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Abstract

Oil contaminated water is one of the challenges in water resources management. It is crucial to
remove the oil droplets from water in order to meet the discharge regulations set by the
environmental authorities. Carbon nanotubes (CNTs) have generated a lot of attention as a new
type of adsorbent due to their exceptionally high adsorption capacity for oil-water separation.
The high hydrophobicity of CNTs makes them good candidates to enhance the de-oiling process
from wastewater. In this study, we have reported the synthesis and evaluation of novel iron-

oxide/CNTs nanocomposites for oil-water separation. The CNTs were doped with different
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loadings of iron oxide nanoparticles using a wet impregnation technique. The synthesized
nanocomposite nanomaterials were characterized using field emission scanning electron
microscopy (FE-SEM), high resolution transmission electron microscopy (TEM), Brunauer,
Emmett and Teller (BET) technique, X-ray Diffraction (XRD), and thermogravimetric analysis
(TGA). The effect of adsorption parameters, including, adsorbent dosage, contact time, and
agitation speed on the oil removal efficiency were optimized using batch experiments. The
sorption capacities of doped CNTs were found to be greater than 7 g/g for gasoline oil. The
doped CNTs reached maximum sorption capacity after only 15 minutes providing one of the
fastest minimum contact times reported of all oil sorbent materials. The loading of Fe,O;
nanoparticles on the negative surface of CNT decreases the negative sign and magnitude of the
zeta potential by overcoming the repulsive effects of the electrical double layers to allow the
finely sized oil droplets to form larger droplets through coalescence. Therefore increasing
percentage of the Fe,O3; on the surface of CNT increased the removal of the emulsified oil from

the water.

1. Introduction

The rapid economic growth in the world has increased the demand for oil, since oil is one of the
major sources of energy and raw materials for so many products such as polymers,
petrochemicals, fuels and many other products. The use of oil and oil-based products has
increased globally to approximately 100 million tonnes per year. Reports [1] indicate that, from
2000 to 2011 more than 224,000 tonnes of oil were released into the seas and oceans globally,
due to spillages from oil tankers. This does not include oil discharges from oil extraction
platforms due to spillage [1]. Moreover, another source of oil contamination is the produced

water during the oil exploration stage. The global production rate of produced water is estimated
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to be around 250 million barrels per day for the extraction of 80 million barrels per day of oil. As
a result, 3 barrels of contaminated produced water are produced per each barrel of oil extracted
[2]. Due to large-scale extraction of oil that generates large amounts of produced water, oil
pollution from this source has become one of the major threats to the environment and has

become a global concern due to its toxicity and economic value.

When oil mixes with the water, it forms an oil- water emulsion or floating film that should be
removed before it is discharged into the environment. Due to the large generation of produced
water and also oil contaminated water by the oil industries, many countries are focusing efforts
to find cost-effective and efficient treatment technologies to remove emulsified oil particles from
water as a way to augment their limited fresh water resources. Such water, if treated to meet the
environmental limits and regulations, can be used as aquifer recharge, irrigation, livestock or
wildlife watering and habitats, and industrial applications (e.g. vehicle washing, power plant
cooling water, and fire control) [3]. The United States Environmental Protection Agency
(USEPA) limits the daily maximum limit of oil and grease in water as 42 mg/L and the monthly

average limit is 29 mg/L [4].

Different techniques are reported in the literature for treating oil-contaminated water and some
examples of the techniques are: reverse osmosis, filtration (ultra and micro), various flotation
methods (dissolved air, column flotation, electro and induced air), adsorption, gravity separation,
activated sludge treatment, membrane bioreactors, biological treatment, chemical coagulation,

electro-coagulation and coalescence [5].

Adsorption/sorption is believed to be one of the optimal processes for the removal of oil from

water due to its low operational and capital cost as well as its high removal efficiency. Different



materials have been reported in literature as oil de-emulsifiers for oil-water treatment such as

natural sorbents, organic polymers (synthetic) and mineral materials (inorganic) [6].

The selection of adsorbents and development of new functional materials that can achieve de-
oiling from water is an important practice and depends on many factors, such as the availability
of the material, cost of material, and material safety. Materials with high carbon or oxygen
contents have also been identified for high oil capacity uptake from water. Other physical factors
such as surface area, surface charge density, and oil uptake capacity, thermal and mechanical
stability are other important factors for choosing an appropriate adsorbent. Nevertheless, only a
limited numbers of materials meet all the practical demands for oil selectivity, sorption capacity,
sorption rate, and recyclability. These parameters, which are mainly controlled by the structures
of the adsorbents that exhibit super-hydrophobicity, high porosity, suitable pore sizes, and
reversible deformation under a high level of strain, must be studied and considered [7-10]. Until
now, the synthesis of sorbents with superior oil sorption performance has remained a great

challenge.

Super-hydrophobicityis a function which is mainly found on hydrophobic surfaces with
enhanced surface roughness because of the minimization of contact areas between the surface
and water by trapped air [11, 12]. Therefore, multi-walled carbon nanotubes (MWCNTs; we
refer to them in this paper as CNTs for the sake of simplicity), have been widely used for the
synthesis of super-hydrophobic surfaces because of their large aspect ratio, chemical inertness,

and hydrophobicity [13, 14].

Carbon nanotubes (CNTs) as a new type of carbon materials are widely used in many fields.

Since their discovery in 1991, they have attracted a lot of interest due to their chemical,



mechanical, and thermal stability [15, 16]. Oil-water separation using CNTs as an adsorbent
agent has been reported by a limited number of researchers and considered to be a new field for

development.

