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ABSTRACT

Removal of tetracycline (TC) by the adsorption process was investigated by using iron oxide
nanoparticles (Fe,O, NP) modified with the trioctylmethylammonium thiosalicylate (TOMATS) ionic
liquid (IL) (Fe,O, NP@TOMATS IL) as a new magnetic nanoadsorbent. The adsorbent was character-
ized by field-emission scanning electron microscopy-energy-dispersive X-ray spectroscopy, Fourier-
transform infrared, Brunauer-Emmett-Teller, and X-ray diffraction. Batch experiments were carried
out to study the sorption kinetics, thermodynamics, and equilibrium isotherms of TC with Fe,O,
NP@TOMATS IL. The results showed that the maximum removal efficiency of TC in optimum con-
ditions of pH (7), contact time (90 min), adsorbent dosage (0.2 mg L), temperature (328 K), and
initial concentration of TC (30 mg L) was obtained 92% and 73% in the synthetic and real samples,
respectively. Examination of the kinetics and adsorption isotherm equations demonstrated that the
adsorption process followed the pseudo-second-order and the Freundlich isotherm. Also, the amount
of equilibrium adsorption capacity is 36 mg g™ in the real sample. Investigation of thermodynamic
equations revealed that the adsorption by iron oxide nanoparticles modified with TOMATS IL was
physically and spontaneously endothermic. The results obtained from the experiments also indicated
that the synthesized nanocomposite has high reusability and recyclability after four periodic cycles.
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1. Introduction

The existence of antibiotics in the environment, includ-
ing water, has raised public concern. Tetracycline (TC) is one
of the most widely used antibiotics in the (-lactam group
that belongs to the penicillin group and is used in medi-
cine and veterinary medicine to treat systemic gastrointes-
tinal and bacterial infections [1]. As the name implies, TC
contains four cyclic rings with three different groups [2].
It is known as a hard-to-digest compound and remains as
active and non-metabolized compounds in the urine and
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feces of consumers [3]. Properties of antibiotics include
low biodegradability, high toxicity, possible carcinogenicity
and mutagenicity of DNA, lymphocyte damage, increased
human allergy, the spread of antibiotic-resistant bacteria,
and unpredicted adverse effects on humans and animals
[4]. Various methods have been presented for removal of
antibiotics from water and wastewater, including physical
processes such as membrane filtration [5], adsorption [6-9],
and reverse osmosis [10]; biological methods [11]; chemi-
cal methods such as electrocoagulation [12]; and advanced
oxidation processes [13-26] such as electro-Fenton [27], (UV/
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H,O,/O,) [28], and photocatalytic degradation [29]. The sur-
face adsorption technique, which is one of the most effec-
tive methods for water and wastewater treatment, has been
considered by researchers due to its simple design, ease
of management, high efficiency, less sludge production,
environmental adaptation, and the use of inexpensive and
available adsorbents [18].

Magnetic nanoparticles are widely used in environ-
mental disinfection due to their small size, low toxicity,
and easy separation [17]. Iron oxides have been highly
regarded due to their various properties such as non-tox-
icity, chemical stability, color variation (yellow, orange, red,
brown to black), magnetic properties, and low price. Iron
is one of the world’s most widely used elements due to its
easy synthesis and low purification cost [30]. These parti-
cles also have high environmental adaptation and reduce
secondary contamination. Another advantage of using mag-
netic nanoparticles is that they are adsorbed by an exter-
nal magnetic field, which makes them suitable for sample
extraction in chemical analysis because it is not necessary
to centrifuge and filter the sample after the extraction pro-
cess. This is probably the most important advantage of mag-
netic nanoparticles over other nanoparticles [31]. Iron oxide
nanoparticles are among the most commonly used mag-
netic materials, widely incorporated in many fields such as
water and wastewater treatment [32].

Ionic liquids (IL) have been employed as a chemical
compound with COO-, SH, and amine functional groups to
modify some sorbents [33]. The properties of these liquids
include their potential to design compounds for specific
tasks [34]. The IL used in this plan is trioctylmethylammo-
nium thiosalicylate (TOMATS) IL whose molecular structure
is illustrated in Fig. 1 [35].

