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This study investigated the performance and adsorption properties of multi-
magnetic carbon nanotubes in removing paclitaxel (PTX) and gemcitabine
(GEM) from industrial sewage. For this purpose, the first magnetic multi-
walled carbon nanotubes were prepared by the co-sedimentation method.
Their characteristics were determined by scanning electron microscopy
analysis of field emission (FESEM), transmission electron microscopy (TEM),
energy dispersive x-ray (EDX), X-ray diffraction (XRD), and a vibration sample
magnetometer. The results showed that iron oxide nanoparticles were
incorporated well without destroying the structure of the nanotubes. Also, the
effect of the pH solution and adsorbent dosage on the adsorption of drugs was
examined. The pH of 7 and adsorbent dosage of 200 mg/L were found to be the
optimal conditions for the process. Comparing the removal results of paclitaxel
and gemcitabine contaminants from the sewage showed that the multi-
magnetic carbon wall nanotubes were more efficient in removing PTX (58%)
than GEM (26%). Studies on the reaction kinetics and adsorption isotherms
were performed on the two contaminants. The results obtained from the fitting
of the curve showed that the kinetics reaction of the drugs was of the second
order and consistent with the Langmuir isotherm. Finally, the reusability and
stability of the adsorbent were investigated, and the reductions detected for
PTX and GEM were only 8% and 5%, respectively, after five cycles.

1. Introduction

One of the essential components of the universe is
water. Water plays a crucial role in the proper
functioning of ecosystems. It is reported that there

are more than 700 types of organic and inorganic
pollutants present in the world's waters, some of
which are toxic, carcinogenic, and remain in the
environment for a long time and are non-
degradable. In the last 30 years, medicinal
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compounds have been considered the most
important pollutants of
groundwater in
communities owing to their high diversity, high

consumption, and stability in the environment [1-

surface water and

industrial and residential

10]. These substances are a special group of micro-
pollutants entering the environment from the
effluent of the pharmaceutical industry or point
sources, such as sewage and waste, and non-point
sources, like agricultural runoff. Because of their
complex structures, low biodegradability, and lack
of any specific many sewages,
conventional treatment systems do not completely
remove the cytotoxic compounds [11-17]. Since

control in

pharmaceutical contaminants have unique
physical and chemical properties, they can pass
through all natural filters[18]. Therefore, they can
enter the outflow and reach groundwater and
surface water sources, becoming a latent danger in
drinking water. Hence, due to the inefficiency of
conventional wastewater treatment technologies,
wastewater enters the environment through the
output effluent. In recent years, this trend has
caused growing concerns regarding the presence of
various pharmaceutical materials in water [19-
23,4]. Among these pharmaceutical contaminants,
anti-cancer medicines are classified according to
their mechanism of action, including factors
affecting DNA, anti-metabolism, hormones and
antagonists, molecular  targeting  agents,
monoclonal antibodies, and biological agents.
Among anticancer medicines, PTX and GEM are
used to treat certain types of cancerous tumors,
such as advanced bile duct, breast, and lung
cancer [24]. The presence of these substances in
the effluent, even at low concentrations, poses
highly dangerous problems such as mutagenic,
cytotoxic, genotoxic, and carcinogenic effects for
humans and other living organisms. Since it is
difficult to remove pharmaceutical contaminants,
the probability of the simultaneous presence of
these harmful compounds in the effluents of
pharmaceutical plants and hospitals is strong
[25,26] (Table 1).
treatment methods
insufficient to

Traditional  wastewater
like activated sludge are
completely
pharmaceutical compounds and other wastewater
compounds from Consequently,

complementary treatment methods such as

remove active

water.

