and Cr (VI) ions from petroleum refinery wastewater
was dependent on contact time, nanoadsorbent dosage and
temperature. The adsorption processes indicate that the
Langmuir model best fits the experimental data for both Cu
(II) and Cr (VI) ions. The adsorption process shows that
ZnO/Fe3O4 nanocomposites was a better adsorbent for the
removal of Cu (II) and Cr (VI) with percentage removal of
92.67% and 77.60%. The adsorption performance of all the
adsorbents is best described by pseudo-second-order kinetic
models, indicating that chemisorption reaction dominates
the adsorption of Cu (II) and Cr (VI) ions by ZnO, Fe3O4

nanoparticles and ZnO/Fe3O4 composites. The adsorption of
Cr (VI) was low for both ZnO, Fe3O4 nanoparticles and
ZnO/Fe3O4 composites compared to Cu (II) ion at all the
applied conditions. Different concentrations of HNO3 (0.025,
0.08 and 0.1 moldm�3) solutions were used to desorb and
recover ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4 compo-
sites and it was discovered that 0.100 moldm�3is capable of
desorbing 81.83%, 80.86% and 90.80% of Cu (II) ions;
61.33%, 60.13% and 73.02%, of Cr (VI) ions. It was also
established that ZnO, Fe3O4 nanoparticles and ZnO/Fe3O4

composites still had a good ability for Cu (II) and Cr (VI)
ions removal after four cycles. The result generally shows
that ZnO/Fe3O4 composites exhibited better performance
than the individual nanoparticles and thus serve as a poten-
tial adsorbent for the adsorption of Cu (II) and Cr (VI) ions
from petroleum refinery wastewater.
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