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a b s t r a c t

The aim of this study is to investigate the removal of tetracycline (TC) antibiotics from aqueous solu-
tions using core-shell magnetic nanoparticles. Fe3O4 magnetic nanoparticles (NP) were synthesized 
using the solvothermal method. A silica core shell was coated on the NP surface by a modified stober 
sol-gel process. FTIR, TEM, VSM,and XRD analysis confirmed the formation of core shell magnetic 
NP with a size of 90 nm. In addition, tetracycline adsorption was applied to the synthesized NP 
under optimum adsorption conditions to enhance pollutant removal efficiency from water.  Results 
showed that the maximum adsorption capacity (qm) of TC on the core-shell magnetic nanoparticles 
was enhanced by about 50% in comparison to uncoated magnetic nanoparticles. This adsorption 
capacity enhancement was due to the prevention of clustering and aggregation of adsorbents as 
well as stronger interactions between NP surfaces and TC molecules. Kinetic and isotherm studies 
showed that the adsorption behavior of TC on both adsorbents fitted well with the pseudo-second-or-
der kinetics and Langmuir isotherm models, respectively. This confirmed the strong interaction 
between adsorbent and pollutant by forming a single layer of TC on the adsorbent surface. Finally, 
results suggested that coating the surface of iron oxide magnetic nanoparticles with silica improved 
the pollutant adsorption efficiency in aqueous media.

Keywords: Magnetic nanoparticles; Tetracycline removal; Adsorption; Non porous silica; Core-shell

1. Introduction 

Nowadays, one of the most crucial environmen-
tal problems is water pollution caused by urbanization, 
industrialization, agriculture and pharmaceuticals [1]. 
Among pharmaceutical compounds, antibiotics repre-
sent a significant group of medical substances which are 
widely used in human therapy and veterinary medicine 
[2]. Since most of these antibiotics are defectively metab-
olized in the consumer’s body, up to 90% of them are 
excreted virtually unchanged through urination and feces 
[3]. These residual antibiotics inflict critical adverse effects 
on human health and environment [4]. A major side effect 
of these bioactive compounds is the incidence of antibiotic 

resistances among bacterial populations [5]. Also, these 
antibiotics are released from sewage treatment centers and 
agricultural runoff into the surface water and pollute the 
aquatic environment [4,6–8]. The tetracycline (TC) ranks 
second in terms of production and usage drugs among 25 
commonly used antibiotics [9]. Disruption in respiration 
of soil microbes [10], reduction of Fe+3 ion [11], nitrification 
of bacteria [12] and phosphatase enzyme activity [10] are 
some other serious consequences of TC accumulation in 
the environment. With respect to the cited negative effects 
of residual pharmaceuticals, the removal of tetracycline 
from the human food chain and water resources has grown 
into a vital concern since in the decades [13]. So far, several 
chemical and physical methodologies for the removal of 
antibiotics from aquatic environments have been investi-
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gated which include conventional techniques (biological 
processes, filtration, coagulation, flocculation and sedi-
mentation), advanced oxidation processes (AOPs), mem-
brane processes, adsorption, etc. [14]. Low initial cost, 
convenient operation, ease of design, lack of sensitivity 
to poisonous compounds and application in a wide range 
of different solid sorbents such as nanoparticles, acti-
vated carbon, clays, carbon nanotubes and metal oxides 
make the adsorption process more efficient and attractive 
than other techniques [15,16]. Among various types of 
nanoparticles, Fe3O4 magnetic nanoparticles (MNPs) are 
efficient adsorbents due to their high specific surface area, 
strong adsorption capability, adequate stability and facile 
preparation, operation and resumption [17]. However, the 
most important feature of these adsorbents is their super-
paramagnetic properties which distinguish them from 
other adsorbents. For example, despite high adsorption 
affinity of carbon nanotubes, a time-consuming separation 
step such as filtration or centrifugation is required after 
the adsorption process [18]. In the case of applying MNPs, 
this slow separation step can be substituted with a quick 
and straightforward stage using an external magnetic field 
similar to that of a magnet [19]. 

Recently, the role of magnetic materials in removing 
antibiotics has been investigated. Shi et al. synthesized a 
new magnetic mesoporous carbon composite (Fe3O4/C) 
and studied its performance in removing Ciprofloxacin 
(CIP) antibiotics. They found that the maximum adsorption 
of CIP could be reached under neutral condition near to 
98.28 mg/g [18]. Kakavandi et al. combined powder acti-
vated carbon (PAC) with Fe3O4 MNPs to remove amoxi-
cillin (AMX) from an aqueous solution, with their results 
showing a maximum adsorption capacity of 142.85 mg/g 
[20]. There are a number of studies on TCs removal from 
aqueous environment. In 2011, Zhang et al. employed Fe3O4 
MNPs for the removal of chlorotetracycline (CTC) from 
aqueous media [17]. 