Gui et al. [17, 18] used magnetic carbon nanotube (me-CNT) sponges as a new sorbent material
for spilled oil recovery. The magnetic sponges showed mass sorption capacities for diesel oil of
up to 56 g/g, while Zhao et al. [19] prepared sponge-like exfoliated vermiculite (EV)/carbon
nanotube (CNT) hybrids with different CNT percentages by introducing aligned CNT arrays into
natural vermiculite layers for oil adsorption. The highest adsorption capacity of the EV/CNT
hybrids was 26.7 g/g for diesel oil with EV/CNT hybrids having 91%. Table (1) summarizes
some previous studies on the oil spills clean-up using different types of CNT. In the studies listed
in Table 1, oil-water separation occurs as oil spill clean-up where only free oil is adsorbed by the

adsorbent and emulsified oil has not been investigated.

In this study we reported the effects of undoped and doped CNTs with different weight loadings
of Fe,O3; nanoparticles adsorbents on the separation of emulsified gasoline oil droplets from
water. The oil and water is mixed very well to form a very uniform emulsion before adsorption
process. It worth mentioning, the adsorption process removes both mixed and free oil from water
in comparison to the oil spill clean-up which only adsorbs the oil on the surface. The undoped
and doped CNTs were characterized using field emission scanning electron microscopy (FE-
SEM), high transmission electron microscopy (HR-TEM), thermogravimetric analysis (TGA),
X-ray diffractometer (XRD), the Brunauer, Emmett and Teller (BET) nitrogen adsorption
technique, and Zeta potential. The effect of different parameters such as adsorbent dosage,
contact time, and oil concentration were investigated and optimum parameters for maximum

removal of oil have been investigated. The adsorption experimental equilibrium data were
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correlated by the Langmuir and Freundlich isotherms, while the sorption energy was calculated

using the Tempkin model. The kinetic data were analyzed using three kinetic models.

2. Materials and methods

2.1.Material

The CNTs used in this study were purchased from the Chengdu Organic Chemicals Co Ltd.
(China) with purity>95%, lengths of 1-10 pm, outer diameters of 10-20 nm and nitrogen BET
surface area of 156 m?% g. Ethanol liquid (98%, purity) as solvent and ferric nitrate
(Fe(NO3)3.9H,0 (99 % purity), as a precursor of the iron nanoparticles, were obtained from
Sigma-Aldrich Co Ltd. Gasoline liquid as an oil source was purchased from local petrol
distribution company, Woqod, Doha, Qatar with an octane number of 97. All the chemicals

were used without further purification.
2.2. Preparation of modified a-Fe;O3/CNT

The surface modification of CNTs by iron oxide nanoparticles was carried using the wet
impregnation method. A fixed amount of ferric nitrate was dissolved in 500 ml of liquid ethanol
containing a fixed amount of CNTs. Different loadings of iron oxide nanoparticles (1, 10, 30 and
50 wt%) were prepared by changing the concentration of ferric nitrate in aqueous ethanol
solutions. The solutions were sonicated for 45 minutes using a prop sonicator to disaggregate the
agglomeration of CNTs and disperse them homogeneously into the solutions. The aqueous
solution was evaporated at 70 °C in a convection oven. The residue was calcinated at 350 °C for
4 hours in an oven in the presence of air to prepare the iron oxide nanoparticles from iron nitrate

(Figure 1).



2.3.CNT characterization

Powder X-ray diffraction (XRD) patterns were recorded by using a Rigaku MiniFlex-600 and the
X-Ray diffractometer with Cu Ka radiation A = 1.54A at a rate of 0.4 % over Bragg angles
ranging from 10-90 degrees. The operating voltage and current were maintained at 40 kV and 15
mA, respectively. The morphologies of the samples were analyzed with TESCAN MIRA 3 FEG-
SEM, field emission scanning electron microscope using an acceleration voltage of 20 kV. The
elemental analysis (Fe, C, and O) was performed with EDX analysis. The surface areas of the
undoped and doped CNTs were measured by N, adsorption at 77 K using BET surface area
analyzer Micromeritics ASAP 2020. In order to determine the amount of Fe,O3; present on the
CNT surface, thermogravimetric analyses were performed with a TGA analyzer (Q50 K.U.
Leuven SDT, Q600) at a heating rate of 10 °C/min in air. The surface charge density of the
nanoparticles was measured using Zetasizer (Nano ZS 90, Malvern Instruments Ltd., Malvern,
UK) equipped with a 4.0 mW internal laser, which works on the principle of dynamic light
scattering (DLS). The measurements were performed at room temperature (25 °C), with a
scattering angle of 90°. The initial and final concentrations of the emulsified oil in water were
measured using a combustion type TOC analyzer (Shimadzu, model TOC-L; detection range of 4

pg/L to 30,000 mg/L).

2.4. Batch experiments

The effects of adsorption parameters on the adsorption capacity of oil removal from water by
undoped and doped CNTs with different loading of Fe,Os nanoparticles were investigated using

batch mode experiments. In these experiments, the effects of adsorbent dosage, initial oil



concentration, and contact time on the percentage removal and adsorption capacity of emulsified
oil from water were studied. The adsorption capacity (Q) and removal efficiency (RE) were

calculated as follows:

_ (C;=¢Cf)xV
Q= Ty (1)
RE (%) = (C‘;—Cf) x 100 (2)

i

Where C; (mg/L) is the initial concentration of emulsified oil in the water, C; (mg/L) is the final
concentration of the remaining oil in the water, V (L) is the volume of the water, and W, is the

mass of CNTs.

