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Abstract: Recently, considerable attention has been given to using magnetic nanoparticles (MNPs) for
capturing oil from oil-in-water (O/W) emulsions, despite MNPs’ inherent instability and agglomera-
tion. Their stabilization through changing surface chemistry is required to increase dispersivity. In
this research, we use cetyltrimethylammonium bromide (CTAB) as a cationic surfactant to increase
the positive surface charge of the particles, resulting in a better stability in the aqueous solution
because of increased repulsive forces. The functionalized MNPs are characterized using transmission
electron microscopy (TEM), zeta potential, and contact angle (CA) measurements. The aim of this
study is to investigate the oil separation efficiency (SE) and equilibrium oil adsorption capacity of
the synthesized particles, which are determined using gas chromatography analysis. We also study
the adsorption behavior using isotherm and kinetic models. The SE values indicate the superior
performance of MNP@CTAB for oil adsorption from dodecane-in-water nanoemulsion (SE = 99.80%)
compared to the bare MNPs with SE of approximately 57.46%. These findings are attributed to the
stronger electrostatic attraction between the MNP@CTAB having high positive charge and negatively
charged oil droplets. The adsorption isotherm results using both linear and non-linear regression
methods show that the Freundlich isotherm is the best fit to the experimental equilibrium data (with
calculated R% > 0.97), verifying a multilayer heterogeneous adsorption. Moreover, the pseudo-first-
order kinetic model describes the experimental equilibrium data in a greater congruence (R% =0.99),
suggesting physical adsorption of oil onto MNPs through van der Waals and physical bonding, which
is also confirmed through zeta potential measurements.

Keywords: magnetic nanoparticles; emulsion; oil adsorption; isotherm models; kinetic models

1. Introduction

Conventional oil-water separation techniques have limitations, especially for sepa-
rating dispersed and emulsified oily wastewater [1-4]. The emulsion stability is affected
by the oil droplet size and challenges the treatment of emulsified oily wastewater; the
high emulsion stability for oil-in-water (O/W) nanoemulsions decreases the efficiency of
adsorbents for removing the oil contamination [5,6]. Using magnetic nanoparticle (MNP)
as a nanoadsorbent is proven successful for demulsifying such nanoemulsions with small
oil droplet sizes [7]. Iron oxide (Fe30y) is a common MNP with promising applications in
oil adsorption due to its superparamagnetic properties, biocompatibility, high adsorption
capacity, and recyclability [6]. However, large-scale applications of MNPs are limited by the
intrinsic instability and agglomeration of Fe3Oy, resulting from high chemical activity [8].

The surface modification of MNPs using organic and inorganic materials is proposed
as an effective process to improve the MNP stability, dispersivity in the emulsion, and oil re-
moval effectiveness [9]. Functionalizing MNPs using amphiphilic compounds has attracted
a great interest for demulsification because of featuring simultaneously hydrophilic and hy-
drophobic properties. Therefore, these amphiphilic particles can be easily dispersed in the
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aqueous phase (as the continuous emulsion phase for O/W) to adsorb onto the emulsified
oil droplets effectively [10]. For instance, Hammouda et al. [11] developed oleophilic mag-
netic activated carbon nanoparticles decorated by soybean oil and stearic acid for oil spill
removal. The water and oil contact angle measurements indicated super-amphiphilicity,
causing rapid and effective oil droplet adsorption following their coalescence in a magnetic
field. Amphipathic magnetically diatomite demulsifier was developed by Xu et al. [12] to
remove oil from an O/W. Their grafted Fe3O4 particles showed a great demulsification
performance. Song et al. [13] fabricated hydrophilic/oleophilic Janus magnetic particles for
oil adsorption. They confirmed the effectiveness of these amphiphilic Janus particles for oil
removal (from O/W) due to their high interfacial activity, which enabled them to adsorb
onto the oil-water interfaces quickly.

To obtain a better understanding of the adsorption mechanisms, equilibrium adsorbate
adsorption behavior is crucial, which can be studied through the adsorption isotherm and
kinetics [14-16]. The adsorption isotherm behavior can effectively describe the interactions
between the adsorbent (MNPs) and adsorbate (oil droplets), using empirical mathematical
equations. Different isotherm models are developed, of which some important ones
are Langmuir, Freundlich, Temkin, Sips, Dubinin—-Radushkevich, and Brunauer-Emmett-
Teller [17,18]. In all the isotherm models, the oil adsorption capacity is estimated using batch
studies conducted at a fixed temperature, using different initial oil concentration levels and
under equilibrium. Adsorption kinetics can help to identify the adsorption mechanisms,
such as diffusion and chemical reactions, which quantifies the adsorption dynamics for an
adsorbate-adsorbent system [19,20]. The rate of adsorption depends on the physical and
chemical properties of the adsorbent [21,22] and the operating conditions [23,24]. There are
several kinetic models in the literature, such as pseudo-first-order (PFO), pseudo-second-
order (PSO), intra-particle diffusion (IPD), and Elovich kinetic models, which quantify
the dynamics of adsorption. In the literature, linear regression analysis has been widely
applied to investigate the adsorption kinetics and isotherms to assess the equilibrium
adsorption behavior [19,25]. However, due to non-linear behaviors of systems , the non-
linear regression analysis is proposed as a more rigorous mathematical method to calculate
the adsorption kinetics and isotherms [15]. For instance, Nanta et al. [26] investigated
isotherm and kinetic modeling of superparamagnetic nanoparticles for polysaccharide
adsorption using Langmuir, Freundlich, and Sips isotherm models, and non-linear PFO and
PSO kinetic models. Based on their findings, the non-linear analysis was more accurate than
the linear method to predict the optimum adsorption isotherm. Their results revealed that
the Freundlich and PFO models are more accurate in estimating the adsorption isotherm
and kinetic behavior, respectively, compared to the other tested models. Mirzaee and
Sartaj [27] developed an activated carbon-based magnetic composite for polycyclic aromatic
hydrocarbons (PAH) adsorption. They then studied the isotherm and kinetic models using
a non-linear regression method. It was found that PAH adsorption from aqueous solution
fitted well to the Langmuir isotherm and PSO kinetic models. Jaafari et al. [20] studied
equilibrium data for removing dye using magnetic chitosan and observed a better fit to the
Freundlich isotherm and PFO kinetic models.

