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Abstract: Oily wastewater is a major environmental issue resulting from different industrial and
manufacturing activities. Contaminated water with oil represents a significant environmental hazard
that can harm numerous life forms. Several methodologies have been tested for the removal of
oily wastewater from aqueous solutions, and adsorption in a flow-through reactor is an effective
mechanism to reduce these effluents. This study focuses on evaluating the ability of Fe3O4/Bent
material to adsorb gasoline emulsion from a solution using a fixed-bed column, and it involves
analyzing the resulting breakthrough curves. The FI-IR, SEM, EDX, and XRD techniques were
used to characterize Fe3O4/Bent. Various ranges of variables were examined, including bed height
(2—4 cm), flow rate (3-3.8 mL/min), and initial concentration (200-1000 mg/L), to determine their
impacts on the mass transfer zone (MTZ) length and the adsorption capacity (qe). It was shown that a
higher bed height and a lower flow rate contributed to a longer time of breakthrough and exhaustion.
At the same time, it was noted that under high initial gasoline concentrations, the fixed-bed system
rapidly reached breakthrough and exhaustion. Models like the Yoon—Nelson and Thomas kinetic
column models were employed to predict the breakthrough curves. Thomas and Yoon-Nelson’s
breakthrough models provided a good fit for the breakthrough curves with a correlation coefficient of
R? > 0.95. Furthermore, with a fixed-bed system, the Thomas and Yoon-Nelson models best describe
the breakthrough curves for gasoline removal.

Keywords: bentonite; gasoline; oily wastewater; magnetic iron; nanoparticle

1. Introduction

There has been a steady evolution of oil spill cleaning methods in recent years in re-
sponse to the increasing frequency of accidents and leaks, intending to address these issues
and reduce their catastrophic consequences swiftly [1,2]. The fact that oil spill pollution is a
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prominent illustration of how human activities are destroying water quality and impacting
aquatic ecosystems all across the world makes this need even more pressing [3,4]. The
“Prestige” shipwreck in the North Atlantic in 2002 [3], the “Sea Diamond” in Santorini in
2007 [3], the Deep Horizon in the Gulf of Mexico in 2010 [2], and the “Agia Zoni II” in the
Saronic Gulf in 2017 [4,5] are all notable instances.

Oil quickly spreads into water, creates a slick on the surface, and then gradually
sinks into and builds up in the sediments. The degradation and eventual extinction of
large swaths of marine life and habitats can be hastened by winds and currents [4]. In
addition to the factors mentioned earlier, the rate at which oil spills spread in natural bodies
of water can be affected by several physicochemical parameters, including salinity and
temperature [5,6].

There are numerous methods to remove oily wastewater, including biological pro-
cesses [7], ultrafiltration and nanofiltration [8], microfiltration [9], adsorption [10-12],
reverse osmosis [13,14], electroflotation [15,16], advanced oxidation processes [17], de-
emulsification [18], chemical coagulation, electrocoagulation, and flocculation [19]. With
the exception of adsorption, most of these approaches have drawbacks, including higher
operational costs than adsorption techniques, complicated processes, and high sludge
formation.

Adsorption is a widely used method for treating wastewater due to its simplicity in
operation, regenerable adsorbents, cost-effectiveness, and having a high-efficiency rate [20-22].
Moreover, it can handle many effluents without making any nasty sludge, which is a major
plus [23]. As an alternative to commercial adsorbents, eco-friendly and inexpensive adsorbents
like chitosan [24], clay materials [25-27], rice husk ash [28], wasted coffee powder [29], crab
shells [30], and tea leaves [31] have started to attract attention. The main physical forces that
govern adsorption are polarity, hydrophobicity, hydrogen bonding, steric interactions, -7t
interactions, dipole-induced dipole interactions, and Van der Waals forces [32]. Noteworthy,
adsorption has become the method of choice for treating oily water because it is inexpensive
and easy to implement.

Many studies have utilized adsorption methods to remove oil spills from water using
batch experiments with diverse low-cost adsorbents [33-35]. Nevertheless, treating oily
wastewater from large volumes of water using batch adsorption proved challenging at
an industrial scale. Instead, continuous-flow fixed-bed column adsorption has proven
effective for handling large quantities of water and using low-cost adsorbents [36].

