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a b s t r a c t
A green magnetic nanocomposite based on kaolin clay and two-dimension graphene oxide (Fe3O4@
GO@Ka) was prepared using natural, economic, and available raw materials for oil removal from 
produced water. The preparation was carried out through a two-step hydrothermal carbonization 
method followed by a modified co-precipitation method in the presence of a kaolin clay matrix. 
Fourier-transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy, high-res-
olution transmission electron microscopy, Brunauer–Emmett–Teller, and vibrating-sample mag-
netometer, were used to characterize Fe3O4@GO@Ka. The batch experiments results revealed that 
the oil removal efficiency reached its maximum with contact time = 60.0 min, pH = 7.0, initial oil 
concentration = 25.0 mg/L, the composite quantity = 5.0 mg, and T = 35°C. Theoretical models were 
applied to examine and assess the adsorption kinetics and isotherm. The adsorption kinetic was 
found to follow the pseudo-second-order, implying that the emulsified oil adsorption mechanism 
is chemisorption. The isothermal results closely matched the Freundlich isotherm model, mean-
ing that the adsorption occurs in multilayers on a heterogeneous surface. Thermodynamic stud-
ies indicated that the adsorption process was spontaneous and endothermic. The prepared nano-
composite was regenerated using ethanol and reused four times without a significant decrease 
in its oil removal efficiency. These results indicated that Fe3O4@GO@Ka could be a promising, 
eco-friendly adsorbent for removing emulsified oil droplets.
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1. Introduction

During crude oil and gas extraction, vast amounts 
of wastewater are generated. This wastewater is called 
produced water (PW), this water is polluted with petro-
leum, and other pollutants (including solids, toxic organic 
matters, metals, and the chemicals employed in the manu-
facturing process), contaminating the ecosystem if not cor-
rectly disposed of [1–6]. Oil and grease in PW can appear 

in free, dispersed, emulsified, or dissolved forms [7,8]. 
Because of their toxicological and aesthetic effects, emul-
sified oil droplets found in these generated waters are a 
source of worry [5,9,10]. Furthermore, these little droplets 
are more challenging to remove than free or dispersed oil, 
containing more significant droplet sizes because of the 
stable oil film generated by surfactants [10,11]. Suppose 
these tiny oil droplets are not removed from the water 
and dumped into the environment; in that case, they can 



207A.M. Ahmed et al. / Desalination and Water Treatment 280 (2022) 206–223

be dangerous to the aquatic ecology and cause high levels 
of biochemical oxygen demand (BOD) [9,12,13]. Due to the 
large amount and harmful nature of this water, it is vital to 
develop cost- effective and portable technology to remove 
emulsified oil. When PW treatment is done correctly, vast 
amounts of treated water can be reused and recycled, and 
oil can be recovered, increasing the economic and environ-
mental sustainability of the process [5,10].

Various chemical, physical and biological technologies, 
including skimming, gravity setting [13,14], filtration, flo-
tation [13–15], membrane techniques [15–18], flocculation 
[4], flotation [14,15,17,19], chemical coagulation [13,19], 
chemical oxidation [19], and electrochemical oxidation 
[17,19] have been developed and studied to remove emulsi-
fied oil droplets from PW. However, because most of these 
approaches are costly, time-consuming, secondary pollut-
ants formation, membrane fouling [20], and low removal 
efficiency, and considerable research efforts have been 
focused on more efficient oil clean-up procedures, such 
as adsorption [1,5,13,21,22]. Because of its harmless and 
straightforward operation, suitable discharge amount, low 
operational cost, minimum biological sludge generation, 
requiring fewer chemicals, and high oil removal efficiency, 
the adsorption technique has shown to be one of the most 
effective strategies for eliminating emulsified oil [1,21,23].

Activated carbon, biopolymers, organoclay, sawdust, 
vermiculite, walnut shells, and resins have been investigated 
as adsorbents for de-oiling from oil-in-water emulsions [2,13]. 
In this perspective, low-cost, plentiful, safe, and renewable 
materials should be prioritized [24].

Kaolin is one of the distinguished natural clay sub-
stances with (1:1) layered structure that has demonstrated 
promising potential as an adsorbent for wastewater puri-
fication due to its low cost, nontoxicity, accessibility, large 
specific surface area, good chemical stability, physical, 
mechanical, and structural properties [25–30]. Kaolin has 
been commonly employed as a sustainable biosorbent for 
organic materials removal [24,31,32]. Some recent studies 
on kaolin as a membrane for oil/water emulsion separa-
tion have recently been conducted, with promising results 
[33,34]. More crucially, modifying clay minerals like kaolin 
can increase the number of adsorption sites and func-
tional groups on their surfaces, considerably enhancing 
the clay minerals’ adsorption ability for environmental 
contaminants [27,35]. Based on that, various clay mineral 
modification technologies have been developed in recent 
years [27,28,35–37]. Carbon-based nanomaterials, such 
as graphene-based materials, have wide applications as 
adsorbents for water purification due to their consider-
able specific surface area, excellent mechanical properties, 
and layered structure [10,38,39]. Graphene oxide (GO) is 
one of the most intensively studied graphene-based sub-
stances that is the oxidized version of graphene [40,41]. GO 
was added to the solution as an additive to improve the 
removal efficiency [28,37]. It has a variety of oxygen-con-
taining active functional groups on its surface, such as car-
boxyl, carbonyl, epoxide, and hydroxyl, making it a good 
choice for target-specific adsorption [37,40–42]. These 
active oxygen functional groups give GO hydrophilic prop-
erties and make the surface modifications of GO easier, 
leading to the creation of other graphene-based materials 

[40,41]. These groups give GO surface a negative charge 
and enable it to interact with positively charged ions like 
heavy metals [43], dyes [44,45], and other organic mole-
cules [45,46]. The GO basal plane can also interact with the 
aromatic rings of many organics via Π–Π interaction, as 
observed in previous studies [46–48]. Also, GO has been 
investigated as emulsified oil sorbents [10,49].

Magnetic modification has attracted much attention due 
to overcoming challenging separation and recovery of spent 
adsorbent from the solution, enhancing the adsorption prop-
erty [23,26,30]. Various studies have shown that iron-based 
nanocomposites improve the removal efficiency of organic 
pollutants [26,47], heavy metals [28,50], and emulsified oil 
[51] from wastewater.