advanced oxidation [27], membrane filtration [1],
reverse osmosis [28], and activated carbon are
often used for industrial wastewater treatment.
Adsorption is a highly effective way to remove
contaminants from water and wastewater even at
concentrations lower than one milligram per liter.
Compared to other methods, it is a simple,
inexpensive, and applicable method. Carbon
nanotubes are unique macromolecules with high
heat and chemical resistance [29]. Therefore,
many researchers have focused on optimizing the
adsorption process and finding new attractions
with high adsorption capacity and low cost. Carbon
nanotubes are among these adsorbents. Carbon
nanotubes are graphite sheets wrapped in the form
of cylindrical tubes. According to the number of
layers in their structure, they are divided into two
groups: single-walled
(MWCNTs) and multiple walled carbon nanotubes
(SWCNTs) [30-32]. In recent years, the use of
multi-walled carbon nanotubes as adsorbents to
remove dye from aqueous solutions has attracted
the attention of researchers. Multi-walled carbon
nanotubes have become effective adsorbents for
dye removal owing to their exceptional properties,
such as small size, a hollow structure of layers, and
large specific surface area [33]. However, one of
the serious challenges in using this type of
adsorbent is the problem of separating carbon
from aqueous and the
pollution caused by their residue. The preparation
of magnetic nanocomposites of multi-walled
carbon nanotubes is an effective way to overcome
the problem of their separation from aqueous
solutions, allowing the treatment of large volumes
of water contaminated by dye by applying an
external magnetic field without secondary
pollution [34]. In addition, the combination of the
unique properties of iron oxide nanoparticles with
the surface properties of multi-walled carbon
nanotubes improves the adsorption capacity and
increases the reaction kinetics [35]. According to
published studies, thus far, no research has
compared the effect of the adsorption of PTX and
GEM using magnetic
nanotube adsorbents. Therefore, the present study
aimed to fabricate and characterize the adsorbent

carbon nanotubes

nanotubes solutions

multi-walled carbon

of the magnetic multi-walled carbon nanotubes
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using the co-precipitation method and compare its
performance in the adsorption of PTX and GEM.

2. Materials and methods
2.1. Chemicals and devices

The commercial multi-walled carbon nanotubes
(98% purity, outer diameter of 20-30 nm, length of
10-30 pm, specific surface area of 110 m?%/g)
synthesized by the chemical vapor deposition
(CVD) method were prepared by the Nanosany
Corporation. Additionally, iron chloride (FeCl; -
4H,0), ferric chloride (FeCls - 6H20), hydrochloric
acid (HCI, 37%), nitric acid, sulfuric acid (H2SO4),
ammonia solution (NH4OH), and ethanol were
purchased from the Merck Co., Germany.
Millipore's Milli-Q Advantage A10 (made in the
United States) was used to prepare pure distilled
water. The pH of the solutions was measured using
a Metrohm pH meter, Model 713. PTX and GEM were
purchased from BDR and Cipla Pharmaceuticals
Co. (India). The main properties of GEM and PTX
are manifest in Table 1.

2.2. Preparation of Fes04/MWCNT nano-

adsorbents

Before the iron nanoparticles were imprinted, the
carbon nanotubes were acid-washed to remove
any impurities from their surfaces [36]. The carbon
nanotubes added to a
concentrated nitric acid and sulfuric acid (1: 1) and
kept at 60°C for three hours in an ultrasonic device.
It was then washed several times with ethanol and
distilled water to bring the pH to normal conditions
and then dried in an oven at 110°C. The co-
precipitation prepare

were solution of

method was used to

Table 1. Specifications of the studied drug sewage [37,38].

FesO4/MWCNT nanoparticles. Moreover, 0.1 g of
MWCNT was immersed in 50 ml of a distilled water
solution containing 0.15 g of iron chloride, 0.45 g of
ferric chloride, and 0.85 g of hydrochloric acid for
30 minutes in an ultrasonic water bath at 80 °C.
Before reaching ambient temperature, 1 ml of 8 M
ammonia solution was slowly added to the solution
to adsorb the iron onto the carbon nanotube.
Finally, the precipitate was adsorbed by a magnet
at room temperature and washed several times
with distilled water. The adsorbent was dried in a
nitrogen atmosphere.

2.3. Characterization

The obtained nano-adsorbent morphology was
evaluated by a field emission scanning electron
microscope (TESCAN, Czech Republic) and a
transmission electron microscope (100CX-Il) at 100
kV. In addition, the crystal structure of the
magnetic carbon nanotubes was investigated
using the X-ray diffraction analysis (Siemens
D5000, Germany). X-ray energy dispersive
spectroscopy (EDS) was used to analyze elemental
composition. Three spots were chosen for EDX
analysis. Vibrating sample magnetometer analysis
(VSM, Versalab) was used to investigate the
magnetic properties of the nano-adsorbent. A UV-
Vis spectrometer (Rayleigh, UV-2601 UV-VIS,
China) was used to measure the absorption
capacity. The chromatographic data
performed at 270 and 227 wavelengths by injecting
20 pl of the solution. The magnetic stirrer (IKA RH
basic2, German) was used to stir the solutions, and
a 1/4 Tesla magnet was used to separate the
magnetic adsorbent from the solutions.

