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ABSTRACT

The presence of antibiotics in aqueous media, and subsequently, their transfer to the environment
and the entry of these compounds into the body of living organisms cause disturbances in living
organisms and ecosystems. This study was aimed to evaluate the removal efficiency of tetracycline
(TC) antibiotics from aqueous media by synthesized Fe,O,@Cuttlebone (Cb) magnetic nanocom-
posite. The Fe,O,@Cb magnetic nanocomposite was synthesized by co-precipitation method under
green conditions and structurally investigated using the following techniques: Fourier transform
infrared, field emission scanning electron microscopy, energy-dispersive X-ray spectroscopy, map-
ping, X-ray diffraction, Brunauer-Emmett-Teller, and vibrating-sample magnetometer. Parameters
affecting removal such as pH (3-11), initial concentration of TC (4-20 mg/L), adsorbent dosage
(0.05-0.25 g/L), and contact time (15-115 min) were evaluated. The response surface methodology
based on central composite design was used by Design-Expert 11 software to design the experi-
ments and find the optimal conditions. The Fe,O,@Cb magnetic nanocomposite was synthesized
at the nanometer scale (approximately 31 nm) with magnetic properties and high specific surface
area. The quadratic model was identified as the best model by the software. The R* and p values
of lack of fit were 0.9723 and 0.0535, respectively. The optimal conditions for the removal of TC
were pH 5, initial TC concentration of 8 mg/L, adsorbent dosage of 0.2 g/L, and contact time of
90 min. The maximum removal efficiency of TC using Fe,O,@Cb magnetic nanocomposite in syn-
thetic conditions and simulated real wastewater was 80.15% and 75.34%, respectively. The Fe,O,@Cb
magnetic nanocomposite had an effective potential to remove TC from aqueous solution.

Keywords: Antibiotic; Tetracycline; Magnetic nanocomposite; Aqueous solution; Central composite
design

1. Introduction

Pollution of water resources through emerging pollut-
ants is increasing. Due to the population growth as well
as the production and release of new compounds, emerg-
ing pollutants are very dangerous, so that some of them
can disrupt enzymes and endocrine and genetic systems
in humans. Antibiotics are among the emerging pollutants,
and if their residues enter the body, they can cause severe
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side effects [1]. Antibiotics also target some responsible
organisms and destroy the ecology or the environment.
Some antibiotics are non-biodegradable and remain in the
environment for a long time [2].

Among the various types of antibiotics, tetracyclines
(TCs) are the second most common group of antibiotics in
terms of production and consumption worldwide, which
are obtained naturally by fermentation of some fungi or
semi-synthetic processes. Today, they are frequently used
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to treat a variety of infectious diseases and affect gram-
positive and gram-negative bacteria and to some extent of
mycoplasmas and some fungi [3,4]. Absorption of TCs after
consumption by humans and animals is very poor, irregu-
lar, and variable; and more than 70% of these compounds
are excreted as primary and active compounds through
feces and urine into domestic wastewater and ultimately
lead to environmental and water pollution [5]. Due to their
widespread use and higher adsorption capacity, the pres-
ence of TC antibiotics has been reported in various envi-
ronmental matrices including surface water, groundwater
[6], domestic wastewater [7], and soil and sediments [8,9],
so conventional wastewater treatment plants are not capa-
ble of completely removing these micropollutants [10].
Techniques commonly used to remove antibiotics include
ozonation [11], coagulation [12], photocatalytic degrada-
tion [13-23], ion exchange, liquid membrane separation,
reverse osmosis, and adsorption. Among these techniques,
adsorption is preferred due to the simplicity in design, ease
of construction, high efficiency, relatively low cost, and
the absence of highly toxic by-products [24].

Considering the advantages of adsorption method in
removing organic and inorganic pollutants from aque-
ous media [25-31], the use of biocomposites as adsorbents
has received great attention due to its non-toxicity, cheap-
ness, availability, and efficient degradability [32-35]. The
advantages of bio-adsorbents over conventional treatment
methods include low cost, simplicity, high efficiency, low
sludge production, and ease of use [36]. Cuttlebone (Cb)
has been used in a number of studies as a bio-adsorbent
to remove fluoride from water [37,38] and antibiotics, ibu-
profen, naproxen, and carbamazepine from river water
[39]. On the other hand, Cb is a material found in abun-
dance on the shores of the Persian Gulf in Iran; hence,
it is an inexpensive adsorbent that is easily available.
However, using Cb as an adsorbent has some disadvan-
tages, including time-consuming separation of it from the
process medium by filtration or centrifugation methods,
error due to the adsorption of some pollutant to the filter
surface in the separation process by filtration, and low sur-
face area to volume ratio of the adsorbent for adsorbing the
pollutant.

Iron nanoparticles are one of the most common mag-
netic materials that have been widely used in water and
wastewater treatment in recent years [40]. Iron nanoparti-
cles have been employed in various studies in composite
or functionalized forms to remove antibiotics such as TC,
oxytetracycline, chlortetracycline, doxycycline, ciproflox-
acin, erythromycin, amoxicillin, atenolol, and gemfibro-
zil [27,41-47]. Iron nanoparticles have advantages such as
small particle size, high specific adsorption surface area,
high density, high spontaneous reactivity of reactive sur-
face sites, and easy separation from the process medium.
Therefore, the disadvantages mentioned for Cb adsorbent,
by compositing Cb with iron nanoparticles and magnetizing
it, the disadvantages can be eliminated and its adsorption
properties can be improved.