All the batch experiments were performed by adding 20 mL of aqueous solution containing
specific concentrations of oil to 20 mg of undoped and doped CNTs. The experiments were
performed at room temperature. While the effect of the oil concentrations on the adsorption
capacity was examined by varying the initial oil concentration from 425 to 7460 mg/L. The
equilibrium studies were carried out for 120 min to determine the equilibrium contact time and
uptake capacity. To find the optimum amount of adsorbent dosages for maximum removal of
emulsified oil from water, different weights of undoped and doped CNTs were varied from 5 to

35 mg. All the samples were agitated using a mechanical shaker at 400 rpm.

2.5. Adsorption Kkinetic study

The aqueous solutions (20 ml) with 20mg of undoped and doped CNTs were agitated at 400 rpm
using a mechanical shaker at 27 °C. The samples (1.2 ml) were taken from the solution at each

preset time intervals and the final concentrations of oil were analyzed using a TOC analyzer.



In order to find the maximum oil uptake by CNTs and to interpret the experimental data, three
kinetic models, pseudo-first-order, pseudo-second-order, and intraparticle diffusion models were
used in this study. A linear fitting procedure using Origin software was also used to analyze the

experimental uptake rate date.

The Lagergren pseudo-first-order model proposes that the rate of sorption is proportional to the
number of sites unoccupied by the adsorbate [24]. The pseudo-first-order equation can be written

in linearized form as follows:
ln(Qe - Qt) =In Qe - klt 3)

Where Q; is the sorption capacity (mg/g) at any preset time interval (t) and k; is the pseudo first-
order rate constant (min'l). A graph of In(Q.-Qy) versus time is plotted and the constant is found.
Additionally, the adsorption data were analyzed using the pseudo-second-order kinetic model

[25]. The pseudo-second-order kinetic model can be written in linearized form as follows:

t 1

t
= + — 4
Q k0% Qe )

Where k; is the second-order rate constant (g/mg.min). By plotting t/Q; versus time, straight lines
were obtained and the constants, k, and Q., were found.

In order to gain insight into the mechanisms and rate controlling steps affecting the kinetics of
adsorption, the kinetic experimental results were fitted to the Weber—Morris intraparticle

diffusion (IPD) model which is commonly expressed using the following equation [26]:

Qe =kit2+ C )

Where k; is the intraparticle diffusion rate constant (mg/g.min) and C (mg/g) is the intercept.



The larger the intercept, the greater the contribution of the surface sorption in the rate-controlling
step will be. If the graph of Q, vs t"*is linear and passes through the origin, intraparticle diffusion
is the sole rate-limiting step for the adsorption process.

2.6. Adsorption Isotherm

The maximum adsorption capacity and the sorption energy of oil on CNTs were analyzed using
Freundlich, Langmuir, and Temkin isotherm models. The Freundlich isotherm can be expressed

by the equation:

Where C. is the adsorbate concentration at equilibrium (mg/L), Q. is the adsorption capacity at
equilibrium, and n and Kg are Freundlich empirical constants that indicate the sorption intensity
and the sorption capacity of the adsorbent, respectively. The above equation can be linearized

and expressed as:

InQ, = InKy +%1nC€ (7)

The Freundlich-model does not consider the maximum sorption saturation, as it assumes a

heterogeneous adsorbent surface and an energy distribution for the different sites.

On the other hand, the Langmuir isotherm model assumes that the adsorption takes place at
defined homogeneous sites on the surface of the adsorbent. The Langmuir isotherm is expressed

by the equation:

0, = XmKCe
€ " (1+KC,)

®)
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Where C. is the equilibrium concentration of adsorbate in aqueous solution (mg/g), Q. is the
adsorption density at the equilibrium solution concentration Ce, K is the Langmuir constant, and

X 1s the maximum oil adsorption capacity (mg/g).

The Langmuir isotherm model assumes that when adsorption takes place at defined
homogeneous sites on the surface of the adsorbent, suggesting that once an oil molecule occupies
a site, no further adsorption can take place at that occupied site. The above equation can be

rearranged to give the linearized equation expressed as:

Ce 1 Co

= — 9

The Langmuir constants K and X, (which are related to the constant free energy of sorption) can

be determined by representing linear plot of Co/Qe vs. C. from the intercept and slope of the plot.
2.7. Sorption Energy

The Temkin isotherm assumes that, the sorption energy during the sorption process decreases
linearly with increasing sorption site saturation rather than decreasing exponentially, as implied

by the Freundlich isotherm. The Temkin isotherm is given as [27]:

__ RTIn(AC,)

Q=—"" (10

The Temkin isotherm can be linearized as follow:

Qe =BInA+BInC, (11)
Where B = RT/b, b is the Temkin constant related to the sorption energy, A is the equilibrium
binding constant (L/mg) and B is constant related to the heat of sorption. The linearized isotherm
coefficients were estimated using graphical methods by plotting Q. vs In C. and are reported

throughout the paper.

11



3. Results and discussion

3.1. Characterization of CNT and Fe-doped CNT

The undoped and doped CNTs were characterized using field-scanning electron microscopy (FE-
SEM), high resolution Transmission Electron Microscopy (HR-TEM), Thermogravimetry (TGA)

techniques, XRD, BET surface area and Zeta potential.

The surface morphologies of the undoped and doped CNTs adsorbents were observed using FE-
SEM. Figure 2 shows the SEM images of undoped and doped CNTs with 1 and 10, wt% of
Fe,0O3 nanoparticles. The diameter of the CNTs varies from 20-40 nm with an average diameter
of 24 nm. It can be observed that, there are no changes on the surfaces of doped CNTs after

doping. They are agglomerating and untangled similar to a cotton like structure.