were

Maximum Molecular . .
. chemical formula Chemical structure Name
wavelength (nm) weight (g/mol)
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2.4. Adsorption experiments

Several experiments were conducted to compare
the adsorption efficiencies of the synthesized
magnetic adsorbent in removing PTX and GEM. In
these experiments, 50 mg of the synthesized
adsorbent was placed into a reactor containing 250
ml of ethanol solvent with contaminant to
equilibrate at ambient temperature and a pH of 5.
At different intervals, a small amount of the
contaminant solution without adsorbent was
sampled for spectroscopic examination. These
experiments were performed separately for
different concentrations of PTX and GEM (between
5 and 50 mg/L). The maximum wavelengths for PTX
and GEM were 227 and 269, respectively. The
calibration diagram was obtained by considering
different contaminants.
Furthermore, a darkness test was conducted
without the addition of an adsorbent to determine
if the contaminant concentration changed over
time. Isotherm and adsorption kinetics were also
calculated.

concentrations  of

3. Results and discussion

3.1. Determination of the morphology of magnetic
carbon nanotubes

The morphology of FesO4/MWCNT nanoparticles
was investigated using the FESEM and TEM images.

5-4800 5.0kV 8.4mm x22.0k SE(U)

(a)

Fig. 1. Images (a) FESEM and (b) TEM related to adsorbent of multi-walled magnetic carbon nanotubes.

2.00um

The FESEM image in Figure 1 depicts the morphology
of the surface of the particles constituting the
magnetic composite. The FESEM image shows that
the multi-walled carbon nanotubes retained their
tubular structure after the magnetization process.
The TEM image indicates that the iron oxide
nanoparticles (darker spots) were uniformly
inoculated on the surface of the nanotubes. The
phenomenon was that the
electrostatic force between the positive charge of
the FesO4 surface and the negative charge of the
nanotube surface prevented severe aggregation
and closing of the nanotube cavities.

reason for this

3.2. EDX analysis

An energy-dispersive X-ray spectrometer (EDS) was
used to examine the microstructure of the
Fes04/MWCNT composite. As illustrated in Figure 2,
the carbons exhibit a tube-shaped structure.
Moreover, Fig. 2 depicts the corresponding EDX
spectrum of samples, confirming the presence of
carbon and iron elements in synthesis samples. The
absorption peak at 6.5 keV in the EDX spectrum of
doped samples is indexed to metallic Fe, while the
absorption peak at 0.277 keV is indexed to carbon.
The quantitative elemental composition of

Fe304/MWCNT samples is summarized in Table 2.

me\"l‘
(b)
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Fig. 2. EDX spectra of Fes04/MWCNT sample.

Table 2. Elemental chemical analysis of the prepared
samples.

(o4 Cl
| % F %
Sample (W%) O (Ww%) e (W%) (W%)
FesO4/MWCNT 70.24 3.69 25.51 0.56

3.3. The structural analysis of the FesO4/MWCNT
adsorbent

Figure 3 (a) shows the X-ray diffraction pattern for
pure and magnetized nanotubes. The peaks in the
positions of 26.18° and 46.49° with Miller indices
(002) and (100) were related to multi-walled
carbon nanotubes. The crystal diffractions in the
positions of 33.74°, 37.25°, 45.09°, 59.09°, and
62.67° with the Miller indices (220), (311), (400),
(422), and (440), respectively, were related to iron
oxide molecules [39]. The results of the X-ray
diffraction pattern analysis indicated that the
method used resulted in the formation of carbon
magnetic nanocomposites by creating the least
amount of impurities in the crystal structure. Fig. 3
(b) shows the vibrating sample magnetometer of

