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Metoprolol (MTP), a selective beta-blocker with low biodegradability, is an important micro-pollutant that has been widely identified
in surface waters and wastewaters. In this work, the removal of MTP from aqueous solutions was performed using Iron oxide/Titanium
oxide/activated carbon (Fe;0,4/TiO,/AC) nanocomposite as a new adsorbent. The nanocomposite was characterized by Fourier Transform
Infrared (FT-IR), Energy Dispersive X-ray Spectroscopy (EDX), Field Emission Scanning Electron Microscopy (FESEM) and X-Ray
Diffraction (XRD) techniques. The maximum efficiency of MTP removal was 96.2% at a dosage of 1.5 g I'' of adsorbent, an initial
concentration of 10 mg I'' of the drug, a contact time of 60 min at 25 °C, and pH 8.0. Freundlich and Pseudo-second-order models were
found to be the best fitting isotherm and kinetic models, respectively. In addition, the values of thermodynamic parameters including AH,
AS, and AG were found to be -75.20, -0.23, and -7.55 kJ mol'l, respectively. These results confirmed that the adsorption process of MTP on
Fe;04/TiO,/AC is exothermic and spontaneous. Fe;04/TiO,/AC nanocomposite was successfully used for the removal of MTP from real

water solutions.
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INTRODUCTION
OH
| H
Metoprolol (MTP), a common sympathetic blocker | S o e B o
(Fig. 1), is used to treat cardiovascular diseases such as S R >

myocardial infarction, arrhythmia, and hypertension [1,2].
MTP has been frequently detected as a contaminant in Fig. 1. Chemical structure of MTP.
surface waters and wastewaters due to its resistance to

hydrolysis and widespread use [3-5]. This pollutant needs to

be removed from wastewater before discharging it to
ecosystem or water bodies due to its harmful impacts on the
environment and human health [6-8].

Various strategies such as oxidation [9], photocatalytic
[10-12], adsorption [13,14], filtration [15], and
electrochemical [16] methods have been used for the
elimination and the degradation of MTP from polluted water
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bodies. Adsorption is an attractive technique compared to
other methods due to its cost-effectiveness, simple design,
and straightforward approach [17,6]. This strategy has been
extensively applied to remove organic materials from
wastewater using different types of adsorbents such as
natural materials, magnetic composites, activated carbon
(AC), and polymers [18-23].
performance of the adsorption process strongly depends on
the affinity between the surface of the adsorbent and the

silica, However, the
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contaminant, as well as the ease of separation of the
the
development of adsorbents that can be easily separated from

adsorbent from the sample solution. Therefore,
the aqueous solution and have a high affinity for MTP is
highly desirable.

AC alone or in combination with other materials is
widely used to eliminate various contaminants from
polluted aqueous media due to its large surface area,
microporous structure with high porosity, and suitable
capacity [24-26]. addition,
nanoparticles have been used to absorb pollutants due to

adsorption In magnetic
their large surface area, adsorption capacity, and easy
separation from aqueous solutions by an external magnetic
field [27-29]. In addition, TiO, is widely used as a catalyst
in photocatalytic degradation processes

contaminants [9,10,30,31]. Although TiO, is commonly

to remove

used alone in photocatalytic reactions, it is usually
conjugated with other compounds for use in adsorption
processes [32-35].

Due to the harmfulness of MTP to human health and the
environment, further research is needed for the simple,
rapid, and effective removal of this drug from aqueous
solutions. Therefore, a nanocomposite with a combination
of Fe;O, nanoparticles, TiO, nanoparticles, and AC was
introduced for the first time to increase the efficiency of the
adsorption method in removing MTP by utilizing the special
abilities of each adsorbent, such as easy adsorbent
separation and high affinity for the drug. In order to achieve
the optimal conditions for the adsorption process, the
parameters influencing this process were investigated.
Moreover, the behavior of the nanocomposite in the
adsorption of MTP was evaluated by the isotherm, Kinetic,

and thermodynamic studies.
MATERIALS AND METHOD

Chemicals and Standards

Hydrochloric acid (HCI), Sodium hydroxide (NaOH),
Iron(Il) Chloride.4H,O, Iron(Ill) Chloride.6H,O, TiO,
nanoparticles, activated graphite powder
purchased from Merck (Darmstadt, Hesse, Germany). MTP
standard was obtained from Sigma-Aldrich (St. Louis,
Missouri, USA). A 200 mg I"" solution stock of MTP was
prepared by dissolving an equivalent amount of the standard

and were
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drug in double-distilled water. NaOH and HCI solutions
were used to adjust the pH of the MTP solutions.