To remove organic and inorganic pollutants from aque-
ous media, the following magnetic nanoadsorbents have
been used like glutaric anhydride functionalized Fe,O,@
SiO, magnetic nanoparticles [36], chitosan adsorbents
modified with Fe,O, [37], activated carbon modified with
magnetic Fe O, nanoparticle composite [38], Fe,O,/HAp
magnetic nanoparticles [39], Fe,O,/SiO,/CTAB-SiO, mes-
oporous [40], magnetic Fe,O,/red mud-nanoparticles [41],
magnetic graphene oxide [42], Fe,O /activated montmoril-
lonite nanocomposite [43]. Given the studies conducted,
Fe,0,@TOMATS IL has not been used to remove TC from
aquatic environments so far. In this study, by synthesizing
and modifying the Fe,O, NP surface using the TOMATS lig-
uid as a new magnetic nanoadorbent, the best interaction
between the contaminant and adsorbent was performed,
and the effective parameters in this process were optimized
and investigated.
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Fig. 1. Molecular structure of TOMATS IL [21].

2. Materials and methods
2.1. Chemicals

The antibiotic standard TC, iron(Ill) chloride hexahy-
drate, iron(Il) chloride tetrahydrate, trioctyl methyl ammo-
nium chloride (Aliquat, Sigma-Aldrich, USA), thiosalicylic
acid, sodium hydroxide, sodium hydrogen carbonate, and
ethanol with high purity were purchased from Merck Co.,
(Germany).

2.2. IL synthesis

To this end, 10 g of thiosalicylic acid (0.065 M) was dis-
solved in 45-50 mL of 10% wt. of sodium hydrogen carbon-
ate and, then, 1 M of trioctyl methyl ammonium chloride
(Aliquat 336, Sigma-Aldrich, USA) was added to the above
solution which was approximately 30 mL. The resulting
mixture was stirred at a high speed for 1 h by a magnetic
stirrer. During this time, the upper phase of the mixture,
which was colorless Aliquat 336 (Sigma-Aldrich, USA),
was transformed into a green viscous liquid, which is the
same as TOMATS IL. After removing the IL from the aque-
ous phase, it was washed four times with distilled water
in a separatory funnel. Finally, a centrifuge machine was
used to separate the water from IL. To dry and remove the
impurities, it was placed in a vacuum oven at 30°C for 24 h.

2.3. Preparation and characterization of Fe,O,@TOMATS IL

First, 36 mM (10 g) of FeCl;-6H,O and 18 mM (3.67 g)
of FeCl,-4H,O were mixed with the 1:2 stoichiometric ratio
from Fe* to Fe* and dissolved in 150 mL of deionized water.
Then, the solution obtained was completely dissolved
using a magnetic stirrer. At 333 K, ammonium hydroxide
(NH,OH) solution was added dropwise to alkalize the solu-
tion using a burette in order to achieve a black suspension,
indicating magnetic iron nanoparticles. After 10 min of
continuous stirring to remove ammonia from the reaction
medium, by placing a 1.4 Tesla magnetic magnet under the
reaction container, the iron nanoparticles were collected
at the bottom of the container. Then, the supernatant was
removed and the precipitate obtained was washed three
times with deionized water. To modify magnetic nanopar-
ticles with IL, 10 mL of ethanol was added to 0.1 mL of IL in
the beaker. The solution obtained contained 10 mg L™ of the
IL. Subsequently, 0.5 g of the nanoparticle was weighed and
poured into the beaker. Next, the IL solution was poured
until covering it. It was placed on the stirrer for 15 min and
centrifuged for 15 min. Then, the nanoparticles collected at
the bottom of the tube were separated from the superna-
tant, repeated twice, and finally placed in the oven at 318 K
for 5 h to properly dry. It was then used as an adsorbent
(iron oxide nanoparticles modified with IL). Adsorbent
properties were found by X-ray diffraction (XRD) analy-
sis, surface area determination, volume, cavity size, and
porosity  distribution Brunauer-Emmett-Teller (BET),
Barrett-Joyner-Halenda (BJH), field-emission scanning
electron microscopy (FE-SEM), and Fourier-transform infra-
red (FTIR). The surface morphology of Fe,O,@TOMATS IL
was observed using a scanning electron microscopy (SEM,
PHILIPS XL-30, Eindhoven, Netherlands) at 25 keV. The
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energy-dispersive X-ray spectroscopy technique (EDS,
PHILIPS XL-30, Eindhoven, Netherlands) was also used to
characterize the adsorbent elemental composition. An X-ray
diffractometer (Quantachrome NOVA 2000, United States)
was applied to identify the XRD pattern of Fe,O,@TOMATS
IL by using a graphite monochromatic copper radiation (Cu
Ka, A =1.54 A) in the region of 10°-70° at 25°C. The specific
surface area and pore volume of Fe,O,@TOMATS IL were
measured by the (BET, Quantachrome NOVA 2000, United
States) using N, adsorption-desorption isotherms at 77.3 K.
In addition, a vibrating sample magnetometer (VSM, 7400,
Lakeshare, USA) was employed to determine the magnetic
properties of the catalyst in the magnetic field of +10 kOe
at 25°C. The functional groups on the nanoparticles were
determined by FTIR spectroscopy (Bruker Alpha spectrom-
eter, United States). Specific surface area and pore size dis-
tribution were calculated by the BET equation and the BJH
method, respectively.