In different water and wastewater treatment meth-
ods, choosing the optimum conditions for the process
is very important. The proposed methods should mini-
mize environmental pollution and should be cost-effective

[48,49]. Typically, optimization of studies in batch reactors
is performed using a traditional one-variable-at-a time
approach, but this method cannot fully demonstrate the
effects of interaction between variables. In addition, it is
time-consuming and requires a number of experiments to
determine the optimum level. Response surface method-
ology (RSM) is a powerful optimization method that can
be applied to optimize the response, when the response
variable is influenced by several independent variables
[50,51]. Central composite design (CCD) method is one of
the most popular RSM. Using the response surface condi-
tions, the CCD is employed to determine the optimum con-
ditions of the effect of each independent variable, which
is one of the most important advantages of this statisti-
cal method [48,52,53]. The CCD method has been used in
various studies as a suitable optimization method [50,54].

Considering the current concerns about the presence
of antibiotics, including TC, in various waters and the
potential risks that these antibiotics (such as chronic tox-
icity, endocrine disorders, etc.) may pose to humans and
other living organisms [55]. The present study was aimed
to prepare Fe,O,@Cb adsorbent as a new magnetic nano-
composite for removing TC from aqueous media and
optimizing the parameters affecting the removal process
using the RSM based on CCD.

2. Materials and methods
2.1. Required chemicals and equipments

In this study, TC powder (purity of 98%) was purchased
from Sigma-Aldrich Company, the chemical structure
of which is shown in Fig. 1. Other materials including
ammonia, hydrochloric acid (HCI), sodium hydroxide
(NaOH), methanol, iron(Ill) chloridehexahydrate, and
iron(Il) chloridetetrahydrate were purchased from the
German Merck Company. The Cb was collected from the
Persian Gulf shores. The microstructure, morphology,
and chemical composition of Fe,O,@Cb were investigated
by field emission scanning electron microscopy (FESEM;
MIRA3TESCANXMU). The energy-dispersive X-ray spec-
troscopy (EDS; MIRA3TESCANXMU) was applied to
further confirm the composition and distribution of the
elements. Fourier transform infrared (FTIR) spectroscopy
(Affinity-1, Shimadzu, Japan) has been used to investigate
chemical bonds and adsorbent functional groups in the
range 400-4,000 cm™. The X-ray diffraction (XRD; X'Pert
Pro MPD, Panalytical, Holland) was used to study the
crystal structure, grain size, existing phases, and the inter-
action between them in the adsorbent. The magnetic prop-
erties of Fe,O,@Cb were determined by vibrating-sample
magnetometer (VSM; Lake Shore Cryotronic-7404) at room
temperature. The surface areas of the adsorbent based on
nitrogen desorption/adsorption isotherms were evaluated
using Brunauer-Emmett-Teller (BET) by a specific surface
analyzer (BELSORP-mini II) at 120°C. A shaking device
(THZ-98A model, Shanghai, China) was used to shake
materials. The adsorbent was separated from the samples
by a neodymium magnet. The pH meter (Metrohm 827,
Switzerland) was used to read the pH. The residual concen-
tration of TC was determined by high performance liquid
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Fig. 1. Chemical structure of TC antibiotic.

chromatography (HPLC; ACC 3000 HPLC) and VWD-
3400Rs detector (UV-Visible) at a wavelength of 357 nm.
A column of C18 (5 um; 4.6 x 150 mm) was used.

2.2. Adsorbent synthesis

The Fe,0,@Cb magnetic nanocomposite was synthe-
sized by co-precipitation using iron chloride under alka-
line conditions. Cb was used after initial preparation such
as washing, crushing, and pulverization. For this purpose,
Cb powder was washed with deionized distilled water and
then boiled for 10 min. It was placed at 100°C for 24 h to
desorb all impurities. To synthesize Fe,0,@Cb magnetic
nanocomposite, 0.5 g of Cb powder, 4.5 g of FeCl,-6H,O, and
2 g of FeCl -4H,O were first added to 100 mL of deionized
distilled water at 60°C. Next, ammonia was added drop
wise to the reaction vessel to complete the reaction under
alkaline conditions. Finally, a black powder formed at the
bottom of the reaction vessel was separated by a magnet
and was washed several times with deionized water to be
neutralized. The adsorbent was dried in an oven at 70°C
for 24 h.

2.3. Design of experiments

Design-Expert 11 software was used based on CCD to
design the experiments. In this study, four factors, includ-
ing adsorbent dosage, pH, contact time, and initial TC
concentration were considered as variables and the exper-
iments (run = 30) were designed. The selected levels and
code related to the variables used in this study to design
the experiments are shown in Table 1.