Apparatus

The morphology of the studied nanocomposite was
characterized by a Field Emission Scanning Electron
Microscope (FESEM) and Energy Dispersive X-ray
Diffraction (EDX) using a Tescan model Mira3-XMU
instrument (Czech Republic). The Fourier transform
infrared (FT-IR) spectra were recorded using a Bruker
spectrometer (model Tensor 27, Germany). The pattern of
the nanocomposite X-ray diffraction (XRD) was recorded
using an X’Pert Pro MPD instrument (PANalytical,
Netherlands). The magnetic properties of the synthesized
Fe;04 nanoparticles and Fe;04/TiOyAC nanocomposite
were investigated using a vibrating sample magnetometer
(VSM) (MDK-VSM, Meghnatis Daghigh
Daneshpajouh Co., Iran). The UV-Vis spectrophotometer
the

istrument

(PerkinElmer) was used to measure residual

concentration of MTP.

The Synthesis of Fe;04/TiO,/AC Nanocomposite

In the first step, 2 g FeCl,.4H,0 and 5.2 g FeCl;.6H,0O
salts were dissolved in100 ml of deionized water and then,
stirred at 80 °C for 10 min. Then, the pH of the solution was
adjusted to 8.0 with a few drops of NaOH and HCI
solutions, resulting in the formation of a thick black
precipitate. The whole process was carried out under a
nitrogen atmosphere [34]. A suitable magnet was used to
separate the precipitate from the reaction medium. Fe;O4
precipitate was washed three times with distilled water and
finally dried at ambient temperature. In the second step,
0.1 g of TiO, nanoparticles, 0.3 g of AC powder, and 0.4 g
of Fe;04 nanoparticles were mixed with 50 ml of distilled
water under the vigorous stirring conditions at room
temperature for 10 min. Then, a few drops of HCI solution
(1 M) were added to the solution and the pH of the solution
was adjusted to 8 using NaOH solution (0.5 M). The
prepared adsorbent was heated at 80 °C for another 10 min.
The resulting precipitate was separated from the suspension
by a magnetic field, rinsed several times with distilled
water, and finally dried in an oven at 120 °C for 24 h in the
oven. This nanocomposite was used as an adsorbent for the
removal of MTP from the aqueous solutions.
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Adsorption Procedure

A known amount of Fe;04/TiO,/AC was added to 10 ml
of MTP solution at the specified concentration and contact
time, at 25 °C and stirring speed of 1000 rpm. After the
separation of the adsorbent by a magnet, the concentration
of the remaining MTP
spectrophotometrically at 227 nm. The spectra for the MTP
solution before and after adsorption with Fe;0,/TiO,/AC are
presented in Fig. 2. To ensure that the results are reliable, all

in solution was measured

experiments were performed twice and repeated a third time
in case of uncertainties. The removal efficiency for MTP
(%R) was calculated using Eq. (1):

_(G-C)

R% « 100 (1

0

In this equation, Cy and C. (mg 1) are the initial and
equilibrium concentrations of MTP, respectively.

The amount of MTP adsorbed per unit mass of
Fe;04/TiO»/AC nanocomposite (q., mg g") at equilibrium
condition can be calculated by Eq. (2):

qc=(C0_Ct)XV
M

@)

where C and C, (mg I"") are the MTP concentrations are at
zero and t times, respectively. V is the volume of the
solution (1) and M is the weight of the adsorbent (g).