The TC stock solution at the concentration of 500 mg L~
was used to make the required concentrations (10, 20, 30,
40, and 50 mg L™). Sampling and testing were performed
according to standard water and wastewater methods and
each experiment was repeated three times. The influence
of pH (3, 7, and 9), contact time (30, 60, 90, and 120 min),
adsorbent dosage (0.08, 0.1, 0.15, 0.2, and 0.25 g), and tetra-
cycline (TC) concentration (10, 20, 30, 40, and 50 mg L) on
process efficiency was investigated, and optimum adsorp-
tion conditions were determined. At each stage of the
experiment, one parameter was kept variable and the oth-
ers were kept constant. The efficiency of TC removal in the
real wastewater samples of hospital wastewater (Bahonar
Hospital Wastewater, Kerman, Iran) was investigated in
optimum conditions. The quality features of the real sample
are shown in Table 1.

As the concentration of TC in the wastewater was very
low and indistinguishable, 30 mg L™ of TC was added to
the hospital wastewater. HCl and 0.1 N NaOH were used
to adjust pH.

2.4. pH point of zero charge (pH, ) measurements

PZC

pH,, indicates the scattering state of the electric charge
at the adsorbent surface. For determining pH_, 0.01 M of
NaCl as the electrolyte and 0.1 M of NaOH and hydrochlo-
ric acid were used as the control agents. Moreover, 30 mL
(per Erlenmeyer flask) of the electrolyte solution was
poured into 6 Erlenmeyer flasks of 50 mL and the pH of the
solutions was adjusted from 2 to 12 using acid and sodium.

Table 1
Bahonar Hospital wastewater quality features

Parameter Amount of (value)
Biochemical oxygen demand 261 mg L
Chemical oxygen demand 420 mg L

Total suspended solids 19 mg L

Total dissolved solids 545 mg L

TC 112 mg L

pH 7.1

A mass of 0.2 g of adsorbent was added to each Erlenmeyer
flask. The Erlenmeyer flasks were placed on the shaker
at 120 rpm for 1 h and, after the above-mentioned time
was spent, the final pH of the Erlenmeyer flask contents
was read after filtering using a pH meter. After plotting
the pH change curve vs. initial pH, pH, was determined.

2.5. Analysis method

The solution pH was measured with a Hanna pH meter
using a combined glass electrode. The concentration of TC
was determined by high-performance liquid chromatog-
raphy (HPLC) (Waters E600, USA). The HPLC analysis
equipped with a UV absorbance detector at the wavelength
of 272 nm and a c 18 column with 5 pum particles, 250 mm in
length and 4.6 mm in internal diameter. The mobile phase
was a mixture of water/methanol/acetonitrile/1% acetic acid
(15/15/20/50, V/V), flow rate was set at 0.5 mL min™ and
60 uL injections were used.

2.6. Experimental procedures

Antibiotic adsorption experiments were conducted at
room temperature according to batch methods. The mea-
surements were performed by mixing a certain amount
of the adsorbent with the antibiotic solution in 100 mL
flasks, and the mixture was shaken on an automatic shaker
(IKA/KS 130 basic, IKA, Germany) at 560 rpm for a fixed
period. At the end of the adsorption experiments, the
adsorbents were separated by an external magnet.

The pH values were adjusted to the required value by
adding negligible volumes of 0.1 or 0.01 mol L* HCI or
NaOH solution.

The equilibrium adsorption capacity (g,) which expres-
ses the amount of the adsorbed TC on the magnetic nano-
adsorbent was calculated by Eq. (1) [47].

C,-C,)V
6/3:7( =€) (1)

m

where C; and C, are the TC concentration (mg L™) at time
0 and ¢, V is the volume of the solution (L), and m is the
mass of dry magnetic nanoadsorbent used (g). The removal
efficiency of TC was calculated using Eq. (2) [48].