2.4. Experiments

All experiments were performed in a batch reactor
with a 250 mL volumetric flask. Based on the obtained runs
(n=30) by Design-Expert 11 software, the adsorbent dosage

Table 1

(0.05-0.25 g/L), pH (3-11), contact time (15-115 min), and
initial concentration of TC (4-20 mg/L) were set in each
run. Each run was repeated three times to increase the
accuracy. The concentration of residual TC in the solu-
tion was finally read by HPLC. The removal efficiency
of TC obtained in the laboratory (percentage of actual
removal efficiency) was recorded in the response column
in Design-Expert 11 software and the analysis was per-
formed by the software. Research data were analyzed by
multiple regressions, and coefficients were analyzed using
the analysis of variance (ANOVA) by considering p < 0.05
statistically significant. Finally, two-dimensional diagrams
(response surface curves) were plotted to investigate the
relationship between response and independent variables.

The removal efficiency of TC was obtained using the
following formula [56]:

R(%)z(coc_cf)xloo 1)

0

where R is the removal efficiency of TC (%), C, is the initial
concentration of TC in aqueous solution (mg/L), C, is the
final concentration of TC in aqueous solution (mg/L).

Also, the adsorbent adsorption capacity was calculated
by the following formula [56]:

(C,-c,)v

M )

q.(mg/g) =

In this formula, g, is the adsorption capacity of the
adsorbent (mg/g), C, is the initial concentration of TC (mg/L),
C. is the final concentration of TC (mg/L), V is the volume
of solution (L), and M is the amount of adsorbent used (g).

The hospital wastewater was used to evaluate the
efficiency of Fe,O,@Cb magnetic nanocomposite in
removing TC from the real sample. The real sample was
collected from the wastewater of one of the hospitals in
Kerman, Iran, and after adding a certain amount of TC,
its physicochemical characteristics were determined.
Experiments were performed on the wastewater under
optimum conditions and the removal efficiency of TC
by the Fe,O,@Cb magnetic nanocomposite was reported.

2.5. Determining pH,

The pH | (PH, ;1 of sero charge) Of the adsorbent was deter-
mined as follows: first, 50 mL of 0.1 M sodium chloride
solution was poured into eleven 100 mL Erlenmeyer flakes.
The initial pH was adjusted in all Erlenmeyer flakes by

Selected levels and code related to the variables used in this study to design the experiments

Factor Name Units Minimum Maximum Coded low Coded high
A pH — 3 11.00 -1 5.00 +1 < 9.00

B Initial concentration mg/L 4 20.00 -1+ 8.00 +1 <> 16.00
C Adsorbent dosage g/L 0.05 0.25 -10.1 +10.2

D Contact time min 15 115.00 -1+ 40.00 +1 <> 90.00
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sodium hydroxide and 1 M hydrochloric acid in the range
of 1-11. Then, 0.2 g of Fe,0,@Cb magnetic nanocompos-
ite was added to all Erlenmeyer flakes and the shaking
device was set at 120 rpm for 48 h. After 48 h the adsor-
bent was separated with a neodymium magnet and the pH
was measured again in all Erlenmeyer flakes and recorded
as the final pH. Finally, the diagram of initial pH versus
ApH = final pH - initial pH was plotted by Excel 2007, and
the value of pH  was detected when ApH was zero [56].

3. Results and discussion
3.1. Specifications of Fe,O,@Cb magnetic nanocomposite
3.1.1. Vibrating-sample magnetometer

The magnetic properties of Fe,O,@Cb nanocomposite
were investigated by VSM at room temperature (Fig. 2).
As can be seen in Fig. 2, the value of saturation magne-
tization (Ms) of Fe,O,@Cb nanocomposite was equal to
49.62 emu/g, indicating the ferromagnetic properties of
the nanocomposite. This amount of Ms allows the nano-
composite to be easily separated from the TC solution by a
magnet after the adsorption process is complete. Also, col-
lecting the magnetic nanocomposite from wastewater does
not require time-consuming and costly methods such as
filtration and centrifugation and will not cause secondary
pollution in the environment and can be reused for later
stages and recycled.

3.1.2. Brunauer-Emmett-Teller

The specific surface area of Brunauer, Emmett, Teller
(BET)-Barrett, Joyner, Halenda (BJH) and the adsorp-
tion/desorption isotherm of the synthesized FeO,@
Cb magnetic nanocomposite are shown in Figs. 3a and
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b. The specific surface area of the synthesized FeO,@
Cb magnetic nanocomposite was 89.148 m?*g. The mean
pore diameter and total pore volume were 14.427 nm and
0.3215 cm®/g, respectively. Fe,O,@Cb nanocomposite can
be classified as a mesoporous material [57].

3.1.3. X-ray diffraction

The XRD pattern of Fe,O,@Cb magnetic nanocomposite
showed the ferrite crystalline phase with peaks at 20 from
18.41°, 30.29°, 35.68°, 43.36°, 43.36°, 53.81°, 57.36°, 63.00°,
71.49°, and 76.54° (Fig. 4). The sample was consistent with
JCPDS code No. 22-1086 and confirmed the ferrite struc-
ture of Fe,O,. As can be seen in Fig. 4, sharp peaks represent

60
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Fig. 2. The VSM magnetization curve of the Fe,O,@Cb magnetic
nanocomposite.
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Fig. 3. (a) The nitrogen adsorption/desorption isotherm and (b) the pore size distributions of the Fe,O,@Cb magnetic nanocomposite.
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Fig. 4. The XRD analysis of the Fe,O,@Cb magnetic
nanocomposite.

the crystalline structure of Fe,O, which has been pre-
served after compositing with Cb. Also, the peaks observed
in 47.48° and 66.25° can be related to Cb.

