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Abstract

This paper studies the removal of ethyl naphthalene as one of the polyaromatic hydrocarbon pollutants (PAHs) from the
produced water. Magnetic super hydrophobic monolithic core-shell polystyrene (MSHMCSh@PS) was prepared using a
simple and low-cost (facile in situ bulk radical polymerization) method, in the presence of 2-azobisisobutyronitrile as an
initiator for ethyl naphthalene adsorption. The characterization of the MSHMCSh@PS was performed using FT-IR, TGA,
SEM, TEM, and VSM. The possibility of PAHs adsorption from produced water was performed using the continuous
adsorption study in a fixed-bed column. The effects of flow rate, concentration, and bed height were investigated. The results
showed that the relationship between adsorption capacity with both inlet concentration and bed depth is a direct one, while the
relationship between adsorption capacity and flow rate is an inverse relationship. The best column parameters were found at
2.5 ml/min flowing rate, 9 cm bed height, and 50 mg/L concentration. The experimental column results and the relationship
between operating boundaries were analyzed according to Yoon-Nelson and Thomas models. The results indicated that the
breakthrough curve follows the Yoon-Nelson model. The practical application results showed that the PAHs were adsorbed
from the produced water using the prepared absorbent MSHMCSh@PS, which was distinguished by its superior ability.
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1. Introduction lungs, bladder, and skin, as well as causing serious

The wastewater generated from the ground to the
surface during oil-gas production operations is known
as the produced water (PW) and it's the largest
byproduct volume on most offshore platforms [1-3].
Nearly 40% of PW is discharged into water bodies
without being treated [4]. Various molecular weights
polyaromatic hydrocarbons (PAHs), are stable and
immune to biodegradation [5] and cause cancer in the

health problems in aquatic life when present at very
low concentrations [6]. It is necessary to remove
these pollutants before entering the environment with
the help of appropriate methods [7, 8]. Consequently,
crescent attention has been focused on developing
suitable processes for their removal [9-12].
Compared with other PAH species, ethyl naphthalene
is the simplest, most volatile; it has less toxicity and
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is easily found in the environment. In fact ethyl
naphthalene has been used in several research
laboratories and serves as a chemical model to
develop catalysts and degradation process of PAHs
[13-15]. Ethyl naphthalene (ENP) is known for being
hydrophobic, flammable, highly volatile, and
chemically stable in water media [16]. The
environmental and health agencies have declared that
the concentration of ENP in treated wastewater
effluents should not exceed 0.059 mg/L [17]. There
are several methods for treating water pollution
including electrochemical treatment [18, 19], biofilm
process [20], ozonation [21, 22], advanced oxidation
processes [23, 24], and adsorption [25]. Among the
various methods, adsorption is considered one of the
most promising techniques in this regard especially
for removing PAHs from the produced water [6, 26-
28]. It is widely used by many research groups due to
its high efficiency, simplicity, low-cost, reproducible
and eco-friendly [29-33]. To remove the
contaminants from water and wastewater, metal
oxides, zeolites, and nano-particles were tested as
promising materials [34-36]. Recently, ferrate (VI);
the high valent iron, gained special interest due to its
high redox potential [37]. Due to the low cost, high
efficacy and environmentally friendly nature of
ferrate (VI) oxidation method, it is considered a
promising technique for removing organic pollutants
[38, 39].

Monolithic adsorbents have been developed
for use in bioseparation, catalysis, optics, and
microfluidic [40, 41]. Such adsorbents have a
continuous capacity for adsorption due to their
morphological and physicochemical properties [42].
Their high separation efficiency is due to their
permeability, excellent porous features, and low-
pressure drop [43, 44]. Incorporating nanoparticles
into monolithic matrices is the most effective
modification process to solve the aforementioned
challenges [45, 46]. Monoliths can be produced due
to the copolymerization of some nanoparticles with
appropriate monomers [40, 47]. Thus, monoliths are
synthesized from nanoparticle doping via in situ
polymerization or post-polymerization modifications
that are imbued with the nanoparticle characteristics
to improve their efficiency.