Herein, a green, eco-friendly synthesis route for pre-
paring the magnetic graphene oxide/kaolin (Fe3O4@GO@
Ka) nanocomposite was done by the hydrothermal car-
bonization method using affordable, natural resources 
(i.e., naturally occurring aluminosilicates, and glucose, a 
cheap, green chemical) to remove emulsified oil droplets 
from produced water. Fourier-transform infrared spectros-
copy (FT-IR), X-ray diffraction (XRD), scanning electron 
microscopy (SEM), high-resolution transmission electron 
microscopy (HR-TEM), Brunauer–Emmett–Teller (BET) and 
vibrating-sample magnetometer (VSM) were used to char-
acterize the synthesized Fe3O4@GO@Ka nanocomposite. 
The impacts of several parameters, including contact time, 
pH of emulsion, initial oil droplets concentration, compos-
ite quantity, and temperature, on the oil droplets adsorp-
tion process, were examined, and the optimal adsorption 
conditions were addressed. Furthermore, the collected 
data during the batch experiments were used to investi-
gate the adsorption kinetics, isotherm, and thermodynamic 
behavior of the current adsorption process. Moreover, a 
study on the reusability of the prepared Fe3O4@GO@Ka 
nanocomposite was also carried out.

2. Experimental setup

2.1. Materials

Kaolin clay (Al2Si2O5(OH)4) was obtained from Sigma-
Aldrich (Egypt) and was purified before use. D(+) glucose 
monohydrate (C6H12O6·H2O), which is used as a precur-
sor and ammonia solution (NH4OH, 25%) were purchased 
from Pioneer for Chemical Co., (Giza, Egypt). Ferrous chlo-
ride tetrahydrate (FeCl2·4H2O), ferric chloride hexahydrate 
(FeCl3·6H2O), magnesium oxide (MgO2) were used as a cat-
alyst. Phosphoric acid (H3PO4, 85%), hydrochloric acid (HCl 
36%), and sodium hydroxide (NaOH) were obtained from 
El-Nasr Pharmaceutical Chemicals Co., (ADWIC). Crude oil 
was obtained from an Egyptian oil field. Sodium dodecyl 
sulfate (SDS, C12H25OSO3Na) was obtained from Techno 
Pharmchem Co., (New Delhi, India) and used for preparing 
oil in water emulsion. Ethanol (C2H6O 96%) was purchased 
from Brand Chemicals Co., (Egypt). Throughout all experi-
ments, distilled water was used for preparing solutions.

2.2. Beneficiation and activation of kaolin

Powder kaolin was treated to remove soluble impuri-
ties and intermediate to coarse associated mineral particles 
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through the dispersion and decantation method [52–55] with 
some alteration. 40 g of kaolin was soaked in a 500 mL glass 
beaker containing 400 mL distilled water for 30 min with stir-
ring, then let to settle for 3 d until the clay and water were 
separated into two layers by the effect of gravity. The top 
layer (water) was removed and distilled water was added to 
the solid layer (clay slurry) for the clay to be purified even 
more (repeated five times). The bulk clay was then dried 
in an oven at 109°C for 8 h. The dry clay was ground into 
a fine powder using a mortar pestle and sieved through a 
125 μm sieve. For activation, the sieved clay was put in a 
crucible and thermally calcined at 500°C for 2 h in a muffle 
furnace to convert it to activated kaolin in metaphase [52,56].

2.3. Synthesis of hydrochar/kaolin nanocomposite (HC@Ka)

Firstly, hydrochar/kaolin nanocomposite (HC@Ka) was 
prepared by hydrothermal carbonization method with 
assist of H3PO4, reported by [57–59] with some alteration. 
In brief, 12.5 g of glucose was dissolved in 25 mL distilled 
water for 30 min by stirring with a magnet. Then, 2.0 g of 
activated kaolin clay was added to the glucose solution 
(2.5 M) with continuous stirring for 10 min; after that, the 
mixture was transferred with 7.5 mL H3PO4 in an impreg-
nation ratio of (0.5:1) (H3PO4:glucose) into 100 mL Teflon-
lined stainless steel autoclave kept at 180°C for 4 h. The 
autoclave was then allowed to cool to ambient temperature. 
The obtained solid product was filtered and washed with 
10 mL NaOH (1 M) then with distilled water several times 
until the filtrate became colorless. Finally, the hydrochar/
kaolin nanocomposites was dried at 70°C overnight in a 
vacuum oven.

2.4. GO@Ka nanocomposite preparation

GO@Ka nanocomposite was obtained through ther-
mal carbonization of hydrothermally prepared hydrochar/
kaolin nanocomposites (HC@Ka) [60], with the assistance 
of a catalyst (MgO2) [61–64]. Briefly, the carbonaceous solid 
product was mixed with magnesium oxide by the ratio of 

0.1% of solid product and calcination at 800°C for 2 h under 
a nitrogen atmosphere to obtain graphene oxide nanosheet. 
The obtained graphitized material was washed with dis-
tilled water many times to remove the catalyst from the 
graphitized material and was dried at room temperature 
for 2 d.

2.5. Synthesis of Fe3O4@GO@Ka nanocomposite

As indicated in prior work, the co-precipitation proce-
dure was used to prepare the Fe3O4@GO@Ka nanocompos-
ite [50,65–67]. FeCl3·6H2O and FeCl2·4H2O solutions were 
dissolved in 200 mL of distilled water with a molar ratio of 
2:1 (0.0037 M and 0.0025 M) and combined with 3 g (GO@
Ka) nanocomposite under vigorous mechanical stirring 
at 80°C, where the ratio of magnetite:(GO@Ka) was 1:10. 
Afterwards, 70 mL of 25% NH4OH solution was added to 
precipitate magnetite at pH 10.5. The prepared composite 
was filtered and rinsed many times with distilled water 
until pH reached 6.7; after that, it was dried for 2 d at room 
temperature (Fig. 1).

2.6. Adsorbent characterization

The functional groups of kaolin, GO@Ka, and Fe3O4@
GO@Ka were determined using an (FT-IR Model Spectrum 
One, PerkinElmer, USA). In the range of 4,000–400 cm–1, the 
spectra were acquired using KBr pellets with a resolution of 
16 cm–1. X-ray diffractometer (XRD, Shimadzu XD-l) operat-
ing at 40 kV and 40 mA was used to record the X-ray dif-
fraction (XRD) pattern of samples between 2θ of 4°–80° at 
a scan rate of 4°/min with a Cu-Ka radiation (λ = 0.154 nm), 
and a sampling angle interval of 0.02°. Transmission electron 
microscopy (TEM) with an acceleration voltage of 200 kV 
(HR-TEM, Model JEOL, JEM2100FS, Japan) and scanning 
electron microscopy (SEM, ZEISS-EVO 10) were used to 
investigate the size of particles and surface morphology of 
the samples. The surface area, pore volume, and pore diam-
eter of specimens were determined using a (BET, model 
BELSORP, BEL Master – Ver 7.1.0.0, MicrotracBEL, Corp) 

Fig. 1. Scheme of the Fe3O4@GO@Ka nanocomposite preparation.



