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Abstract: In this research, the removal of the pesticide chlorpyriphos (CPE) from water by adsorption
using a novel adsorbent made of γ-Fe2O3/Al-ZnO nanocomposite was studied. The adsorbent was
characterized using Fourier-transformed infrared spectroscopy (FTIR), Scanning electron microscopy
(SEM), Brunauer-Emmett-Teller (BET) surface area, and vibrating sample magnetometry (VSM). The
main parameters affecting the adsorption process, including the initial pH (2–12), the concentration of
pesticide (10–70 ppm), the %Fe2O3 of the adsorbent, and the adsorption time (≤60 min), were studied.
The results demonstrated that the adsorption of CPE depended on the pH, with a maximum removal
of 92.3% achieved at around neutral pH. The adsorption isotherm was modelled and the results
showed that the Freundlich model fitted the experimental data better than the Langmuir and Temkin
models. The kinetics of adsorption were also studied and modelled using the pseudo-first-order
and pseudo-second-order models, with the former being found more suitable. Energy dispersive
X-ray (EDX) analysis confirmed the adsorption of CPE on γ-Fe2O3/Al-ZnO, while FTIR analysis
suggested that the hydroxyl, N-pyridine, and chloro functional groups governed the adsorption
mechanism. Furthermore, VSM analysis revealed that the magnetization saturation of γ-Fe2O3/Al-
ZnO nanocomposite, after CPE adsorption, was slightly lower than that of fresh γ-Fe2O3/Al-ZnO but
remained adequate for the efficient separation of the adsorbent simply using a magnet. This study
demonstrates that binary γ-Fe2O3/Al-ZnO magnetic nanocomposites are effective for the removal
of chlorpyriphos and could be highly promising materials for the removal of emerging pollutants
in wastewater.

Keywords: nanocomposites; magnetic adsorption; chlorpyriphos; pesticides; isotherm and kinetic

1. Introduction

Chlorpyriphos (CPE) (O,O-diethyl-O-(3,5,6-trichloropyridin-2-yl) phosphorothioate)
is one of the most effective organophosphate insecticides used in agriculture and for
controlling household pests [1,2]. It was introduced in 1965 as an alternative insecticide
to dichlorodiphenyltrichloroethane (DDT) and has since been used widely in at least one
hundred countries across the world [1]. However, due to concerns related to its toxicity,
CPE was banned from being sold in the European Union in January 2020 [3] and is classified
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as a hazardous substance under the Federal Water Pollution Control Act in the USA. CPE
is listed as hazardous to humans due to its residual presence in soil, aquifers, and plants
and its serious health consequences such as carcinogenicity and inhibition of the enzyme
acetylcholine esterase (a key enzyme necessary for nerve function) [4,5]. In addition, CPE
acts as an endocrine disruptor with a high potential for binding to androgen receptors,
interfering in natural hormonal binding and thus modifying the normal functioning of
the endocrine system [6]. Although the use of CPE in the EU and USA is decreasing, it
is still widely used in other parts of the world. In Tunisia, CPE is classified as a highly
hazardous pesticide, meaning that it presents high levels of acute or chronic hazards to
health or the environment, as accepted by international classification systems such as of
the World Health Organization (WHO) or Global Health Security (GHS) or their listings in
relevant binding international agreements or conventions [7].

The widespread use of CPE has led to the contamination of surface and ground
waters [8]. CPE is also present in Wastewater Treatment Plant effluents (WWTPs) [9], with a
quantification frequency of <30% in the influents of 15 biological WWTPs at concentrations
ranging from 0.1 to 1 µg/L and from 0.01 to 0.1 µg/L in the effluents [10]. Thus, the
removal of CPE from the aqueous environment is very important. Several water treatment
processes, including solar photo-Fenton [11,12], ozonation [13,14], and adsorption [15,16],
have been used to remove pesticides from water. Despite being effective, economical, and
routinely used in water treatment [17,18], adsorption has only been seldom studied with
regard to the removal of CPE. Voorhees et al. [19] recently evaluated the removal of CPE
using granular activated carbon and biochar and demonstrated that both adsorbents were
effective to reduce CPE to less than detectable and non-toxic concentrations. Diatomaceous
earth was also tested and was found to remove 95% of chlorpyriphos from river and waste
waters [20]. In a mixture of seven different pesticides (alachlor, metolachlor, chlorpyriphos,
fipronil, α-endosulfan, β-endosulfan, and p,p′-DDT), fixed-bed adsorption, using rice
husk ash (RHA) as an adsorbent, was also found to be effective for the removal of CPE.
The column elution studies showed that 10 L of the mixed pesticide-contaminated water
(0.05 mg/L) could be treated with only 10 g of RHA at a removal efficiency of 90% [21].
The use of nanoscale Moringa oleifera seed waste (nMSW) as a nano-biosorbent was also
tested for CPE removal from contaminated wastewater, achieving an 81% removal at pH 7
and a 30 min adsorption contact time [16].