However, Fe3O4 magnetic nanoparticles suffer from 
disadvantages such as low binding capacity of target mol-
ecule, susceptibility to oxidation when exposed to air and 
tendency to aggregate into large clusters [21,22]. To over-
come such limitations, the surface of these MNPs needs 
to be modified. Recent studies have shown that coating 
MNPs by silica materials offer an excellent alternative for 
adsorption and separation process [23–26]. In addition, 
the silica coating of iron oxide nanoparticles improve their 
chemical stability by preventing their aggregation in the 
liquid. 

The primary goal of this study was the synthesis and 
characterization of Fe3O4 magnetic nanoparticles along 
with core shell MNPs preparation. It was then followed by 
an analysis of the removal ability of each adsorbent (Fe3O4 
and Fe3O4@SiO2 MNPs) for TC separation from aqueous 
environment. A review of literature revealed the paucity of 
studies on TC removal from aqueous environment using 
silica coated MNPs (Fe3O4@SiO2 MNPs). This is the main 
contribution of this study. Also, the TC adsorption mecha-
nism on both Fe3O4 and Fe3O4@SiO2 MNPs was investigated 
in details by calculating adsorption isotherms and kinetics 
models. Furthermore, the optimum separation conditions 
to achieve highest removal efficiency for each adsorbent 
was examined.

2. Materials and methods

2.1. Materials 

Iron (III) chloride hexahydrate (FeCl3·6H2O), sodium 
acetate anhydrous (NaAc), ethylene glycol (EG), 1,2-eth-
ylenediamine (ETH), ethanol, ammonia (25–28%), tetrae-
thoxysilane (TEOS), standard HCl and NaOH (0.1 N) were 
purchased from Merck Company. Tetracycline powder was 
obtained from Sigma–Aldrich Company.

2.2. Synthesis of magnetic Fe3O4 nanoparticles

Magnetic nanoparticles (MNPs) were prepared using 
the solvothermal method [27]. 1 g of FeCl3·6H2O was dis-
solved in 30 mL of EG to make a clear solution. Then, 3g of 
NaAc and 10 mL of ETH were added to the solution. The 
mixture was vigorously stirred for 30 min and then trans-
ferred to a Teflon-lined stainless-steel autoclave and sealed 
to be heated at 200°C. After 8 h of reaction, the autoclave 
was cooled to the room temperature. The resultant black 
magnetite particles were washed with acetone and water 
several times before being dried at the room temperature.

2.3. Synthesis of Fe3O4 @SiO2 nanocomposite

The core-shell structured Fe3O4@SiO2 nanoparticles 
were synthesized by a modified Stober sol-gel process [28]. 
0.1 g of synthesized Fe3O4 nanoparticles were treated using 
50 mL of HCl (0.1 M) solution under ultra-sonication for 20 
min. Subsequently, the treated particles were collected by a 
magnet, washed with deionized water, and then dispersed 
in a mixture solution of ethanol (80 mL), deionized water 
(20 mL) and concentrated aqueous ammonia (1.0 mL) (28 
wt.%). Then, 0.1 g of TEOS was added dropwise to the solu-
tion. After 6 h of stirring at the room temperature, the prod-
uct was collected with a magnet and washed several times 
with ethanol and water before being dried at 60°C for 6 h.

2.4 Characterization

The transmission electronmicroscopy (TEM) images 
were taken by a CM 120 (Philips Holland) transmission 
electron microscope at a working temperature of 20°C 
and a voltage of 120 kV. The X-ray diffraction (XRD) pat-
terns of the prepared magnetic silica nanocomposites were 
achieved at the room temperature by a X’Pert Pro MPD 
x-ray powder diffractometer (PANalytical Holand), oper-
ating with Cu Kα radiation (λ =1.5406°A) of 40 kV and 40 
mA. UV–visible absorption spectra were recorded using a 
CE 8000 double beam spectrophotometer (CECIL-CE9500).
Fourier transform infrared (FT-IR) spectra (4000–400 cm–1) 
were collected on a shimadzo co 370 FTIR spectrometer. 
The magnetic property of the magnetite nanoparticle was 
investigated by a vibrating sample magnetometer (VSM) 
using Lakeshore 7400 VSM. The zeta potentials were mea-
sured at the temperature (25°C) by dynamic light scattering 
(Nano-ZS, Malvern Instruments, England).