3.1.4. Field emission scanning electron microscopy

Fig. 5 shows the FESEM image of the Fe,O,@Cb mag-
netic nanocomposite. According to Fig. 5, FESEM shows
the formation of nanoparticles in an average particle size of
approximately 31 nm, with the least amount of agglomera-
tion and a uniform quasi-spherical structure.

3.1.5. Mapping

The EDS mapping was used to determine the distri-
bution of the constituent elements of the Fe,O,@Cb mag-
netic nanocomposite (Figs. 6a-j). According to Figs. 6a—j,
the elements of carbon, iron, nitrogen, sodium, calcium,

T
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Fig. 5. The FESEM images of the Fe,0,@Cb magnetic nano-
composite.

magnesium, oxygen, phosphorus, and sulfur had a uniform
distribution in the structure of the magnetic nanocompos-
ite, indicating the high uniformity of synthesized Fe,O,@Cb.

3.1.6. Energy-dispersive X-ray spectroscopy

EDSs were investigated to evaluate the chemical
composition of the Fe,O,@Cb magnetic nanocomposite
(Fig. 7). The results showed that 67.1% iron, 27.5% oxy-
gen, 4.7% carbon, 0.3% sodium, 0.2% sulfur, 0.1% cal-
cium, and 0.1% phosphorus were consistent with the pre-
dicted values in the chemical structure of the Fe,O,@Cb
magnetic nanocomposite.

3.1.7. Fourier transform infrared spectroscopy

The FTIR spectrum of Cb and the Fe,O,@Cb magnetic
nanocomposite at 400-4,000 cm™ are shown in Figs. 8a
and b, respectively.
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Fig. 6. The elemental mapping images of the as-prepared Fe,O,@Cb magnetic nanocomposite (a) Ca, Fe, O, C, N, S, Mg, Na, and P, (b)
carbon, (c) iron, (d) nitrogen, (e) sodium, (f) calcium, (g) magnesium, (h) oxygen, (i) phosphorus, and (j) sulfur.
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Fig. 8. (a) FTIR of Cb and (b) Fe,O,@Cb.

As shown in Figs. 8a and b, a wide adsorption band
is observed in 3,417.03 cm™, which can be related to the
O-H stretching vibrations of the moisture adsorbed
on the adsorbent surface. The presence of the band at
2,921.13 cm™ is due to the alkyl groups (C-H). The pres-
ence of an adsorption band at 2,523.65 cm™ is due to the
amine groups (N-H) in the Cb structure. Adsorption
bands at 1,471.29 cm™ can be related to pyranose ring

bending vibrations. Adsorption bands at 1,085.17, 850.47,
and 714.19 cm™ correspond to C-O, C-H, and C-H, stretch-
ing vibrations, respectively [58,59].

3.2. Response surface methodology

The number of runs obtained based on the parameters
by the software and the actual removal efficiency in the
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laboratory as well as the predicted value by the software
is shown in Table 2. According to the results presented in
Table 2, the maximum of TC removal efficiency was cal-
culated as 80.02% in the run No. 14 and the pH conditions
equal to 5, adsorbent dosage of 0.2 g/L, initial concentration
of TC of 16 mg/L, and contact time of 90 min. In addition,
the adsorption capacity by the adsorbent varied between
1.76 and 14.94 mg/g at different runs, indicating a rela-
tively good adsorption capacity. Fig. 9 also shows the actual
values versus the predicted values. Based on the results
of Table 2 and Fig. 9, the actual response values are close
to the predicted values, indicating the model is suitable.

In addition, Fig. 10 compares the removal efficiency
(%) and adsorption capacity (mg/g) of TC from aqueous
solution by Fe,O,@Cb magnetic nanocomposite in 30 lab-
oratory runs. As can be seen, the maximum removal effi-
ciency and adsorption capacity were calculated as 80.02%
and 149.44 mg/g in the run Nos. 14 and 17, respectively.

3.3. Appropriate model, equation, and ANOVA results

As shown in Table 3, the quadratic model was provided
by the software to describe the process. In this model, the
value of R? is equal to 0.9723; since this number is close
to 1, it indicates that the model is suitable. Also, the R?
value predicted by the model is equal to 0.8525, which
has been adjusted in a reasonable agreement with R? the
value of which is equal to 0.9465 and their difference is
less than 0.2. Adequate precision measures the signal-to-
noise ratio. A ratio greater than 4 is desirable. This ratio
was 25.141 in our model, indicating a sufficient signal,
and this model can be used to guide the design space.