R
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2.7. Reaction of isotherms, kinetic, and thermodynamic studies

To determine the equilibrium constant, Erlenmeyer
flasks containing 50 mL of TC solution with concentrations
of 10, 50, 100, 150, and 200 mg L and 0.2 g adsorbent dos-
age were placed on the mixer for 120 min. To investigate the
reaction kinetics, pseudo-first-order and pseudo-second-
order equations were used. Langmuir and Freundlich’s
equations were used to investigate the reaction isotherms.
For the thermodynamic examination, the above condi-
tions were studied at 298, 308, and 328 K. The data were
analyzed using descriptive statistics and Excel charts.
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3. Results and discussion
3.1. Surface morphology and structural analyses
3.1.1. FE-SEM analysis

The results FE-SEM analysis are given in Fig. 2 for
the synthesized Fe,O,@TOMATS IL nanoparticles.

As seen in Fig. 2a, the crystalline and discrete struc-
tures were uniform and spherical and had a minimum
rate of agglomeration formed from the nanoparticles.
During the modification step of the iron oxide nanoparti-
cles with the TOMATS IL, the properties of the synthesized
nanostructures were preserved. In the FE-SEM figure of
the synthesized Fe, O,@TOMATS IL particles, the particle
size was estimated at ~20-40 nm. In addition, the spheri-
cal structure and uniformity of the particles were well
observed (Fig. 2b).

3.1.2. EDS and mapping analysis

The results of the adsorbent component by EDS anal-
ysis and the images related to the adsorbent constituent
distribution by EDS-mapping analysis are presented in
Fig. 3a and b, respectively.

The EDS analysis demonstrated the highest values
of Fe and O with weight percent of 77.1 and 19.2, respec-
tively. The estimated weight percent for iron was also pro-
portional to the volume used in the synthesis experiments.
The minor peaks related to some other elements, such as
S and Br, in this analysis, indicated minor impurity in the
synthesized adsorbent structure, the main origin of which
can be attributed to the active TOMATS IL used. EDS map-
ping was performed to determine the elemental distribution
of Fe,0,@TOMATS IL (Fig. 3b). According to Fig. 3b, Br, S,
Fe, O, and C had a homogeneous distribution, indicating
the high uniformity of the prepared Fe,O,@TOMATS IL.
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3.1.3. XRD analysis

The results of the XRD spectrum of Fe,O,@TOMATS IL
are displayed in Fig. 4.

According to the results of XRD, the crystalline struc-
ture of Fe,O, was preserved after adding IL, and 20: 35.624,
62.816 of O and the Fe structures were identified. The high-
est peaks at angles, 35.624, 57.22, and 62.816 were equal to
857, 230, and 365 indices, respectively, which approved the
existence of Fe O, cubic crystals compared with the standard
(98-011-1282.JCPDS NO) presence of crystals. The cube
confirmed the shape of Fe,O,.

3.1.4. Specific surface area analysis, cavity volume and
size distribution (BET and BJH)

The specific surface area, volume, and size distribu-
tion analysis of the cavities on Fe,O,@TOMATS IL based
on adsorption and desorption isotherms of nitrogen gas at
350.3 K (gas boiling point of N, at the atmospheric pressure)
as well as the range of pressure ratio 1-0.5 were calculated
and are illustrated in Figs. 5a and b.

The results of BET and BJH analyses for determining
surface area, volume, cavities’ size distribution, and poros-
ity were as follows: The specific surface area measured from
Fe,O,@TOMATS IL was 69.696 m? g using BET analysis
and 78.174 m? g by BJH analysis, which was larger than
the Fe,O, NP (56 m*g™) reported. The mean diameter of
the cavities was obtained as 17.234 and 4.68 using BET and
BJH analyses, respectively.

3.1.5. FTIR analysis

The results of FTIR analysis for Fe,O, nanoparticles (a),
TOMATS IL (b), and Fe,O, and TOMATS IL (c) are shown in
Fig. 6, respectively.
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Fig. 2. Field-emission scanning electron microscopy images of synthesized (a) Fe,O, and (b) Fe,O, and IL.
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In Fig. 6¢, the adsorption peak at 564.60 cm™ can be
attributed to the stretching vibration of Fe-O. In Fig. 6b, the
adsorption peaks at 3,419.61 cm™ were related to the stretch-
ing vibration of the OH groups, —2,918.65" to COO and
—-CH,, 1,647.59 cm™ to C=0, 1,462.55 cm™ to CH, and CH,,
and 744.64 cm™ to C-H were the TOMATS IL molecules and
confirmed the IL structure. In Fig. 6¢c, two adsorption bands
of 2,918.65 and 2,849.78 cm™! indicated that the IL structure on
Fe,O, occurred successfully.