Based on the literature, several materials are employed to functionalize MNPs, while
most of them are only dispersible in organic solvents. However, excellent dispersivity of
MNPs is crucial in attaining an effective demulsification. We use surfactant as amphiphilic
compound with both hydrophilic and oleophilic properties to provide a greater disper-
sivity of MNPs in the emulsion, to prevent their aggregation, and to achieve higher oil
adsorption capacity. Moreover, previous research studies have focused on the separation
of micrometer oil contaminations, while, in this research, we aim to separate more chal-
lenging nanometer oil droplets from the emulsion. We apply cetyltrimethylammonium
bromide (CTAB) as a cationic surfactant to synthesize amphiphilic MNPs for oil removal
from dodecane oil-in-water (O/W) nanoemulsion. The prepared MNP@CTAB particles
are characterized using transmission electron microscopy (TEM), water and oil contact
angle (CA) measurements, and zeta potential analysis. The adsorption isotherm and kinetic
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models are investigated to interpret the adsorption mechanisms for improving the demulsi-
fication process. Furthermore, this research provides a valuable insight into the adsorption
behavior in terms of electrostatic interaction between adsorbate and adsorbents, which has
not been thoroughly investigated in previous studies to the best of our knowledge. We
employ three adsorption isotherms, including Langmuir, Freundlich, Temkin, and three
kinetic models: PFO, PSO, and IPD. The oil adsorption equilibrium data is calculated by
oil adsorption capacity measurements using gas chromatography with flame ionization
detector (GC-FID).

2. Material and Methods
2.1. Materials

Iron oxide nano particles (Fe3O4, >99.5% with size of 15-20 nm) was supplied by US
Research Nanomaterials, Houston, TX, USA. Cetyltrimethylammonium bromide (CTAB)
was purchased from MilliporeSigma, Burlington, NV, USA; chloroform (HPLC grade,
>99.5%) and n-dodecane > 99% were obtained from Thermo Scientific, Mississauga, ON,
Canada; On/Off magnetic welding square was purchased from Master Magnetics, Inc.,
Castle Rock, CO, USA. Ethanol absolute was purchased locally; deionized water (18.2 M(2)
was obtained using a water purification system (SYBRON/Barnstead, East Lyme, CT, USA).

2.2. Preparation of Functionalized Magnetic Nanoparticles

Figure 1 presents a summary of the main steps conducted in this research. Initially in
the experiment, 500 mg Fe304 nanoparticles (magnetite) are dispersed in 25 mL ethanol-
water (4:1) solution for 15 min in a sonication bath at 25 °C. Then, 200 mg CTAB is dispersed
into ethanol solution (25 mL) for 15 min in a sonication bath at 25 °C to make a 2.5:1 mass
ratio of CTAB/magnetite. The prepared CTAB solution is added to the MNP solution in a
round volumetric flask, which is sealed under N, environment to avoid MNP oxidation.
Then, the mixture is heated to 80 °C for 2 h in an oil bath. A magnet is placed next to the
round flask to separate the coated MNPs from the liquid. The coated nanoparticles are
washed with deionized (DI) water and ethanol several times and placed in a vacuum oven
at 60 °C to be dried for 24 h. More details of the experimental procedure for synthesizing
the MNPs particles can be found in our previous study [7].

EXPERIMENTAL MODELLING

Functionalizing MNPs using CTAB
and O/W Emulsion Preparation Kinetic Models Isotherm Models

Characterization of

Y v Y

A

functionalized particles
[ PFO ][ PSO ][ IPD J

Demulsification performance of
functionalized particles [ Langmuir ] [ Freundlich ] [ Temkin ]

Y v

Figure 1. Flowchart of the main steps of the research.

2.3. Characterization of Functionalized Magnetic Nanoparticles

MNP morphology and surface charge are important factors affecting the effectiveness
of demulsification process [28]. In this study, the morphology of the MNPs is assessed
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using Secnai™ Spirit TEM (FEI, Hillsboro, OR, USA) with 4 Megapixel AMG digital
camera and 80 kV field emission electron gun. We also measure zeta potential to estimate
the effective charge on functionalized MNPs using the Zetasizer Nano ZS90 instrument
(Malvern Instruments Ltd., Malvern, UK). CA measurements for water and oil cased are
conducted to assess the wettability of the prepared particles through sessile drop method
using DSA25S drop shape analyzer (KRUSS, Hamburg, Germany). Details of the TEM,
zeta potential, and CA measurements and sample preparation can be seen in our previous
research study [7].

2.4. Adsorption Experiment

The n-dodecane-in-water nanoemulsion is prepared via a probe sonicator, running
at a power of 70 watts (10% amplitude) for 5 min. The adsorption isotherm study for the
synthesized MNPs is conducted by adding the same amount of functionalized MNP@CTAB
(0.5 g/L) to a freshly prepared nanoemulsion under vigorous mixing at 2000 rpm [7]. The
adsorption isotherm analysis is conducted at constant room temperature of 25 °C using
different initial oil concentration levels 2500-20,000 mg/L in the emulsion.

The equilibrium oil concentration after demulsification is determined using Agilent
7890B gas chromatography equipped with a flame ionization detector (GC-FID). The GC
characterization is described with details in our previous study [7]. The equilibrium oil
adsorption capacity (ge) is the oil concentration adsorbed per unit mass of the adsorbent
(MNP@CTAB) under equilibrium (mg/g), which is estimated by the following equation:

%—(%‘Q)v M

w

where Cy and C, refer to the initial and residual oil concentration after separation (mg/L),
respectively; V introduces the total volume of emulsion (L); and w stands for the weight of
the adsorbent (g).