The ANOVA results obtained by the software for the
proposed model are shown in Table 4. For the proposed
model, the F value was equal to 37.67, confirming that
the model is significant and there is only a 0.01% chance
that a large F value occurs due to noise. Also, the p value

Table 2
The design of experiments with predicted and laboratory values for the removal of TC by Fe,O,@Cb magnetic nanocomposite using
RSM method based on CCD
Run A:pH B: initial C: adsorbent D: contact time  Removal efficiency (%) Adsorption
concentration (mg/L) dosage (g/L) (min) Actual Predicted  €@pacity
(mg/g)
1 9 16 0.1 90 68.09 66.85 10.89
2 5 16 0.1 40 71.52 71.11 11.44
3 7 12 0.15 65 69.82 69.81 5.58
4 7 12 0.15 65 70.01 69.81 5.60
5 7 12 0.15 65 70.32 69.81 5.62
6 5 8 0.2 40 70.2 70.17 2.80
7 5 8 0.1 90 71.23 71.48 5.69
8 9 8 0.1 40 60.46 60.67 4.83
9 9 8 0.1 90 65.56 64.79 5.24
10 5 16 0.2 40 74.23 75.35 5.93
11 7 12 0.15 65 69.95 69.81 5.59
12 9 8 0.2 90 71.04 70.18 2.84
13 5 16 0.1 90 74.84 7522 11.97
14 5 16 0.2 90 80.02 78.54 6.40
15 11 12 0.15 65 63.38 64.46 5.07
16 7 12 0.15 115 74.56 75.25 5.96
17 7 12 0.05 65 62.27 62.96 14.94
18 7 20 0.15 65 73.17 73.73 9.75
19 7 4 0.15 65 66.13 66.50 1.76
20 9 8 0.2 40 67 66.97 2.68
21 3 12 0.15 65 76.19 76.03 6.09
22 9 16 0.2 90 72.69 73.79 5.81
23 9 16 0.2 40 71.99 70.47 5.75
24 5 8 0.1 40 68.25 67.50 5.46
25 7 12 0.15 15 67.72 67.95 541
26 7 12 0.15 65 68.75 69.81 5.58
27 7 12 0.15 65 70.03 69.81 5.60
28 9 16 0.1 40 62.58 62.61 10.01
29 7 12 0.25 65 72.36 72.59 1.87
30 5 8 0.2 90 72.92 73.24 291
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obtained less than 0.05, indicating that the model is statis-
tically significant. In this case, A, B, C, D, AC, C? and D?
are significant model terms. Values greater than 0.1 indi-
cate that the model terms are not significant. The lack of
fit F value of the model was 4.58, which was greater than
0.05, confirming that the lack of fit is not statistically sig-
nificant and there is only a 5.35% chance that a large
lack of fit F value occurs due to noise. The insignificant
lack of fit is a good indication that our model is appropriate.

Predicted vs. Actual

85 _|
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75 _|

Predicted

7O |

65 _|

60 _|

60 65 70 75 80 a5
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Fig. 9. Diagram of laboratory (actual) values versus the
predicted values provided by Design-Expert 11 software.
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The final equation (Eq. (3)) with coded term factors
for the quadratic model provided by the software was as
follows:

Removal efficiency = +69.81 - 2.89A + 1.81B + 2.41C +
1.83D - 0.4200AB + 0.9063AC + 0.0338AD + 0.3900BC +
0.0300BD - 0.2287CD + 0.1081A% +0.0744B> — 0.5094C? +

0.4469D? 3)

The equation with coded term factors can be used to
predict the response for certain levels of each factor. By
default, the high levels of the factors are coded as +1 and
the low levels are coded as 1. The coded equation is use-
ful for identifying the relative effect of factors by comparing
factor coefficients. Also, the actual equation (Eq. (4)) for the
quadratic model provided by the software was as follows:

Removal efficiency = +70.35066 — 2.59794 pH + 0.395812
initial concentration + 3.42992 adsorbent dosage -
0.000758 contact time - 0.052500 pH x initial concen-
tration + 0.906250 pH x adsorbent dosage + 0.000675
pH x contact time + 0.195000 initial concentration x
adsorbent dosage + 0.000300 initial concentration x
contact time - 0.018300 adsorbent dosage x
contact time + 0.027031 pH? + 0.004648
initial concentration? — 2.03750 adsorbent dosage? +

0.000715 contact time? 4)

--@- Removal efficiency (%)

[ 90
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F 60
" 50
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Fig. 10. Comparison of removal efficiency (%) and adsorption capacity (mg/g) of TC from a synthetic aqueous solution by

Fe,0,@Cb magnetic nanocomposite in 30 laboratory runs.

Table 3

The model proposed by the software; predicted R* and adjusted R* values

Source Sequential Lack of fit R? Adjusted Predicted Adequate
p value p value R? R? precision
Quadratic <0.0001 0.0535 0.9723 0.9465 0.8525 25.141 Suggested
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Table 4

The ANOVA results of the proposed model for the removal of TC antibiotic from aqueous solution by Fe,0,@Cb magnetic

nanocomposite using RSM method based on CCD

Source Sum of squares Df Mean square F value p value

Model 532.67 14 38.05 37.67 <0.0001 Significant
A:pH 200.80 1 200.80 198.83 <0.0001