RESULTS AND DISCUSSION

Characterization of Fe;0,4/TiO»/AC Nnanocomposite
The FESEM image of Fe;0,4/TiO,/AC nanocomposite
confirmed the nearly spherical shape of the nanocomposite
with diameters less than 50 nm (Fig. 3a). Moreover, the
EDX spectrum confirmed the presence of oxygen, carbon,
iron, and titanium elements as the constituents of the
nanocomposite (Fig. 3b). As shown in Fig. 4, the detectable
and sharp peaks of TiO,, C and Fe;0,4 are observed at 20
values of about 25.5° (101 plane), 26.5° (002 plane) and
35.5° (311 plane), respectively, indicating their crystalline
structure [36-38]. FTIR spectra of the nanocomposites are
also shown in Fig. 5a. The strong bands at 620 and 579 cm”
were assigned to the Ti—-O and Fe—O bonds, respectively.
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Fig. 2. UV-Vis spectra of MTP solution before (a) and after
(b) exposure to the adsorbent (condition: MTP
concentration, 10 mg I pH 8; the adsorbent amount,
05¢g I'"; contact time, 15 min), at Aya = 227 nm).
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Fig. 3. EDX spectra (a) and FESEM images (b) of
Fe;04/Ti0,/AC nanocomposite.

Lin (Courits)

A

i
\ | \
il

it

Fig. 4. XRD pattern of the Fe;04/Ti0,/AC nanocomposite.
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Fig. 5. FTIR spectra of (a) Fe;0,/Ti0y/AC nanocomposite
(b) MTP, (c) MTP adsorbed on Fe;04/TiO/AC
nanocomposite.

The broad band around 3397 cm™ can be related to the O—H
group (symmetric and asymmetric stretching vibrations)
while the band at about 1630 cm™ is attributed to the
bending vibrations of H-O—H on the incorporated activated
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Fig. 6. VSM of (a) Fes04
nanoparticles and (b) Fe;04/Ti0»/AC nanocomposite.

magnetization  curves

carbon. The presence of the peaks at ~1562.63 and
~1114 ecm™ in FTIR spectrum of MTP (Fig. 5b) can be
associated with the vibrations of the H-N bond and the bond
O-C (in C—O—C functional group). In the area of 1443 cm’
and 1385 cm’, there are some peaks related to C=C and
C-H aromatic bonds, respectively. The peak in the area of
1062 cm™ indicates the C—O bond of the first alcohol type
while at 1516 cm™ shows the aromatic ring. FTIR spectrum
of MTP bound to the surface of Fe;O4TiO,/AC
nanocomposite is shown in Fig. 5c. In this spectrum, there
are two peaks in the region of 2580 cm™ and 2919 ¢cm™
which are related to the aliphatic C-H bonds. The peak in
the region of 1699 cm™ indicates the aromatic C=C bond.
The strong peak in the region of 3404 cm™ is related to the
N-H bond of the amine group. These results indicate that
MTP was adsorbed on the surface of the new composite.
The magnetic properties of Fe;O, nanoparticles and
Fe;04/TiO,/AC nanocomposite were investigated by VSM.
As seen in Fig. 6, the absence of magnetic hysteresis loops
in both curves indicates the superparamagnetic property of
the magnetic nanocomposite (39]. Furthermore, the
saturation magnetization of Fe;0,/TiO/AC (38.9 emu g')
is significantly lower than that of Fe;O, nanoparticles
(69.4
nanoparticles and AC as magnetic property reducing
compounds. However, Fe;04/TiO,/AC nanocomposite was

emu g'), indicating the existence of TiO,
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quickly separated from the sample solution by a magnet due
to its relatively high saturation magnetization values.