The oil adsorption capacity at time t, q; (mg/g), is calculated from the following

expression:
(G =G
= (25 v @

where C; represents the aqueous-phase oil concentration at time ¢ (mg/L). Moreover, the
percentage of oil removal by MNP@CTAB (separation efficiency, SE%) is calculated as

follows: c c
SE% = ( 0 e)100 3)
Co

Experiments are repeated three times, and their mean values are used to evaluate the
data.

The goodness-of-fit test of the non-linear isotherm and kinetic models with the experi-
mental data is evaluated using the coefficient of determination (R?) as defined below:

n 512
R2—1_ z'n:1 []{1 gl]z @)
Y9 =il

where y; and §; are the experimental and estimated values for the oil adsorption capacity
(mg/g) at time ¢, respectively; and 1 represents the number of observations. A higher value
of R? close to one is favored.

2.5. Adsorption Isotherms

The adsorption isotherm analysis for the emulsified oil droplets adsorbing onto the
MNPs is conducted at a constant room temperature of 25 °C using three isotherm models:
Langmuir, Freundlich, and Temkin. These isotherm models were developed based on
different assumptions and limitations [29].
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2.5.1. Langmuir Isotherm

This isotherm is based on the assumption that a fixed number of adsorption sites
are homogenously distributed on the adsorbent surface. These adsorption sites have the
same affinity for the adsorbate molecules (with the same energies) and are independent
of the site occupancy, resulting in a single monolayer adsorption, in which there is no
interaction between the adsorbed molecules [17,20]. Moreover, the Langmuir isotherm
considers the surface coverage by maintaining a balance between the rates of adsorption and
desorption, representing a dynamic equilibrium. Adsorption is related to the proportion of
the adsorbent surface that is available, while desorption is related to the proportion of the
adsorbent surface that is already covered. The following equation describes the Langmuir
model [15]:

_ Amax KLCE
e T 14K Ce

where K1, denotes the Langmuir equilibrium constant (L/g adsorbent) and gmax is the maxi-
mum adsorption quantity, corresponding to the formation of monolayer (mg/g adsorbent).

The Langmuir constants can be determined from linearized equation, upon mathemat-
ical manipulation/rearrangement:

)

e B K1, gmax Jmax

1
Ce + Ce ©)

The following equation represents the separation factor (Ry), as a dimensionless
constant, which can be calculated using the Langmuir model parameters [16]:

1

Rp=— "
L™ 15 Coky

)
where Cj stands for the maximum initial oil concentration (mg/L). The separation factor
value is in the range of 0-1, indicating the favorability of the adsorption process. When
Ry, = 1, it implies the adsorption isotherm is linear, which occurs when K; = 0; when
Ry, = 0, it signifies that the adsorption isotherm is irreversible, and the reason being is that
Ky, should be infinite, implying that the adsorption is very strong; Ry, > 1and 0 < R, <1
indicate unfavorable and favorable adsorption processes, respectively [17,30].

2.5.2. Freundlich Isotherm

This isotherm model is applicable for heterogeneous adsorption surfaces having vari-
ous potential adsorption capacities at the active sites, for which the stronger binding sites
are occupied first. The potential adsorption (strength binding) of active sites decreases by
increasing the fraction of adsorption site occupied. These exponential reductions in binding
energy of adsorption sites support the hypothesis of multilayer adsorption. Freundlich
equation is given by the following expression [17,19]:

gde = Kg Cel/n (8)

where Ky is the Freundlich constant, showing the adsorbent capacity (mg/g adsorbent),
and 1/n is the surface heterogeneity parameter related to the adsorption intensity. The
non-linear form of the Freundlich model can be linearized as follows:

1
Inge = InKp + = InCe 9)

2.5.3. Temkin Isotherm

This isotherm describes indirect interactions between the adsorbate and adsorbent by
considering the adsorption heat to quantify the interaction strength. This isotherm assumes
that the adsorption heat for all adsorbate molecules linearly decreases with increasing the
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surface coverage, leading to a uniform distribution of the binding energies. The following
equilibrium equation explains the Temkin isotherm [15,31]:

RT

where % is an indicator of the adsorption heat (J/mol); R is the universal gas constant
(8.314 ] /mol/K); T refers to the absolute temperature (K); b is the Temkin isotherm constant
that relates to the heat of adsorption; and Kt introduces the equilibrium binding constant
(L/g). The linear Temkin isotherm is given as follows:

RT RT
qe = TIHKT—FTIHCQ (11)

2.6. Adsorption Kinetics

The adsorption kinetic studies for the emulsified oil droplets adsorbing onto the
functionalized MNPs is performed using PFO, PSO, and IPD kinetic models. We only
apply the non-linear regression technique to describe the adsorption kinetics with a need
for linearization.

2.6.1. Pseudo-First-Order Model

This adsorption kinetic model is commonly used to describe adsorption in solid-liquid
systems using Lagergren’s equation [27]. Based on the PFO model, the adsorption process
is considered as physisorption without electron transfer upon occurring. Physisorption is
commonly a reversible process involving van der Waals and physical binding between the
adsorbate molecules and the adsorptive sites. The PFO equation of Lagergren is given as
follows [32]:

% = ki(qe —q1) (12)
where g; and g. represent the amounts of oil adsorbed at time t and equilibrium (mg/g),
respectively; and k; is the PSO rate constant for the adsorption process (min~1).

2.6.2. Pseudo-Second-Order Model

This adsorption kinetic model assumes that the adsorption process involves chemisorp-
tion, forming a chemical bond between the adsorbate molecules and the adsorptive sites
through sharing or exchanging electrons to form 77—t and H-7 interactions. The following
equation describes the PSO model [17,27]:

d
T =ka(ge— )’ (13)

where kj is the equilibrium rate constant in the PSO equation.