B: initial concentration 78.41 1 78.41 77.64 <0.0001

C: adsorbent dosage 138.91 1 138.91 137.55 <0.0001

D: contact time 80.08 1 80.08 79.30 <0.0001

AB 2.82 1 2.82 2.79 0.1153

AC 13.14 1 13.14 13.01 0.0026

AD 0.0182 1 0.0182 0.0180 0.8949

BC 2.43 1 2.43 2.41 0.1414

BD 0.0144 1 0.0144 0.0143 0.9065

CD 0.8372 1 0.8372 0.8290 0.3770

A? 0.3207 1 0.3207 0.3175 0.5814

B? 0.1517 1 0.1517 0.1502 0.7038

C 7.12 1 7.12 7.05 0.0180

D? 5.48 1 5.48 5.42 0.0343

Residual 15.15 15 1.01

Lack of fit 13.66 10 1.37 4.58 0.0535 Not significant
Pure error 1.49 5 0.2983

Corrected total 547.81 29

The equation with actual term factors can be used to pre-
dict the response for certain levels of each factor. Here, the
levels should be specified for each factor in the main units.
This equation should not be used to determine the rela-
tive effect of each factor, because the coefficients are scaled
to match the units of each factor and the y-intercept is not
at the center of the design space.

3.4. Surface response diagrams

Based on the results shown in Table 2 and Figs. 12 and
13a—c, in general, with increasing initial concentration,
adsorbent dosage, and contact time, the removal efficiency
of TC from aqueous solution using Fe,0,@Cb magnetic
nanocomposite increased. However, with increasing pH, the
removal efficiency of TC decreased.

The removal of antibiotics from aqueous solution
depends largely on the pH of the solution, which affects the
surface properties of the nano-adsorbent and the degree of
ionization [60]. The effect of pH on the removal efficiency
of TC from aqueous solution in the range of 3-11 was
examined. Based on the results presented in Table 2 and
Figs. 12a—c, at different runs, the removal efficiency of TC
atpH 3, 5,7, 9, and 11 was 76.19%, 68.25%-80.02%, 62.27%—
74.56%, 60.46%—72.69%, and 63.38%, respectively. TC varies
at different sites depending on the pH of the precipitation
solution. When the pH is less than 4, TC becomes cationic
(TCH™) due to the protonation of the dimethyl ammonium
group. At pH of 3.5-7.5, TC becomes zwitterion (TCH?) due to
the loss of a proton from the phenolic di-ketone moiety. At
pH greater than 7, TC becomes anionic (TCH™ or TC*) due
to the loss of protons from the phenolic di-ketone moiety

pH final - pH initial

12345678\\%1

pH initial

Fig. 11. Determining pH , (initial pH versus final pH minus ini-

tial pH).

and the tricarbonyl system [60]. The results of this study
showed that the removal efficiency of TC from aqueous
solution decreased with increasing pH, hence, the cation
exchange mechanism of TC adsorption onto the Fe,O,@Cb
magnetic nanocomposite was predominant. The adsorption
capacity of adsorbent and nature of binding sites are deter-
mined with the help of significant factor, which is a point
of zero charge (pHch) [35]. Based on the results obtained in
Fig. 11, the value of pH _for the Fe,O,@Cb magnetic nano-
composite was equal to 8.5, i.e., at pH < 8.5, the nanocom-
posite surface charge is positive and at pH > 8.5, the nano-
composite surface charge is negative. It is always easy to
adsorb a cation on a negatively charged surface and an anion
on a positively charged surface. However, other interactions
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Fig. 12. (a) The contour plot of the removal efficiency of TC from aqueous solution by Fe,O,@Cb magnetic nanocomposite in terms
of pH and initial concentration at the central constant level of contact time and adsorbent dosage. (b) The contour plot of the
removal efficiency of TC from aqueous solution by Fe,O,@Cb magnetic nanocomposite in terms of pH and adsorbent dosage at the
central constant level of contact time and initial concentration. (c) The contour plot of the removal efficiency of TC from aqueous
solution by Fe,O,@Cb magnetic nanocomposite in terms of pH and contact time at the central constant level of adsorbent dosage

and initial concentration.

may be stronger than just electrostatic forces, which make
the surface charge effect less important. In addition, a cat-
ion is often complexed with ligands, some of which may
be negatively charged. Therefore, in this case, the cation is
actually a negative complex that may very well adsorb on
the positive surface, which is what happened in this study.
It can be said that the adsorption mechanism at 2 < pH <3

was as cation exchange. At 3 < pH <7, the adsorption mech-
anism was in the form of cation exchange and surface com-
plexation, and at pH < 7, the adsorption mechanism was
in the form of surface complexation. Besides, adsorption of
TC on the Fe,0,@Cb magnetic nanocomposite depends on
the specific area; number of functional groups which may
lead to electrostatic, hydrophobic, and hydrogen bonding;
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ability to form host-guest complexes; and charge transfer
that all these interactions can be affected by the change of
pH [61]. In their study, Maryoosh et al. [62] used cobalt
oxide to remove TC antibiotic from the aqueous solution
and found that the removal efficiency of TC decreased
with increasing pH. Also, Mohammed and Kareem [63]
employed pistachio shell coated with ZnO nanoparti-
cles to remove TC antibiotics from aqueous solutions and
found that the removal efficiency of TC decreased as pH
value increased and the maximum removal efficiency was
obtained at pH 5. The results of our study are not consistent
with the results of Foroughi et al.’s study [61] on the use
of Fe,O,-g-CN@PEI-3-CD nanocomposite and the study of
Yang et al. [64] on the use of magnetic carbon-coated cobalt
oxide nanoparticles to remove TC from aqueous solutions.