High Resolution Transmission Electron Microscopy (HR-TEM) was performed to characterize
the structures, sizes and the purity of undoped and doped carbon nanotubes with iron oxide
nanoparticles. The TEM image of the unmodified nanotubes is presented in Figure 3a. The TEM
image shows that, a highly ordered crystalline structure of CNT is observed. The clear fringes of
graphitic sheets are well separated by 0.34 nm and aligned with a tilted angle of about 2° toward
the tube axis..The TEM images of CNTs doped with Fe,O; nanoparticles were also taken in
order to verify the presence of nanoparticle ions on the surfaces of the CNTs (as shown in Figure
3 b and ¢). The distribution and agglomeration of Fe,O3; nanoparticles were also investigated. It
was observed that, there are formations of white crystal structures of Fe,O3; nanoparticles with
small sizes and irregular shapes. It can be seen that Fe,O3 nanoparticles are spread widely on the

surfaces of carbon nanotubes forming very small crystal particles with diameters varying from 1-
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5 nm. When the ratio is increased to 30% and 50%, the size of Fe,Os nanoparticles is about 50

nm and agglomerate intensively as indicated in Figure 3d and Figure 3e, respectively.

The doping of Fe;Os nanoparticles on the surfaces of CNTs was also confirmed by energy

dispersive X-ray spectroscopy (EDX) and XRD diffraction.

The EDX analysis of the undoped and doped CNTs, which represents the atomic weight
percentage (%) of the elements such as Fe, O and C, are shown in Table 2. The Fe/C ratios

extracted from the EDX are close to the calculated values of the prepared samples.

Figure 4 shows the X-ray diffraction patterns of undoped and doped CNTs and pure a-Fe,Os. It
has been observed that, the XRD diffraction pattern of pure a-Fe,O; is similar to doped Fe,O3
nanoparticles confirming the presence of a-Fe,Os crystal nanoparticles on the surfaces of CNTs.
There is one characteristic peak of CNTs which was observed at 20 of 27, while other
characteristic peaks were found at 20, 34.36, 42, 50, 54, 63, 65, 72 and 75 which corresponds to
a-Fe,Os3. These results revealed that, the a-Fe,Os particles were successfully attached to the

CNTs.

The thermal oxidation and degradation of the materials is an important factor as it determines the
upper temperature limit. Figure 5 depicts the TGA results of undoped and doped carbon
nanotubes. The results showed that, the initial oxidation temperature of undoped CNTs under air
condition starts approximately at 580°C and then reaches a complete oxidation at 670 °C. While
the initial and final oxidation temperatures of doped CNTs with 1, 10, 30 and 50 wt. % reduces
to 520, 480, 460, 450 and 620, 600, 550, 500 °C respectively as shown in Figure 5. It has been
noticed that, the loading of Fe,Os nanoparticles doped on CNTs acted as a heating accelerator

agent, which accelerated the heat transfer to the body of the CNTs as can be seen by the faster
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combustion of the doped CNTs (oxidization) compared to undoped CNTs. In addition to the
measurement of the thermal stability of CNTs, the TGA provides an accurate estimate of the
loading of Fe,O3; nanoparticles doped on CNTs by comparing the residues for the complete
oxidation of doped and undoped CNTs. The final remaining residues of undoped and doped

CNTs with 1, 10, 30 and 50 wt. % Fe,03, are 0.99, 2.05, and 8.8, 32 and 48 wt. %, respectively.

The BET surface area analysis was conducted to measure the surface area of undoped and doped
CNTs. The analysis was performed using a Micromeritics (ASAP-2020) instrument and the
interpretation of the results was based on the adsorption-desorption of liquid N, at 77 K. The
BET surface area values obtained for the undoped and doped CNTs with 1, 10, 30, and 50 wt%
Fe,0; nanoparticles were 137.7, 226.6, 295.4, 128, 74.86 m*/g respectively, as shown in Figure 6.
Figure 6 shows that the surface area is enhanced for the iron oxide nanoparticles with 1 and 10
wt% nanoparticles doped on the surface of the CNTs and hence the number of sites for
adsorption is increased. On the other hand, when the doping level increased to 30 and 50 wt%
the surface area of CNTs decreased due to the aggregation and agglomeration of iron
nanoparticles thus forming a large cluster of nanoparticles that blocks some of the available pore

surfaces on the CNTs.

The loading of Fe,O; nanoparticles on the negative surfaces of carbon nanotubes has a great
impact on the stability of the oil emulsion breaking process, which substantially improves the oil
adsorption capacity on the surface of the carbon nanotubes. The existence of the Fe’* on the
surfaces of carbon nanotubes will modify the liquid/liquid and liquid/air surface properties. For
instance, Fe** serves to decrease the interfacial tension between the dispersed oil phase and the
water and then increases the interfacial tension between the air bubbler and the oil phase.

Accordingly, loading Fe,O3; nanoparticles on the surface of carbon nanotubes will increase oil
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droplet coalescence and enhancing this coalescence should also enhance the oil adsorption

uptake. This phenomenon can be explained through the zeta potential measurements.