Nano-polystyrene with a regular hole is a
tasteless and odorless  plasticized synthetic
polystyrene (PS) [48]. It is non-toxic, transparent, and
clear and can sometimes be of a yellowish color. It
loses its polymerization by heating to give monomers
such as (methacrylate), which is molded at 100 °C.
Consequently, it becomes molten and sticky at a
temperature of 185 °C, as it is resistant to weak acids,
bases, fatty alcohols, oils, greases, and waxes, but it
is affected and dissolved by hydrocarbon compounds,
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and this gives the advantages of use in the removal of
light petroleum compounds such as ethyl naphthalene
[49]. It has good water resistance and less water
vapor resistance, high corrosion, and heat resistance.

Iron nanoparticles are particles smaller than
micrometers from iron metal. It is characterized by
being highly reactive due to its large outer surface
area compared to its mass. It oxidizes rapidly to form
free iron ions in the presence of oxygen and water.
Magnetic iron nanocomposites in all forms are very
widely used, such as in medical applications,
treatment, and disinfection of drinking water, and it
has also been used in the remediation of industrial
wastewater polluted by organic halogen compounds
and others [50-52].

The removal of ethyl naphthalene from oil-
producing waters is to treat the produced water for
management and reuse instead of seawater discharge
that makes it easier for use in many areas, such as re-
injecting and using in agriculture [53, 54]. The
preparation of polystyrene in the monolithic
configuration in the presence of a magnetic core gave
the high adsorption characteristic and enhanced
mesoporous surface properties against certain
pollutants, which increases the adsorption selectivity
toward ethyl naphthalene [55]. The dual function of
the synthesized magnetic core-shell is due to the
adsorption properties of the magnetic core against
ethyl naphthalene in PW and its catalytic action of
the monolithic composite polymer. Due to the surface
adsorption of the core sell-by thick film of monolithic
PS cover the Fe;0,. The synthesized monolithic core
sell has core mesoporous holes that enhance the
selective adsorption of ethyl naphthalene. The
magnetic core has having a catalytic cracking action
during the adsorption process that the regeneration
process of MSHMCSh@PS (Fig. 1).
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Figure 1: Adsorption process of ethyl naphthalene from produced
water by magnetic superhydrophobic monolithic core-shell
polystyrene (MSHMCSh@PS)
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The majority of adsorption studies on ethyl
naphthalene removal have been conducted in batch
processes. Few research have attempted to investigate
the adsorption performance in continuous flow
columns. It is vital to perform further extended
adsorption tests to cover pilot plant scales [26].

In this study, the main target is investigating
the performance of a column packed with a newly
developed, high-efficient, and easy-recyclable
magnetic superhydrophobic monolithic core-shell
polystyrene  (MSHMCSh@PS) adsorbent for the
removal of ethyl naphthalene from produced water.
Firstly, magnetite (Fe;O,) nanoparticles were
synthesized by the chemical co-precipitation method
then, a magnetic core-shell polystyrene composite;
(MSHMCSh@PS) was synthesized. Thereafter, the
synthesized Fe;O4 and MSHMCSh@PS were fully
characterized by FTIR, SEM, TEM, TGA, and VSM
analysis. Based on the dynamic behavior of the fixed-
bed column in terms of the breakthrough curve, the
effects of bed depth, flow rate, and initial feed
concentration on the removal of ethyl naphthalene by
MSHMCSh@PS were studied. The experimental
results were compared and discussed according to
Yoon-Nelson and Thomas models.

2. Materials and Methods
2.1. Materials

Polystyrene (99% purity) and toluene (99% purity)
were bought from Merck. Ferric chloride
(FeCl;-6H,0, 99.99% purity) and ferrous chloride
(FeCl,-4H,0, 99.99% purity) were bought from
Fisher Scientific. Azobisisobutyronitrile (AIBN)
initiator, sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), ammonia
solution, NaOH, and ethanol were bought from
Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China) and used without any further purification.

2.2. Methods

2.2.1.  Synthesis of Fe;0,Magnetic Core

Magnetic Fe;O; nanoparticles were typically
synthesized by the chemical co-precipitation method.
1.088 g of FeCl; (0.0067 mol) and 0.419 g (0.0033
mol) of FeCl, as Fe processor was added to 50 ml
0.03 mol/L mixture of 1:2 cationic surfactant
(CTAB)/anionic surfactant (SDS) and kept to froze
for 12 h. Such solution was gently shacked for 30
min, followed by mixing equal volumes of the two
irons ions solutions, to obtain a solution containing a
total Fe concentration of 0.1 mol/L, followed by
adding 0.01 mol/L NaOH to adjust the pH value of
the solution to 8. After more processes including
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separation, precipitation, and drying, the Fe;04
nanoparticles were calcinated at 550 °C/10 h (Fig. 2).
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Figure 2: Synthesis of Fe;0, Magnetic Core