Adsorption Experimental Conditions

Preliminary drug removal experiments were performed
separately with each of the adsorbent components with
10 mg I'" MTP solution and the adsorbent amount of
0.5 g I'", and the contact time of 15 min at pH of distilled
water. The ability of Fe;O, nanoparticles to adsorb MTP
under the above conditions was investigated and it was
found that the removal efficiency was negligible. Removal
efficiency of about 56% was achieved by the addition of
TiO,. MTP was removed about 80% from the solution by
the addition of AC. Therefore, it was concluded that the
combination of TiO, and AC nanoparticles can improve the
removal efficiency, indicating the synergistic effect of this
composition. According to these results, the role of Fe;O4
nanoparticles in the composite might be mainly related to
their ability to separate the composite from the sample
solution after removal experiments in the presence of an
external magnetic field. This is an excellent property of
Fe;04/TiO,/AC  nanocomposite. Suspended and non-
magnetic titanium oxide nanoparticles, as well as graphite
powder, can be separated with magnetite nanoparticles,
indicating possible electrostatic or hydrogen bonding forces
between the nanocomposite constituents. This phenomenon
was not observed, for example, with a mixture of zirconia
(ZrOy) and Fe;04 nanoparticles. ZrO, nanoparticles cannot
be separated from the aqueous phase containing magnetite
nanoparticles [39]. In addition, a dark removal experiment
(MTP concentration of 10 mg I"', the adsorbent dosage of
0.5 g 1", and the contact time of 15 min at pH of distilled
water) was performed to prove that photo-degradation of
MTP with TiO, in daylight does not participate in the
removal process. The results of this experiment showed that
the difference between MTP removal efficiencies in dark
and ambient light experiments was negligible.

Effect of pH. In the adsorption process, pH of the
solution affects the degree of ionization of the surface
charge of the adsorbent, and the removal efficiency [13-17].
Therefore, the effect of pH on the removal process was
investigated in the range of 4-9 under the following
condition: adsorbent amount, 0.5 g I"'; MTP concentration,
10 mg I"'; contact time, 15 min at 25 °C. As shown in
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Fig. 7. The influence of (a) pH (condition: the adsorbent
amount, 0.5 g I''; MTP concentration, 10 mg1";
contact time, 15 min at 25°C), (b) the adsorbent
amount (condition: MTP concentration, 10 mg1™;
pH 8.0; contact time, 15 min at 25 °C), and (c)
contact time (condition: the adsorbent amount,
1.5 g1"; pH 8.0 at 25 °C) on the removal efficiency
of MTP.

Fig. 7a, the removal efficiency of MTP gradually
increases up to a pH of 8.0. Based on these results, the
highest MTP removal efficiency (84.2%) was obtained at
pH 8.0. It can be assumed that at high concentrations of H"
(at acidic pH), the surface of the adsorbent has a positive
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charge, which is probably due to the interaction between the
hydrogen ions and the oxygen atoms of Fe;04/TiO,/AC
nanocomposite. However, in highly acidic environments,
most of the amine groups of MTP molecules are in the
protonated form of —NH;", and therefore the repulsive
forces between these ammonium groups and the positively
charged adsorbent surface reduce the removal percentage.
As the pH increases, the number of amine groups increases
and the positive charge of the surface of the adsorbent
decreases. Under this condition, the removal efficiency
improves in the presence of hydrogen bonding and
electrostatic attraction between the MTP amine groups and
the adsorbent surface containing oxygen atoms and metal
cations. In other words, in addition to the penetration of
MTP molecules into carbon cavities by physical adsorption,
the formation of a complex between the titanium and amine
groups of MTP can be assumed. However, at pH values
above 8, the removal efficiency decreases due to the
repulsive forces between the basic amine groups of MPT
and the —OH groups covering the adsorbent.

Effect of the adsorbent amount. The effect of
adsorbent dose (0.5-2.0 g 1) was studied to determine the
optimum amount of the nanocomposite in order to achieve
the best removal efficiency. These experiments were
conducted under the following conditions: 10 ml of MTP
solution (10 mg 1), solution pH = 8.0, stirring time of
15 min at 25 °C. The results are shown in Fig. 7b. It is clear
that the removal efficiency of the drug increases with
increasing the adsorbent amount from 0.5 to 1.5 g "', due to
the availability of larger absorbable surfaces for MTP
molecules [40]. However, an increase in adsorbent dose and
hence, increasing removal efficiency leads to a decrease in
adsorption capacity [14]. The removal percentage of MTP
was increased up to an adsorbent dosage of 1.5 g I'', and
then the equilibrium condition was reached with a
maximum removal percent of 92.6%. Therefore, the
adsorbent dosage of 1.5 g I'' was selected as the optimum
value.