the curve synthesized nano-adsorbent. According
to the figure, the Fes04/MWCNT nano-adsorbent
had a high saturated magnetic property (39.2
emu/g). This amount of magnetic property caused
the nano-adsorbent to be completely absorbed and
separated by an external magnetic field. This
property will increase the adsorption capacity and
allow the easier recovery and separation of the
adsorbent from the effluent. Figure 4 shows a
diagram of the adsorption of GEM and PTX
solutions by the FesO4/MWCNT magnetic
adsorbent. GEM and PTX with a
concentration of 50 mg/L were mixed with ethanol
solvent using a magnetic stirrer. This was carried
out in a dark environment to prevent the effect of
light radiation on the adsorption process. As Figure
4 shows, after one hour, the adsorption process
was in equilibrium. Based on the results, the
magnetic multi-walled carbon nanotube adsorbent
adsorbed PTX well into the effluent solution, while
a small percentage of GEM was adsorbed. The
percentage of PTX removal after one hour was
58%, while this number was 26% for GEM. For the
above experiments, the removal efficiency (R) and
adsorption capacity (qe) are represented by
Equation (1) and Equation (2), respectively [40].

solutions

R (%) = <=2 5 100% (1)
_ (Co-Ce)V
qe = £ (2)

where Cp (mg/L) represents the paclitaxel and
gemcitabine concentration before adsorption; C.
(mg/L) represents the PTX and GEM concentration
after adsorption; m (g) represents the dosage of
FesO4/MWCNT; V (mL) represents the volume of
solution.
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Fig. 3. (a) Diagram of XRD analysis of pure and magnetic multi-walled carbon nanotubes, b) VSM curve of

magnetized sample.
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Fig. 4. Adsorption diagram of GEM and PTX solutions by
magnetic adsorbent Fe304/ MWCNT (at pH 7, adsorbent
dose 200 mg/L, and initial contaminant concentration 50
mg/L).

3.4. The effect of solution pH on removal efficiency

The pH of the solution plays a crucial role in the
adsorption process. Adsorption properties change
by changing the pH value of the adsorbent surface
charge and the degree of ionization. In the present
study, to evaluate the effect of pH on the
adsorption process, equilibrium experiments were
conducted at a different range of pH 3-11. The pH
was adjusted by concentrated HCL and NaOH
solutions. The normal pH of the GEM and PTX
solutions was 3.1 and 3.7, respectively. Fig 5 shows
that the pH value has a considerable effect on the
adsorption capacity of the adsorbent in the PTX
solution; however, in the GEM solution, it has a

minimal effect. From pH 3 to 7, the adsorption
capacity of the PTX solution increased, and at pH
11, the percentage of PTX removal decreased
sharply. The cause of this phenomenon is related to
the positive charge of PTX molecules and the
creation of electrostatic repulsion, which is related
to the interaction of the m-m bond between the PTX
benzene ring and carbons [16]. However, changes
in the percentage of GEM removal in this pH range
were slight and fluctuated. The maximum amount
of adsorption still occurred at a pH between 7 and
7.5. In addition, the absorption capacity of GEM
also decreased sharply at pH 11.

60

50

40

30

20

Removal( %)

10

3 5 7 11
pH

Fig. 5. Changes in the removal percentage of paclitaxel
and gemcitabine at different pH.
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3.5. The effect of theFes04/MWCNT dosage
on the removal efficiency of GEM and PTX

As a fact, the concentration of any adsorbent can
potentially affect its removal efficiency. In the
present study, different concentrations of
FesO4/MWCNT (25, 50, 100, 150, 200 and 250 mg)
were examined to find the optimum dosage in
which the highest adsorption of GEM and PTX
occurred. The experiments were carried out at the
initial concentration of 50 mg/L GEM and PTX, a
contact time of 60 min, and under a pH condition
of 7 (Figure6). According to obtained results
(Figure 6), by increasing the adsorbent
concentration from 25 to 200 mg, the adsorption of
GEM and PTX increased. According to the figure, an
increase in the carbon nanotube dosage had a
significant effect on the removal of GEM and PTX
(the removal percentage of PTX increased to
85.28% and GEM to 60.8%). And then a decrease
was observed. This clearly showed that by
increasing the adsorbent dose, more active sites
were ready to adsorb paclitaxel and gemcitabine
from the solution until the saturation of the
nanotube [41]. The efficiency was augmented by
increasing the Fes04/MWCNT from 25 to 200 mg/L,
and the 200 mg/L of carbon nanotube had the
highest removal efficiency, so it was used in the
following steps.
100
90 +
80 -
70 A
60 -
50 f
40
30
20 -
10 A
0

== PTX
=@==GEM

Removal(%)

25 50 100 150 200 250
Dosage (mg)

Fig. 6. The effect of adsorbent dosage on the efficiency

of GEM and PTX removal (Conditions: pH 7, initial GEM

and PTX concentration of 50 mg/L, and contact time of
30 min).