2.2.2.  Synthesis of Magnetic Superhydrophobic
Monolithic Core-Shell Polystyrene
(MSHMCSh@PS)

Five grams of styrene polymer were dissolved in

toluene to obtain a well-dispersed suspension with a

concentration of 25 wt%; for such dispersion, a 0.05

wt% of AIBN initiator was added to form a polymer

solution, which in turn was transferred into a 250 ml

flask. After that, twenty milliliters of 10 wt% aqueous

CTAB solution were added and stirred for 2 h. The

emulsion polymer solution was adjusted to pH 10 by

adding 25 wt% ammonia aqueous solution. Then, the
oil in water phases (styrene in toluene), was degassed
by nitrogen gas for 20min. The emulsion was
transferred in vials and placed in the oven at 75 °C
for 12 h. After complete polymerization, the vials
were frozen and dried to get the porous PS monoliths.
To obtain the magnetic superhydrophobic monolithic
core-shell polystyrene, briefly, 20 ml of porous PS
monoliths (0.1 mol) was quickly added to the support
phase (gray mixture of Fe;O4 nanoparticles), and
shake for 30 min using ultrasonic apparatus. The
precipitate MSHMCSh@PS, wash with DW and
ethanol several times, dried at 25 °C/6 h in a vacuum
oven, then calcinated at 550 °C/6 h (Fig. 3).
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Figure 3: Synthesis of Magnetic Superhydrophobic Monolithic
Core-Shell Polystyrene (MSHMCSh@PS)

2.3. Packed-Bed Adsorption Experiments

The initial ethyl naphthalene concentrations (10, 25,
and 50 mg/L) were flowed individually through the
column with a 2 cm inner diameter and a 50 cm
height at a constant flow rate of 2.5, 5, and 10
ml/min. The column breakthrough is determined by
measuring C/C; (relation between the -effluent
MSHMCSh@PS  concentration (C) to inlet
MSHMCSh@PS concentration (Ci), whereas the
total adsorbed concentrations (q) can be calculated
from the difference between Ci and C, at a fixed time
period [35, 36, 56]. The experiment was continued
until the inlet and outlet ethyl naphthalene
concentration became constant.

2.4. Desorption Experiments

To evaluate the purification of polluted water, the
desorption and reusability study of adsorbent is an
important issue to spot its ability to be reused and to
restore its adsorption capacity. The reusability study
of MSHMCSh@PS adsorbent is examined because it
has been proposed as an adsorbent for the removal of
ethyl naphthalene from produced water. The used
MSHMCSh@PS nanocomposite was regenerated
using a simple solvent-washing method. To desorb
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ethyl naphthalene from MSHMCSh@PS
nanocomposite, 0.025 g of used MSHMCSh@PS
nanocomposite was mixed with 20 mL of ethanol and
left for 1 h at 25 °C on a 350 rpm shaker water bath
then filtered and dried for 2 h. After that the dried
adsorbent was reused.

2.5. Modeling of the Breakthrough Curves

The efficiency of ethyl naphthalene adsorption onto
MSHMCSh@PS, column performance, and the
prediction of breakthrough curves were all detected
using the Thomas model. Such a model supposes that
the adsorption-desorption kinetics of the Langmuir
process, and the rate of driven force, follow the
second-order reversible reaction kinetics without
affecting the axial distribution [57, 58]. Whereas
Thomas’s model can be written as the following:

In (&_ 1) _kin—qM ki — G,V
c F F

Eq (1)

where, C, is the influent MSHMCSh@PS
concentration  (mg/L), C is the effluent
MSHMCSh@PS concentration (mg/L). Meanwhile,
ky, (ml/min.mg) is the Thomas-constant, qo represents
the equilibrium adsorption concentrations of ethyl
naphthalene (mg/g), M symbolizes the mass of the
adsorbent (g), and F indicates the flow rate (ml/min).