2.6.3. Intra-Particle Diffusion Model

This adsorption kinetic model describes the transport and diffusion of the adsorbate
(oil droplets) from the aqueous phase to the surface of adsorbents (MNPs) during the
adsorption process [17]. The IPD model provides information about the rate-controlling
step, controlling the kinetics of the adsorption process [19]. The IPD model is affected
by different factors, such as the adsorbents’ physical properties, adsorbate concentration,
temperature, and mixing/rotation speed [22]. The following equation is suggested by
Weber and Morris [33] and explains the IPD model:

g = kt® + C (14)
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where k; is the IPD rate constant; and C represents the boundary layer thickness. A higher
value of C implies a more significant impact of the boundary layer on the adsorption
process [34].

2.7. Limitations of the Research

When interpreting the results of the study and applying them to practical applications
or future research, it is important to consider the identified limitations of the study. These
limitations highlight the importance of caution in extrapolating the findings beyond the
specific experimental conditions and material used. Understanding the potential variability
in other types of MNPs, different coatings, various types of oil, and real-world conditions
is crucial. Factors such as temperature, pH, and the presence of other substances in the
oil-water system could impact the adsorption process differently than in the controlled
laboratory environment. The feasibility and challenges of scaling up the process for practical
implementations need to be evaluated considering effective variables such as the cost,
availability, and scalability of the materials and methods. Additionally, alternative kinetic
and isotherm models could potentially provide a better fit to the experimental data, and
the suitability of all the available models can be assessed, but it would be challenging.

3. Results and Discussion

This section discusses characterization results for the functionalized particles with
TEM, zeta potential, and CA measurements, and oil adsorption capacity of the function-
alized particles using GC-FID analysis. Then, the performance of fabricated particles for
oil capturing from dodecane-in-water nanoemulsion as well as the results of adsorption
isotherm and kinetic model investigations are given.

3.1. Functionalized MNP Characterization

TEM images of bare and functionalized MNPs are illustrated in panels (a) and (b) of
Figure 2, respectively. As depicted in Figure 2, the bare MNPs appear as a denser aggregate
compared to the functionalized MNP@CTAB. Less aggregation of the functionalized MNDPs
is attributed to the surface modification using a cationic surfactant that results in steric
repulsion for the solid phase while improving their dispersivity in the aqueous phase. The
spherical structure of the particles is an advantage because it provides a higher external
surface area, leading to a higher adsorption capacity.

The effective surface charge of the functionalized particles is analyzed using zeta
potential measurements. The results indicate a zeta potential of +4.24 mV for the bare
MNPs at pH 5.0, which verifies a positive charge on bare MNPs. The magnitude of 4.24 mV
shows a low stability for the bare particles and predicts their tendency to agglomerate,
which is also verified by the TEM images (see Figure 2a). The measured zeta potential
values for the functionalized MNPs increases significantly to +35.8 (+0.34) mV. We also
measure a negative zeta potential for the prepared nanoemulsion (—55.9 £ 2.44 mV),
indicating that the negatively charged droplets can potentially bind to the positively
charged functionalized MNP@CTAB.

The wettability of prepared particles is examined using CA measurements, as shown
in Figure 3. Both water and oil droplets spread immediately on the MNP@CTAB surfaces,
giving a very small water contact angle (WCA) (Figure 3a) and a very small oil contact
angle (OCA) (Figure 3b). These results confirm the amphiphilicity of the particles, which
provide better demulsification performance.
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50 nm 50 nm
HV=80.0kV HV=80.0kV
Direct Mag: 67,000x Direct Mag: 42,000x

Figure 2. TEM images of (a) bare MNP and (b) MNP@CTAB.

Figure 3. (a) WCA and (b) dodecane OCA measurements of MNP@CTAB.

3.2. Oil Adsorption Results

The oil adsorption performance for the functionalized particles is examined by esti-
mating the oil separation efficiency (SE) from nanoemulsion (O/W) using GC-FID analysis.
The SE is determined by adding 0.5 g/L MNP@CTAB to the freshly prepared 1000 ppm
dodecane-in-water nanoemulsion. Particles are mixed at 2000 rpm for 20 min to ensure their
dispersivity in the emulsion. The SE analysis indicates that the prepared MNP@CTAB pro-
vides a better performance with SE = 99.80%, compared to the bare MNP with SE = 57.46%.
As indicated in Figure 4, such improvement in the oil separation efficiency is mainly due
to the more positive surface charge on MNP@CTAB that leads to a stronger electrostatic
attraction to negatively charged oil droplets, as verified by the zeta potential analysis.
Generally, in the oil adsorption process, the behavior of the surfactant with the particles
and the water is crucial for the effectiveness of demulsification. After introducing surfactant
into the emulsion, they are adsorbed onto the surface of MNPs at their hydrophobic tails,
while extending their hydrophilic heads into the surrounding water phase, forming a mono-
layer around the MNPs (Figure 4). This stable coating on the MNPs makes the particles
hydrophilic and prevents their aggregation. Therefore, surfactant coating on the MNPs
helps to stabilize the nanoparticles in the emulsion, which is essential for ensuring their
effective contact with the oil phase. Moreover, oil adsorption occurs through hydrophobic
tails of CTAB and the amphiphilicity of MNP@CTAB, confirmed by CA measurements, pro-
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vides a better dispersivity of the functionalized MNPs, resulting in a higher oil separation
efficiency.

Water

an

&

&/ CTAB Surfactant = Oil Droplet

Figure 4. Oil adsorption mechanism using MNP@CTAB.

Surfactants, in general, can be effective for emulsifying the oil and water phases as
their hydrophilic heads are oriented in the water, while the hydrophobic tails are oriented
towards the oil phase. They can help to prevent demulsification or phase separation by
forming a stable interfacial layer between the oil and water, thereby reducing the interfacial
tension between them. However, the behavior of surfactants with the water phase of
emulsion depends on the type of surfactant. In this research, CTAB as cationic surfactant
with positively charged head groups tends to interact primarily with the negatively charged
oil droplets. Emphasize that the surfactant’s positive charge cannot be effective in creating
a stable interfacial layer as it cannot interact with water molecules directly. Moreover, CTAB
surfactant with a high value of hydrophilic-lipophilic balance (HLB) of around 15.8, cannot
effectively reduce the interfacial tension between oil and water, which is a key factor in
preventing demulsification.