One kind of adsorbent is chitosan, which is well known for its low cost, non-toxicity,
and excellent adsorption capability [37]. However, it can be dried and distorted, has poor
mechanical strength, and has lower solubility in acidic solutions [38]. Although zeolites and
biomass have been considered potential adsorbents, their poor adsorption rates severely
restrict their potential uses [38,39]. On the other hand, clay minerals have great adsorption
capacities, but they are not very useful because they are so dispersed in water; hence,
they are hard to recycle or reuse [40]. It is worth mentioning that the transformation of
volcanic ash and turf produces bentonite, a clay mineral composed mainly of aluminum
phyllosilicate [41]. It has many intriguing properties, such as a large surface area, the
ability to swell, the capability to exchange cations, and strong bond formations [42,43].
An enhanced adsorption capacity and substantially increasing the specific surface area
are the anticipated outcomes of shrinking bentonite to nanoscale size [44]. Furthermore,
bentonite can be used as a base for various metals and metal oxides, opening up new
possibilities for composites in different industries [42]. Activated carbon and ferric oxide
nanoparticles were proposed as high-efficiency adsorbents for the removal of emulsified
oil (gasoline, diesel, and kerosene) from polluted water [45,46].

Ferric oxide nanoparticles (Fe3O4 NPs) are renowned for their biological adaptation,
magnetic properties, large surface-to-volume ratio, eco-friendliness, and high capacity to
remove organic contaminants from wastewater [47,48]. Because of the magnetic property
of Fe304 NPs, encasing them in an inorganic matrix (like bentonite) makes it easier to
separate the magnetic composite from an aqueous solution using an external magnetic
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field. A wider variety of active sites, increased chemical stability of Fe3O4 NPs, and a large
specific surface area are only a few of the outstanding physicochemical qualities that the
produced magnetic composite may exhibit [49]. However, magnetite nanoparticles have
two main issues: rapid agglomeration and oxidation by ambient oxygen [50].

For the purpose of removing inorganic water contaminants, a few studies have de-
scribed the synthesis of an iron oxide/bentonite nanocomposite, which exhibited out-
standing adsorption performance [35-38,51-54]. Due to its easiness of use, low operating
temperature, low cost, and scalability, the co-precipitation approach is often selected over
alternative synthesis procedures [55]. Iron oxide nanoparticles have a high surface energy
and, thus, a tendency to aggregate. By lowering the particle size, ensuring a uniform distri-
bution of pore sizes, and preventing the aggregation of Fe;04 NPs, sonochemical-assisted
co-precipitation can improve the composite’s adsorption performance [55]. This study
used an ultrasound-assisted co-precipitation technique to create a nanocomposite of iron
oxide and bentonite called Fe3O4/Bent NPs. This composite was employed to remove oil
from an oil-water emulsion because, to our knowledge, no other study has reported on
how the material adsorbs organic pollutants. It is important to note that batch studies are
commonly utilized to assess the adsorption efficiency in removing particular adsorbates
and to ascertain the highest possible adsorption capacity. Most of the time, the results of
batch studies are only applicable to small-scale laboratory systems and cannot be used
in large-scale industrial systems. Therefore, basic data for the design of continuous-flow
sorption must be obtained through a fixed-bed column study.

This investigation explores the removal of gasoline emulsion using FezOy/Bent material
in a fixed-bed column. Previous research has validated FezO4/Bent NCs as adsorbents for the
removal of oil content from oil-water emulsions through batch experiments [33]. However,
batch adsorption is less suitable for large-scale applications due to the overestimation of
sorption capacities [56]. In contrast, fixed-bed column adsorption is more effective and
practical for water treatment, allowing for continuous operation and scalability. Furthermore,
no studies used continuous-flow fixed-bed column methods to demonstrate the gasoline
emulsion adsorption capability of FezO4/Bent. Hence, this study aims to (i) evaluate the
usage of fixed-bed columns with Fe3O4/Bent for gasoline removal, (ii) analyze the effects of
operating parameters through breakthrough curve analysis, and (iii) compare experimental
data with theoretical models to predict the adsorption behavior. In general, the practical
application of the findings of this study is the treatment of pollution sources from gas stations,
including fuel leaks and the discharge of wastewater from cleaning tanks.

2. Materials and Methods
2.1. Chemicals

Samples of natural bentonite clays were gathered from “Traifawi”, a region near
the Syrian border, and were provided by the General Company for Geological Survey
and Mining in Baghdad, Iraq. Iron oxide Nanopowder/nanoparticles was obtained from
SkySpring Nanomaterials, Inc. (Houston, TX, USA) (Fe3Oy4, 98% purity, 20-30 nm), HCL
(37%), and NaOH (99%) were supplied from HiMedia (Thane, India). The liquid gasoline
was obtained from a local Iragi gas station.