The initial concentration of TC is another parameter
affecting the adsorption process, which was examined in
the range of 4-20 mg/L in our study. Based on the results
presented in Table 2 and Figs. 12a and 13a & b, at different
runs, the removal efficiency of TC from aqueous solution
in initial TC concentrations of 4, 8, 12, 16, and 20 mg/L was
66.13%, 60.46%-72.92%, 62.27%-76.19%, 62.58%—-80.02%,
and 73.17%, respectively. In general, with increasing the ini-
tial concentration of TC, the removal efficiency of TC from
aqueous solution increased. This may be due to an increase
in the driving force applied to the nano-adsorbent with
an increase in the initial TC concentration. In their study,
Mohammed and Kareem [63] used pistachio shell coated
with ZnO nanoparticles as an adsorbent to remove TC from
aqueous solutions. They found that the removal efficiency
of TC increased from 72.06% to 84.87% as the initial con-
centration of TC increased from 30 to 70 ppm. However,
in Foroughi et al’s [61] study on the use of Fe,O,-g-CN@
PEI-3-CD nanocomposite and in the study of Maryoosh
et al. [62] on the use of cobalt oxide adsorbent to remove
TC from aqueous solutions, the removal efficiency of TC
decreased by increasing the initial TC concentration. These
studies [61,62] stated that the reason could be attributed to
the restriction of the adsorption process at a high antibi-
otic loading level caused by the limited number of effective
adsorption sites.

Adsorbent dosage is another important parameter that
can affect the adsorption capacity of TC by nanocomposites.
The removal efficiency of TC from aqueous solution was
investigated in the adsorbent dosage of 0.05-0.25 g/L. Based
on the results presented in Table 2 and Figs. 12b and 13a &
¢, at different runs, the removal efficiency of TC from aque-
ous solution at adsorbent dosages of 0.05, 0.1, 0.15, 0.2, and
0.25 was equal to 62.27%, 60.46%—-74.84%, 63.38%—76.19%,
67%-80.02%, and 72.36%, respectively. In general, the
removal efficiency of TC from aqueous solution increased
with increasing adsorbent dosage. As the adsorbent dosage
increases, the number of active sites also increases, hence, a
larger surface area is provided for adsorption. Therefore, a
greater number of molecules of the adsorbent are absorbed,
which leads to further removal of the antibiotic. A possible
explanation for this phenomenon is that with the increas-
ing concentration of the adsorbent, more active sites are
available for TC; this will effectively abate the competition
for a certain adsorption site and thus enhance the adsorp-
tion capacity [65]. In their study, Bangari and Sinha [24]

used boron nitride nanosheets as an adsorbent to remove
TC from aqueous solution, and found that the removal
efficiency of TC increased from 55% to 85% as the adsor-
bent dosage increased from 0.2 to 1 g/L. Also, Mohammed
and Kareem [63] employed ZnO nanoparticles as adsor-
bents to remove TC from wastewater, and reported that the
removal efficiency of TC increased from 61.73% to 85.29%
by increasing the adsorbent dosage from 0.02 to 0.08 g/L.
Contact time is one of the most important factors in
evaluating the efficiency of the adsorbent [63]. The effect of
contact time in the range of 15-115 min on the removal effi-
ciency of TC from aqueous solution was examined. Based
on the results presented in Table 2 and Figs. 12c and 13b
& ¢, the removal efficiency of TC from aqueous solution
increased with increasing contact time and then reached
an equilibrium state, so that at different runs, the removal
efficiency of TC after 15, 40, 65, 90, and 115 min was equal
to 67.72%, 60.46%-74.23%, 62.27%—76.19%, 65.56%—-80.02%,
and 74.56%, respectively. At the beginning of adsorption,
the numerous pores and structural groups on the nano-
composite provided sufficient adsorption, so that TC ions/
molecules easily adhere to the nanocomposite. When
adsorption occurs, the availability of effective adsorption
sites gradually decreases and the adsorption rate slows
down until it reaches the equilibrium state. As a result, the
remaining vacant surface sites are difficult to be occupied
due to the formation of repulsive forces between the TC
molecules on the solid surface and in the bulk phase [66].
Guler and Sarioglu [67] used pumice stone as an adsorbent
to remove TC from wastewater and found that the removal
efficiency of TC increased from 40% to 75% by increasing
the contact time from 20 to 120 min. Also, Zhao et al. [68]
used KOH-derived from reed plants activated biochar as
an adsorbent to remove TC from aqueous solution and
reported that the removal efficiency of TC increased with
increasing contact time and then reached equilibrium.

3.5. Optimization

One of the important aims of this study was to find
the optimum process parameters to increase the response
using the proposed mathematical model. According to
the results shown in Table 5, the pH of 5, initial TC con-
centration of 8 mg/L, adsorbent dosage of 0.2 g/L, and the
contact time of 90 min, with removal efficiency of 73.24%
were presented as optimum conditions by the software.
The optimum conditions provided by the software were
evaluated and compared with real and synthetic waste-
water samples in laboratory conditions. As can be seen in
Table 5, the removal efficiency of TC in real and synthetic
wastewater samples was 75.34% and 80.15%, respectively.
It can be observed that the TC removal efficiency in labo-
ratory and synthetic conditions is close to the rate of TC
removal efficiency predicted by the software.