3.3. Adsorption Isotherms Results

As displayed in Figure 5, the Langmuir constants gmax and Ky, are estimated, respec-
tively, from the slope and intercept of the linear plot of % versus Ce.

10.00

E y=0.0031x + 0.3246

R2=0.9801

3 1.00 -
2
> e}
< 0.10 -

F o

1 10 100 1,000 10,000

C, (mg/L)

Figure 5. Linear Langmuir plot of oil adsorption on MNP@CTAB.

The linear regression indicates R? = 0.902 for the Langmuir model with estimated
values of gmax and Ky, at 327.647 mg/g and 0.009 L/g, respectively (Table 1). Based on the
Langmuir model, Ry, value is in the range of 0.005-0.04, implying that the oil adsorption
process using MNP@CTAB is favorable (0 < Ry, < 1). As illustrated in Figure 6, increasing
the initial oil concentration results in less favorable oil adsorption.
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Table 1. Linearized and non-linearized adsorption isotherm parameters of emulsified oil droplets

onto MNP@CTAB.
Langmuir Freundlich Temkin
Ky q Kg Kt
RZ max R2 RZ b
(Lig) (mg/g) (mg/g) " (L/g)
Linear 0.902 0.009 327.647 0.975 48.716 4.156 0.947 1.344 68.652
Non-linear 0.905 0.012 315.195 0.979 53.259 4.428 0.950 1.043 65.213
0.05
0.04 -
0.03 -
~
~
0.02 -
0.01 -
0

0 5,000 10,000 15,000 20,000 25,000
C,y (mg/L)

Figure 6. Separation factor of Langmuir isotherm model.

As shown in Figure 7, the intercept and slope of Inge versus In C, give the values
of Freundlich constants of K and 1/#, respectively. The value of 1/7 in the literature
is in the range of 0.1-1; n > 1 implies a favorable adsorption process with a stronger
adsorbate-adsorbent interaction [35]. Moreover, this value indicates the shape of C. vs. ge
plot as follows: when n = 1, the plot is linear; n # 1 yields a non-linear plot; and n > 1
and n < 1 correspond to physisorption and chemisorption, respectively [31]. As listed
in Table 1, the estimated value of 1/# in our research is 0.24 (n = 4.156), which reveals a
favorable physical adsorption with a strong interaction between the emulsified oil droplets
and MNP@CTAB particles. Moreover, the obtained oil adsorption capacity in the linearized
regression analysis of the Freundlich model is 48.716 mg/g (Table 1).

6

y =0.2406x + 3.886
R2=0.9841

0 1 2 3 4 5 6 7 8 9
In C, (mg/L)

Figure 7. Linear Freundlich plot of oil adsorption on MNP@CTAB.

To investigate the Temkin isotherm, the constant values of b and Kt are determined,
respectively, from the slope and intercept, respectively, and based on the linear plot of ge
versus In Ce, as shown in Figure 8.



Energies 2023, 16, 8073

11 of 15

10

8 )
6]
E
= 4

y =0.0263x — 0.0424
2 R2=0.9499
0 ? T T T T T
0 50 100 150 200 250 300 350

In C, (mg/L)
Figure 8. Linear Temkin plot of oil adsorption on MNP@CTAB.

As seen in Table 1, linearized regression analyses show a relatively greater R? value
for the Freundlich isotherm (0.975) compared to the two other models. Hence, this model
is selected as the best fit for the equilibrium data in the oil adsorption process.

To estimate the non-linear isotherm parameters, the obtained isotherm constant val-
ues from linear analytical methods are used as an initial guess. Using a trial-and-error
procedure, we apply the solver add-in with Microsoft Excel version 16.72.9 to minimize
the calculated regression coefficient (R?) between experimental data and isotherm models.
Figure 9 depicts the non-linear plots of different isotherm models versus experimental data
for emulsified oil adsorption onto synthesized MNP@CTAB.

400
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Figure 9. Non-linear adsorption isotherm models for emulsified oil adsorption onto MNP@CTAB.

The isotherm parameters are optimized using non-linear regression analysis for Lang-
muir, Freundlich, and Temkin models based on the experimental data, as summarized
in Table 1. As it can be seen, the linear and non-linear regression analyses give similar
results, based on the estimated R?. Therefore, the adsorption equilibrium data fit well to
the isotherm models with the order of Freundlich > Temkin > Langmuir. The greater R?
value in the Freundlich isotherm model (~0.98) in comparison with the other two models
confirms reversible physical adsorption of emulsified oil droplets onto the functionalized
MNP@CTABEs.

3.4. Adsorption Kinetic Results

The estimated adsorption kinetic parameters and the corresponding R? values are
provided in Table 2. According to the non-linear regression analysis, the PFO kinetic model
with a higher R? value (0.99), is the best model to describe the oil adsorption process using
functionalized MNPs, verifying the physical adsorption of emulsified oil droplets onto
the prepared MNP@CTABs. Moreover, the estimated value of ge from the PFO model is
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99.99 mg/g, which is close to the experimental value of 99.90 mg/g, reflecting an excellent
fit to experimental data.

Table 2. Non-linearized adsorption kinetic parameters for the sorption of emulsified oil droplets onto
MNP@CTAB.

PFO PSO IPD
R? k1 (L/g) q. (mg/g) R? k2 (g/mg-min) q, (mg/g) R? k; (L/g) C
0.99 0.187 99.99 0.94 0.0025 109.87 0.67 8.71 46.41

The lower R? value of the IPD kinetic model (0.67) indicates that this model is not
applicable for predicting the oil adsorption kinetics/dynamic behavior. This means that
the adsorption rate is not limited by the mass transfer of oil droplets from emulsion to the
external surfaces of MNPs.