2.2. Synthesis of Fe304/Bent NC

In the composite synthesis, 4 g of bentonite was introduced into 100 milliliters of a
solution containing 2 g of Fe30O4 nanoparticles (Fe304 NPs were purchased). This mixture
was continuously stirred for 6 h and then allowed to settle for 24 h. Subsequently, the
mixture underwent washing and centrifugation to isolate the Fe3O,/Bent composite from
the solution. The sample was dried in an oven set to 60 °C for 12 h as the last stage in the
synthesis process [57,58].
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2.3. Synthesis of Oil-Produced Water Emulsion

Deionized (DI) water and gasoline obtained from a local Iraqi gas station were uti-
lized to produce the emulsified gasoline solution. As illustrated in Figures 1 and 2, the
emulsion was generated by adding gasoline oil droplets to DI water, followed by the
homogenization of the mixture at 23 °C for 30 min. The range of gasoline concentrations
in the oil-water emulsion was between 200 and 1000 mg/L, which is comparable to the
oil concentrations found in actual produced effluent. The gasoline emulsion concentration
was determined using a chemical oxygen demand (COD) device, namely a Lovibond ET
108 model manufactured in Dortmund, Germany.

Figure 2. Chemical oxygen demand device.

2.4. Characterization

Instrumental methods of the physicochemical properties of the raw bentonite before
and after being modified with the Fe304 NC were examined using SEM, EDX, XRD, and
FTIR. For SEM analysis and EDX data, experiments were conducted using a Bruker IN-
SPECT550. X-ray diffraction (XRD) experiments were performed at the Cu Kot wavelength
with 20 angles ranging from 10° to 90° using the Rigaku MiniFlex XRD. The FTIR analysis
was carried out utilizing a German Bruker-Tensor 27. The point of zero charge (pHpzc)
analysis was used to estimate the surface charge of the bentonite clay. Using the standard
salt addition method, the pHzc for Fe3O4/Bent was recorded as 7.3. In order to accomplish
this, 10 individual Erlenmeyer flasks were used to collect 30 mL of 0.02 M NaCl. Using
0.1 M HCl and 0.1 M NaOH solutions, the pH was adjusted to a range of 2 to 12. For 24 h
at room temperature, each flask was shaken in an orbital shaker at 150 rpm with 0.1 g of
absorbent added. The samples were separated using Whatman filter paper No. 41 while
the system was in equilibrium. After measuring the filtrate’s pH, a graph was generated to
illustrate the correlation between the initial and final pH values (Figure 3). According to
Bassim et al. [59], the pHzc can be found when the pH difference is zero.
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Figure 3. pH point of zero charge of Fe30,/Bent.

2.5. Fixed-Bed Experiments

Glass columns of 32 cm in length and 1.7 cm in inner diameter were used for fixed-bed
research (Figure 4). Glass beads were added to the top of the Fe304/Bent bed to guarantee
that the effluent flow was dispersed uniformly when it entered the fixed bed. Glass wool
and plastic mesh were added to the bottom of the column to stop the adsorbent from being
lost throughout the process. A peristaltic pump was used to feed the influent at the top of
the column and run it in a downflow mode. On the shape of the breakthrough curve and
breakthrough capacity, the effects of beginning concentration (200-1000 mg/L), flow rate
(3-3.8 mL/min), and bed height (2-4 cm) were investigated. At prearranged intervals, samples
were taken at the bottom of the column. Before being analyzed, the collected effluent was
preserved by acidification with 1 N HNOs3, filtered through a 0.45 um Whatman filter, and
stored at 8 °C. A chemical oxygen demand device (COD) (type Lovibond ET 108/Germany)
was used to measure the remaining concentration of gasoline emulsion.

Bent/Fe304 ( ,
ent/Fe L e f,_.\t\\' N 4 <) I
Peristaltic é“:' %
Glass pump Initial solution
wool
Effluent t
collector

Figure 4. Fixed-bed adsorption.
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2.6. Fixed-Bed Data Analysis

The shape of the breakthrough curve indicates the performance of the fixed-bed
experiment. Plotting C;/Cj against time represents the breakthrough curve. The initial
gasoline emulsion concentration (Cp) and the effluent concentration at any given time
(Cy) are denoted by the relevant variables. The treated effluent concentration at 90% and
10% of the original concentration, respectively, was used to define the exhaustion and
breakthrough time [60,61].

By applying the given concentration (C;) and flow rate (Q) to the fixed-bed column, the
total amount of adsorbed gasoline (gy,,;, mg) was determined using Equation (1) [62,63].