Yoon-Nelson simple model is designed for a
single component system [59]. It doesn't require any
detailed data on the characteristics of the absorbent,
the physical properties of the adsorption bed, and the
type of adsorbent because it’s much less complicated
than any other model. The Yoon-Nelson model
assumes that the probability of adsorption decreases
at a constant rate for each particle [60]. The Yoon-
Nelson model is ineffective at predicting adsorption
under a variety of conditions and obtaining the
process variable. The Yoon-Nelson equation is
shown in equation 2 below:

c
In <Co — C) = kynt — toskyy Eq (2)

where kyy is the Yoon-Nelson rate constant, tys is
the time taken for the 50% adsorbate to breakthrough
the column, C, and C is the initial and final
concentration of the solution, respectively. In order to
find out the value of kyy and tys_a graph of In[C/(C,-
C)] against time needs to be plotted.
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2.6. Characterization

FTIR spectroscopical analysis was done to confirm
all samples structure using Nicolet IS-10 FTIR [61].
The surface morphology of the samples was carried
out by scanning electron microscope (SEM, JEOL,
JSM-6700F system) [61]. Transmission electron
microscopy (TEM, Model JEM-200CX, Japan) was
done for the samples to investigate their morphology
[32]. The vibrating sample magnetometer (VSM,
7400-1, Lake Shore Co., Ltd., USA) cure analysis
was also performed at 25 °C in an applied field of 20
kOe to investigate the magnetic properties of the
synthesized samples.

3. Results and Discussion
3.1. Characterizations

FTIR, TGA, SEM, TEM, and VSM measurements
were used to characterize the various properties of the
synthesized Fe;0,4, and MSHMCSh@PS composite.

3.1.1. FTIR

FTIR spectra of ethyl naphthalene are
present in Fig. 4 and exhibit C-C stretching vibration
bands in the 1537-822 cm™ range. In addition, a band
appears at 3103-3005 cm™ assigned for aromatic
rings C-H stretching vibrations [62], while that band
appeared at 2977 cm’' region is due to C-H
asymmetric and symmetric stretching vibrations of
the methylene and methyl groups of C-substituents
(Fig. 4) [63, 64].

Fig. 4 shows the FTIR spectra of ethyl
naphthalene, polystyrene, Fe;0q, and
MSHMCSh@PS. For PS the bands at 3384 and 3025
cm™ represented the C-H aromatic stretching
vibration, the stretching vibration at 2924 cm™ for C—
H, and the stretching vibration at 1679, 1453, 830,
and 700 cm™' represented the phenyl ring [63, 65,
66], where the typical absorption bands for
polystyrene were clearly observed.

FTIR spectrums of Fe;O, nanoparticles in
Fig. 4 show three bands at 667, 1699, and 3457 cm™.
The band at 580 cm™" corresponds to the vibration of
the Fe—O bonds in the crystalline lattice of Fe;0, [67,
68].
of PS and
Fe;O, were observed inFig. 4, reflecting the

All characteristic peaks

successful intercalating of Fe;O04 NPs into monolithic
PS. The low intensity of Fe;O4 peaks with little shift
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can be attributed to blending a low amount of
Fe;0, into the PS@ Fe;0,4 monolithic beds. The
bands at 1601 cm™ of C=C of polystyrene stretching
of MSHMCSh@PS, and 700-760 cm™! revealed the
monosubstituted benzene.

=== Ethyl naphthalene
T304

e Polystyrene
= MSHMCSh@PS$ nanocomposite

Yo

Transmittance,

T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm!

Figure 4: FTIR of ethyl naphthalene, polystyrene, Fe;O4 and
MSHMCSh@PS

3.1.2. TGA

Fig. 5 illustrated the TGA for PS and exhibits two
main mass loss steps presented at 338 °C and 426 °C
due, respectively, to water removal and PS burning.

By temperature increasing from 300 °C to
600 °C there was no mass loss showing the existence
of iron oxide only at this stage. In addition, the
decomposition rate of the PS templates was slowed
down after being protected by the Fe;O4 core. The
first mass reduction phase occurred at 112-408 °C
may indicate the PS structure destruction. The second
step of mass reduction could have been caused by a
rupture in the bonds in Fe;O4 nanoparticles recorded
by numerous studies at temperatures above 800 °C
[69].

In order to consider the sum of Fe;0, in the
MSHMCSh@PS, there was a
thermogravimetric study carried out. Fig. 5 shows the
MSHMCSh@PS thermal decomposition diagrams
synthesized by the green process. The findings show
that bond breakup and weight loss occurred in only a

heart  of

few stages during the heating process in the nano-
structures tested. PS, Fe;O,, and MSHMCSh@PS
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curves are displayed in Fig. 5. Curve (a) reveals that
the  weight loss of  nanocomposite by
MSHMCSh@PS is between 42 °C and 950 °C
around 4,9 percent, which is assigned with the weight
loss of water as well as other usable molecules.