Although activated carbon is an adsorbent that is widely used for the removal of pesti-
cides in water, it has several drawbacks, including its high regeneration costs and brittle
nature. There are also concerns about the environmental footprint of the current methods
used to produce and regenerate activated carbon [22,23]. Therefore, there has been growing
interest in the use of new adsorbents that could be efficiently used in wastewater treatment.
In our previous study [24], γ-Fe2O3/Al-ZnO, a ferromagnetic binary nanocomposite, was
found to present remarkable adsorption properties, making it an excellent material for
fabricating gas-phase acetone sensors. In the present study, we explore, for the first time,
the use of this material as a novel nanocomposite adsorbent for the treatment of wastewater
contaminated with chlorpyriphos pesticide. The γ-Fe2O3/Al-ZnO nano-adsorbent synthe-
sized in this study was characterized using the Fourier Transform Infrared Spectroscopy
(FTIR), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
and vibrating sample magnetometer (VSM) techniques before and after the adsorption
of CPE. The effects of the variables pH, initial CPE concentration, and adsorption contact
time were evaluated. The adsorption isotherms and kinetics were also determined and
analyzed using appropriate adsorption models. This study presents, for the first time, the
application of magnetic nanocomposite γ-Fe2O3/Al-ZnO as an adsorbent to remove the
pesticide chlorpyrifos from water.
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2. Materials and Methods
2.1. Reagents

High Performance Liquid Chromatography (HPLC) grade acetonitrile and methanol
were purchased from Advent Chembio PVT Ltd., India, and high-purity (>98%) analytical-
grade chlorpyriphos-ethyl (CPE) was purchased from Sigma Aldrich, USA. ACS reagent-
grade hydrochloric acid (HCl) and sodium hydroxide (NaOH) were provided by VWR
chemicals, USA. Milli-Q water was generated from a Direct-Q Ultrapure Water System
from Heal Force (Bio-Meditech Holdings Group, Shangai, China) with a specific resistance
of 18.2 MΩ.cm and a total organic carbon (TOC) content of 2 µg/L. The experiments were
carried out in Milli-Q water as well as in CPE-spiked real secondary-treated wastewater.

2.2. Real Wastewater

Urban wastewater samples (influent and effluent) were collected from Choutrana II
WWTP, located in north Tunisia. The plant operates on activated sludge biological treatment
at an average inlet flow of 0.46 m3/s. Wastewater samples were collected from the treatment
plant in pre-rinsed amber glass bottles (2 L) and filtrated immediately through a 0.45 µm
Membrane Filter (MF-Millipore™, Merck Life Science, Mumbai, India). The samples were
then stored at 4 ◦C in the dark until testing. The effluent from the plant had the following
characteristics: pH 7.31 ± 0.1, 5-day Biological Oxygen Demand (BOD5) 461 ± 94 mg/L,
conductivity 2.39 ± 0.2 mS/cm, turbidity 3.59 ± 3.0 NTU, Total Organic Carbon (TOC)
11.3 ± 2.0 mg/L, Inorganic Carbon (IC) 55.4 ± 2.0 mg/L, Cl− 573.3 ± 100.0 mg/L, PO4

3−

29.2 ± 2.8 mg/L, SO4
2− 300.3 ± 50.0 mg/L.

2.3. Preparation and Analysis of Chlorpyriphos Solutions

A stock solution of CPE at 1000 mg/L was prepared in acetonitrile and kept in the
fridge at 4 ◦C. Aqueous working solutions at given concentrations in the range 10 to
70 mg/L were prepared by diluting the stock solution with Milli-Q water. The aqueous
solution pH was adjusted with hydrochloric acid (HCl) and sodium hydroxide (NaOH) at
concentrations of 0.01 M each. Table 1 gives the selected physico-chemical properties of
CPE. The concentration of CPE in water was determined by a UV/Vis spectrophotometer
(Perkin ELMER Lambda 25 UV/Vis Spectrophotometer, Loyola Marymount University, Los
Angeles, CA, USA) using a pre-determined calibration curve at the maximum absorbance
wavelength λmax = 289 nm; λmax was determined by measuring the UV/Vis spectrum of a
50 mg/L CPE solution in the wavelength range of 200 to 850 nm, and its value of 289 nm
agreed well with the literature [25,26]. Eight CPE concentrations in the range of 10 to
80 mg/L were used to determine the calibration curve.