_ Co C
Gtotal = <Q1000 ) (1 - C0> dt 1)

where Q is the volumetric flow rate (mL/min), and Cy (mg/L) and C; (mg/L) refer to the
initial gasoline emulsion concentration and effluent concentration at any time t, respectively.

By applying Equation (2), we were able to calculate the equilibrium adsorption capacity
(geq, mg/g) of the gasoline emulsion at the point of exhaustion for each unit dry weight of
Fe;04/Bent added to the bed column [64].

t:t{otal

qt
Ge =7, 2)
where m (g) is the total mass of Fe;0,/Bent loaded to the glass column.

The adsorption zone length, which represents the adsorbent efficiency in the fixed bed,
was determined using Equation (3), which is also known as the mass transfer zone (Ly;rz)
length [65].
te — tp

e

)

where L is the bed height (cm), ¢ is the breakthrough time (min), and ¢, is the exhaustion
time (min).

Lyrz =L

2.7. Fixed-Bed Adsorption Model

Kinetic models are used to represent the experimental data of gasoline emulsion
adsorption under fixed-bed circumstances. The Yoon-Nelson and Thomas models are used
to predict the breakthrough curves. The model parameters were estimated in the nonlinear
identification procedure using the experimental data and the least-square method to fit
the breakthrough curves [66,67]. The Thomas model is the most general and widely used
theoretical model for evaluating column performance and forecasting the concentration—
time profile of the complete breakthrough curve. It is assumed that adsorption is governed
by mass transfer at the interface rather than chemical interactions between molecules. The
model is based on experimental data obtained using the Langmuir adsorption isotherm
model with no axial dispersion and the second-order reversible kinetic model [68,69].
Equation (4) provides the Thomas model’s nonlinear form.

Ct T

Co 1/ <1 +exp ( (KTthh Q) - KThCof> (4)

where Ky, is the constant of the kinetic sorption rate for the Thomas model (mL/mg. min).
qrh is the maximum sorption capacity that is estimated via the Thomas model (mg/g), t is
the time (min), and m is the mass of the adsorbent (g). Thomas parameters (K, and qrp)
are determined employing the nonlinear regression via drawing (C;/Cp) vs. time.

On the other hand, the Yoon-Nelson kinetic model is employed due to its simplicity,
flexibility, and practicality, making it an appropriate choice for predicting the breakthrough
curves in fixed-bed adsorption systems. Furthermore, it assumes that the decline in the
adsorption rate for each adsorbate molecule is proportional to the probability of adsorption
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and breakthrough adsorption on the adsorbent. Moreover, it does not require any detailed
data related to the characteristics of the adsorbent or the adsorbate’s characteristics, such
as the adsorption isotherm or the mass transfer properties, and also about the physical
properties of the adsorption bed [70]. In addition, the Yoon-Nelson model simplifies the
prediction process of the breakthrough curves by requiring only two critical parameters: the
time necessary for a 50% breakthrough (t5p) and the rate constant (Kyy). This simplification
would allow for easy curve prediction when the adsorbent becomes saturated, and the
containment adsorbate would begin to emerge in the effluent [71]. Equation (5) depicts the
Yoon-Nelson model’s nonlinear form.

9 B 1
Co 1 +exp(KYN(~r — t))

®)

In this case, T is the amount of time in minutes required for a 50% adsorbate break-
through, t is the sampling time in minutes, and Kyy is the rate constant (min~!). The Yoon
model constants (Kyy;, T) can be acquired by plotting C;/Cy versus time (t).

3. Results and Discussion
3.1. Characterization of Fe304/Bent

Bentonite’s surface morphology (Figure 5a) was coarse and comprised a variety of
irregularly shaped aggregates, the majority of which were spherical and had several tiny
pores and voids [72]. This demonstrates that bentonite is an excellent support material
for coating nanometric particles because of these properties, which raise the likelihood of
foreign molecules adhering to its surface. As illustrated in Figure 5b, bentonite’s surface
underwent notable alterations following the application of Fe304 magnetite nanoparticles.
It was remarked that more big channels and pores formed on the brighter Fe3O4/Bent
surface. In the SEM of Fe304/Bent nanocomposites, it was noticed that minuscule particles
were as small as a few nm in diameter. This suggests that the Fe304 magnetite nanoparticle
coating on bentonite was successful.

mag - det
TO

(b)
Figure 5. SEM micrographs: (a) raw bentonite, (b) Fe3O,/Bent.