3.6. Adsorption kinetics

Chemical kinetics indicate the speed of chemical
reactions. In the present research, the adsorption
rate constants of GEM and PTX by magnetic multi-
walled carbon nanotubes were matched with
quasi-first and quasi-second kinetic models and
the most suitable model was determined. For this
evaluation, Equation 3 was used:

dC kP (3)
dt - qe
In  this equation, qe is the equilibrium

concentration of the adsorbent phase in the soluble
mass at time t, k is the reaction rate constant, and
n is the reaction degree. To evaluate the order of
degradation kinetics by placing the values n =1, 2
in the above relation and differentiation, the
following relations will be obtained [42, 43].

n=1- In(qe —q¢) =Inqe — kgt (4)

t 1 t
_ — =+ —
qt kzqe qe

n=2 - (5)

where ge and q(t) are the amount of absorption
(mg/g) at equilibrium and t time, respectively; K
and kz are the first- and second-order reaction rate
constants, respectively. The
concentration versus time are plotted for all the
reaction degrees at different concentrations of 5,
25, and 50 mg/L. Table 2 presents the results of the
values of its linear correlations. Figure 7 depicts the
effect of the first- and second-order kinetics of the
initial concentrations of PTX and GEM on it. The
pseudo-first-order kinetic model is based on the
assumption that the rate of change of solute
uptake with time is directly proportional to the
difference in saturation concentration and the
amount of solid uptake with time. The quasi-
second order model assumes that two reactions
(parallel or series) affect the adsorption of the
material, and the parallel reaction equilibrates
rapidly, while the series reaction has a slow velocity
and lasts longer [13]. Finally, the degree of reaction
is estimated by comparing the values of the linear
correlations obtained. The results showed that by
comparing the correlation coefficients of different
degrees of reaction for each sample, the curve
fitting the correlation coefficient was higher in the
second-order equation. The kinetic data indicated
that the absorption of PTX and GEM contaminants

linear curves of
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was faster at the beginning of the process and was  factors of which are infiltration mechanisms, such
fixed over time. Various mechanisms control the

adsorption kinetics, the most important limiting

as external infiltration, boundary layer infiltration,
and intermolecular infiltration [44].
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Fig. 7. Matching diagrams of the results of the first-order reaction model for a) paclitaxel and c) gemcitabine and
the second-order reaction model for b) a) paclitaxel and d) gemcitabine.

Table 3. Results of fitting kinetic curves based on first and second order reactions.

Quadratic kinetics model First class kinetics model Concentration(mg/L) Pollutant
Im k, R? Gm ky R?
21.45 0.31 0.9705 2.09 0.0079 0.8771 5 (Paclitaxel)
35.58 0.10 0.9298 3.12 0.0124 0.8582 25
59.88 0.013 0.9553 7.1 0.0214 0.9373 50
13.49 0.044 0.9868 1.88 0.0080 0.9646 5 (Gemcitabine)
28.01 0.013 0.9887 4.20 0.0196 0.9638 25
32.67 0.035 0.9543 5.50 0.0201 0.9371 50
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3.7. Investigation of adsorption isotherms

To analyze the results of adsorption and its
isotherms, the Langmuir and Freundlich models
investigated. The linear equations of
Langmuir (6) and Freundlich (7) were used to fit
the absorption curve [45].