209A.M. Ahmed et al. / Desalination and Water Treatment 280 (2022) 206–223

through Brunauer–Emmett–Teller (BET) method, and nitro-
gen was used as adsorbent at 77 Κ. A vibrating-sample mag-
netometer (VSM), (Lakeshore 665; Lake Shore Cryotronics, 
Inc., Westerville, OH, USA) was used to measure the mag-
netization of Fe3O4 NPs and Fe3O4@GO@Ka nanocomposite 
at 308 K.

2.7. Oil-in-water emulsion preparation

The synthetic oil/water emulsion solution was made 
based on [68–70] with some alteration by dissolving 10 μg 
anionic surfactant (sodium dodecyl sulfate) in 1 L deion-
ized water with stirring at 3,500 rpm on a magnetic stirrer 
for 5 min. According to the results of the stability test, this 
amount of surfactant is the right amount to produce a homo-
geneous oil/water emulsion. Since, SDS surfactant molecules 
operate as an adsorbent at the oil/water interface in oil/water 
emulsion systems, forming a negatively charged protective 
interfacial coating that prevents the coalescence of the emul-
sified oil droplets. Therefore, the low SDS concentration 
lead to decrease stability of oil/water emulsions and lead to 
coalescence of the emulsified oil droplets easily with time. 
Then 0.3 g crude oil was added and blended for 10–15 min 
with water to generate a homogeneous oil/water emulsion 
with a 300 mg/L oil droplets concentration. After that, the 
stock solution was diluted to various concentrations (250, 
150, 50, and 25 mg/L). The oil/water emulsions utilized in 
this study were prepared fresh and used immediately.

2.8. Batch adsorption experiment

Batch adsorption experiments were performed by add-
ing a 25 mL of oil/water emulsion (pH 7.0) to 5 mg adsor-
bent in a 50 mL conical flask at 35°C using a 350 rpm shaker 
water bath. The effects of contact time, pH of emulsion, ini-
tial concentration of emulsified oil, composite quantity, and 

temperature on the adsorption capacity and the removal effi-
ciency of the Fe3O4@GO@Ka nanocomposite for emulsified 
oil droplets were investigated. The contact time effect was 
investigated throughout a time range of (0–60 min), with ini-
tial oil droplets concentration (Co = 25.0 mg/L), pH (7.0), and 
adsorbent dose (5 mg) at 35°C. All batch studies occurred for 
60min, except for the kinetic trials. The influence of solution 
pH was studied at a pH between 2 to 11. Here, HCl solu-
tion (0.1 M) and NaOH solution (0.1 M) were used to change 
the values of the pH of the emulsion. Initial emulsified oil 
concentrations (25–250 mg/L) were employed to evaluate the 
concentration effect. The impact of composite quantity was 
examined using various amounts of adsorbent in a range of 
1–9 mg. The adsorption thermodynamics studies were inves-
tigated at different temperature values (25°C, 30°C, 35°C, 
50°C, and 60°C). Kinetic studies were carried out over var-
ious times, with a Fe3O4@GO@Ka dose (5 mg) and an initial 
emulsified oil concentration of (Co = 25.0 mg/L). Adsorption 
isotherm experiments were conducted using various initial 
oil droplets concentrations (25–250 mg/L) at 35°C with a set 
amount of Fe3O4@GO@Ka nanocomposite (5 mg) for 60 min 
to assure emulsified oil droplets adsorption equilibrium on 
Fe3O4@GO@Ka nanocomposite. Samples centrifugation was 
carried out for 15 min at 3,500 rpm (Centurion Scientific 
C2 series centrifuges) for adsorbent separation from emul-
sion solution at the end of each experiment, and then the 
digital direct-reading turbidimeter (Orbeco–Hellige) was 
performed on 15 mL of the supernatant. The same process 
was used with emulsion blanks without any adsorbent.

2.9. Regeneration test

Because the Fe3O4@GO@Ka nanocomposite has been 
offered as an adsorbent for emulsified oil droplets removal 
from synthetic oil/water emulsion, it must be evaluated 
to see if it can be reused many times (Fig. 2). A simple 

Fig. 2. Scheme of adsorption and recycling tests using Fe3O4@GO@Ka nanocomposite as an adsorbent.
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solvent-washing approach was applied to regenerate the 
employed Fe3O4@GO@Ka nanocomposite. In this method, 
0.005 g of utilized Fe3O4@GO@Ka nanocomposite was mixed 
with 25 mL of ethanol for 1 h at 35°C on a 350 rpm shaker 
water bath to desorb emulsified oil droplets from Fe3O4@
GO@Ka nanocomposite. The regenerated Fe3O4@GO@Ka 
nanocomposite was employed in the following emulsified oil 
droplets adsorption experiments [12,23,71].

2.10. Adsorption capacity and removal efficiency

To estimate the amount of emulsified oil droplets 
removed by Fe3O4@GO@Ka nanocomposite, the adsorp-
tion capacity of emulsified oil, Qt (mg/g), was computed by 
applying Eq. (1):

Q
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and the removal efficiency, Rt (%), was calculated using 
Eq. (2):
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where Ci represents the initial emulsified oil concentration 
(mg/L), Ct denotes the remaining concentration of emulsified 
oil at time t (mg/L), V is the volume of oil/water emulsion 
(mL), and Wa is the mass of Fe3O4@GO@Ka nanocomposite 
(mg). The adsorption capacity of Fe3O4@GO@Ka nanocom-
posite at equilibrium was expressed as Qe (mg/g); when 
the concentration of emulsified oil reaches equilibrium 
(i.e., Ce, mg/L) [49].

2.11. Adsorption kinetics

The adsorption rate is investigated to create a quick and 
effective model. To investigate governing mechanisms of the 
adsorption process, including chemical reaction, diffusion 
control, and transfer of mass, the experimental data were 
analyzed using numerous kinetics models [46].

The pseudo-first-order (Lagergren model) and the pseudo- 
second-order models Eqs. (3) and (4) were used to assess 
the kinetic data of emulsified oil droplets adsorption [12].

ln lnQ Q Q K te t e�� � � � 1  (3)

where Qt and Qe represent the amount of emulsified oil 
adsorbed on Fe3O4@GO@Ka nanocomposite (mg/g) at the 
reaction time t (min) and equilibrium time, respectively. 
K1 (min–1) refers to the pseudo-first-order rate constant 
[12]. The rate constant and Qe are calculated by plotting 
the term ln(Qe – Qt) vs. t [49]. The manners of adsorp-
tion in solid–liquid systems were investigated using the 
Lagergren equation, in which a sole sorption site on the 
surface of (Fe3O4@GO@Ka) is supposed to be occupied by 
emulsified oil droplets [12,49].
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where K2 (g/mg min) denotes the pseudo-second-order 
equation rate constant. The plot of t/Qt against t is fitted 
with a linear fit, 1/Qe represents the slope, while 1/K2Qe

2 
represents the intercept. The rate constant K2 and Qe are 
derived from the intercept and slope of the linear fit [49]. 
The emulsified oil is considered to be adsorbed to two sorp-
tion sites on the (Fe3O4@GO@Ka) surface when the pseudo- 
second-order equation is employed [12].