Table 1 presents the results which indicate a significant increase in specific surface
area (from 17.57 to 81.75 m?-g~!) and total pore volume (from 0.029 to 0.057 cm?®.g~1)
resulting from modified bentonite with magnetic iron nanoparticles. Fe3O0, nanoparticles
can overlap between the layers of bentonite, causing an increase in the interlayer spacing.
This expands the structure and increases the overall surface area. Fe3O4 nanoparticles
can also coat the external surfaces of bentonite, contributing to an increased surface area
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by providing additional surface sites for interaction. Incorporating Fe;O, nanoparticles
creates new pores and voids within the bentonite structure. These additional pores enhance
the overall porosity, increasing the available surface area for adsorption. The nanoparticles
create a rougher and more complex surface topology on bentonite. This roughness provides
more active sites for adsorption and interaction, thereby increasing the BET surface area.

Table 1. Structure properties of raw Bent and Fe3O,4/Bent.

Raw Bent Fe;04/Bent
BET surface area (m?/g) 17.57 81.75
Pore volume (cm?/ g) 0.029 0.057

An essential characterization parameter, FTIR, reveals the structural changes in bentonite
concerning important functional groups. According to Al-Essa [73], the bands observed at
3417 and 1651 cm ™! in Figure 6 of the RB spectra resulted from the vibrations generated by
the hydration molecules’ (OH groups’) stretching and bending on the bentonite’s surface. The
stretching vibration of H,O is accompanied by a wide band at 3533.59 cm~! when water is
adsorbed. According to Anirudhan and Ramachandran [74], the wide band at 3618.46 cm ™!
is caused by the stretching vibration of the hydroxyl (O-H) bond on the surface of the Si-
OH (silanol) group of RB. The strong absorption of the band at 1033 cm ™! for stretching
vibration Si-O bands provides strong evidence of a silicate structure. The Al-O-Si and Si-
O-Si bending vibrations can be seen as two distinct bands at 524 and 470 cm~!. According
to Luangklang and Rangsriwatananon [75], the band at 524 cm ™! is the most sensitive in
octahedral sheets because any remaining Al*? species may cause it. The spectra include
lines at 690 and 798 cm !, which identify quartz and cristobalite, respectively [76,77]. In
addition, Eisazadeh et al. [78] reported the detection and reporting of bands at 918 cm !,
which are almost 913 cm !, linked to the bending vibrations of Al-Al-OH. The detection of
bending vibrations in Al-Mg-OH was achieved at 840 cm ™!, which is close to the wavelength
of 830 cm ™~ [79].

The FTIR spectrum presented in Figure 6 also shows the functional groups on the
surface of Fe30,/Bent. The peaks observed between 500 cem ! and 600 cm ! are related
to the presence of the Fe-O bond [80]. The absorption peak at approximately 567 cm !
can be ascribed to the Fe-O vibrational mode of Fe304 nanoparticles [54]. The absorption
peaks at 1643.35 cm ! approximately correspond to the stretching vibration of -FeOO- [81].
Also, Fe304/Bent peaks show a slight shift and increase the intensity in some absorption
peak positions. For instance, there is an absorption peak at 1033.85 cm ™! in the case of
raw bentonite corresponding to the Si-O group, but this peak is shifted to 1049.28 cm™!
in the case of Fe304/Bent. This change could be due to the interaction of the magnetite
nanoparticles with the clay sheets [82].

According to the results of the Energy-Dispersive X-ray (EDX) examination (Table 2),
the primary constituents of the bentonite sample are aluminum (Al), silicon (5i), and oxygen
(O), all of which are basic elements of the smectite group. Following the Fe;Oy alteration,
Fe304/Bent NC production is validated using EDS. The EDS findings for the Fe;O,/Bent
NC confirm the presence of iron (Fe), oxygen (O), carbon (C), silicon (5i), and aluminum
(Al) components.
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Figure 6. FTIR for raw bentonite, modified Fe30,/Bent, and Fe304/Bent after adsorption gasoline.

Table 2. Elemental compositions of raw bentonite and Fe3O4/Bent.

Element Weight % Raw Bentonite Fe;04/Bent
C 9.1 9.0
O 46.5 20.0
Na 0.8 -
Mg 2.0 -
Al 8.3 1.0
Si 174 4.6
Ca 34 -
Ti 0.74 -
Fe 7.1 64.5

The structural alterations and layer spacing of natural bentonite before and after Fe3O4
NC modification were investigated using XRD analysis. The expansion of bentonite is
principally caused by its hydrated structure, in which cations sit within the interlayer
gap, surrounded by absorbed water molecules. Figure 7 shows the diffractograms for
both RB and Fe;0,/Bent. Montmorillonite is the major component of raw bentonite, with
quartz, palygorskite, and calcite also present. Different diffraction peaks were seen at dif-
ferent angles, showing the following composition: montmorillonite (19.8, 25.23, 35.17, and
62 degrees), quartz (20.8 and 26.5 degrees), and calcite (29.32 and 50 degrees) [83].