3.2. Adsorption experiments
3.2.1. Effect of pH and contact time

The effect of time and pH on antibiotic removal efficiency
is shown in Fig. 7.

The removal percentage was increased by increasing
pH from 3 to 7 and reached maximum removal at pH = 7.
Then, the removal percentage decreased slightly by increas-
ing the pH from 7 to 9. The removal percentage of TC
increased as the contact time rose to 90 and 120 min and
then reached equilibrium. The highest adsorption effi-
ciency for the Fe,O,@TOMATS IL adsorbent was about
92%. Studies have shown that the decrease and increase
in TC removal efficiency at acidic and alkaline pH can be
attributed to the two parameters of pK_ and pH,,. [44]. TC
molecules have hydroxyl, carbonyl, amide, and amine func-
tional groups with pK_ of 3.3, 7.7, and 9.7. When pH < 3.3,
TC is positively charged due to the uptake of H* in acidic
conditions and the formation of dimethyl ammonium
groups. When 3.3 < pH < 7.7, the TC is zwitterion (bipo-
lar). Finally, at pH > 7.7, TC is anionic in the environment
due to the loss of proton of some functional groups [37].
As a result, the adsorption mechanism is probably either
due to the lack of electrical repulsion force between the
adsorbent surface and the TC molecules having both ben-
zene rings and bond pairs (C = C, C = C), or the hydropho-
bic force between TC and the adsorbent [45]. In the study
by Majidi et al. [46] on the efficiency of the Sono-Electro-
Fenton process for the removal of ciprofloxacin antibiotics
from aqueous solutions, it was found that the Sono-Electro-
Fenton process at pH = 3 had the highest efficiency of cip-
rofloxacin removal (97%). In the study by Liu et al. [47], the
removal of antibiotics sulfamethazine and sulfamethoxazole

100
% an
'E &0
£ HpH=9
E &0 BpH=7
5 50 pH=3
40 —
30 &0 an 120

Time{min}

Fig. 7. Time and pH effect on removal efficiency (adsorbent
content = 0.2 mg L7; temperature = 328 K; initial dosage of
TC=30mgL™).
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from aqueous solutions was investigated with hexadecyl
trimethyl ammonium modified with activated carbon, in
which the maximum removal efficiency at pH = 7-5 was
85.24% [47]. Samadi et al. [48] study in Hamadan, Iran, on
the removal of nickel from aqueous solutions using multi-
wall carbon nanotubes showed that the removal efficiency
increased from 5 to 10 by increasing the pH of the solu-
tion. This was because by increasing the pH, the surface
charge of the carbon nanotubes became more negative,
which resulted in electrostatic reactions and, thus, better
adsorbed positive charge metal ions such as nickel.

3.2.2. Effect of initial concentration

The effect of initial TC concentration on removal effi-
ciency is shown in Fig. 8.

The percentage of TC removal increased (88%) by
increasing the initial concentration to 30 mg L™ and then
decreased. In other words, under optimal conditions, the
amount of TC adsorbed on the adsorbent decreased as
the initial TC concentration increased. This phenomenon
was because at low concentrations, the ratio of the avail-
able surface area to initial TC concentration was high and,
therefore, the adsorption efficiency of TC also increased. At
high concentrations, the adsorption efficiency decreased
as this ratio decreased. The results obtained by Lu et al.
[49] on adsorption were consistent with those of the study
performed by hexavalent chromium with carbon-based
adsorbents obtained from biological waste. The results were
consistent with those of Ghodrat et al. [37] who compared
the efficiency of adsorbents, including chitosan and chitosan
modified with Fe,O,, in the removal of erythromycin from
aqueous media. The results were also consistent with those
of Khoshnamvand et al. [50] who performed ciprofloxacin
adsorption using manganese oxide nanoparticles as the
adsorbent.