The surface charge density of undoped and doped CNTs was studied using a Zeta Seizer
Analyzer. Table 3 shows that the undoped carbon nanotubes have a negative charge of -42.6mV
in the oil-in-water emulsion. Loading Fe;Os nanoparticles on the negative surface of carbon
nanotubes decreases the negative sign of the zeta potential by overcoming the repulsive effects of
the electrical double layers to allow the finely sized oil droplets to form larger droplets through
coalescence. In this study, the zeta potential of oil droplets' was not measured. However,
literature indicates that oil droplets have a large negative zeta potential typically ranging between
-35 mV to -25 mV [28, 29]. This implies that electrostatic repulsion would make an attachment
between oil droplets highly unlikely [30, 31]. Thus, it is important to decrease the electrostatic
repulsion barrier in oil emulsion systems to further improve the adsorption process. It is observed
that increasing the percentage of Fe;O; loaded on the negative surface of carbon nanotubes
reduces the magnitude of the zeta potential of oil droplets and this appears to be a crucial factor
in the adsorption performance of such emulsion systems. This finding is in good agreement with
adsorption measurements in this work, as the percentage of the ai—Fe, O3 on the surface of carbon
nanotubes increased the removal of the emulsified oil from the water. It is also worthy to
mention that the similarities in the adsorption capacity for 30 wt.% and 50 wt.% of a—Fe,O;

loaded on the surface of carbon is a result of the similarity in the zeta potential values.

3.2. Effect of contact time

In order to find the optimum equilibrium and contact time for maximum uptake of emulsified oil

from water by undoped and doped CNTs, experiments were performed at different contact times
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ranging from O to 2 h. All the other parameters including shaking speed, adsorbent dosage, initial
concentration and pH were kept constant at 400 rpm, 20 mg, 841 mg/L and pH 7 respectively.
The samples were taken at different preset time intervals and the concentration of remaining oil
was measured using a TOC analyzer. The dynamic sorption of oil with both undoped and doped
CNTs with different concentrations of iron oxide nanoparticles is shown in Figure 7.

Oil removal from produced water with both undoped and doped CNTs increases with the
increase in contact time and reaches a maximum adsorption capacity after 20 minutes. The
presence of iron nanoparticles doped CNTs enhances the removal efficiency and adsorption
capacity compared to undoped CNTs. The maximum removal efficiency of undoped and doped
CNTs with 1, 10, 30, and 50 wt. % of Fe,Os nanoparticles were 87.0, 96.09, 96.37, 96.62, and
98.52% respectively. The amount of sorbent oil on the particles increases rapidly during the
initial stage and then progressively reaches 90% equilibrium capacity in 10-15 minutes
adsorption time. The high removal rate at the beginning of the contact time was due to the large
number of vacant binding sites available for the adsorption of oil. This rapid uptake coupled with
a high sorption capacity are two of the most significant properties for an oil to be sorbed by
CNT. As the outsidesurface of CNTs becomes exhausted and saturated with oil droplets, the rate
of oil uptake starts to decrease and reaches equilibrium. The doped CNTs reach equilibrium
faster than undoped CNTs by almost a factor of two. Wang et. al [21] used magnetic CNT and
they found that the equilibrium reached maximum adsorption after 90 min contact time which is

3 times larger than the time needed to reach equilibrium in this study.

3.3. Effect of adsorbent dosage

Batch adsorption experiments with different adsorbent masses ranging from 5 mg to 35 mg have
been designed to investigate the effect of adsorbent dosage on removal efficiency of oil from
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water using undoped and doped CNTs. For this series of experiments all the experimental
parameters, except adsorbent mass, including agitation speed, initial oil concentration and
contact time were kept constant at 400 rpm, 841 mg/L. and 2h. Figure 8 shows the final oil
concentration decreases with increasing adsorbent dosage. The maximum oil removal
percentages of oil using undoped and doped CNTs were obtained at adsorbent masses of 30 mg
and 25 mg respectively. It was noticed that, the percentage oil removal for all Fe,O3
nanoparticles loadings was similar at high CNTs dosages, however, at low adsorbent doses, the
oil removals were more sensitive to the Fe,Os; nanoparticles loadings. The higher removal
percentage by doped CNTs is due to the larger available active adsorption sites and increased oil
droplet coalescence.

3.4.Adsorption isotherms for oil removal

The equilibrium adsorption capacity is important in the design of adsorption systems. Equilibrium
studies in adsorption indicate the potential maximum capacity of the adsorbent during the
treatment process. The effect of initial concentration on oil adsorption was investigated by
varying the initial concentration of oil (from 400 mg/L up to 7500 mg/L) at optimum fixed
experimental conditions (adsorbent dosage: 20 mg and contact time: 2h). Equilibrium adsorption
data were used to determine the maximum adsorption capacity of the undoped and doped CNTs.
The Langmuir, Freundlich, and Temkin isotherm models were employed to demonstrate the

adsorption data.

The Langmuir, Freundlich, and Temkin equations were used to describe the data derived from the
adsorption of oil by the different adsorbents over the entire parameters range studied. Based on
Figures 9 and 10, the adsorption capacities (Q,) and adsorption intensities were determined from

the slope and the intercept of each equilibrium graph, respectively. By comparing the Langmuir
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and Freundlich isotherms data in Table 4, the Freundlich isotherm gives a better fit with higher

correlation coefficients for both undoped and doped CNTs.