After loading bentonite with Fe3O4 NPs, the XRD pattern shows obvious peaks at
20 = 18.26, which are for bentonite, while the absorption peaks at 20 = 30.07°, 35.43°, 43.07°,
53.44°,56.96°, and 62.54° are for Fe;O4NPs [84]. Furthermore, the decrease in peak intensity
suggests that the crystallinity decreased in the montmorillonite layers, which could be
related to the intercalation of Fe3O4 [85]. This result indicated that the iron molecules were
successfully intercalated into bentonite.
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Figure 7. XRD analysis of raw bentonite and Fe3O,4/Bent.

3.2. Effect of Bed Height

The gasoline emulsion solutions were allowed to pass through the adsorption column
at varying bed heights (2, 3, and 4 cm) with a constant flow rate of 3.4 mL/min and an
initial influent concentration of 200 mg/L to investigate the impact of bed height. The
time consumed to start the breakthrough and the components emerging from the bed’s
outlet would rise with a higher bed height, as illustrated in Figure 8. The fixed bed quickly
becomes exhausted at lower bed heights due to the breakthrough curve’s sharpening. A
typical S-shaped profile appears in the curves, indicating an optimal adsorption system [86].
Table 3 indicates that increasing the bed heights would lead to elevated ge values. A longer
bed of 4 cm denotes a higher amount of adsorbent loaded in the fixed bed, indicating
a greater number of binding sites accessible for adsorption in the process of removing
gasoline emulsion. Furthermore, longer influent solution residence time in the Fe3O,4/Bent
bed would result from a longer bed of 4 cm. In other words, increasing the bed height
results in increasing the contact time between the emulsion and the adsorbent particles. This
allows gasoline ions to permeate into the adsorbent bed, facilitating the overall adsorption.
It was noticed that the length of the MTZ was increased as the bed’s height was raised from
2to 4 cm.

1.0 1

0.8 4

0.6+

CJCy

0.4+

0.2 1

0.0 4

—O—4cm

T T T T
0 100 200 300 400 500
Time (min)

Figure 8. The impact of bed height on the breakthrough capability of a fixed-bed containing
Fe304/Bent for the elimination of gasoline.
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Table 3. The breakthrough analysis parameters for Fe;0,/Bent in the fixed bed.

Parameter qe (mg/g) Lmrz tp t

Flow rat 3 129.14 2.28 105 440

(mﬁym; ;’1 34 109.09 2.35 70 325

3.8 88.10 2.40 55 275

2 93.71 1.68 40 250

Bed height (cm) 2 3 109.09 2.35 70 325

4 121.25 3.19 95 470

Initial 200 121.25 3.19 95 470

concentration 600 218.10 3.30 60 345

(mg/L)3 1000 269.46 3.61 25 260

1 Bed height = 3 cm; initial concentration = 200 mg/L. 2 Flow rate = 3.4 mL/min; initial concentration = 200 mg/L.
3 Bed height = 4 cm; flow rate = 3.4 mL/min.

3.3. Effect of Flow Rate

One of the most important factors in determining how long the solute remains in
contact with the adsorbent surface is the flow rate. Figure 9 shows the gasoline break-
through curves on Fe304/Bent at a range of flow rates from 3 to 3.8 mL/min, with a fixed
starting concentration of 200 mg/L and a bed height of 3 cm. Increasing the flow rate
from 3 mL/min to 3.8 mL/min accelerated the starting of breakthrough and exhaustion,
according to the data. A decrease in the flow rate was found to cause a rightward shift
of the breakthrough curves. However, the breakthrough curves grew steeper as the flow
rates increased. Data such as the column’s adsorption capacity at exhaustion (qe) and MTZ
length are presented in Table 3. The value of qe increased as the flow rate was reduced
from 3.8 to 3 mL/min, as shown in Table 3, due to increasing the contact time between the
adsorptive materials (adsorbate/adsorbent), leading to increasing the adsorption capacity.
At the same time, when the flow rate was low, the MTZ values were low as well, which
meant that the MTZ was becoming shorter. Because the MTZ travels more slowly over
the fixed bed at a low flow rate, adsorption takes longer to occur, and the fixed bed takes
longer to reach breakthrough and exhaustion [19]. Conversely, low g values would be the
consequence of a short duration of time for the gasoline emulsion to diffuse from the solute
onto the binding sites on the surface and pores of the Fe3O,/Bent due to rapid flow rates.