3.2.3. Effect of adsorbent dosage

Fig. 9 demonstrates the effect of adsorbent dosage on
the removal rate of TC antibiotics using Fe,O,@TOMATS IL.
By increasing the adsorbent content from 0.08 to 0.2 g,
the removal of TC for constant concentration from TC was

oo
an
a0 /\x
|

&0

Removal efficiency (%)

50

0 10 20 30 40 50 &0
initial concentration{mg L]

Fig. 8. Effect of initial TC concentration on removal efficiency
(pH = 7; contact time = 90 min; adsorbent dosage = 0.2 mg L;
temperature = 328 K).
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Fig. 9. Effects of adsorbent dosage on removal efficiency (pH=7;
contact time = 90 min; temperature = 328 K; initial concentration
of TC =30 mg L™).

increased (92%), while it decreased after 0.2 g of concentra-
tion with a slight gradient. The experimental results showed
that the optimal adsorbent measured for TC removal was
0.2 g. In general, increasing the amount of adsorption due
to the increased adsorbent consumption could be attributed
to greater access to the surface active sites and the numer-
ous adsorbent vacancies [51]. In the study conducted by
Alidadi et al. [52] in Iran on the adsorption of ciprofloxa-
cin HCl from aqueous solutions by adsorption on the chi-
tosan/zeolite composite, it was found that the adsorption
of ciprofloxacin increased with the adsorbent dose. By
investigating the adsorption of metronidazole on activated
carbon modified with the nanoparticles of iron zero, Wang
found that the removal efficiency increased with the adsor-
bent dose [53]. It is noteworthy that the specific surface
area available for the adsorbent molecules at low adsor-
bent levels was lower than the higher adsorbent contents;
therefore, fewer adsorbent molecules could be adsorbed
on the adsorbent. However, by increasing the content of
the specific surface area of the adsorbent available to the
adsorbed molecules, more molecules of the adsorbed mate-
rial can be adsorbed onto the adsorbent. It is also import-
ant to note that when the number of molecules adsorbed
in the solution was constant, an increase in the content of
adsorbent actually gave more active sites to the adsorbed
molecules and provided a greater chance of being adsorbed;
consequently, the process efficiency was enhanced [54].

3.2.4. Effect of temperature

Fig. 10 shows the effect of temperature on the removal
rate of TC using Fe,O,@TOMATS IL.

The removal percentage of TC increased (91%) as the
temperature increased. The results revealed that the adsor-
bent surface adsorption process was generally carried out
as endothermic. As a result, the optimum temperature for
the removal of TC was 328 K. Therefore, the removal per-
centage for TC increased with temperature, which increased
the movement of the adsorbed particles and their probable
collision with the adsorbent surface. Also, by increasing the

R. Kasraei, M. Malakootiana / Desalination and Water Treatment 209 (2021) 289-301

92
90
88
86
84
82
80
78

Removal efficiency(%)

295 300 305 310 315 320 325 330

Temperature(k)

Fig. 10. Effects of temperature on removal efficiency (pH = 7;
contact time = 90 min; adsorbent dosage = 0.2 mg L7; initial
concentration of TC =30 mg L™).

temperature, the reaction activation energy and reaction
rate also increased. In addition, with increasing tempera-
ture, the chemical absorption capacity decreased, while
the physical absorption capacity increased [55]. The results
were consistent with those of Sharma et al. [56] investiga-
tion on the kinetic and thermodynamic studies of ciproflox-
acin adsorption from aqueous solutions using copper oxide
nanoparticles. The results were also in line with those of
Mao et al. [57] examining ciprofloxacin adsorption using a
magnetic carbon composite.

3.3. Adsorption kinetics

The adsorption rate is an important parameter to eval-
uate the adsorption process as a full-scale adsorption plant.
The pseudo-first-order and pseudo-second-order kinetic
models were used to estimate the rate of the adsorption
process. Pseudo-first-order and pseudo-second-order
kinetic models can be respectively expressed by Egs. (3)
and (4) [43,58].

Ln (qe _qf):Ln qe _k]t (3)

where g, and g, are the amount of TC adsorbed onto the
adsorbent (mg g™) at equilibrium at ¢, respectively, and
k, (min™) is the rate constant of the pseudo-first-order
adsorption model.

L 12+lxt )

9, kg, 4,

where k, (g mg min™) is the rate constant of the pseudo-
second-order adsorption model. Figs. 11a and b depicts
the reaction kinetics first-order and second-order of TC
adsorption by Fe,O,@TOMATS IL.

Table 2 shows the pseudo-first-order and second-order
kinetic parameters for TC.