Table 1. Physical/chemical properties of chlorpyriphos (CPE).

Properties Chlorpyrifos References

Chemical name: O,O-diethyl-O-(3,5,6-trichloropyridin-2-yl)
phosphorothioate

[27]Chemical formula

C9H11NO3PSCl3
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2.4. Synthesis and Characterization of γ-Fe2O3/Al-ZnO Adsorbent

The synthesis of γ-Fe2O3/Al-ZnO was carried out using a two-step method [24].
In the first step, 8 g of zinc acetate dehydrate (Zn (CH3COO) 2 × 2H2O, >99%, Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 56 mL of methanol (CH3OH, 99.8%,
Sigma-Aldrich, St. Louis, MO, USA). After 15 min of magnetic stirring at room temperature,
an adequate quantity of aluminum nitrate-9- hydrate (Al(NO3)3 × 9H2O, >99%, Sigma-
Aldrich, St. Louis, MO, USA) was added to obtain an Al/Zn ratio of 0.03, where Al was
the doping element. After 20 min of stirring using a magnetic stirrer, 280 mL of ethanol
absolute (CH3CH2OH, >99.9%, Sigma-Aldrich, St. Louis, MO, USA) was added and the
solution was dried in an autoclave under supercritical conditions of ethanol (Tc = 243 ◦C;
Pc = 63.6 bar) to produce Al-ZnO nanoparticles. In the second step, 16 g of iron (III)
precursor (acetylacetonate) (C15H21FeO6, >99.9%, Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in 32 mL of methanol, to which different quantities of Al-ZnO nanoparticles
prepared in the first step were added. After stirring for 15 min, 220 mL of ethanol was
added, and the solution was dried in an autoclave at the supercritical conditions of ethanol
similarly to the first step to finally obtain γ-Fe2O3/Al–ZnO nanocomposite [24].

The prepared γ-Fe2O3/Al-ZnO nanocomposite adsorbent at a loading of 24.52% γ-
Fe2O3 was characterized before and after the removal of chlorpyriphos using various
techniques. The adsorbent prepared at this γ-Fe2O3 loading was selected for characteri-
zation because of its highest removal rate of CPE in comparison to the other adsorbents,
as determined by the adsorption study. The adsorbent functional groups were character-
ized by Fourier-transform infrared (FTIR) spectroscopy (IR Affinity-1 SHIMADZU FT-IR
Spectrometer, Kyoto, Japan) using transmittance spectra in the range of 4000 to 100 cm−1

in KBr pellets. The adsorbent morphology and structure were observed using a Quattro
ESEM Thermo-Fisher, UK, in combination with Energy-Dispersive X-ray (EDX, MODEL
JSM-IT200) operated at 5–15 kV. Brunauer−Emmett−Teller (BET) surface area and pore
size measurements were also conducted at 77 K using N2 adsorption/desorption isotherms
(Nova 200e, Quantachrome Instruments, Boynton Beach, FL, USA). The samples were
degassed at 150 ◦C for 4 h before nitrogen adsorption measurements. The Quantachrome
NovaWin package was used for data acquisition and analysis. The point of zero charge
(PZC) of the adsorbent was also determined in this study by plotting the zeta potential
values against pH; the pH that gave zero zeta potential was denoted the PZC. The zeta po-
tential was calculated from the electrophoretic mobility of γ-Fe2O3/Al-ZnO at 25 ± 0.1 ◦C
in a capillary cell (ZET 5104) of the Zetasizer 4 (Malvern, UK) apparatus. Measurements
of the electrophoretic mobility were converted to zeta potentials based on Smoluchowski
approximation (k.a >> 1). Before measurement, a given amount of the adsorbent (20 mg)
was added to 100 mL of distilled water. Six samples were prepared in the same manner
and the pH of each sample was adjusted using 0.1 mol/L HCl and 0.1 mol/L NaOH
solutions. Magnetization curves of the synthesized nanocomposite were also measured
using a vibrating sample magnetometer VSM 4500 (EG & G Princeton applied Research,
City, Oak Ridge, TN, USA) at ambient temperature.