Figure 8 demonstrates the amount of oil adsorption capacity (q¢) as a function of time.
The higher initial slope in the adsorption kinetic plots shows a higher rate of oil adsorption
at initial contact times until the system reaches equilibrium (quantified by plateau) after
30 min. Most of the adsorption occurs within 20 min, indicating a high oil adsorption
rate using functionalized MNP@CTABs. As depicted in Figure 10, the PFO model kinetic
model describes the adsorption kinetic the best as there is a better agreement between the
experimental and calculated oil adsorption capacities from this model.

120

100 ......... ~ _.- eIy . .

q, (mg/g)
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Figure 10. Non-linear kinetic models plot of emulsified oil adsorption onto MNP@CTAB.

Similar observations are reported in the literature for polysaccharide adsorption using
superparamagnetic nanoparticles [26] and dye removal using magnetic chitosan nanoparti-
cles [20]. Therefore, the PFO and Freundlich models are successful in describing the kinetic
and isotherm of the adsorption process in our study, respectively. As mentioned, kinetic
and isotherm adsorption models are essential to understand adsorption behaviors and
provide valuable insights for scale-up and optimization purposes. A kinetic investigation
focuses on the rate and mechanism of adsorption, while an isotherm study determines
the maximum amount of adsorption capacity. This information is valuable for designing
efficient adsorption systems through optimizing the adsorption process, selecting the most
suitable adsorbents, and predicting adsorption behavior under different conditions.

4. Conclusions

The CTAB functionalized Fe3O4 magnetic nanoparticles (MNPs) are employed for
oil capturing from dodecane-in-water nanoemulsion. The adsorption behavior and the
capacity of MNP@CTAB to adsorb emulsified oil droplets from nanoemulsion are inves-
tigated using the adsorption isotherm and kinetic models. We measure the equilibrium
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oil adsorption capacity using GC-FID analysis. The main conclusions drawn from this
research are summarized as follows:

e Based on the SE estimations using GC-FID analysis, the SE of MNP@CTAB increases
from 57.46% for bare MNP to 99.80% for the functionalized MNP which is attributed
to more positive surface charge on the functionalized particles, providing stronger
interactions with negatively charged oil droplets.

e  Characterization results, including one order of magnitude larger zeta potential value,
less aggregation confirmed by TEM images, and amphiphilicity property verified
through CA measurements reveal that our surface modification improves the func-
tionalized particles’ performance by providing higher stability and more dispersibility
of MNP@CTAB particles in the emulsion.

e  Bothlinear and non-linear regression analyses conclude that the behavior of adsorption
process is properly described in the order of Freundlich > Temkin > Langmuir isotherm
models, indicating greater adaptability of Freundlich isotherm to the experimental
equilibrium data.

e  The favorable physical adsorption of emulsified oil droplets onto MNP@CTAB is
suggested by the obtained Freundlich model’s constant value of 1/# equal to 0.24
(n = 4.156), referring to the strong interactions between the adsorbents and adsorbate.

e The maximum oil adsorption capacity achieved from the Langmuir model is
327.647 mg/g. Moreover, based on the Langmuir model, the estimated R, value is
in the range of 0.005-0.04, implying favorable oil adsorption onto MNP@CTAB.

e  The non-linear regression analysis of kinetic models state that the PFO model (with
a higher R? value of 0.99) is the best model to describe the oil adsorption process
compared to the PSO and IPD models, implying physical adsorption through van der
Waals and physical bonding, which is also confirmed by the zeta potential measure-
ments.

e  The predicted adsorption capacity (ge) by the PFO model is approximately 99.99 mg/g,
verifying an excellent fitness with the experimental equilibrium value of ge (99.90 mg/g).

e  Simulating the adsorption process using molecular dynamics simulation techniques
is recommended to better understand the adsorbent behavior for oil capturing in a
molecular scale, and to design and optimize the adsorption process.

e Additionally, it is recommended to investigate the adsorption of various types of oil
using different surfactants and coating materials to broaden the understanding of
adsorption phenomena and extend the practical applicability of the research findings.

Author Contributions: Conceptualization, H.H.; Methodology, H.H., N.R. and S.Z.; Formal analysis,
S.Z.; Investigation, H.H. and N.R.; Writing—original draft, H.-H.; Writing—review & editing, N.R.
and S.Z.; Supervision, N.R. and S.Z.; Funding acquisition, S.Z. All authors have read and agreed to
the published version of the manuscript.

Funding: The authors would like to greatly appreciate the financial support offered by Memorial
University (NL. Canada), Equinor Canada, Natural Sciences and Engineering Research Council of
Canada (NSERC), and Suncor Energy Inc./Terra Nova Young Innovator.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

1. Faisal, W.; Almomani, F. A critical review of the development and demulsification processes applied for oil recovery from oil in
water emulsions. Chemosphere 2022, 291, 133099. [CrossRef]

2. Rasouli, S.; Rezaei, N.; Hamedi, H.; Zendehboudi, S.; Duan, X. Superhydrophobic and superoleophilic membranes for oil-water
separation application: A comprehensive review. Mater. Des. 2021, 204, 109599. [CrossRef]

3. Rasouli, S.; Rezaei, N.; Hamedi, H.; Zendehboudi, S.; Duan, X. Design, fabrication, and characterization of a facile superhy-
drophobic and superoleophilic mesh-based membrane for selective oil-water separation. Chem. Eng. Sci. 2021, 236, 116354.