Effects of contact time and initial concentration of
MTP. The effect of contact time in the range of 5-80 min
for different concentrations of MTP in the range of 10 to
100 mg I"" was investigated under the following condition:
solution pH of 8.0, adsorbent amount of 1.5 g I", and
ambient temperature of 25 °C. The results (Fig. 7c) showed
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that as the initial concentration of MTP increased, the
removal efficiency of the drug decreased and the adsorption
of MTP on the nanocomposite reached the equilibrium
condition after 60 min at all concentrations. On the other
hand, the highest removal efficiency was obtained at MTP
concentration of 10 mg 1" (96.2%).

Sorption Isotherms

The sorption isotherms of MTP on Fe;04/TiO/AC were
studied using four isotherm models, namely Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich (D-R) and

their linear equations are defined in Egs. ((3)-(6)),
respectively:
Ce/qe = 1/(qm K1) + Co/qm (3)
logqe = logKy + InlogC. “4)
ge = BInK7 + BInC, 5)
Inq. = Inqy, - D€’ (6)

where C, (mg I'"), q. (mg g"') and q, (mg g) are the
equilibrium concentration of the adsorbate, the amount of
equilibrium adsorption, and the maximum value of
adsorption capacity, respectively. K (I mg™), K¢ (mg g"), n
(mg 1" and, Ry (1/(1 + CyKy)) are the Langmuir constant,
Freundlich equilibrium constant, the desirability extent of
and the

respectively. In general, the desirability of the adsorption

adsorption procedure, separation parameter,
process can be indicated Ry (0 <Ry < 1). Moreover, in D-R
model, & (kJ] mol') is the Polanyi potential and can be
determined via € = RT In(1 + (1/Ce) equation. The value of
E (kJ mol™) called the mean free energy of adsorption in D-
R model can be calculated with the equation E = 1/(-2D) .
The monolayer adsorption of adsorbate on a surface of
homogeneous adsorbent can be described in the context of
Langmuir isotherm. Freundlich isotherm model is defined
on the basis of multilayer adsorption on a heterogeneous
surface of the adsorbent with unequal energies. Moreover,
the D-R isotherm model shows a surface with homogeneous
adsorption energy and the indirect interactions between the
adsorbent and the adsorbent are investigated in the Temkin
model. The parameters of the isotherm for all models and
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Table 1. The Obtained Parameters Related to the Various
Isotherm Models for MTP Adsorption

Table 2. The Obtained Parameters Related to the Various
Kinetic Models for MTP Adsorption

Models Parameters Values Models Parameters Values
Isotherm Kinetic
Langmuir qm (mg g™) 25.316 Pseudo-first order Qiscar, (Mg g7 5.851
K (Img™) 0.239 K, (min™) 4.803
R, 0.077 R’ 0.964
R’ 0.968 Pseudo-second order Qoscal, (Mg g7) 6.618
Freundlich Kr(1mg™) 6.426 K, (gmg”' min)  0.0193
1/n 0416 R’ 0.993
R? 0.999 Elovich o(mgg' min') 2296
Dubinin-Radushkevich (D- qm (mg g™ 16.615 B (gmg™) 1.156
R) R’ 0.993
D (mol* (kJ*)") -0.2868 Intra-particle diffusion  Kj, (mg g’ min®®)  0.518
E (kJ mol™) 1321 Ci(mggh 2.0656
R? 0.8109 R? 0.9858
Temkin B 4.956 Experimental e, Exp.
Kr 3.246
R? 0.958

their linear plots are given in Table 1 and Figs. S1-S4 (in the
supplementary information) by fitting the experimental data.
According to the obtained data, the sorption of MTP on the
Fe;04/TiO,/AC nanocomposite is better fitted to the
Freundlich model (R* = 0.999). These results show that the
surface of the adsorbent is heterogeneous, and also has
different and non-uniform energy values. In the Freundlich
equation, 1/n can describe the favorability of the adsorption
process. Values of n in the range of 1-10 as well as 1/n less
than 1 confirm the suitability of the adsorption process. As
can be seen from Table 1, the small value of 1/n (0.416),
which ranges from 0 to 1, and the large value of K¢ (6.426)
indicate that MTP is effectively adsorbed by Fe;0,/TiO,/AC
nanocomposite. Therefore, it can be concluded that the
adsorption process could be carried out via chemical
sorption as a process-limiting step [35,41].