2.5. Batch Adsorption Experiments

Experiments on CPE sorption onto γ-Fe2O3/Al-ZnO in aqueous media were per-
formed in batch mode. A volume of 5 mL of sample was used for the adsorption exper-
iments. The pH was adjusted by the addition of HCl (0.01 M) or NaOH (0.01 M) and
measured by a pH meter (Consort C831). A fixed dosage of adsorbent of 0.5 g/L was used
in all experiments and the contact time was set to 60 min, while the adsorption temperature
was set to 22 ± 2 ◦C in all experiments. The adsorbent uptake of CPE was determined
from the mass balance shown in Equation (1), and the removal efficiency of CPE (%) was
calculated using Equation (2). In addition, experiments on adsorbent reuse were conducted
after adsorption, followed by seven repeated washes of the adsorbent with hot water
at 40 ◦C.

q =
V(C0 − C)

m
(1)
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R(%) = 100× C0 − C
C0

(2)

where q is the adsorbent uptake (mg/g); V is the solution volume (L); C0 and C are the initial
and after-adsorption concentrations, respectively (mg/L); m is the mass of the adsorbent
(g); and R(%) is the removal efficiency (%).

2.6. Data Analysis
2.6.1. Adsorption Kinetics Models

The rate of adsorption of CPE was determined using the pseudo-first-order (PFO) and
pseudo-second-order (PSO) models. These models expressed in linear forms are shown by
Equations (3) and (4) for PFO and PSO, respectively:

Ln
(

qe − qt

qe

)
= −k1t (3)

t
qt

=
1

k2q2
e
+

t
qe

(4)

where qe and qt (mg/g) are the CPE uptake at equilibrium and at a time t, respectively; k1
(min−1) is the pseudo-first-order rate constant; and k2 (g/(mg.min)) is the pseudo-second-
order rate constant.

2.6.2. Isotherms of CPE Adsorption on γ-Fe2O3/Al-ZnO

Adsorption isotherms are very important in adsorption studies to optimize the ad-
sorption process and develop an understanding of the sorbate/sorbent interactions. Exper-
imental isotherm data were fitted using three two-parameter sorption isotherms commonly
used in adsorption studies, including the Freundlich, Langmuir, and Temkin models. The
equations for each model, represented in linear form, are shown in Table 2 [29,30], and the
parameters of each model were determined from the slope and intercept of the linear plots,
as shown in Table 2. The experiments were repeated at least twice and the average errors
varied between 3 and 8%.

Table 2. Isotherm equations for the adsorption of CPE on γ-Fe2O3/Al-ZnO.

Model Linear Form Plot Parameters

Langmuir Ce
qe

= 1
KLqm

+ Ce
qm

Ce
qe

vs. Ce qm = 1
slope ; KL =

slope
intercept

Freundlich Ln(qe) = Ln
(

K f

)
+ 1

n Ln(Ce) Ln(qe) vs. Ln(Ce) K f = exp(intercept); 1
n = slope

Temkin qe =
RT
bT

Ln(aT) +
RT
bT

Ln(Ce) qe vs. Ln(Ce) aT = exp
(

intercept
slope

)
; bT = RT

slope

Ce is the equilibrium CPE concentration in solution (mg/L); qm is the maximum
adsorption capacity corresponding to complete monolayer coverage of the surface (mg/g)
and KL is the Langmuir adsorption constant (L/mg); Kf and 1/n are characteristic constants
representing the adsorption capacity and intensity, respectively; aT is the Temkin isotherm
constant, bT is the Temkin constant related to heat of sorption (kJ/mol), R is the ideal gas
constant (8.314 J/(mol.K)), and T is the absolute temperature (K).

3. Results
3.1. Characterization of γ-Fe2O3/Al-ZnO Adsorbent
3.1.1. SEM and EDX Analyses of γ-Fe2O3/Al-ZnO

Morphological and elemental analyses at the adsorbent surface before (Figure 1A,B)
and after (Figure 1C,D) CPE adsorption were conducted using SEM/EDX. The SEM images
show the porous structure of the synthesized adsorbent, which is typical for γ-Fe2O3/Al–
ZnO nanocomposites [24]. This porous structure is favorable for the adsorption of molecules
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and has been exploited in other studies to develop gas sensors. According to the results
obtained from the EDX analysis, the mass percentages (w/w%) of the elements before and
after CPE adsorption are shown in Table 3. A strong signal of iron was observed in fresh
γ-Fe2O3/Al–ZnO (Figure 1B), indicating that the surface is densely covered by iron, which
is in agreement with the findings of other studies [31,32]. As shown in Table 3, the mass
percentages of the elements C, N, P, S, and Cl increased from non-detectable values before
CPE adsorption to 3.08, 0.24, 0.26, 0.25, and 0.34%, respectively, after CPE adsorption,
providing evidence that CPE was effectively adsorbed on the surface of γ-Fe2O3/Al–ZnO.