1.0
0.8
0.6
o
(&)
=
(¢}
0.4 -
0.2
—O— 3 ml/min
0.0 4 —/— 3.4 ml/min
—+— 3.8 ml/min
T T T T T
0 100 200 300 400 500
Time (min)

Figure 9. Effect of flow rate on breakthrough capacity of fixed-bed Fe;O,/Bent for removal of
gasoline.

3.4. Effect of Initial Concentration

The gasoline emulsion breakthrough curves under various starting concentrations are
shown in Figure 10. The curves show a constant flow rate of 3.4 mL/min and a bed height
of 4 cm. The initial concentration was increased from 200 to 1000 mg/L, and a decrease
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in the time to breakthrough and exhaustion was noted. The breakthrough curves became
more scattered, and the time to breakthrough was longer at low initial concentrations. The
breakthrough curves steepened as the starting concentration was raised to 1000 mg/L,
indicating the rapid saturation of the fixed bed. Table 3 shows that when the initial gasoline
concentration was raised, qe values were seen to rise due to introducing more adsorbate
molecules to the bed that can be adsorbed on the adsorbent’s surface, giving an increase
in the adsorbed amount. As the starting concentration was lowered from 1000 mg/L
to 200 mg/L, the value of the MTZ also decreased. The concentration gradient, or the
difference in emulsion concentration on the Fe30O4/Bent surface and gasoline concentration
in the solution, is the primary driving factor behind adsorption [70]. As a rule of thumb,
increasing the concentration difference leads to higher adsorption rates. It also improves
the gasoline uptake onto Fe304/Bent, as it provides a stronger driving force to overcome
the mass transfer resistance. This explains that the higher the starting concentrations, the
higher the qge values that can be obtained.

0.8

0.6 +

oe
=
o
0.4
0.2
—O— 200 ppm
0.0 —— 600 ppm
—O— 1000 ppm
0 100 200 300 400 500

Time (min)

Figure 10. Effect of initial concentration on breakthrough capacity of fixed-bed Fe3O4/Bent for
gasoline removal.

3.5. Breakthrough Curve Modeling

The Thomas and Yoon-Nelson models are two examples of the various kinetic column
models that must be employed to assess and predict the breakthrough curves in order to
build a fixed-bed adsorption system, particularly if it would be used for an industrial scale.
The Thomas model is frequently used to determine the adsorption capacity of the adsorbent.
The rate constant and adsorption capacity were obtained from the nonlinear regression
plot of Equation (4), and numerical values are presented in Table 4. The breakthrough
curves may be predicted by the Thomas model, as evidenced by the high values of the
coefficient of determination (R?). High R? values also suggest a good match between the
theoretical nonlinear data produced by the Thomas model and the experimental data.
Figure 11a—c, which show a strong agreement between the experimental data and the
theoretical nonlinear plot from the Thomas model with manipulating flow rate, bed height,
and beginning concentration, validate this. All things considered, the Thomas model can
adequately describe the gasoline emulsion adsorption on Fe304/Bent in a fixed-bed system.
The findings indicate that while mass transfer resistance is reduced at greater flow rates,
K1 values rise. In the meantime, a high flow rate was seen in the values of qry,, which
is explained by the insufficient amount of time that gasoline molecules spend in contact
with binding sites on the surface of Fe30,/Bent. The driving force of adsorption, a better
concentration gradient, was seen when the starting concentration was raised from 200 to
1000 mg/L, which resulted in an increase in qry, values [87]. Meanwhile, because of the
impact of steric crowding, the Ky}, values were lower at high starting concentrations. On
the other hand, using nonlinear regression Equation (5), the Yoon-Nelson model constants
R?, qyn;, and Kyy were determined. As the flow rate increased, Kyy increased from 0.015



ChemEngineering 2024, 8, 92

13 of 18

to 0.025, as seen in Table 4. The shorter solute residence time in the column was the reason
for this disparity. The time required to obtain a 50% breakthrough increased from 142.16 to
279.05 min when the bed length was raised, whereas Kyy reduced from 0.029 to 0.016 min.
There were more adsorption sites accessible at deeper bed depths. The time needed for a
50% breakthrough time (1) dropped from 279.05 to 172.75 when the initial concentration of
gasoline emulsion was increased. In contrast, Kyy increased from 0.016 to 0.022 as a result
of the greater gasoline concentration acting as a driving force for adsorption. The Thomas
and Yoon-Nelson models were found to be a good fit for describing the breakthrough
behavior of the gasoline emulsion, based on the R? value (R? > 0.95) [88].