These composites suffer from chemical
changes when heated due to the large entanglement
that occurs between the polymer chains and the iron
inside the core, and they become non-dissolving and
incapable of melting at high temperatures, as is
evident from Fig. 6. In addition to the elastomers
(which are unsaturated hydrogen coals of high
molecular weight that are characterized by the
characteristic of elongation and their ability to
expand and contract), these are properties inverse
elasticity in the physical and mechanical properties of
the polymer, such as specific size, heat capacity,
specific heat, and elastic modulus.

100
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% ystyrene
—Fe304
% == MSHMCSh@PS nanocomposite
70
60
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fﬂ 40
z %
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Temperature, °C

Figure 5: TGA analysis of polystyrene, Fe;Os, and
MSHMCSh@PS

3.1.3. SEM

The Fe;O, and MSHMCSh@PS are shown in Fig. 6a
and b for the image generation of a Scanning
Electron Microscopy (SEM). According to the
photos, we can see that the Fe;O, nanoparticles are
spherical and aggregation and agglomeration occur in
some zones. Comparisons of photographs of
MSHMCSh@PS and Fe;O, show several pores as
well as decreased aggregation and improved
distribution of nanocomposite Fe;O, nanoparticles.
SEM images of MSHMCSh@PS adsorbent revealed
irregular pore structure before adsorption and such
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pores were filled with ethyl naphthalene after
adsorption. Increasing the modified polystyrene
sponge surface area can improve its adsorption
capacity when exposed to magnetic fields of various
strengths. Further increasing by addition of
Fe;0, nanoparticles will result in irregularly shaped
particles with a broad size distribution (Fig. 6a). This
is because that the Fe;O, nanoparticles containing
droplets affect the spatial distribution of the cross-
linking density across the spheres and minimize the
Gibbs interfacial free energy. Accordingly, the SEM
images show that the microscopic spheres of
magnetite particles are not homogeneous in shape
and size but are circularly shaped.

Fig. 6b shows that the gray PS shell very
well covers the dark magnetite particles. In addition,
the magnetic properties of the modified PS sponge
are conducive to magnet control and recycling.
Thereby, it can be used for PAHs removal 15 times
without reducing its adsorption capacity, while the
exclusiveness of the super-hydrophobic
functionalized PS sponge leads to selective removal
from water. In addition, when connected to a
peristaltic pump, the modified sponge can

continuously collect ethyl naphthalene from the
water.
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Figure 6: SEM images of a) Fe;O, and b) MSHMCSh@PS
composite
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314. TEM

The photographs of Fe;O, and MSHMCSh@PS
captured by the transmission electron microscope
(TEM) are seen in Fig. 7a and b (TEM). The cubic
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and circular structures in Fig. 7a are shown to be
favorable to the stability of colloidal dispersion due
to SDS ligands that were interconnected on the
surface of Fe;O, by O-S=O pairs. The typical
nanostructural sizes are about 50 nm and 250 nm,
respectively, based on the pictures. An increase in
MSHMCSh@PS particle size has been identified in
comparison  with  pure nanoparticles since
polymerized nanoparticles and bonds are formed that
prohibit nanoparticles and eventually nanocomposites
from growing (Fig. 7b). The current research also
conceives this kind of action, which resulted in
increasing the prepared nanocomposite size of
relative to the particles of pure iron oxide.

Figure 7: TEM of a) Fe;0,and b) MSHMCSh@PS composite

3.1.5. VSM

The magnetization of Fe;O; and MSHMCSh@PS
composite was investigated and the results are shown in
Fig. 8. As seen in Fig. 8, the Fe;04 nanoparticles showed a
high saturation magnetism (Ms) of 65 emu/g characterizing
the superparamagnetic property of materials [70] however,
the MSHMCSh@PS composite exhibited an Ms value of
55 emu/g which become lower as compared to Fe;O,
nanoparticles, due to the contribution of the non-magnetic
polystyrene in the composition of the synthesized
composite confirming its successful formation. The
obtained results indicated that the synthesized
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MSHMCSh@PS adsorbent can be easily separated by
applying an external magnetic field after the adsorption
process due to its excellent magnetic characteristics.
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Figure 8: VSM curves of Fe;0, and MSHMCSh@PS composite