Figure 1. (A) SEM images and (B) EDX of γ-Fe2O3/Al–ZnO before chlorpyriphos adsorption;
(C) SEM images and (D) EDX of γ-Fe2O3/Al–ZnO after chlorpyriphos adsorption.

Table 3. Quantitative results of EDX.

Before Adsorption After Adsorption of CPE

Element % Mass % Atomic % Mass % Atomic

O 9.05 25.73 27.93 53.86
Al 0.30 0.51 0.42 0.48
Fe 90.04 73.34 56.78 31.37
Zn 0.61 0.42 10.70 5.05
C n.d * n.d 3.08 7.92
N n.d n.d 0.24 0.53
P n.d n.d 0.26 0.26
S n.d n.d 0.25 0.24
Cl n.d n.d 0.34 0.29

n.d *: not detected.
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3.1.2. FTIR Analysis of Fe2O3/Al-Zn before and after CPE Adsorption

According to Figure 2A, the main changes in the IR spectra before and after the
adsorption of chlorpyrifos were observed at 3500, 1630, 1393, 1112, and 963 cm−1 peaks.
The broad peaks centered at the bands 3450–3500 and 1630–1640 cm−1 can be assigned to the
stretching and bending vibrations of the hydroxyl groups or water molecules, respectively.
The peak at around 3450 cm−1 in the CPE spectrum could be due to the C-H bending
of the ethoxy groups [33]. After CPE adsorption, band 3450–3500 cm−1 became wider,
indicating that hydroxyl groups were involved in the adsorption process [16], possibly
through a mechanism involving hydrogen bonding between hydroxyl groups on the surface
of the adsorbent and the N-pyridine group as well as the terminal Cl atoms, as depicted
in Figure 2B [34,35]. Furthermore, shifts in the peak positions at 1407, 1328, 1050, and
750 cm−1, which are characteristic of C=C stretching, C–H stretching, C–O bending, and
C–Cl stretching, respectively, were also recorded after CPE adsorption. These shifts in bands
to new wave numbers after CPE adsorption provide evidence of interactions between the
surface of the adsorbent and CPE. Consequently, the mechanism of CPE adsorption could
involve hydrogen bonding, possibly between the terminal hydrogen atoms of the methyl
group of CPE and the oxygen atoms present on the adsorbent surface. In addition, the
after-adsorption spectrum shows that the C-Cl stretching band (~630 cm−1) became weaker
possibly due to the coordination of CPE to γ-Fe2O3/Al-ZnO through its Cl atom. This
pathway of interaction between CPE and the adsorbent is plausible, given the abundance
of the chloro-group in the CPE molecule, and is also in agreement with the results of other
studies. For example, using density functional theory, adsorption through the Cl pathway
was found to be an important mechanism of the adsorption of 2-chlorophenol from water
on γ-Fe2O3 [36]. In the IR spectrum of adsorbed CPE, a band appeared at 1393 cm−1 which
is characteristic of C–H bending, and peaks at 1059 and 963 cm−1, which correspond to C-O
and P-O stretching, respectively, also appeared. The appearance of these bands provides
further evidence of CPE adsorption. Accordingly, CPE adsorption on γ-Fe2O3/Al-ZnO
is feasible and proceeds through interactions involving hydroxyl groups, chlorine atoms,
N-pyridine, and hydrogen bonding.

Figure 2. (A) FTIR spectrum before and after CPE adsorption; (B) suggested mechanism for CPE
interaction with the adsorbent.

3.1.3. BET Surface Area and Pore Size

The BET surface area of the adsorbent was measured according to the BET equa-
tion applied in the range P/P◦ < 0.3 (Figure 3A) and its value was found to be equal to
28.14 ± 1.48 m2/g. This BET surface area was comparable to that reported for γ-Fe2O3/Al–
ZnO [24] and was about three times higher than the surface areas reported for other
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Fe2O3-based adsorbents [37]. The pore size distribution was examined using the Dubinin–
Astakhov (DA) model, which is suitable for microporous materials. The DA model showed
that the average pore size of the adsorbent was 15 Å (Figure 3B), which confirms the micro-
porous nature of the material. The microporous nature and high surface area of the material
indicate the strong adsorption capacity of γ-Fe2O3/Al–ZnO, as will be demonstrated in the
following sections.