Based on the data analysis, the adsorption data cannot be described by Langmuir isotherm the
coefficients of determination (Rz) are less than 0.5 for all samples. On the other hand, both
undoped and doped CNTs show a very good agreement with the Freundlich model. The
Langmuir isotherm assumes monolayer coverage on a homogeneous surface with identical
adsorption sites and implying single component adsorption with a constant energy of adsorption.
For adsorption of oil on CNT sample with many different hydrocarbon compounds, Langmuir
type adsorption is not expected as the system is much more dynamic due to the hydration forces,
mass transport effects etc.. On the other hand, the adsorption data for undoped and doped CNTs
are well described by the Freundlich isotherm. The Freundlich isotherm is commonly used to
describe the adsorption characteristics for heterogeneous surfaces and systems where it is easier
to handle mathematically in more complex calculations (e.g. modeling the dynamic column
behavior). Therefore, the Freundlich isotherm model was employed to describe the adsorption of
oil (and its myriad of hydrocarbon compounds) on the surface of all the adsorbents. The
Freundlich isotherm.describes an adsorption process which is not restricted to the formation of a
monolayer and oil multilayering occurs. Therefore, the amount of oil adsorbed on CNT is the
summation of adsorption on all sites, with the stronger energy binding sites being occupied
initially, until the adsorption energies exponentially decreased upon the completion of the
adsorption process. Furthermore, it can also account for multilayer coverage, which is important

in the present study.
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The Temkin isotherm model analysis results are shown in Figure 10 and Table 5. The constants
in the Temkin isotherm are found by plotting Q. versus In C.. The correlation coefficients are
between 0.8 and 0.9 for the different adsorbents. The A value which is an indication of binding
energy shows that there is a linear increase in the standard enthalpy of adsorption with surface
coverage and when the surfaces of CNTs doped by Fe,O3; nanoparticles, surface binding energy
increases. This can be related to the zeta potential and the increase in charge density by
introducing Fe,O3 nanoparticles.

3.5. Adsorption kinetics for the removal of oil

The modeling of the kinetics for oil adsorption on CNTs was investigated using three widely
used sorption models, namely, the Lagergren pseudo-first order, pseudo-second-order and
intraparticle diffusion model. Linearized plots of the three models are shown in Figures 11, 12

and 13 and the parameters of the second order equations are tabulated in Table 6.

From Figure 11, it can be seen that the data do not fit very well to the first order model, as the R>
values are less than 0.8 in most cases. The data in Table 5 show that, the value of the rate
constant k, is lowest for undoped CNTs and increases as the iron dosage into the CNTs
increases. The equilibrium adsorption capacity of undoped CNTs is lower than that doped CNTs
too, due to the availability of more active adsorption sites and increasing surface charge density
(Figure 12). The results also imply that different percentage loadings of iron on CNT do not have
a major impact on the equilibrium capacity of the CNTs.

Figure 13 shows the plot of Q, versus t'? for the intraparticle diffusion model and it is clearly
observed that, the plot does not show a linear trend over the entire time range. There are two

almost linear regions, but the sorption time of 20 minutes for the oil uptake in the present study
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is far too short for an intraparticle diffusion mechanism. Nevertheless, the t'* plot does give
some visible insight to the mechanism by showing two time regions. The primary linear part
might be explained as external surface adsorption, in which the oil particles diffuse through the
solution to the external surface of the adsorbent. The second and intermediate linear portion
refers to a slower adsorption into the pores of the adsorbent with a slower rate than the first
portion. During the first few minutes, layers of oil build up on the external surface of the CNTs;
a strongly bound layer of oil due to adhesion and then looser bound layers due to cohesion. This
represents most of the oil sorption capacity. After several minutes a slower diffusion of oil into
the pores occurs representing about 5-10% of the capacity. Table 7 summarizes the external mass
transfer rate parameter (ki) for all five adsorbents found from the linear fitting analyses of the
data. The fits are for the values of the intercept C offer information regarding the thickness of the
boundary layer.

In comparison to other carbon nanomaterials, the materials in this study showed better
performance. For example, magnetic CNT developed by Wang et al. [21] showed maximum
adsorption capacity of 6.6 g/g while our materials have maximum capacity of 7.7 g/g regardless
of their more complex preparation method that could be costly to scale up. Also, vertically
aligned CNT (VACNT) developed by Liu et al. [22] achieved sorption capacity (12 g/g) slightly
higher than our materials’ capacity. The advantage of our bulk and random CNT material is their
lower cost compared to VACNT. On the other hand, CNT sponge [14][17] has an order of
magnitude higher adsorption capacity when used for cleanup of oil spill from the surface of
water but it was not tested for separation of oil from oil-water emulsion. Hybrid materials such
as CNT-graphene aerogel [11][23] also have been used in literature for oil removal with

comparable adsorption capacity to that used in this study. The unique property of CNT-Fe,O;
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composite studied here is its fast rate of reaction in comparison to other material in literature for
application of oil removal. Fast rate of reaction can reduce retention time when designing the

adsorption column which can save time and economically more feasible.”

3.6.CNT removal from water

Figure 14 provides a qualitative assessment of the performance of CNT in oil-water adsorption.
Figure 14a shows the gasoline-water emulsion prepared by sonication without surfactants, as the
water-oil interface is clearly visible due to the light-scattering property of oil droplets. Figure
14b shows the CNTs in water as settle to the bottom of the tube due to the lack of adsorption and
hydrophobic nature of the CNTs. After addition of CNTs to the solution, the CNTs are freely
dispersed in the gasoline-water emulsion by CNTs aggregation around the oil droplets (Fig. 14c).
To compare the behavior with CNTs in water only without oil, Figure 14c is taken and most of
the CNTs are undispersed and settle at the bottom of the tube. After 2 hours of the adsorption
process (Figure 14d) most of the CNTs particulates float on the top of the tube due to the
coverage by oil droplets. After 6 hours (Figure 14e) the CNT adsorbs more oil and there is less
CNT observed in the tube and most of them are floating on the surface. Figure 14f shows full
removal of oil by CNTs as the water is clear after 24 h with all CNTs at the top of the tube. The
floating CNTs were removed from the clean water by a conventional sand filtration by placing a
sand layer in a sand filtration column (Figure 14g). The effluent of the sand bed is clear water
with no evidence of CNT particles. This demonstration provides support for a feasibility study to
create an industrial treatment process consisting of the CNTs-oil adsorption process,
sedimentation, and sand filtration to fully remove oil and CNT from water and recycle fresh