The intraparticle diffusion model was used to investigate 
the emulsified oil droplets diffusion behavior during the 
oil adsorption process as follows [2,12]:

Q K t Ct p i� �,
/1 2  (5)

where Kp,i represents the constant of diffusion rate 
(mg/g min1/2) at phase i and C (mg/g) is defined as the 
intercept.

The thickness of the boundary layer can be estimated 
using C values. If the intercept was larger, the surface sorp-
tion contribution in the rate-controlling step would be 
greater. Intraparticle diffusion is the single rate-limiting 
step for the adsorption process; if the Qt vs. t1/2 has a linear 
graph that goes across the origin [2,46].

2.12. Adsorption isotherms

Different models of adsorption isotherms are used to 
investigate the equilibrium adsorption capacity of emul-
sified oil droplets on Fe3O4@GO@Ka nanocomposite. The 
adsorption data were demonstrated using the Langmuir and 
Freundlich isotherm models [2,49]. To analyze the adsorp-
tion isotherm, the non-linear form of the Langmuir isotherm 
was initially used in the manner described in Eq. (6):

Q
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The linearized equation is obtained by rearranging the 
above equation as follows:
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where Qe represents the amount of emulsified oil droplets 
adsorbed at equilibrium on (Fe3O4@GO@Ka) surface (mg/g), 
Ce refers to the concentration of oil droplets at equilibrium 
(mg/L), Qmax is the Fe3O4@GO@Ka nanocomposite maximum 
adsorption capacity (mg/g) and Kl denotes a constant of 
Langmuir isotherm (L/mg).

The Langmuir constants Kl and Qmax (which are connected 
to the constant sorption free energy) can be calculated using 
the intercept and slope of a linear plotting of Ce/Qe vs. Ce [2].

One of the most often used models for explaining adsorp-
tion behaviors and estimating maximal adsorption of solute 
is the Langmuir adsorption isotherm. This model assumes 
that monolayer adsorption occurs on a stable adsorbent 
surface that consists of a finite number of specific homog-
enous adsorption sites. Adsorption cannot be achieved 
on the same sites once occupied. As a result, when adsor-
bates fill all the adsorbent sites, a saturation of adsorption 
capacity is obtained [12,49,71].
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The non-linear Freundlich isotherm is another model 
employed to analyze the adsorption isotherm data, as shown 
in Eq. (8):

Q K Ce f e
n=
1

 (8)

where Qe represents the adsorption capacity of Fe3O4@
GO@Ka nanocomposite at the equilibrium (mg/g), Kf is the 
Freundlich isotherm constant, and Ce denotes the concen-
tration of remaining emulsified oil when the system is at 
equilibrium, 1/n represents the adsorbent’s heterogeneity 
factor, and n denotes the adsorption process’s favorableness.

The adsorption is favorable (0 < 1/n < 1); the adsorp-
tion is unfavorable (1/n < 1); the adsorption is homogenous 
(1/n = 1) [37].

The following is a linearization of the previous equation:

ln ln lnQ K
n

Ce f e� � � � � � 1  (9)

The Freundlich model doesn’t predict the maximal 
adsorption capacity. It is an empirical formula that consid-
ers the adsorbent surface heterogeneity, the distribution 
of adsorption sites, and exponentially energies [2,49,71]. 
According to the Freundlich isotherm, Adsorbates adsorp-
tion takes place on adsorbents’ heterogeneous surfaces, and 
that adsorption can take place in monolayer (chemisorption) 
or multilayer (physisorption) [12,71].

2.13. Thermodynamic parameters

Comprehending the adsorption process’s nature 
depends on the numerical values of some thermodynamic 
parameters, namely Gibb’s free energy change (ΔG°), stan-
dard enthalpy change (ΔH°), and standard entropy (ΔS°). 
For the removal of oil droplets by Fe3O4@GO@Ka nanocom-
posite, these thermodynamic parameters were calculated 
using Eqs. (10) and (11) [12,23,37]:
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where Kd represents the distribution constant of oil drop-
lets between the solid phase and liquid phase at the equi-
librium and calculated from Qe/Ce. T is the adsorption tem-
perature in Kelvin (K), and R denotes the universal gas 
constant (8.314 J/(mol·K)). The slope and intercept of the 
plot of lnKd vs. 1/T (Van’t Hoff plot) were used to determine 
ΔH° and ΔS°, respectively [37].

3. Results and discussion

3.1. Characterization of nanocomposite

3.1.1. Fourier-transform infrared spectroscopy

The FT-IR spectra of kaolin, (GO@Ka), and Fe3O4@GO@
Ka nanocomposite at the 4,000–400 cm–1 frequency range 
are shown in Fig. 3. FT-IR spectrum of kaolin shows strong 

absorption peaks at 3,690 cm–1. The inner –OH stretching 
vibration is represented by the absorption bands 3,690 cm–1 
[28,30,67]. Also, the amount of water physically absorbed 
on the clay’s surface is represented by the band at 3,690 cm–1 
[72]. The absorption band of the asymmetric stretching vibra-
tion of Si–O–Si and the telescoping vibration of O–Si–O was 
found at 1,699 cm–1 in the intermediate and low-frequency 
range. The Si–O stretching vibrations were ascribed to spec-
tral bands at 1,006 cm–1 [28]. The bending vibration of the 
inner and surface hydroxyl groups of Al–OH are responsible 
for the bands between 790 and 909 cm–1 [28,30,67].

The FT-IR chart of GO@Ka was identical to that of kaolin, 
which indicate that kaolin was not eliminated and had a 
distributed role [28]. Furthermore, in the FT-IR spectrum of 
GO@Ka, numerous characteristic peaks appeared at 3,615; 
1,699; 1,513; 1,394 and 1,051 cm–1; these peaks were assigned 
to the stretching vibrations of hydroxyl groups (–OH), car-
boxyl groups (–COOH), C=C groups, epoxide (–O–), and 
alkoxy groups (C–O–C) indicating the successful formation 
of GO [28,37,50,65].