Kinetic Modeling
Sorption kinetics was also investigated to identify the
mechanism of MTP adsorption on the prepared

nanocomposite. For this purpose, four kinetic models
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including pseudo-first-order (Eq. (7)), pseudo-second-order
(Eq. (8)), intra-particle diffusion (Eq. (9)), and Elovich
(Eq. (10)), were used to investigate the mechanism of the
adsorption process, whose equations are as follows:

1/, =ki/qit + 1/q, (7)
t/q = t/qp + 1/koqs” (8)
q=kip t*° +Cp Q)
q¢= BIn(of) + Blnt (10)

where q,, is the adsorption capacity at a given time t, and q;,
and q, are the adsorption capacity at equilibrium state for
pseudo-first-order and pseudo-second-order kinetic models,
respectively. The rate constants of pseudo-first-order,
pseudo-second-order, and intra-particle diffusion kinetic
models are k;, ko, and k;, are, respectively. The obtained
kinetic parameters for all models and their linear graphs are
presented in Table 2 and Figs. S5-S8 (in supplementary
information) by fitting the experimental data. As can be
seen, the pseudo-second-order model was found to be the
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best model for fitting the experimental data. Therefore, it
can be concluded that the adsorption process may be
performed via chemical adsorption as a limiting step [42].
Effect of Temperature: Determination of
Thermodynamics Parameters

The effect of solution temperature on the adsorption
efficiency in the range of 25-60 °C under the optimum
conditions, including solution pH of 8, MTP concentration
of 10 mg 1", the adsorbent dose of 1.5 mg 1", and the
contact time of 60 min, was investigated. Based on the
obtained results, the optimum temperature for MTP
adsorption and also the corresponding thermodynamic
parameters were determined. The results clearly showed that
at temperatures above 25 °C, the removal efficiency of MTP
gradually decreased, indicating that lower temperatures are
suitable for the adsorption process (Fig. S9). The
thermodynamic parameters such as standard entropy
change standard enthalpy change (AH°, kJ mol™), (AS°,
kJ mol’ K™), and Gibbs energy (AG°, klmol') were
determined using the following equations [42]:

AG® = -RTLnK, (11)

AG®° = AH° - TAS® (12)
In Eq. (11) (Van’t Hoff equation) K, and T are distribution
coefficient of the sorption process (which can be calculated
by the ratio of the adsorbed MTP concentration to the
aqueous phase MTP concentration) and the absolute
temperature (K), respectively. The linear plot of Van’t Hoff
equation is presented in Fig. S10. As shown in Table 3, the
negative value for AG® at all temperatures demonstrates the
sorption process spontaneity. In addition, a negative value
of AH® indicates the exothermic nature of the adsorption
process. Negative values of AG®° and AH° together with
increasing value of AG® with increasing temperature
indicate that the reaction at low temperature is more
favorable [43,44].

Comparison with other Sorbents

Some characteristics of the adsorption process in the
removal of MTP by Fe;04TiO,/AC nanocomposites
including q,,, pH, temperature and R% were compared with

Table 3. The Thermodynamic Parameters Related to the
MTP Adsorption on the Adsorbent

Temperature Thermodynamic parameters
X)
InKy AG AH° AS°®
(kImol™)  (kImol")  (kJmol' K™
298 2.8 -7.554 <752 -0.227
303 2.763 -6.42
313 1515 -4.15
323 0482 -1.789
- 391
333 0.094
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the results reported in the literature using other adsorbents,
as presented in Table 4. The features of the proposed
method are in some cases better or comparable to other
research [14,45]. Although some adsorbents gave q,, values
for MTP over Fe;04/Ti0O»/AC nanocomposite [15,46], they
had various operational limitations such as tedious and
expensive synthesis methods and difficult separation from
the sample solution.