water.
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To remove CNT from the oil/water emulsion after treatment, ethanol was used to extract the oil
from CNTs. The remaining residue is agglomerated CNTs that can be used again for oil removal.
In order to develop an engineering treatment design process several parameters should be
taken into account to enhance this cost-effective engineering separation technique. First, the
reusability and regeneration of modified CNTs with iron oxide should be considered [32,
33]. Second, the presence of different co-adsorbates and ions in the aqueous solution along
with oil should be examined. Influence of constituents such as other hydrocarbons, heavy
metal ions, and particulate matter in the emulsion may create adsorption competition and
affect the removal efficiency. For an industrial scale process; wastewater does not contain
only one constituent and usually is a mixture of several compounds. The presence of such
materials may interact with the crystallinity of the CNTs and consequently change the
physicochemical properties of modified CNT and ultimately their interaction with oil
droplets. Finally, advancements ‘in material synthesis, application and reuse can help
improving the economic competitiveness of the treatment process by modified CNT.
Consequently, the first stage is the selection of appropriate CNT material which has been

carefully done throughout this study.

4. Conclusion

Modified carbon nanotubes by iron nanoparticles have been synthesized in this study by

employing the exclusive physicochemical properties of carbon nanotubes. The modified
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carbon nanotubes have proved to be very promising for separating oil particles from water.
The present study shows the removal efficiency and adsorption of gasoline oil in aqueous
solution using modified carbon nanotubes with iron oxide nanoparticles (Fe,O;) prepared
using the wet impregnation method. The equilibrium data were fitted to the Langmuir,
Temkin and Freundlich isotherm models, with the Freundlich isotherm providing the best
correlation of the experimental data. The kinetics of the process were studied using three
different models (psedou-first order, psedou-second order, and intraparticle diffusion
models) and it was observed that the oil adsorption was correlated best with the pseudo-
second-order sorption kinetics model. Visual interpretation of the intraparticle diffusion
model revealed that the process is not diffusion controlled and the diffusivity of oil on to the
CNT surface can be divided into two global processes, namely, an external surface film
phase and a pore filling phase. The short time to reach 90% equilibrium capacity, of 15-20
minutes, and the low R” values. indicates the oil uptake is not controlled by intraparticle
diffusion. The results also indicate that oil strongly adsorbed to the surfaces of these adsorbents
suggesting that these forms of carbon based adsorbents have great potential to be good
adsorbents and can be applied for the removal of oil in water treatment. This study propose
separating the CNT from treated water using sand filtration as a standard means of filtration

used by industries is feasible.
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Figure 2: FE-SEM images of undoped CNTs (a) and doped CNT with with 1 % (b), 10 % (c), 30 % (d), and 50% iron

oxide nanoparticles
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Figure 3: TEM image of pure CNTs (a), and Fe,O3; /CNT nano-composites with 1 % (b), 10 % (c), 30 % (d), and 50%

Fe, O3 content
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Figure 4: XRD patterns of the a-Fe,O3/CNT composites, a-Fe,O3, and Pure CNT
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Figure 7: The effect of contact time on the percentage removal of oil

100

_ ﬁiii
) « : / o
. y7 :?-/

Percentage Removal (%)

<4
70 v /
A —m— CNT
/. . e 1%Fe
60{ 4 A 10% Fe
| o —v—30% Fe
- < 50%Fe
50 /
) [ ]
—

40

T
5 10 15 20 25 30 35
Adsorbent Dosage (mg)

Figure 8: Effect of adsorbent dosage on the percentage removal of oil (0il concentration: 841 mg/L)

34



9.0
| |
8.5
8.0
}7.5-
‘c’ - m CNT
~ 7.04 e 1%Fe
| A 10% Fe
v 30% Fe
6.5+ < 50% Fe
6.0 <
r— +~ 1~ T T 1 *r °r_ " T * T 1
20 25 3.0 35 40 45 50 55 6.0

In(C,)

Figure 9: Freundlich adsorption isotherm of oil adsorbed by raw CNT and modified CNTs

8000
| . J
7000-_ = ONT u
® 1% Fe
6000'_ 10% Fe
. i v 30% Fe )
3 3700+ 50% Fe -
£ 4000
(] i
S 3000-
2000-_ -
1000- b
0- M
T T T T T T T

o 1 2 3 4 5 6 7 8

Figure 10: Temkin adsorption isotherm of oil adsorbed by raw CNT and modified CNTs

35



74 7
6] % ] "0,
| & ] £
54 ’ L 'Y
| () 5] v
w° .
4_ b 4 [ ] 1 v
-~ ] 3 e I B e p e
g 3 2 4 6 8 10
|ql> | L x
g = T
= 14 a_ o
0 1 m  CNT m m
__ ® 1%Fe °
-1 10% Fe v
1 v 30% Fe
"2 50% Fe
-3 T T T T T T T T T T
0 20 40 60 80 100
Time (min)

Figure 11: Pseudo-first-order Kinetics for the adsorption of oil with undoped and doped (oil concentration: 841 mg/L)