3.2. Adsorption of Ethyl Naphthalene from
Produced Water (PW) by Continuous Fixed-Bed
Column study

3.2.1.  Effect of Flow Rate

The breakthrough behavior of ethyl naphthalene at
different flow rates was given in Fig. 9. The flow rate
was changed in the range of 2.5, 5, and 10 ml/min,
while the concentration of ethyl naphthalene in
influent was kept constant at 50 mg/L. The obtained
results show that the adsorption of ethyl naphthalene
on the MSHMCSh@PS was strongly influenced by
the flow rate. The results revealed that values of
adsorption capacity decreased slightly when the flow
rate increased.

From this figure, one can conclude that the best flow
rate that achieved high removal efficiency and
acceptable treated water volume is 2.5 ml/min. At a
high flow rate, the uptake of ethyl naphthalene
concentrations was decreased due to insufficient
contact time for interacting the solute with the
sorbent and the limited diffusivity of solute into the
sportive sites or pores.
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Figure 9: Breakthrough curve at different flow rates (Bed height=
9 cm and conc. =50 mg/L)

3.2.2. Effect of Bed Height

The breakthrough curves attained at different bed
heights, constant influent concentration, and fixed
flow rate that illustrated in Fig. 10 show, as the bed
depth increased, the treated water volume and amount
of ethyl naphthalene removal increased. It can be
deduced that raising the bed depth up to 9 cm bed
height increases the breakthrough time (t,) and
exhaustion time (t.), perhaps owing to an increase in
the surface area of the adsorbent and longer contact
time. The higher bed height means more binding sites
available.

12
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C 06 ——3m
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0.4
-9 cm
0.2
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Figure 10: Breakthrough curve at different bed heights (Flow rate
= 2.5 ml/min and conc. = 50 mg/L)

3.2.3. Effect of Concentration
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The effect of initial ethyl naphthalene concentration
on breakthrough curves in Fig. 11 was carried out at
10, 25, and 50 mg/L, as initial ethyl naphthalene, in
the presence of 9 cm bed column height and at a 2.5
ml/min flow rate. The figure shows that as the initial
concentration of ethyl naphthalene increases, both
breakthrough time and exhaustion time decrease. At
higher ethyl naphthalene concentrations of 50 mg/L,
breakthrough
breakthroughs reached slowly. However, the values

curves were  dispersed, and
of gtotal and ge, were increased with increasing the
inlet ethyl naphthalene concentration. Obviously, the
moving of ethyl naphthalene moves to the surface of
MSHMCSh@PS is very slow. Accordingly, it
reduces all of the diffusion coefficients and driving
forces of mass transfer. Therefore, the diffusion
process depends on concentration [58, 71].
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Figure 11: Breakthrough curve at different concentrations (Flow
rate= 2.5 ml/min and bed height= 9 cm)

3.3. Breakthrough curve models

To estimate the breakthrough curves and to obtain the
kinetic model of the column understudy, the fixed-bed
column performance was described using two models
(Thomas and Yoon-Nelson) Table 1. Comparisons of
predicted models curve are shown in Figs. 12 and 13.
Figures confirm that the expected Yoon-Nelson curve is
nearer to investigational curves. Additionally, by applying
two models as illustrated in Table 1, it is concluded that the
correlation coefficient values R? of Thomas and Yoon -
Nelson varied from 0.68 to 0.97 and 0.95 to 0.98,
respectively. Clearly, that R* of the Yoon-Nelson model is
higher than the Thomas model. Consequently, the Yoon-
Nelson model is a well-fitted model for the ethyl
naphthalene adsorption system.
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Table 1. Thomas and Yoon-Nelson model parameters for ethyl naphthalene adsorption onto MSHMCSh@PS (Co = 50

mg/L, flow rate= 2.5 cm).
Thomas Model

km qo R?
Bed height

3cm -2.62E-07 -6.38E-07 0.68293

6 cm 1.70E-06 4.33E-06 0.68293

9 cm 1.08E-07 2.78E-08 0.97327
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kyn T R?
0.00017 -29.041 0.95685
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Figure 12: Thomas model for removal of ethyl naphthalene onto
MSHMCSh@PS