In the FT-IR spectrum of Fe3O4@GO@Ka nanocomposite, 
two prominent absorption bands at roughly 464 and 781 cm–1 
were appeared, indicating the presence of magnetic nanopar-
ticles [67]. The shifts of COOH band, from 1,699 to 1,624 cm–1, 
and of C=C band, from 1,513 to 1,509 cm–1, suggest the incor-
poration of Fe3O4 NPs into the functional groups of GO [23]. 
The decorating of Fe2+, Fe3+ ions connected with high elec-
tronegativity sites on the GO surface (OH, C=O, and COOH 
groups) is shown by a decrease in the intensity of oscillations 
at 1,699; 1,513 and 1,051 cm–1 in Fe3O4@GO@Ka nanocompos-
ite spectrum [65].

3.1.2. XRD patterns

The XRD patterns of the Fe3O4@GO@Ka nanocomposite 
are depicted in Fig. 4. Various peaks in the XRD pattern of 
Fe3O4@GO@Ka nanocomposites at 2θ = 26.53°, 36.44°, 42.37°, 
54.93°, 59.87°, and 68.61° were ascribed to (220), (311), (400), 
(422), (511), and (440), crystallographic planes. These peaks 
matched the crystallographic properties of Fe3O4 NPs quite 
well [50,65]. Peaks at 2θ of 12.3°, 20.8°, 25.2°, 26.6°, and 55° 
indicate the presence of kaolinite [67].

The sharp and intense peaks that appeared at the 
2θ = 12.3° and 26.6° in kaolin represent the typical diffraction 
peak associated with kaolinite. Those peaks were less intense 
(especially at 26.6°) in the XRD patterns of Fe3O4@GO@Ka 
nanocomposite implying a decrease in the clays’ crystallinity 
[30].

The disappearance of GO peak at 2θ = 11.12° in GO@
Ka and Fe3O4@GO@Ka nanocomposite diffraction patterns 
is attributed to the formation of more single-layer graphene 
oxide, resulting in a weak carbon diffraction peak [73]. The 
spacing between GO sheets was calculated to be 0.795 nm 
using the 2θ = 11.12° diffraction peak assigned to the (002) 
crystallographic planes [50,65,73].

3.1.3. Scanning electron microscopy

Fig. 5 illustrates the morphology of kaolin, GO@Ka, and 
Fe3O4@GO@Ka nanocomposite. Kaolin has a porous sur-
face with a layer structure, as seen in Fig. 5a. In the SEM 
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morphology of GO@Ka Fig. 5b, small clusters of graphene 
oxide sheets were seen. The kaolin flakes were wrapped 
in GO sheets, as illustrated in Fig. 5b, suggesting that the 
GO-kaolin samples were successfully prepared [37]. The for-
mation of numerous wrinkles in the structure of GO indi-
cates the presence of oxygen-containing functional groups. 
High-energy adsorption sites are thought to be these wrin-
kles [39]. The SEM pictures of the Fe3O4@GO@Ka nanocom-
posite in Fig. 5c reveal that iron oxide particles decorated 
the rough surface of GO@Ka. The development of an 
unlimited pores number on the uneven surface of compos-
ite increases the surface area and makes adsorption easier. 
The increased surface area provides more binding sites for 
iron oxide particles [72,74].

3.1.4. High-resolution transmission electron microscopy

Fig. 6 shows the HR-TEM pictures of kaolin, GO@Ka, and 
Fe3O4@GO@Ka nanocomposite. The flaky graphene oxide 

nanosheets were used to cover kaolin flakes, as shown in 
Fig. 6b, where GO was made up of thin, translucent layers 
with wrinkles on the surface of the GO nanosheet, which 
indicated the presence of oxygen-containing groups on the 
GO [39]. Also, Fig. 6b shows that the modified kaolin parti-
cles are inclined to agglomerate, creating hierarchical micro- 
and nanoscale structures. It is worthwhile to mention that 
the surface roughness will be improved by the hierarchical 
structures [33]. In Fig. 6c, the flake structure of GO provided 
an excellent plate form for iron oxide loading, where Fig. 6c 
illustrates that iron oxide nanoparticles were anchored to the 
graphene surface and piled on GO nanosheets drapes and 
flaws [23,28].

3.1.5. Brunauer–Emmett–Teller

The prepared Fe3O4@GO@Ka nanocomposite has a 
surface area of 249.3 m2/g with a total pore volume of 
0.1952 cm3/g and a mean pore diameter of 1.749 nm which 
was larger than that of kaolin 8.337 m2/g indicating that GO 
has the potential to increase the specific surface area of kaolin, 
as well as improve the dispersed state of iron nanoparticles 
[28]. Table 1 the large pore volume and surface area of the 
Fe3O4@GO@Ka nanocomposite suggest that this adsorbent 
will have a high adsorption capacity [26]. The decrease of 
Fe3O4@GO@Ka nanocomposite mean pore diameter demon-
strated that the Fe3O4 NPs occupied parts of the kaolin pores 
during the modification process [75].

3.1.6. Vibrating-sample magnetometer

In order to explore the magnetic properties of bare Fe3O4 
and Fe3O4@GO@Ka nanocomposite, VSM was employed 
to record the magnetization values of these materials at 
308K. Both the naked Fe3O4 NPs and the Fe3O4@GO@Ka 
nanocomposite exhibit magnetic properties with no rema-
nence or coercitivity, as illustrated in Fig. 7. For the naked 
Fe3O4 NPs and the Fe3O4@GO@Ka nanocomposite, the 
saturation magnetization (MS) was determined to be 60 
and 20 emu/g, respectively. In this way, the diamagnetic 
kaolin in the Fe3O4@GO@Ka nanocomposite is responsi-
ble for lowering the magnetization value. Furthermore, 
those magnetization values are much lower than those of 
bulk Fe3O4 (MS ~ 80 emu/g) [47,65].

3.2. Batch adsorption studies

3.2.1. Effect of contact time

To establish the optimum contact time required for 
the adsorption process of emulsified oil droplets to attain 
equilibrium, adsorption studies were done at various peri-
ods ranging from 0 to 60 min. The removal of emulsified 
oil droplets using Fe3O4@GO@Ka nanocomposite increases 
rapidly in the first 5 min until reach its equilibrium time at 
10min with a removal efficiency of 72.47%. After that, the 
removal of emulsified oil droplets increases slowly until 
reaching its maximum at 60 min with a removal efficiency of 
75.14%, as illustrated in Fig. 8. This implies that the kinetic 
nature of the adsorption process involves two stages. The 
fast removal rate stage until reach equilibrium, then the 
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gradual slow removal rate stage of emulsified oil droplets 
before reaching the maximum [49,71].