Figure 3. (A) BET plot and (B) Dubinin–Astakhov plot.

3.1.4. Vibrating Sample Magnetometry (VSM)

The magnetization curves of raw γ-Fe2O3/Al–ZnO and γ-Fe2O3/Al–ZnO after the
adsorption of CPE are shown in Figure 4. The curves show that γ-Fe2O3/Al–ZnO main-
tained its magnetic property after being loaded with CPE. According to the shape of the
obtained curves, the material has a magnetic memory, with superparamagnetic behavior
explained by the absence of hysteresis. The magnetization saturation values determined
at 189 K were 37.8 and 29.9 emu/g for γ-Fe2O3/Al–ZnO before and after CPE adsorption,
respectively. Although the adsorption of CPE slightly reduced the magnetization saturation
of γ-Fe2O3/Al–ZnO, the adsorbent was recoverable from the aqueous medium by the
simple application of an external magnetic field (Figure 4 inset).

Figure 4. Magnetization hysteresis loop for γ-Fe2O3/Al-ZnO before and after CPE adsorption.
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3.2. Optimization of Parameters Affecting CPE Removal by γ-Fe2O3/Al-ZnO
3.2.1. Effect of the Fe2O3 Loading on the Adsorbent Removal Efficiency

Five different γ-Fe2O3/Al–ZnO adsorbents were prepared at different loadings of
γ-Fe2O3 (24.52%, 39.39%, 49.36%, 56.52%, and 61.90%). Their CPE adsorption capacities
and removal rates versus time were determined using CPE at an initial concentration of
50 mg/L and the adsorbent dose was kept the same at 0.5 g/L. The results presented in
Figure 5 indicated that high adsorption capacities were achieved at an equilibrium time
of 30 min for the five adsorbents, but the adsorbent doped with 24.52% γ-Fe2O3 gave the
highest CPE removal (92.33%). The removal of CPE by the other adsorbents after 30 min
of contact time were only 91.19, 91.02, 90.96, and 85.80% for γ-Fe2O3 loadings of 39.39%,
49.36%, 56.52%, and 61.90%, respectively. According to these results, the percentage of CPE
elimination by γ-Fe2O3/Al–ZnO is inversely proportional to γ-Fe2O3 loading. In a study
conducted by Zahmouli et al. [24], a similar γ-Fe2O3 loading to that obtained in this study
was also found to be the best γ-Fe2O3 loading for their acetone-sensing application. The
adsorbent prepared with a 24.52% γ-Fe2O3 loading was selected for use in the remainder
of the study.

Figure 5. Effect of γ-Fe2O3 loading on CPE adsorption (pH = 6.8, C0 = 50 mg/L, adsorbent dose =
0.5 g/L, and T = 22 ± 2 ◦C).

3.2.2. Effect of Initial pH

The effect of solution pH on CPE removal using γ-Fe2O3/Al-ZnO sorbent was inves-
tigated at pH values ranging between 2.0 and 12.0 with an initial CPE concentration of
50 mg/L. As shown in Figure 6A, the CPE removal percentage decreased at higher and
lower pH values, giving pH 7 as optimum for the adsorption of CPE on γ-Fe2O3/Al-ZnO.
The point of zero charge of γ-Fe2O3/Al-ZnO was determined in this study and its value
was found to be equal to pH 1.1 (Figure 6B). This means that at all the experimental pH
values used for adsorption in this study, the surface of the adsorbent is expected to be
negatively charged. Thus, at low pH values (pH < 7), the high concentrations of protons
(H+) in solution strongly competed for the negatively charged sites on the surface of the
adsorbent, which led to a strong reduction in CPE adsorption as the pH was below 7, as
observed in Figure 6A. At high pH values (pH > 7), the lower removal of CPE might be
attributed to the deprotonation and hydrolysis of the functional groups on the surface
of the adsorbent, which could diminish the active sites available for hydrogen bonding
between CPE and the adsorbent surface, thereby leading to a reduction in adsorption [38].
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Figure 6. (A) Effect of pH on CPE adsorption onto γ-Fe2O3/Al–ZnO (C0 = 50 mg/L; contact time =
30 min; volume of solution = 5 mL; sorbent dose = 0.5g/L). (B) PZC of γ-Fe2O3/Al–ZnO.