The pseudo-second-order kinetics model with correla-
tion coefficients of 0.9963 described the surface adsorption
process more accurately. It involved all the surface adsorp-
tion steps and well described the surface adsorption mecha-
nism. In second-order kinetics, two reactions were assumed
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Fig. 11. Reaction kinetics (a) first-order and (b) second-order of TC adsorption by Fe,O,@TOMATS IL.

to occur; one of these reactions occurred rapidly and
reached equilibrium, whereas the other happened slowly
and could last for long periods of time [59,60]. In the study
conducted by Peng et al. [61] in China on studying the
behavior and mechanism of ciprofloxacin adsorption from
bamboo-carbonated aqueous solutions, it was found that the
adsorption process followed pseudo-second-order kinetics.
The results were in line with those of Khoshnamvand et al.
[50] on studying the adsorption of ciprofloxacin using man-
ganese oxide nanoparticles as adsorbent kinetics process,
in which the adsorption process followed pseudo-second-
order kinetics.

3.4. Adsorption isotherms

To investigate the adsorption isotherms, Langmuir and
Freundlich’s equations were employed using Eqs. (5) and (6),
respectively:

Lo_L.lc )

qe - KLqm qm

where K, (L mg™) denotes the Langmuir constant related to
the rate of adsorption, C, (mg L) is the concentration at equi-
librium time of the adsorbate, and g, (mg g™) indicates the
maximum mass of the adsorbate.

Log g, =Log K, + % Log C, 6)

where n (dimensionless) and K, (L mg™) are Freundlich
isotherm constants; the value of n provides an indication
of the adsorption process favorability which is related

Table 2

to surface heterogeneity and adsorption intensity. In the
Freundlich isotherm model, the value of 1/n < 1 indicates a
normal adsorption. On the other hand, 1/n > 1 is indicative
of cooperative adsorption [62].

Figs. 12a and b displays the isotherms Freundlich and
Langmuir of TC adsorbed by Fe,O,@TOMATS IL.

Table 3 presents the calculations of Freundlich and
Langmuir surface adsorption isotherms.

The results showed the Freundlich isotherm model for
pH with correlation coefficients (R?) of 0.922. In addition,
the slope value of 1/n was in the range of 0 to 1, indicating
the desirable process of surface adsorption. Also, n > 1 indi-
cates the physicality of the adsorption process as well as a
desirable, fast, and easy surface adsorption process [59]. The
Freundlich isotherm model under optimal conditions with
correlation coefficients (R?) equal to 0.922 had better compli-
ance than the Langmuir isotherm model with the experimen-
tal data. Based on the Freundlich isotherm, the adsorption
of TC occurred in a multilayer at a heterogeneous energy
level. A study by AL-Othman et al. [63] in Iraq on investi-
gating the adsorption of ciprofloxacin HCI from aqueous
solutions by adsorption onto Iraqi porcelinaite showed that
the adsorption process followed the Freundlich isotherm [63].

3.5. Adsorption thermodynamics

Egs. (7)—(9) were used to calculate the thermodynamic
parameters:

AG®=-RTInK @)

where R, T, and K denote the universal gas constant (8.314 J
(K mol)™), the absolute temperature (K), and the distribution
coefficient, respectively, and AG® (k] mol™) represents the
Gibbs free energy.

Pseudo-first-order and pseudo-second-order kinetic parameters of surface adsorption

Pseudo-first-order model

R? k, (g mg™ min™) q, (mgg™)

Pseudo-second-order model

R? k, (g mg™ min™) q, (mgg™)

0.8685 0.0208 3.68

0.9982 0.2187 3.68
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Fig. 12. Isotherms (a) Freundlich and (b) Langmuir for adsorption of TC by Fe,O,@TOMATS IL.

AG° = AH°-TAS® 8)

where AH® (k] mol™) is the enthalpy of adsorption, and AS°
(k] mol™ K™) is the entropy change.

_AS® AHP
" R RT

InK )

AH° and AS° can be calculated from the slope and
intercept of the linear plot of InK vs. 1/T.

Table 4 shows the thermodynamic parameters for TC
adsorption by Fe,O,@TOMATS IL at pH = 7, contact time
of 90 min, adsorbent content of 0.2 mg L, temperature of
328 K, and initial TC concentration of 30 mg L.

According to the results, a negative AG° value was
obtained and showed that the TC adsorption process was
spontaneous. In addition, the positive value of AH® indi-
cated the endothermic nature of the adsorption process.
The positive value of AS° showed that the surface adsorp-
tion process of TC on the adsorbent was followed by an
increase in disorder. Given 0 < AG®° <0, the process was phys-
ical. The results were consistent with those of Sharma et al.
[56] who performed a kinetic and thermodynamic study
of ciprofloxacin adsorption from aqueous solutions using
copper oxide nanoparticles.

3.6. Recovery and reuse

The effect of adsorbent reuse is illustrated in Fig. 13.