The presence of a great number of vacant active sites on 
the Fe3O4@GO@Ka nanocomposite surface is attributed to 
the quick emulsified oil droplets uptake rate at the start of 
the adsorption stage; however, as time passes, these active 
sites gradually decrease due to their occupation by oil, until 
they are completely saturated by emulsified oil droplets, 
causing no additional emulsified oil adsorption. Due to the 
development of repulsive force between the (Fe3O4@GO@Ka) 

nanocomposite and the emulsified oil droplets [2,49,68,71]. 
The maximum contact time for emulsified oil droplets 
removal was achieved at around 60 min, with a removal 
efficiency of 75.14% and adsorption capacity of 93.93 mg/g.

3.2.2. Effect of pH

The pH value is an essential parameter that affects the 
stability of oil/water emulsions and, therefore, influences 
the adsorption process of emulsified oil droplets to Fe3O4@

(a) 

 

(b) 

 
(c) 

 
Fig. 5. SEM images of kaolin (a), GO@Ka (b), and Fe3O4@GO@Ka nanocomposite (c).

Table 1
BET of kaolin, GO@Ka, and Fe3O4@GO@Ka nanocomposite

Composites Surface area (m2/g) Total pore volume (cm3/g) Mean pore diameter (nm)

Kaolin 8.337 0.07686 36.87
GO@Ka 332.2 0.1696 2.041
Fe3O4@GO@Ka 249.3 0.1952 1.749
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(a) 

 

(b) 

 
(c) 

 
Fig. 6. HR-TEM images of kaolin (a), GO@Ka (b), and Fe3O4@GO@Ka nanocomposite (c).
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GO@Ka nanocomposite [12,71,76]. The pH of the emulsion 
was changed from 2 to 11 to explore the pH influence on the 
removal efficiency of emulsified oil droplets. Fig. 9 depicts 
the impact of emulsion solution pH on emulsified oil drop-
lets removal efficiency by Fe3O4@GO@Ka nanocomposite.

Fig. 9 shows an increase in the removal efficiency with 
rising the pH until reaching its maximum value of about 
92.72% at pH 7. After that, the percentage removal gradu-
ally falls when the pH of the solution rises under alkaline 
circumstances at pH above 7. This finding implies that 
both acidic and alkaline environments are ineffective, and 
pH 7 was the optimal pH for elimination. The same thing 
was observed by a large number of researchers [12,76]. 
This was explained by the pore structure of the joint reed 
surface being easily penetrated by emulsified oil droplets 
molecules under acidic conditions. In contrast, under alka-
line conditions (pH greater than 7), hydroxyl ions may 
accumulate on the Fe3O4@GO@Ka nanocomposite surface; 
consequently, the electrostatic repulsion among oil droplets 
and the Fe3O4@GO@Ka nanocomposite has risen [12,46,76].

3.2.3. Effect of the initial concentration of emulsified oil

The influence of initial concentrations of crude oil 
(Co = 25–250 mg/L) on the oil adsorption capacity and the 
removal efficiency of Fe3O4@GO@Ka nanocomposite for 
emulsified oil droplets was investigated at the optimum 
time (1 h). Fig. 10 shows that the adsorption capacity (Qe) 
of oil to Fe3O4@GO@Ka nanocomposite rises from 116.3 
to 1,148 mg/g, and the removal efficiency declines from 
93.06% to 91.90%, as the initial concentration of emul-
sified oil droplets increases from 25 to 250 mg/L. These 
findings point to that emulsified oil droplet’s adsorption 
process based on the initial concentration of emulsified oil 
droplets. The initial concentration supplies the principal 
driving force (acts as a powerful propellant) to overcome 
all impedances in the mass transfer of the emulsified oil 
droplets among the oil/water emulsion and adsorbent 
[46,68]. Not sufficient time is provided for adsorption at 
high initial emulsified oil concentration, so the adsorp-
tion capacity is lower hence removal efficiency decreases 
attributed to, at a low initial emulsified oil concentration, 
the removal efficiency of Fe3O4@GO@Ka nanocomposite 

for emulsified oil droplets is higher since the adsorption 
process is slow; this is the reason that illustrated. Also, 
because increasing emulsified oil droplets concentration 
increase the competition for the active sites on the Fe3O4@
GO@Ka nanocomposite and this will lead to the saturation 
of active sites at higher concentration, so the adsorption 
efficiency diminishes [37,68].

3.2.4. Effect of composite quantity

Fe3O4@GO@Ka nanocomposite quantity ranged from 1 
to 9 mg to ascertain the impact of composite amount on the 
adsorption capacity and the removal efficiency of (Fe3O4@
GO@Ka) for oil droplets. Fig. 11 depicts the influence of 
Fe3O4@GO@Ka nanocomposite quantity on emulsified 
oil droplets removal efficiency. From the findings seen in 
Fig. 11, as the Fe3O4@GO@Ka nanocomposite quantity grew 
from 1 to 5 mg, the removal efficiency of crude oil droplets 
rose significantly from 81.95% to 86.35%. After that, as the 
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Fe3O4@GO@Ka nanocomposite quantity grew from 5 to 9 mg, 
there was no significant change in the removal efficiency. 
As a result, 5mg of Fe3O4@GO@Ka nanocomposite was cho-
sen as the optimal dose. This behavior can be explained 
by the fact that by increasing the weight of the adsorbent, 
the number of accessible adsorption sites also increase [76].

3.2.5. Effect of temperature

The influence of emulsion temperature on removal 
efficiency and adsorption capacity was examined at tem-
peratures ranging from 25°C to 60°C and 25 mg/L initial 
concentration of emulsified oil. As illustrated in Fig. 12, as 
the temperature rose from 25°C to 35°C. The adsorption 
capacity increased from 67.46 to 123.5 mg/g and removal 
efficiency of emulsified oil droplets increased from 53.97% 
to 98.80% until reach its maximum of 99.94% at 50°C, 
demonstrating that the adsorption reaction of emulsified 
oil droplets onto Fe3O4@GO@Ka nanocomposite is endo-
thermic. The fact that adsorption capacity increased with 
temperature suggested that emulsified oil droplets’ adsorp-
tion by Fe3O4@GO@Ka nanocomposite might entail physical 
and chemical sorption. The increased number of adsorp-
tion sites generated by bond rupture could explain this  
impact [46].

3.3. Adsorption kinetic studies

To evaluate the time-dependent adsorption data, the 
most common adsorption kinetic models, including, the 
pseudo-first-order (Lagergren model), pseudo-second-or-
der kinetic models, and the intraparticle diffusion models 
were employed [49]. Fig. 13a–c show linearized graphs of 
the three models. Table 2 lists the fitting correlation coeffi-
cients and the derivative kinetic parameters of the three 
models. As shown in Table 2, the correlation coefficient (R2) 
obtained from the fit of the pseudo-second-order kinetic 
model is also 0.9921, which is significantly higher than the 
correlation coefficient produced from the pseudo-first-order 
kinetics model fit in Table 2. Oil droplet adsorption followed 
pseudo-second-order kinetics based on the high correlation 
coefficients and excellent agreement between models fit 
and empirically observed equilibrium adsorption turnover.