3.4. Comparison of MSHMCSh@ PS Adsorbent
with Other Adsorbents Used for Ethyl
Naphthalene Removal

As observed from Table 2, the synthesized
MSHMCSh@PS magnetic composite was evaluated as
easy-recyclable adsorbent for the removal of ethyl
naphthalene from produced water and the obtained
data are compared with the findings of other studies.
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Figure 13: Yoon-Nelson model for removal of ethyl naphthalene onto

MSHMCSh@PS

As shown, MSHMCSh@PS adsorbent is superior to
most of the evaluated adsorbents as adsorbent for the
removal of ethyl naphthalene in addition to its
effective magnetic separation ability confirmed by
the VSM results discussed above indicating the
ability of its utilization as an environmentally
friendly competitive adsorbent for PAHs removal
from contaminated water especially ethyl
naphthalene.
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Table 2. Removal of ethyl naphthalene from polluted water by various adsorbents

Adsorbent Models

Freundlich isotherm
Langmuir isotherm

AC from petroleum
AC from coal tar

pitch/furfural

AC from wood waste Temkin isotherm
Single CNTs Langmuir isotherm
Multiwalled CNTs Dubinin — Astakhov

isotherm

Graphene oxide from Langmuir isotherm

rice straw

clay Langmuir, Freundlich and
sandy soil Tempkin isotherms
Hydroxyapatite Freundlich isotherm

Surfactant-modified Temkin isotherm
mesoporous silica
Waste tyre Langmuir isotherm
Sugarcane bagasse

Kaolin/Fe;04 composite

Langmuir isotherm
Langmuir
Freundlich

AC/Fe;0, composite
SDS-encapsulated
chitosan beads
Magnetic polystyrene
(MSHMCSh@PS)

Langmuir isotherm
Chapman sigmoidal
isotherm
Yoon-Nelson model

Maximum adsorption Ref.
Capacity (mg/g)
3.2 [72]
18.75 [73]
22.33 [74]
81.18 [75]
49.0 [76]
333 [77]
39.84 [78]
19.92
1293 [79]
2.60 [80]
21.74 [81]
3.73 [82]
1.70 [83]
120.87 [84]
28.66 [85]
46.9 Current Study

Note that: AC is the activated carbon, CNTs is the carbon nanotubes, and SDS is sodium dodecyl sulfate

3.5.  Desorption Study
To determine the stability, feasibility and

better performance of the synthesized
MSHMCSh@PS adsorbent, the removal efficiency of
ethyl naphthalene was studied after four
adsorption/desorption cycles with ethanol as

desorbing agent and the results are shown in Fig. 14.
After four adsorption/desorption cycles, the ethyl
naphthalene removal efficiency has shown a slight
decrease due to the slight decrease in the activity of
the adsorbent surface active sites. The removal
efficiency has reached ~ 90% after 4 cycles which
indicates that the ethanol-washing approach was
successful in renewing the MSHMCSh@PS
composite and confirming the stability and good
performance of the synthesized MSHMCSh@PS
adsorbent.

Removal %
+
o

1 2 3 4
Recyle Number

Figure 14: The reproducibility results of MSHMCSh@PS
composite toward ethyl naphthalene removal
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4. Conclusion

This article synthesizes and then uses nanocomposite
MSHMCSh@PS to experiment in columns to treat
PW for reuse instead of seawater discharge. FTIR,
TGA, SEM, and TEM are the composite
characteristics. Based on the experimental findings
obtained from column tests, it is concluded that it is
an effective and viable approach to remove ethyl
naphthalene from a packaged bed system using
MSHMCSh@PS. In addition, the adsorption depends
on the bed depth, the influential concentration of
ethyl naphthalene and the flow rate. The adsorption
mechanism increases with the bed's height, and the
overall weights of ethyl naphthalene adsorbed by a
monolithic composite of MSHMCSh@PS are also
raised in the column. The maximum column potential
was determined at a flow rate of 2.5 ml/min, a
concentration of 50 mg/L, and a bed height of 9 cm.
The Yoon-Nelson a model can be used to describe
the behavior of breakthrough curves. In addition,
such model is the best model to predict the entire
breakthrough curve, also is the simplest way to
forecast the complete breakthrough curve. Finally, it
was clear that with the use of the prepared
nanocomposite MSHMCSh@PS, it could increase
the volume of production of the treated wastewater
"produced water" with high selectivity of organic
pollutants and manage it for reuse again.
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