3.3. Isotherm of CPE Adsorption onto γ-Fe2O3/Al-ZnO

The determination of adsorption equilibrium isotherms is very important for the
evaluation of the feasibility of the adsorption process in retaining the sorbate from aqueous
media to the solid phase. Consequently, the adsorption isotherm of CPE onto γ-Fe2O3/Al-
ZnO at a 24.52% γ-Fe2O3 loading was evaluated at 22 ◦C using different initial solution
concentrations, while the adsorbent dose was kept constant at 0.5 g/L. Three different but
commonly used models were used to describe the experimental data: Langmuir, Freundlich,
and Temkin (Figure 7).

Figure 7. Freundlich, Langmuir, and Temkin isotherms for CPE adsorption onto γ-Fe2O3/Al–ZnO
(pH 6.8; temperature = 22 ± 2 ◦C).

Table 4 summarizes the parameters of each model and the correlation coefficients
between the experimental and model results (R2). Comparing the closeness of the determi-
nation coefficients (R2) to one shows that the CPE adsorption onto γ-Fe2O3/Al-ZnO follows
the Freundlich model slightly better than the Langmuir or Temkin models. The Freundlich
model is commonly used to describe adsorption in liquid phases. It could thus be stated
that the adsorption of CPE proceeds through heterogeneous multilayer adsorption [39]. A
similar isotherm model was also observed for the adsorption of CPE onto the nanoparticles
of water treatment residuals [20]. The adsorption of CPE onto γ-Fe2O3/Al-ZnO was found
to be favorable, as demonstrated by the Freundlich equation and supported by the RL
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constant of the Langmuir isotherm being between 0 and 1 under the different initial CPE
concentrations (10–75 mg/L) used in this study (Table 4).

Table 4. Isotherm parameters and correlation coefficients calculated for the sorption of CPE onto
γFe2O3/Al-ZnO.

Isotherm Parameter Value

Freundlich
Kf (L0.466 mg0.534g−1) 41.79

1/n 0.4660
R2 0.9989

Langmuir

KL (L/mg) 0.409
qm (mg/g) 142.86

RL 0.034–0.047
R2 0.9968

Temkin
aT 5.254

bT (kJ/mol) 84.21
R2 0.9977

3.4. Adsorption Kinetics

The effect of the initial CPE concentration on the kinetics of adsorption (i.e., the rate
of approach to equilibrium) was investigated using CPE concentrations in the range of 10
to 70 mg/L, while the dose of the adsorbent was kept constant at 0.5 g/L. Figure 8 (only
initial concentrations of 50 and 70 mg/L are presented for clarity) shows the change in
CPE uptake by γ-Fe2O3/Al-ZnO as a function of time. The figure clearly indicates that
the adsorption process was rapid, with equilibrium being reached in about 20 min or less.
The rapid adsorption rate observed at the beginning can be explained by a strong affinity
between the adsorbent surface and CPE, as also demonstrated by the high value of the
Freundlich constant, KF, and the high interaction between CPE and the adsorbent shown by
the FTIR analysis. In addition, the rapid adsorption rate supports the suggested mechanism
of adsorption via the chloro pathway, which was demonstrated in other studies to be a fast
pathway [36]. The equilibrium uptake concentration (qe) increased when the initial solution
concentration increased. This increase in qe was expected, since adsorption is a phase
equilibrium operation, which means that, fundamentally, the uptake by the solid phase
increases with the solute concentration in solution. To model the adsorption kinetics, two
kinetic equations were used to fit the experimental data, including the pseudo-first-order
(PFO) and the pseudo-second-order (PSO) kinetic models (Equations (3) and (4)). The
values of the average R2, relative to initial concentrations, were 0.974 ± 1% and 0.948 ± 2%
for the pseudo-first-order and pseudo-second-order models. Thus, the pseudo-first-order
model was deemed to be more appropriate for describing the kinetics of CPE adsorption
on γ-Fe2O3/Al-ZnO. The average pseudo-first-order rate constant, k1, was found to be
equal to 0.190 ± 13% min−1. In their study on the adsorption of CPE on drinking water
treatment residues, Hamadeen et al. also demonstrated that CPE adsorption was described
by a pseudo-first-order model but with a rate constant that was much lower (0.0077 min−1)
than that obtained in our study [40].
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Figure 8. Kinetics of CPE adsorption on γ-Fe2O3/Al-ZnO (sorbent dose 0.5 g/L, initial solution
pH 6.8, temperature = 22 ± 2 ◦C).