For each usage, the adsorbent was washed and dried
using deionized water/ethanol and used for TC adsorp-
tion under identical conditions. The results showed that
there was a very slight decrease in the adsorption activity
using the adsorbent in the second use, and the adsorbent

Table 3

100 4

an -

B0 -
70
B0 -
50 -
40 -
50 -
20
1 2 3 4

Number of cycles

Removal efficiency %]

Fig. 13. Diagram of adsorbent recovery and resuscitation
(pH = 7; contact time = 90 min; adsorbent dosage = 0.2 mg L7;
temperature = 328 K; initial concentration of TC =30 mg L™).

remained substantially constant in the second and third
stages of reuse. This slight decrease in the adsorbent activ-
ity can be attributed to the occupation of the active sites
on the adsorbent and, therefore, the reduction of the bond
strength activity between the TC and the adsorbent in each
step of adsorption. The results showed 85% removal of
TC after four steps of adsorbent usage.

Table 5 compares Fe,O,@TOMATS IL adsorbents with a
number of adsorbents containing NP Fe,O,.

Evidently, less time and high efficiency were the proper-
ties of this adsorbent for the removal of TC.

4. Conclusion

The adsorbents were synthesized and investigated in a
structural manner. The size of the synthesized particles was

Various parameters evaluated for Langmuir and Freundlich adsorption isotherm models

Langmuir Freundlich
K, (mg™) 9, (Mg g™ R, R? 1/n K (mg g™) R
0.1 9.58 0.14 0.6954 0.97851 1.05 0.922
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Table 4
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Thermodynamic parameters evaluated for adsorption of TC on Fe,O,@TOMATS IL

T (K) AG°(k] mol™) K AS°(k] mol™K™) AH°(kJ mol™)

298 1.715 0.50

308 0.916 0.70 84.73 26.98

328 0.817 1.35
Table 5
Comparing Fe,O,@TOMATS IL adsorbent properties with a number of adsorbents on Fe,O, basis adsorbents

Adsorbent Pollutant Time Adsorbent Pollutant Removal References

(min) dose concentration  efficiency%

Fe,O, nanoparticles Doxorubicin hydrochloride 120 0.02¢g 10 mg L 80.2 [52]

Chitosan-Fe,O, Erythromycin 50 2g 10 mg L 84 [22]

Fe,O,-red mud nanoparticles  Ciprofloxacin (CIPRO) 180 3g 5mg L™ 90 [26]

Fe,O, NP@TOMATS IL TC 90 02g 30 mg L™ 92 This work
estimated to be ~20-40 nm and the spherical structure and  [6] N.Javid, A. Nasiri, M. Malakootian, Removal of nonylphenol
uniformity of the particles were well observed. The crystal- from aqueous solutions using carbonized date pits modi-
line structure of Fe,O, was maintained after adding IL, and ?Zg_ﬁgh ZnO nanoparticles, Desal. Water Treat., 141 (2019)
Fe and.O had the hlghest. values of 77.1 % and 19.2% Wt" [71 M. Malakootian, A. Nasiri, H. Mahdizadeh, Preparation
respectively. The adsorption process was the Freundlich of CoFe,0,/activated carbon@chitosan as a new magnetic
isotherm, and the slope value of 1/n was in the range of nanobiocomposite for adsorption of ciprofloxacin in aqueous
0 to 1, indicating that the surface adsorption process was solutions, Water Sci. Technol., 78 (2018) 2158-2170. »
desirable. Also, n > 1 indicated the physicality of the adsorp- (8] M. Malakootlan, M Hashemi, A'. Toolabi, A Na§1r1,

. . Investigation of nickel removal using poly(amidoamine)
tion process as well as the. de§1rab1e, fast, and easy surface generation 4 dendrimer (PAMAM G4) from aqueous solutions,
adsorption process. The kinetics process followed the sec- J. Eng. Res. (Kuwait), 6 (2018) 13-23.
ond-order model. Therefore, the absorbent was environ- [9] N.Amirmahani, H. Mahdizadeh, M. Malakootian, A. Pardakhty,
mentally friendly adsorbent and reusable for several times N.O. Mahmoodi, Evaluating nanoparticles decorated on Fe,0,@
for higch-performance TC removal SiO,-schiff base (Fe,0,@SiO,-APTMS-HBA) in adsorption of

&hp : ciprofloxacin from aqueous environments, J. Inorg. Organomet.
Polym. Mater., (2020), doi: 10.1007/s10904-020-01499-5.
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