G L 1
de dm KLqm

were

(6)

log (q.) = log (K¢) + (- ) log(Co) )

In the above relations, ce (mg/L) and gqe (mg/g)
show the equilibrium concentration in the soluble
and solid phases, respectively, gm (mg /g) is the
maximum adsorption capacity, and K. (mg/L) is
the value of nonlinearity. The important property in
the Langmuir isotherm is determined by the
dimensionless equilibrium parameter (RL), which is
defined as follows:

1
Rp=———
LT 1+ KLG (8)
where CO (mg/L) is the highest initial

concentration of adsorption, and R indicates that
the isotherm is undesirable (R.> 1), linear (RL = 1),

desirable (0 <R. <1) oriirreversible (R. = 0). Langmuir
and Freundlich isotherm models are widely used to
evaluate the adsorption process. The Langmuir
isotherm is based on single layer adsorption into a
certain number of active sites. In this model, it is
assumed that adsorption occurs in places with the
same energy on the adsorbent surface, while in the
Freundlich isotherm, the soluble substance is
adsorbed on dissimilar surfaces and in several
layers [43]. The absorption diagrams determined
by the Langmuir and Freundlich equations are
shown in Fig. 8, and the coefficients and constants
of each are presented in Table 4. The linear
regression coefficients of the Langmuir adsorption
were 0.9158 for PTX adsorptil8on and 0.8902 for
GEM adsorption. However, the linear regression
coefficients of the Freundlich adsorption isotherm
were 0.8695 and 0.8052, respectively. It showed
that the studied adsorption process followed the
Langmuir isotherm model. Moreover, the
maximum adsorption capacity of FesOs/MWCNT
nano-absorbents for the PTX solution was higher
than that of the GEM solution, being consistent
with the adsorption results.

Table 4. Results from equilibrium data fitting to determine the isotherm.

Freundlich Langmuir
Pollutant
R? n Kr(l/mg) R? Ry Ky (1/mg)
0.8695 2.5 17.832 0.9158 016 0.088 1046 (Paclitaxel)
0.8052 3 15.727 0.8902 0.12 0.12 89.5 (Gemcitabine)
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Fig. 8. Results of isothermal models a) Langmuir and b) Freundlich for paclitaxel effluents of Gemcitabine.

3.8. Recovery

Several experiments on the prepared samples were
conducted to confirm the possibility of recycling
the adsorbent in its prepared state. Figure 9
illustrates the stability of Fes04/MWCNT after five
cycles of PTX and GEM adsorption. It should be
noted that following each cycle, the adsorbent was
extracted using an external magnetic force; then,
it was sonicated and washed with deionized water,
immersed for 10 min in ethanol, and finally dried in

an oven. As illustrated in the figure, the adsorption
efficiency of PTX with FesO4/MWCNT adsorbents
remained high, with a total loss of only 8%, while
this number was 5% for GEM, indicating effective
magnetic properties, mechanical robustness, low
corrosion, and excellent chemical stability.
However, the recovery rate of GEM was lower than
that of PTX. This indicated that the Fe;04/MWCNT
could be applied in practical
wastewater treatment.

pharmaceutical
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Fig. 9. Stability of the prepared samples after five cycles
in the adsorption of PTX and GEM solution (200mg of
adsorbents, 50ppm, pH=7).

5. Conclusions

In the present research, GEM and PTX
contaminants were removed from the effluent
using a multi-walled carbon nanotube magnetized
by co-precipitation. The synthesized nano-
absorbents were examined using FESEM, TEM, XRD,
and VSM analyses. Additionally, the adsorption
performance of the multi-walled carbon nanotubes
in removing GEM and PTX contaminants was
compared, and the effect of the pH solution and
the adsorbent dosage investigated.
Adsorption kinetics and reaction isotherms for each
contaminant were also calculated, indicating that
the absorption of the medicines followed a second-
order reaction and the Langmuir isotherm. This
study demonstrated that the efficiency of
magnetic multi-walled carbon nanotubes in
removing GEM from pharmaceutical effluents was
lower than that of PTX. However, as magnetic
carbon nanotubes can be regenerated and reused,
this defect can be compensated by successive uses.
Moreover, the desorption and recovery efficiencies
for both drugs were determined, confirming the
remarkable stability and reusability of the
adsorbent. The entry of carbon nanotubes into the
environment can be considerably reduced by
creating an external magnetic field. Based on this
study and according to the obtained results, it is
suggested to check the following items to remove
paclitaxel and gemcitabine in future studies:

were

1- The effect of different experimental conditions
(temperature and ion concentration)

2- Selective separation of each of the drugs in the
presence of other drugs by Fes04/MWNCT

3- Use of other nanoparticles (copper oxide, etc.)

4- Extraction of other cytotoxic drugs, such as
cisplatin, oxaliplatin, epirubicin, etc.
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