0.18
] 0025
0.164 0.020 ] . " n
o1a] 0] 0T *
.0.010--1.’!.!
60'12_ 00051 *° n
z\E’) 0.10] 0000 +—— — ¢

c 4
£ 0.08 4 : = CNT
< 1 e 1%Fe
= 0.06- A 10% Fe
0.04 - ) v 30% Fe
i f | 4 50% Fe
0.02 - F'
0.00

0 20 40 60 80 100 120
Time (min)

Figure 12: Pseudo-second-order Kinetics for the adsorption of oil with undoped and doped CNTs (oil concentration: 841

mg/L)

36



900

800 - < ; V' * | &
1 | | || | | | |
700- 2 i
_ %"
600- “
J | |
% 500
E 500+ ° = CNT
~ 400- ® 1% Fe
< A 10%Fe
300 - 4 v 30%Fe
- » < 50%Fe
200 1 ’ ".
J ‘.
100 s
04 =
T T T T T T T T T T T T
0 2 4 6 8 10 12
Time?2 (min%-)

Figure 13: Intraparticle diffusion model for the adsorption of oil with CNT and modified CNT (oil concentration: 841

mg/L)

37



ACCEPTED MANUSCRIPT

Figure 14: Digital pictures of experimental se

oil interface. (b) CNT in water (no oil) er aqueous solution right after addition of CNT. (d) CNT in water after

2 hour adsorption process. (e) C water 6 hours after adsorption process. (f) CNT in water 24 hours after adsorption
process. (g) sand filtration for removal of CNT from water. (h) effluent of sand filtration (oil concentration: 7500
ppm).
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Table 1: Previous studies on oil removal with different forms of CNT

Adsorption capacity
Adsorbent Type of oil Reference
(g/g)
CNT sponge 143 Diesel [14]
Vertically aligned carbon nanotubes 69 Kerosene oil [20]
Magnetic carbon nanotubes 6.6 Diesel [21]
Carbon nanotube sponge 110 Diesel [17]
Multi-walled carbon nanotubes 12 Gasoline [22]
Magnetic macroporous carbon
56 Diesel [18]
nanotubes
Graphene and carbon nanotube hybrid 85 Compressor oil [11]
Carbon nanotube—graphene hybrid
120 Diesel [23]
aerogels
Table 2: EDX analysis of commercial CNT and CNT with different percentage of a-Fe203
CNT Sample Raw CNTs CNT-Fe;O3 CNT-Fe;O3 CNT-Fe;O3  CNT-Fe,0;
(theo) (1%) (10%) 30%) (50%)
Element Weight % Weight % Weight % Weight % Weight %
C 98.50 94.47 84.53 45.9 37.66
(0] 1.50 3.65 4.5 23.53 18.60
Fe 0 1.50 (1) 11.03 (10) 28.08 (30) 43.74 (50)
Total % 100 100 100 100 100
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Table 3: Zeta potential of CNTs and a-Fe,O3/CNT nano-composites with 1 %, 10 %, 30 and 50% of a- Fe,O;

CNT/a-Fe,O; Zeta Potential (mV)

0% -42.6
1% -20.5
10% -17.1
30% -8.9
50% -8.3

Table 4: Parameters of Langmuir and Freundlich adsorption isotherm models for oil removal

Parameters Langmuir Freundlich
Qm(mg/g) K (L/mg) R* n K¢ R’
CNTs 3.33E+04 7.22E-04  0.51 1.08 53.15 0.99

CNTs- a—Fe, 053 1wt% | 2.00E+06 1.43E-05  0.00 1.01 29.78 1.00

CNTs- a—Fe;03 10 wt% | 5.00E+05 6.23E-05  0.01 1.02 33.25 1.00

CNTs- 0-Fe, 0330 wt% | 1.25E+05 2.40E-04  0.33 0.98 27.86 1.00

CNTs- 0—Fe,03 50 wt% | 3.33E+04 1.17E-03  0.23 1.16 62.30 0.99
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Table 5: Parameters of Temkin adsorption isotherm for oil adsorption

Temkin Isotherm
Samples

A B b R

CNT [ 4.46E-02 2.20E+03 |13 090
1% Fe | 5A48E-02 2.32E+03 | 7 (.87
10% Fe | 6.00E-02 2.30E+03 | g (.85
30% Fe | 5.57E-02 2.43E+03 | 3» g3

50% Fe | 8.69E-02 1.98E+03 | 55 (g0
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Table 6: Kinetic parameters for second order models

Samples Second Order Model

Q.(mg/g) k;(gz/mgh) R?

CNT 7.7TE+02  2.7E-04 0.99

1% Fe  8.3E+02 2.3E-04 0.99

10% Fe 8.3E+02 2.9E-04 0.99

30% Fe 83E+02 3.7E-04 0.99

50% Fe 8.3E+02 5.5E-04 0.99

Table 7: Kinetic parameters for intraparticle diffusion models

1* linear part 2" linear part
ki C R’ ki C R’
CNT 224.4  -48.7 0.88 2.62 7449  0.95

1% Fe 2664 -201.6 092 6.11 796.5  0.93

10% Fe | 286.4 -228.0 0.93 5.46 798.0  0.83

30% Fe | 2839 -211.8 0091 0.92 788.9  0.92

50% Fe | 257.8 -71.7 0.92 20.21 779.3  0.81
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Highlights

¢ The performance of CNT/Iron oxide composite is analyzed for oil-water separation.
¢ Increasing the Fe;O3 loading on the CNT increased the removal of oil from water.

¢ The CNT/Iron oxide nano-composite showed adsorption capacity of more than 7 g/g.
e Removal efficiency of 100% is achieved using CNT/Iron oxide Nano-composite.
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