[CrossRef]


https://doi.org/10.1016/j.chemosphere.2021.133099
https://doi.org/10.1016/j.matdes.2021.109599
https://doi.org/10.1016/j.ces.2020.116354

Energies 2023, 16, 8073 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Rasouli, S.; Rezaei, N.; Zendehboudji, S.; Duan, X.; Legge, R.L.; Chatzis, I. Selective and Continuous Oil Removal from Oil-Water
Mixtures Using a Superhydrophobic and Superoleophilic Stainless Steel Mesh Tube. Langmuir 2023, 39, 4100-4112. [CrossRef]
[PubMed]

Goodarzi, F.; Zendehboudi, S. A Comprehensive Review on Emulsions and Emulsion Stability in Chemical and Energy Industries.
Can. J. Chem. Eng. 2019, 97, 281-309. [CrossRef]

Hamedi, H.; Rezaei, N.; Zendehboudji, S. A comprehensive review on demulsification using functionalized magnetic nanoparticles.
J. Clean. Prod. 2022, 380, 134868. [CrossRef]

Hamedi, H.; Zendehboudi, S.; Rezaei, N.; Azizi, A.; Shahhoseini, F. Application of Functionalized Fe304 Magnetic Nanoparticles
Using CTAB and SDS for Oil Separation from Oil-in-Water Nanoemulsions. Langmuir 2023, 39, 7995-8007. [CrossRef]

Low, L.E.; Ooi, C.W,; Chan, E.S.; Ong, B.H.; Tey, B.T. Dual (magnetic and pH) stimuli-reversible Pickering emulsions based on
poly(2-(dimethylamino)ethyl methacrylate)-bonded Fe3O4 nanocomposites for oil recovery application. J. Environ. Chem. Eng.
2020, 8, 103715. [CrossRef]

Zhou, K.; Zhou, X,; Liu, J.; Huang, Z. Application of magnetic nanoparticles in petroleum industry: A review. J. Pet. Sci. Eng.
2020, 188, 106943. [CrossRef]

Li, T; Zhang, S.; Qi, D.; Zhang, D.; Zhao, H. Enhanced demulsification from aqueous media by using magnetic chitosan-based
flocculant. J. Colloid Interface Sci. 2018, 518, 76-83. [CrossRef]

Hammouda, S.b.; Chen, Z.; An, C,; Lee, K.; Zaker, A. Buoyant oleophilic magnetic activated carbon nanoparticles for oil spill
cleanup. Clean. Chem. Eng. 2022, 2, 100028. [CrossRef]

Xu, H.; Wang, J.; Ren, S. Removal of Oil from a Crude Oil-in-Water Emulsion by a Magnetically Recyclable Diatomite Demulsifier.
Energy Fuels 2019, 33, 11574-11583. [CrossRef]

Song, Y.; Zhou, J.; Fan, J.-B.; Zhai, W.; Meng, J.; Wang, S. Hydrophilic/Oleophilic Magnetic Janus Particles for the Rapid and
Efficient Oil-Water Separation. Adv. Funct. Mater. 2018, 28, 1802493. [CrossRef]

Zendehboudi, S.; Ahmadi, M.A.; Rajabzadeh, A.R.; Mahinpey, N.; Chatzis, I. Experimental study on adsorption of a new
surfactant onto carbonate reservoir samples—Application to EOR. Can. J. Chem. Eng. 2013, 91, 1439-1449. [CrossRef]

Ayawei, N.; Ebelegi, A.N.; Wankasi, D. Modelling and Interpretation of Adsorption Isotherms. J. Chem. 2017, 2017, 3039817.
[CrossRef]

Nouri, N.; Tasviri, M.; Zendehboudi, S. Effect of Poly(vinyl alcohol) on Catalytic Performance of Al-Pillared Clay in Alkylation of
Aromatic Hydrocarbons with Olefins. Ind. Eng. Chem. Res. 2023, 62, 6612-6625. [CrossRef]

Bameri, I; Saffari, J.; Baniyaghoob, S.; Ekrami-Kakhki, M.-S. Synthesis of magnetic nano-NiFe,O,4 with the assistance of ultrasound
and its application for photocatalytic degradation of Titan Yellow: Kinetic and isotherm studies. Colloid Interface Sci. Commun.
2022, 48, 100610. [CrossRef]

Unuabonah, E.I; Omorogie, M.O.; Oladoja, N.A. 5—Modeling in Adsorption: Fundamentals and Applications. In Composite
Nanoadsorbents; Kyzas, G.Z., Mitropoulos, A.C., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 85-118.

Kumbhar, P.; Narale, D.; Bhosale, R.; Jambhale, C.; Kim, J.-H.; Kolekar, S. Synthesis of tea waste/Fe30O4 magnetic composite
(TWMOC) for efficient adsorption of crystal violet dye: Isotherm, kinetic and thermodynamic studies. J. Environ. Chem. Eng. 2022,
10, 107893. [CrossRef]

Jaafari, J.; Barzanouni, H.; Mazloomi, S.; Amir Abadi Farahani, N.; Sharafi, K.; Soleimani, P.; Haghighat, G.A. Effective adsorptive
removal of reactive dyes by magnetic chitosan nanoparticles: Kinetic, isothermal studies and response surface methodology. Int.
J. Biol. Macromol. 2020, 164, 344-355. [CrossRef]

Costa, J.A.S.; de Jesus, R.A.; Santos, D.O.; Neris, J.B.; Figueiredo, R.T.; Paranhos, C.M. Synthesis, functionalization, and
environmental application of silica-based mesoporous materials of the M41S and SBA-n families: A review. J. Environ. Chem. Eng.
2021, 9, 105259. [CrossRef]

El-Naas, M.; Alhaija, M.A. Modelling of adsorption processes. In Mathematical Modelling; Nova Science Publishers: Hauppauge,
NY, USA, 2013; pp. 579-600.