3.6. Comparison of the performance of Fe,O,@Ch magnetic
nanocomposite with Cb adsorbent

In Fig. 14, the removal efficiency of TC antibiotic from
aqueous solution by Fe,O,@Cb magnetic nanocomposite is
compared with Cb adsorbent. As can be seen, the removal
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Fig. 13. (a) The contour plot of the removal efficiency of TC from aqueous solution by Fe,O,@Cb magnetic nanocomposite in terms
of initial concentration and adsorbent dosage at the central constant level of pH and contact time. (b) The contour plot of the
removal efficiency of TC from aqueous solution by Fe,O,@Cb magnetic nanocomposite in terms of initial concentration and contact
time at the central constant level of pH and adsorbent dosage. (c) The contour plot of the removal efficiency of TC from aqueous
solution by Fe,0,@Cb magnetic nanocomposite in terms of adsorbent dosage and contact time at the central constant level of

pH and initial concentration.

efficiency of TC by Cb adsorbent was 36.5% after 90 min,
while the removal efficiency of TC by Fe,O,@Cb magnetic
nanocomposite reached 79.23% after 90 min, i.e., it increased
by 42.73%. Therefore, it can be concluded that magnetization
of Cb adsorbent has a positive effect on the removal efficiency
of TC and improves its adsorption properties.

3.7. Comparison of the performance of Fe,O,@Cb magnetic nano-
composite with other adsorbents

Table 6 compares the maximum adsorption capacity of
Fe,0,@Cb magnetic nanocomposite for the removal of TC
antibiotic with other adsorbents. As can be seen, the adsorp-
tion capacity of the Fe,O,@Cb magnetic nanocomposite for
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Table 5

Optimum values predicted by the software with the TC removal efficiency under optimum conditions in real and synthetic waste-

water samples

pH Initial concentration Adsorbent Contact Removal
(mg/L) dosage (g/L) time (min) efficiency (%)
Predicted by software 5 8 0.2 90 73.24
Synthetic sample 5 8 0.2 90 80.15
Wastewater actual sample 5 7 0.2 90 75.34

Table 6

Comparison of the maximum adsorption capacity of Fe,0O,@Cb magnetic nanocomposite for the removal of TC with

adsorbents investigated in other studies

Adsorbent type Adsorption Reference
capacity 4,,,, (Mg/g)
BR-MIL-53 (Fe) 309.6 [47]
Iron loaded sludge biochar 104.86 [69]
Biochar derived from waste Auricularia auricula dregs 11.9 [70]
Magnetic carbon-coated cobalt oxide nanoparticles 769.43 [64]
Raw olive solid wastes 16 [71]
Olive solid wastes/chitosan composite 1.6 [71]
Cobalt-impregnated spent coffee ground biochar 370.37 [72]
Wasted sludge-based biochar modified by chitosan and Fe/S 183.01 [73]
Boron nitride nanosheets 346.66 [24]
Magnetic carbon-aFe/Fe,C 511.06 [74]
Graphene oxide 313 [75]
Nanocomposite multi-walled carbon nanotube functionalized MIL-53 (Fe) 368.49 [76]
Magnetic graphene oxide sponge 473 [44]
Fe,0,-g-CN@PEI-B-CD nanocomposite 833.33 [61]
Fe,O,@Cuttlebone 14.94 This study

removing TC is better than a number of other adsorbents,
which can be attributed to its nanostructure and surface
properties.

4. Conclusion

In this study, the removal efficiency of TC antibiotic
from aqueous solution by the new Fe O,@Cb magnetic
nanocomposite was investigated and the parameters affect-
ing the removal process were optimized using the RSM
based on CCD. The nanocomposite structural characteriza-
tion was investigated using FTIR, FESEM, EDS, mapping,
XRD, BET, and VSM techniques. The quadratic model was
suggested as the best model for the removal of TC using
the Fe,O,@Cb magnetic nanocomposite. The R* value of
the model for the removal of TC from aqueous solution
was 0.9723. The Fe,0,@Cb magnetic nanocomposite was
synthesized at the nanometer scale (approximately 31 nm).
The S, surface area of nanocomposite was 89.148 m?/g. The
maximum removal efficiency of TC by Fe,O,@Cb magnetic
nanocomposite could reach 80.02%. Under optimum con-
ditions, the removal efficiency of TC from real wastewater

~---Cuttlebone —e— Fe;0, @Cuttlebone

90

80

70 1

60 1

30 7

40

Removal efficiency (%)

20 q

10 q

Contact time (min)

Fig. 14. Comparison of the removal efficiency of TC antibiotic
from aqueous solution by Fe,0,@Cb magnetic nanocomposite
with Cb adsorbent at pH 5, initial TC concentration of 8 mg/L,
adsorbent dosage of 0.2 g/L, and contact time of 90 min.
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using Fe,O,@Cb magnetic nanocomposite was 75.34%.
According to the results, Fe,0,@Cb magnetic nanocompos-
ite can have an effective potential in removing TC antibi-
otics from synthetic aqueous solution and real wastewater.
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