The pseudo-second-order kinetic model generally 
posits that chemical adsorption, which includes covalent 
forces among the Fe3O4@GO@Ka nanocomposite and emul-
sified oil droplets or coordination bond, is the rate-limiting 
phase [37,49]. As a result, the uptake process of emulsified 
oil droplets on Fe3O4@GO@Ka nanocomposite could be 
deduced as chemisorption.

Although laws of pseudo-first-order rate and pseu-
do-second-order rate can be utilized to assess kinetic results, 
they do not give information on oil adsorption diffusion. 
As a result, the model of intraparticle diffusion Eq. (5) was 
applied to examine the experimental kinetic data [12].

The uptake curve should be linear if the intraparticle dif-
fusion is twisted throughout the adsorption phase. If these 
lines cross through the origin, the intraparticle diffusion is 
the rate governing step [46,49]. It can be seen that Qt vs. t1/2 
curve, does not pass across the origin, this indicates that the 
rate-limiting step was not the intraparticle diffusion.

Also, because the R2 value is significantly less than 
that of the pseudo-second-order kinetic model Table 2, the 
mechanism of oil uptake is not represent the intraparticle 
diffusion. This result was expected because the majority 
of processes of intraparticle diffusion require numerous 
hours to achieve stability. Because hydrocarbon oil mol-
ecules lack the groups of chemisorption, bonding of oil 
molecules to adsorbent is most likely mediated by London 
Π bonding or van der Waals forces and the nanoparticles’ 
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well-known high surface potential is most likely to blame 
for the incredible rapidity of oil uptake [10,49].

3.4. Adsorption isotherm models

The maximal adsorption capacity of the Fe3O4@GO@Ka 
nanocomposite was determined using equilibrium adsorp-
tion data. Fig. 14a and b show the oil adsorption capacity 
of Fe3O4@GO@Ka nanocomposite as a function of the equi-
librium concentration in an aqueous solution. To explain 

the interaction of oil droplets and Fe3O4@GO@Ka nanocom-
posite surface, two typical forms of isotherms, Langmuir 
and Freundlich isotherm models, were used. Fig. 14a and b 
depict the curves for the two fitted isotherm models.

Table 3 lists the computed values for the parameters of 
Freundlich and Langmuir models, in addition to the cor-
relation coefficient (R2) values of the two isotherms.

Fig. 14a and b show that Freundlich strongly agrees with 
the experimental findings. R2 values for Freundlich is 0.9998. 
As indicated by the correlation coefficient (R2) of Fe3O4@GO@
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Ka, Freundlich isotherm models represented the emulsified 
oil droplets’ adsorption onto Fe3O4@GO@Ka nanocompos-
ite better than Langmuir isotherm. The adsorption data’s 
fit to the Freundlich isotherm suggests that adsorption of 
oil droplets by Fe3O4@GO@Ka nanocomposite is multilayer 
adsorption that can occur on heterogeneous surfaces [46,76].

As a result, the total amount of emulsified oil droplets 
adsorbed on Fe3O4@GO@Ka nanocomposite equals the sum 
of adsorption on all sites, with the higher energy binding 
sites occupied first until the adsorption energies exponen-
tially declined after the adsorption process was completed 
[2,49]. The value of n (n = 1.070) shown in Table 3 suggests 
that oil droplets uptake onto Fe3O4@GO@Ka nanocomposite 
is favorable.

3.5. Thermodynamic parameters

The thermodynamic parameters’ values are presented in 
Table 4, which shows Gibb’s free energy (ΔG°) for emulsi-
fied oil droplets uptake by Fe3O4@GO@Ka nanocomposite at 
various temperatures (298, 303, 308, 323, and 333 K). Table 4 
shows that the values of ΔG° fell as the temperature rose. At 
all temperatures, the values of ΔG° were negative, confirm-
ing the process is viable and that oil droplets adsorption 
occurs spontaneously. The fact that the absolute value of 

ΔG° decreases as temperature rises (the ΔG° became more 
negative) shows that emulsified oil droplets’ affinity for 
Fe3O4@GO@Ka nanocomposite is more favorable at higher 
temperatures [12]. ΔH°, and ΔS° were calculated using the 
slope and intercept of the ΔG° against the T plot, which 
is also provided in Table 4. The positive ΔH° values were 
evidence of the endothermic character of oil adsorption to 
Fe3O4@GO@Ka nanocomposite. The positive ΔS° indicates 
that emulsified oil droplets and Fe3O4@GO@Ka nanocom-
posite exhibit a significant attraction to one other. The posi-
tive ΔS° readings also indicated that during the adsorption 
process, the degrees of randomness at the solid-solution 
interface were growing [12,37,46]. The aforementioned 
thermodynamic metrics revealed that adding GO to raw 
kaolin improved adsorption performance [37].
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Table 2
Adsorption kinetics parameters for emulsified oil droplets ad-
sorption to Fe3O4@GO@Ka

Models Parameters Values

Pseudo-first-order
R2 0.8881
K1 (min–1) 0.3956
Qe (mg/g) 361.2

Pseudo-second-order
R2 0.9921
K2 (g/mg min) 0.00394
Qe (mg/g) 98.03

Intraparticle diffusion
R2 0.9679
Kp (mg/g min1/2) 13.58
C (mg/g) 43.04

Table 3
Adsorption isotherm constants for emulsified oil droplets 
adsorption to Fe3O4@GO@Ka

Models Parameters Values

Langmuir isotherm
Qmax (mg/g) 10000
Kl (L/mg) 0.0068
R2 0.9949

Freundlich isotherm
n 1.070
Kf (L/mg) 70.22
R2 0.9998

Table 4
Thermodynamic parameters for emulsified oil droplets 
adsorption on Fe3O4@GO@Ka nanocomposite

Temperature (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol·K)

298 –6.664

176.2 0.6134
303 –9.731
308 –12.80
323 –21.10
333 –28.13
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3.6. Regeneration test

Although Fe3O4@GO@Ka nanocomposite is a low-cost 
adsorbent, it is nevertheless necessary to assess its recyclabil-
ity in emulsified oil droplets adsorption to gain insight into 
the process’s subsequent design and optimization. A wash-
ing technique by ethanol was used to renew it for emulsified 
oil droplets removal from Fe3O4@GO@Ka nanocomposite 
[12,77]. The removal efficiency of oil droplets using Fe3O4@
GO@Ka nanocomposite after numerous regeneration cycles 
is shown in Fig. 15. The oil droplets removal efficiency of 
the sample was measured after each cycle. The results reveal 
that, even after four cycles of recycling, the efficiencies of the 
recycled Fe3O4@GO@Ka nanocomposite for removing emul-
sified oil droplets are not significantly decreased compared 
to those of the fresh ones. That suggests the effectiveness of 
the ethanol-washing method in regenerating the Fe3O4@GO@
Ka nanocomposite. Thus, it may be recycled several times 
without noticeably diminishing its adsorption capacity.