Table 4. Data from fixed beds with “Thomas and Yoon-Nelson models” characteristics for the
adsorption of gasoline under various conditions.

Column Conditions Thomas Model Yoon-Nelson Model
K
m mimin gt g eME® mms R Ky v W
2 34 200 91.46 93.71 0.148 0.995 0.029 142.16 0.995
3 3.4 200 106.21 109.09 0.103 0.985 0.0208 214.35 0.987
4 34 200 122.50 121.25 0.079 0.996 0.016 279.05 0.997
3 3 200 128.02 129.14 0.077 0.990 0.015 294.84 0.991
3 3.4 200 106.21 109.09 0.103 0.985 0.0208 214.35 0.987
3 3.8 200 95.03 98.1 0.136 0.987 0.025 171.98 0.988
4 34 200 122.50 121.25 0.079 0.996 0.016 279.05 0.997
4 34 600 223.11 218.1 0.029 0.988 0.0174 220.97 0.988
4 34 1000 268.72 269.46 0.022 0.986 0.022 172.75 0.986

3.6. Adsorption Mechanism

The FTIR spectra verified the chemisorption nature of the adsorption process, as
illustrated in Figure 6 by the appearance of new peaks at (2924.09 cm~! and 2850.79 cm~1!).
The presence of these peaks denotes a C-H bond, which indicates that the adsorbents and
oil molecules are interacting chemically. The sharpening of the Si-OH, O-H, and Si-O-Si
peak intensities, which increased, further suggests that the nanocomposite and gasoline
oil interact strongly. Furthermore, because bentonite and iron oxide are hydrophobic, the
nanocomposite may interact hydrophobically with oil and absorb oil molecules [89,90].
Most of the oil that is adsorbed on the Fe;O4/Bent NC does so via interactions that
are hydrophobic and chemically bound. The results show that the composite material
is an effective adsorbent for cleaning greasy water, which is a promising development.
Moreover, changes in pH have a considerable impact on surface charge, adsorbent stability,
and pollutant structure [91]. The effect of emulsified gasoline pH on the adsorption capacity
of Fe304/Bent was examined using batch process testing with varying the pH from 3.0
to 9.0 at a specified adsorbent dose, initial gasoline concentration, and contact time. The
removal of gasoline emulsion increased as pH increased, reaching a peak at pH = 6, which
corresponds to the neutral pH of the gasoline emulsion. As a result, removal was reduced,
reaching its lowest proportion at pH 9. In general, removal percentages were lower in
acidic or alkaline conditions compared to neutral ones. This pattern may be explained
by the electrostatic attraction between gasoline droplets and Fe3O4/Bent, which occurs
when surface functional groups partially dissociate in acidic or alkaline emulsified gasoline
solutions.
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Figure 11. Thomas and Yoon-Nelson modeling results based on experimental and theoretical
breakthrough curves of gasoline adsorption on Fe3O4/Bent at various (a) flow rates, (b) bed heights,
and (c) initial concentrations.

4. Conclusions

In this work, gasoline was adsorbed out of a water solution using a fixed-bed method.
The effects of several column factors on the fixed-bed performance were verified, including
initial concentration, bed height, and flow rate. It was found that low beginning concentra-
tions, declining flow rate, and rising bed height all contributed to longer breakthrough and
exhaustion times. Under conditions of reduced bed height, elevated start concentrations,
and accelerated flow velocity, breakthrough curves became more pointed. The break-
through curves showed that gasoline adsorption on Fe;O,/Bent was the most efficient at a
flow rate of 3.4 mL/min, an influent gasoline concentration of 1000 mg/L, and a 4 cm bed
height. The highest amount of gasoline adsorbed onto the Fe304/Bent material’s surface
was 269.46 mg/g of adsorbent. For the purpose of defining breakthrough curve models,
kinetic models like the Thomas and Yoon-Nelson models were employed. The Thomas
and Yoon—Nelson models provided an adequate fit for the breakthrough curves. The
nonlinear plots produced by the Thomas and Yoon-Nelson models from the experimental
data showed a good degree of agreement. Overall, the findings demonstrate the ability of
Fe304/Bent to extract the emulsion from aqueous solution in a laboratory setting when
used in fixed-bed settings. Prior to being implemented in the industry, more research on
the fixed-bed system’s design parameters on a pilot scale is advised. The current work
presents a straightforward synthetic method for creating a Fe3O4/Bent composite material
that may be used to extract gasoline from industrial wastewater.
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