Application of the Optimized Adsorption Method
to Real Samples

To evaluate the adsorption potential of Fe;O04/TiO»/AC
nanocomposite, three real water samples including bottled
water, tap water from Ahwaz and river Karun were studied.
Real water was spiked with 10.0 and 25.0 mg I'' MTP and
subjected to the optimum adsorption method to study the
effects of real matrices on removal efficiency. As can be
seen from Table 5, removal efficiencies ranging from 95.9%
to 87.8% were obtained, indicating that the adsorbent has an
excellent ability to remove MTP from real water without a
significant matrix effect.

Reusability Study
To the reusability of Fe;04/TiO,/AC
nanocomposite, the adsorbent was reused in another

evaluate
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Table 4. Comparison of Adsorption Process Information of Several Adsorbents Reported in the Literature

Adsorbent Qmax T pH R Reusability Ref.
(mg g 9] (%)
AC 18.31 25 8.5 89.2 NA [14]
Fe;0,@Si0,/SiCRG* 447 25 7 NAP 3cycle [15]
Si0,/SiCRG 393 25 7 NA NA [15]
Kaolinite 17.1 NA NA NA NA [45]
Talk 10.2 NA NA NA NA [45]
Silica gel 64.8 8 5.5-8 NA NA [46]
Fe;0,/TiOy/AC 25.32 25 8 96.2 This work

“%k-carrageenan hybrid siliceous shells. "Not available.

Table 5. The Removal of MTP from Various Water

Samples
Real sample Added Removal
(mg ') (%)

Bottled water 0 -
10.0 959+1.5
25.0 937+1.7

Ahvaz tap water 0 -
10.0 943+2.8
25.0 904+1.9

Karun River 0 -
10.0 893+2.1
25.0 87.8+2.6

adsorption test after desorption of MTP with various
solvents [46]. MTP was loaded onto 15 mg of adsorbent
under optimal conditions (MTP concentration: 10 mg 1" and
pH 8) and magnetically separated from the sample solution.
To obtain the best solvent to desorb MTP from the
nanocomposite, various solvents including absolute ethanol,
methanol, absolute ethanol/HCI 0.01 M mixture (80:20
v/v%), and methanol/HCl 0.01 M mixture (80:20 v/v%)
were investigated. The adsorbed MTP was eluted in three
consecutive steps with 0.5 ml of each solvent and then
rinsed with distilled water. The results showed that the
ethanol/HCl mixture was the best solvent that could
almost completely remove the MTP from the adsorbent and,
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therefore, this solvent was selected for reusability studies.
The reusability of the adsorbent was studied in the optimum
conditions. The results showed that the adsorbent could be
used at least three times without significant reduction in
removal efficiency (Fig. S11).

CONCLUSIONS

Here, an effective approach to remove MTP from
aqueous solutions with a removal efficiency of 96.2% has
been developed using Fe;04,/TiO,/AC nanocomposite by the
adsorption process. The experimental results showed that
operating factors such as the amount of adsorbent, pH,
initial concentration of MTP, and temperature significantly
affected the Fe;04/TiO,/AC
nanocomposite showed better performance at pH 8 and
initial concentration of 10 mg 1" at 25 °C. The optimum
contact time of 60 min indicated that the adsorption process

adsorption  efficiency.

reaches equilibrium in a relatively short time, which can be
attributed to the good adsorption tendency of the adsorbent
towards MTP. Pseudo-second-order kinetic model and
Freundlich isotherm were well fitted to the adsorption
process. Based on these findings, it was proved that both
chemical and physical adsorption mechanisms are involved
in the adsorption process. The synthesized adsorbent
exhibited high saturation magnetization indicating that it
can be easily and quickly separated from the aqueous
solution. This low-cost and non-toxic adsorbent with
properties showed an effective

desirable magnetic

removal process under soft conditions in terms of pH and
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temperature with excellent water treatment.
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