3.5. Reuse of the Adsorbent and Application in Real Wastewater

The reuse of the adsorbent was investigated through repeated adsorption–desorption
cycles. The regeneration of the adsorbent between cycles was achieved by seven successive
washings (i.e., desorption) with hot water at 40 ◦C. The cumulative recovery of CPE in
water during the desorption experiment is shown in Figure 9A. The figure shows that after
about five washings, about 99% of the initially adsorbed CPE mass was recovered in wash
water. A further two washings were performed to ensure the complete regeneration of the
adsorbent. CPE adsorption was performed for 30 min and the change in CPE concentration
in water was used to calculate the removal percentage. As shown in Figure 9B, the removal
percentage was reduced from about 92% to about 80% after the second use to a removal
percentage of about 63% after the third use, which remained constant for the further
adsorption/desorption cycles. Despite this observed reduction in removal after reuse,
which was due to a modest increase in experimental temperature ~30 ◦C, the adsorbent
remained active towards CPE adsorption.

Figure 9. Adsorbent re-use: (A) effect of washing cycles on CPE recovery and (B) effect of reuse
cycles on CPE adsorption.

To evaluate the performance of γ-Fe2O3/Al-ZnO in real wastewater, adsorption exper-
iments were conducted using secondary-treated wastewater from the Choutrana WWTP
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spiked with CPE at 50 mg/L. The experimental conditions were kept the same as those in
the study with Milli-Q water, including an ambient temperature of 22 ◦C, pH = 6.8, and
adsorbent dose of 0.5g/L. As shown in Figure 10, the kinetics of CPE adsorption in the
wastewater were rapid at the beginning of the adsorption process and reached a plateau
after about 20 min in a similar profile as that used in the CPE adsorption in Milli-Q water.
The pseudo-first-order equation was used to model the adsorption kinetics in both Milli-Q
water and real wastewater. The values of the PFO rate constant, k1, were 0.191 min−1

and 0.157 min−1 for Milli-Q water and real wastewater, respectively, indicating that the
adsorption rate in real wastewater was slightly slower than the rate in Milli-Q water. In
addition, an appreciable reduction in the equilibrium uptake amounting to about 15%
between Milli-Q water and real wastewater was observed (Figure 10). This reduction in
equilibrium uptake could be due to competition for adsorption sites with other molecules
and ions contained in wastewater. Other studies have also shown that the adsorption
uptake in real wastewaters, which are inherently complex matrices, reduces in comparison
to that in distilled water [40].

Figure 10. CPE adsorption in secondary-treated wastewater (C0 = 50 mg/L, sorbent dose 0.5 g/L,
initial solution pH 6.8, temperature = 22 ± 2 ◦C).

4. Conclusions

Despite being toxic to humans and the environment, chlorpyrifos is still a widely used
pesticide in agriculture. In this study, we synthesized and characterized a novel adsorbent,
γ-Fe2O3/Al–ZnO, and applied it for the first time to remove chlorpyrifos from both Milli-Q
water and real wastewater. The adsorbent loading in γ-Fe2O3 of 24.52% gave the highest
removal rate of CPE as compared to other higher loadings. The SEM analysis revealed the
porous structure of the adsorbent, which was deemed favorable for the adsorption process,
while a nitrogen isotherm at cryogenic conditions confirmed the microporous nature of
the adsorbent; its BET surface area was 28.14 ± 1.48 m2/g. The interaction and effective
adsorption of CPE on γ-Fe2O3/Al–ZnO was evidenced by EDX analysis before and after
the adsorption experiments. The mechanism for CPE adsorption on γ-Fe2O3/Al–ZnO was
suggested to proceed through interactions involving hydroxyl groups, chlorine atoms, N-
pyridine, and hydrogen bonding. Following the adsorption of CPE, the magnetic property
of the adsorbent was not significantly affected, making the adsorbent retrievable simply
by the application of a magnetic field. The adsorption of CPE on γ-Fe2O3/Al–ZnO was
significantly affected by pH, with the highest adsorption capacity obtained at neutral pH.
The study of the CPE adsorption isotherm revealed that the Freundlich isotherm model
was most suitable for describing the experimental data. In addition, the adsorption kinetics
were found to be fast, with equilibrium being reached in less than 20 min, possibly due
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to cooperative interactions involving the different functional groups by which adsorption
takes place. The pseudo-first-order model was found to be adequate to describe the kinetic
data. Considering the facile route by which γ-Fe2O3/Al–ZnO is synthesized, together
with its efficiency in adsorption and the simplicity of retrieving it by magnetic separation,
γ-Fe2O3/Al–ZnO could represent a versatile and promising adsorbent for the removal of
emerging contaminants in water.
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