3.7. Adsorption mechanism of emulsified oil droplets on Fe3O4@
GO@Ka nanocomposite

Fig. 16 illustrates the schematic of emulsified oil droplets 
adsorption mechanism of Fe3O4@GO@Ka nanocomposite. 
GO which is rich in functional groups (e.g., −OH, −COOH) 
may interact with kaolin by two methods: the first it can 
interact with the surface functional groups of kaolinite via 
hydrogen bond [78]. The second-way it can interact with 
positively charged at the alumina face via electrostatic inter-
action [79]. To enhance dispersion and inhibit agglomera-
tion, resulting in kaolinite exfoliation and the formation of 

GO@Ka homogenous composite [78]. The surfactant plays 
an important role in stabilizing oil droplets. The surfactant 
molecules, which are sodium dodecyl sulfate (SDS), might 
be adsorbed on the oil/water interface and produce a nega-
tively charged protective interfacial layer, which functions as 
a physical barrier to prevent the emulsified oil droplets from 
coalescing during the emulsifying process [23]. The addition 
of Fe3O4 NPs to the negative surfaces of GO has a signifi-
cant influence on the stability of the oil emulsion breaking 
process, resulting in a significant increase in oil adsorption 
capacity on the GO surface. The presence of Fe3+ on the sur-
faces of GO will change the characteristics of the liquid/
liquid and liquid/air interfaces. Fe3+, for example, lowers 

Table 5
Removal efficiencies of various adsorbents for emulsified oil droplets removed from different oil/water emulsions

Adsorbent Type of oil emulsion Initial oil 
concentration 
(mg/L)

Adsorbent 
dose (g)

Adsorption 
equilibrium 
time (min)

Removal 
efficiency (%)

References

Thermally reduced graphene 
(TRG)

Diesel fuel/water 
emulsion

100 0.003 10 55% [49]

Graphene nanoplatelets (GNP) Diesel fuel/water 
emulsion

100 0.003 10 48% [49]

Graphene oxide Diesel fuel/water 
emulsion

100 0.003 10 62% [10]

Amorphous carbon thin film 
(ACTF)

Egyptian condensate 
oil/water emulsion

100 5.0 360 93.3% [68]

Zeolitic imidazolate framework 
(ZIF-8)

Soybean oil/water 
emulsion

450 0.002 100 66.7% [71]

Ferric oxide nanoparticles 
doped carbon nanotubes

Gasoline oil/water 
emulsion

841 0.02 15 98.5% [2]

Feldspar-banana peel biochar 
composite (FBPC)

Estuary crude oil/
water emulsion

7500 0.3 120 56% [21]

Yokri crude oil/water 
emulsion

7500 0.3 90 97% [21]

Fe3O4@GO@Ka nanocomposite Crude oil/water 
emulsion

25 0.005 60 98.8% This study
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Fig. 15. Recyclability of Fe3O4@GO@Ka for oil droplets adsorp-
tion (time = 60.0 min, pH = 7.0, Co = 25.0 mg/L, composite 
amount = 5.0 mg, T = 35°C).
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the interfacial tension between the dispersed oil phase and 
the water and then raises it between the air bubbler and the 
oil phase. As a result, coating GO with Fe3O4 NPs increases 
oil droplet coalescence, which should improve oil adsorp-
tion absorption [2]. The benzene ring in oil molecules can 
connect with Fe3O4@GO@Ka nanocomposite via π−π inter-
action because hydrocarbon oil molecules lack accepted 
manuscript chemisorption groups [49,78].

3.8. Comparison of the Fe3O4@GO@Ka adsorption behavior with 
other studies

In this investigation, we compared the emulsified oil 
adsorption removal efficiency of the Fe3O4@GO@Ka nano-
composite utilized in this study to the removal efficiencies 
of other published adsorbents such as graphene oxide, zeo-
litic imidazolate framework (ZIF-8), feldspar-banana peel 
biochar composite (FBPC), and others. This comparison 
showed that Fe3O4@GO@Ka nanocomposite performed bet-
ter and had a greater adsorption capacity than other adsor-
bents, as shown in Table 5. This is attributed to the graphene 
oxide-based materials have distinctive physical and chem-
ical characteristics such as high specific surface area and 
pore volume.

4. Conclusion

In this paper, the Fe3O4@GO@Ka nanocomposite was 
successfully synthesized by a simple approach and utilized 
in oil droplet removal from oil/water emulsions. The intro-
duction of GO into kaolin result in increasing the surface 
area as well as the number of active binding sites, which in 
turn, will increase the adsorption efficiency of the prepared 
nanocomposite. The influence of contact time, pH of emul-
sion, initial emulsified oil concentration, composite quan-
tity, and temperature on emulsified oil droplet adsorption 
on Fe3O4@GO@Ka nanocomposite was investigated using a 

batch method to identify the best circumstances. At higher 
temperatures, Fe3O4@GO@Ka nanocomposite adsorption 
capacity was enhanced. The highest emulsified oil adsorp-
tion was achieved at a pH of 7, whereas acidic and alkaline 
conditions make it difficult for Fe3O4@GO@Ka nanocompos-
ite to adsorb emulsified oil. The Langmuir and Freundlich 
isotherm models were used to examine the equilibrium iso-
therm data and it was found that the adsorption data match 
the Freundlich isotherm well. The emulsified oil droplets 
adsorption kinetics were explored using three distinct 
models (pseudo-first-order, pseudo-second-order, and 
intraparticle diffusion). The pseudo-second-order sorption 
kinetics model best correlated with the oil droplets adsorp-
tion to Fe3O4@GO@Ka nanocomposite. According to the 
thermodynamic study, the emulsified oil droplets adsorp-
tion to Fe3O4@GO@Ka nanocomposite was endothermic and 
spontaneous. Following a simple ethanol washing process, 
Fe3O4@GO@Ka nanocomposite was shown to be reused for 
several cycles. Because of its competitive adsorption capac-
ity and reusability, the Fe3O4@GO@Ka nanocomposite might 
be considered an outstanding adsorbent for the removal 
of emulsified oil droplets from oil/water emulsions.
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