Mazloom, M.S.; Hemmati-Sarapardeh, A.; Husein, M.M.; Behbahani, H.S.-z.; Zendehboudi, S. Application of nanoparticles for
asphaltenes adsorption and oxidation: A critical review of challenges and recent progress. Fuel 2020, 279, 117763. [CrossRef]
Mazloom, M.S.; Rezaei, F.; Hemmati-Sarapardeh, A.; Husein, M.M.; Zendehboudi, S.; Bemani, A. Artificial Intelligence Based
Methods for Asphaltenes Adsorption by Nanocomposites: Application of Group Method of Data Handling, Least Squares
Support Vector Machine, and Artificial Neural Networks. Nanomaterials 2020, 10, 890. [CrossRef] [PubMed]

Ranjbari, E.; Hadjmohammadi, M.R; Kiekens, F.; De Wael, K. Mixed Hemi/Ad-Micelle Sodium Dodecyl Sulfate-Coated Magnetic
Iron Oxide Nanoparticles for the Efficient Removal and Trace Determination of Rhodamine-B and Rhodamine-6G. Anal. Chem.
2015, 87, 7894-7901. [CrossRef]

Nanta, P.; Kasemwong, K.; Skolpap, W. Isotherm and kinetic modeling on superparamagnetic nanoparticles adsorption of
polysaccharide. J. Environ. Chem. Eng. 2018, 6, 794-802. [CrossRef]

Mirzaee, E.; Sartaj, M. Activated Carbon-Based Magnetic Composite as an Adsorbent for Removal of Polycyclic Aromatic
Hydrocarbons from Aqueous Phase: Characterization, Adsorption Kinetics and Isotherm Studies. J. Hazard. Mater. Adv. 2022, 6,
100083. [CrossRef]


https://doi.org/10.1021/acs.langmuir.2c03480
https://www.ncbi.nlm.nih.gov/pubmed/36893017
https://doi.org/10.1002/cjce.23336
https://doi.org/10.1016/j.jclepro.2022.134868
https://doi.org/10.1021/acs.langmuir.2c03266
https://doi.org/10.1016/j.jece.2020.103715
https://doi.org/10.1016/j.petrol.2020.106943
https://doi.org/10.1016/j.jcis.2018.02.024
https://doi.org/10.1016/j.clce.2022.100028
https://doi.org/10.1021/acs.energyfuels.9b02440
https://doi.org/10.1002/adfm.201802493
https://doi.org/10.1002/cjce.21806
https://doi.org/10.1155/2017/3039817
https://doi.org/10.1021/acs.iecr.2c02295
https://doi.org/10.1016/j.colcom.2022.100610
https://doi.org/10.1016/j.jece.2022.107893
https://doi.org/10.1016/j.ijbiomac.2020.07.042
https://doi.org/10.1016/j.jece.2021.105259
https://doi.org/10.1016/j.fuel.2020.117763
https://doi.org/10.3390/nano10050890
https://www.ncbi.nlm.nih.gov/pubmed/32384755
https://doi.org/10.1021/acs.analchem.5b01676
https://doi.org/10.1016/j.jece.2017.12.063
https://doi.org/10.1016/j.hazadv.2022.100083

Energies 2023, 16, 8073 15 of 15

28.

29.

30.

31.

32.

33.

34.

35.

Torlopov, M.A; Vaseneva, I.N.; Mikhaylov, V.I.; Martakov, I.S.; Moskalev, A.A.; Koval, L.A.; Zemskaya, N.V.,; Paderin, N.M,;
Sitnikov, P.A. Pickering emulsions stabilized by partially acetylated cellulose nanocrystals for oral administration: Oils effect and
in vivo toxicity. Cellulose 2021, 28, 2365-2385. [CrossRef]

Ahmadi, M.A.; Zendehboudi, S.; Shafiei, A.; James, L. Nonionic Surfactant for Enhanced Oil Recovery from Carbonates:
Adsorption Kinetics and Equilibrium. Ind. Eng. Chem. Res. 2012, 51, 9894-9905. [CrossRef]

Mirahsani, A.; Giorgi, J.; Sartaj, M. Ammonia removal from aqueous solution by sodium functionalized graphene oxide: Isotherm,
kinetics, and thermodynamics. Desalination Water Treat. 2020, 178, 143-154. [CrossRef]

Nezhadali, A.; Koushali, S.E.; Divsar, F. Synthesis of polypyrrole-chitosan magnetic nanocomposite for the removal of carba-
mazepine from wastewater: Adsorption isotherm and kinetic study. J. Environ. Chem. Eng. 2021, 9, 105648. [CrossRef]
Lopez-Luna, J.; Ramirez-Montes, L.E.; Martinez-Vargas, S.; Martinez, A.I.; Mijangos-Ricardez, O.F; Gonzalez-Chavez, M.d.C.A ;
Carrillo-Gonzélez, R.; Solis-Dominguez, F.A.; Cuevas-Diaz, M.d.C.; Vazquez-Hipdlito, V. Linear and nonlinear kinetic and
isotherm adsorption models for arsenic removal by manganese ferrite nanoparticles. SN Appl. Sci. 2019, 1, 950. [CrossRef]
Weber, W.].; Morris, J.C. Kinetics of Adsorption on Carbon from Solution. J. Sanit. Eng. Div. 1963, 89, 31-59. [CrossRef]

Jain, M.; Yadav, M.; Kohout, T.; Lahtinen, M.; Garg, V.K; Sillanpda, M. Development of iron oxide/activated carbon nanoparticle
composite for the removal of Cr(VI), Cu(Il) and Cd(II) ions from aqueous solution. Water Resour. Ind. 2018, 20, 54-74. [CrossRef]
Eeshwarasinghe, D.; Loganathan, P.; Kalaruban, M.; Sounthararajah, D.P.; Kandasamy, J.; Vigneswaran, S. Removing polycyclic
aromatic hydrocarbons from water using granular activated carbon: Kinetic and equilibrium adsorption studies. Environ. Sci.
Pollut. Res. Int. 2018, 25, 13511-13524. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10570-021-03690-4
https://doi.org/10.1021/ie300269c
https://doi.org/10.5004/dwt.2020.24961
https://doi.org/10.1016/j.jece.2021.105648
https://doi.org/10.1007/s42452-019-0977-3
https://doi.org/10.1061/JSEDAI.0000430
https://doi.org/10.1016/j.wri.2018.10.001
https://doi.org/10.1007/s11356-018-1518-0
https://www.ncbi.nlm.nih.gov/pubmed/29492819

	Introduction 
	Material and Methods 
	Materials 
	Preparation of Functionalized Magnetic Nanoparticles 
	Characterization of Functionalized Magnetic Nanoparticles 

	Results and Discussion 
	Functionalized MNP Characterization 

	Conclusions 
	References