2.5. Determination of the point zero charge pH (pHPZC)

To measure pHPZC values, the pH drift method was 
applied [29]. Accordingly, samples were dispersed in low 
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ionic-strength aqueous media to reach equilibration and 
then any shift in pH values was measured to calculate 
pH PZC. To this purpose, a solution containing 0.1 mol L−1 
NaCl and 10 ml test tubes was adjusted to pH values of 
2–8 (pHinitial) using NaOH and HCl. In the next step, 10 mg 
of each adsorbent was added to test tubes and shaken at 
298 K. After 4 h, the final pH (pH final) of samples was mea-
sured by a microprocessor pH meter (pH 211, Hanna Instru-
ments, Inc.) and plotted against initial pH. The intersection 
point of the resulting curve with the line passing origin 
(pH final = pH initial) yields pH PZC.

2.6. Batch experiments

One factorial experiments was performed to assess 
optimum adsorption parameters to achieve the maximum 
removal efficiency of TC. Also, pH, contact time and ini-
tial concentration of pollutant (TC) were reviewed in the 
batch mode of operation. In all experiments, the adsorbent 
mass and solution volume were assumed constant at 10 mg 
and 10 mL, respectively. To study the impact of initial pH 
of solution on adsorption, pH was modified from 3 to 8. 
Contact times varied from 30 min to 4 h. Experiments were 
performed at a constant temperature of 298 K and initial 
pollutant concentration of 100 ppm. To examine the effect 
of pollutant concentration on the removal efficiency, a stan-
dard stock solution of TC with 200 ppm concentration was 
produced. The initial concentration of TC varied from 20 
ppm to 200 ppm depending on the dilution of the initial 
stock solution.

2.7. Batch adsorption 

10 mg of adsorbent was added to 10 ml of the initial 
solution. The resultant solution was dispersed for 15 min by 
ultrasonic bath and mixed for a specific contact time on the 
magnetic stirrer. Finally, the solution was separated from 
NPs using an external magnetic field. The concentration 
of TC was determined by a calibration curve for UV-visi-
ble spectrophotometer at a wave-length of λ = 275 nm [30] 
(see supporting file, S1 and S2). TC removal efficiency and 
adsorption capacity (qe (mg·g–1)) can be calculated by the 
following equations, respectively [31]:

TC removal efficiency
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where C0 represents the initial concentration of TC solution 
(mg·L–1), Ce is the concentration of solute in the bulk phase 
at the equilibrium (mg·L–1), v is the volume of aqueous 
phase (L) and M is the mass of nanoparticle (g).

2.8. Adsorption isotherms 

In the present study, the Langmuir and the Freundlich 
isotherm models were used to depict the adsorption of TC 
onto both adsorbents.

In the Langmuir isotherm, a monolayer adsorption on a 
surface consisting of identical binding sites with compara-

ble adsorption energies and non-interaction between adsor-
bate was assumed.

The linear form of Langmuir equation can be expressed 
as follows [32]:
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where Ce is the equilibrium concentration of the solution 
(mg/L), qmax is the maximum adsorption capacity (mg/g), 
and kL is the Langmuir constant for the affinity of binding 
sites and adsorption energy (L/g). The Langmuir constants 
can be obtained from Ce/qe/vs. Ce plot. 

The Freundlich isotherm is an empirical equation 
based upon the assumption of heterogeneous surface 
energies. The linear form of the equation is expressed as 
follows [32]:

lnq lnk
n
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where kf  is the Freundlich constant of the adsorption capac-
ity (L/g) and 1/n is an empirical parameter related to 
adsorption intensity. The Freundlich constant can be calcu-
lated from the plots of ln qe vs. ln Ce.

2.9. Adsorption kinetics

In this study, pseudo-first-order and pseudo-second-or-
der kinetics were used for the modelling of the experimen-
tal adsorption kinetic data, the linear forms of which are 
represented below:

Pseudo-first-order model,
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where qe is the amount of adsorbate at equilibrium (mg/g), 
qt is the amount of adsorbate at each time (mg/g), k1 and k2 
are the first and second order equilibrium rate constants, 
respectively. The former constant was determined based on 
the slop of linear plot of ln (qe – qt) vs. time and the latter was 
calculated by plotting the kinetic data of t/qt vs. t.

3. Results and discussion

3.1. Synthesis and characterization of Fe3O4@nSiO2

Initially, it is necessary to confirm the formation of mag-
netic nanoparticle and silica coated on particles. To do so, 
XRD patterns of both Fe3O4 and Fe3O4@nSiO2  MNPs are pre-
sented in Fig. 1. As shown in Fig. 1a, the diffraction peaks at 
2θ values of 18.30°, 30.20°, 35.55°, 43.26°, 57.21° and 62.87° 
represent the amorphous structure of iron oxide MNPs [33]. 
In addition, the broad peak at 20°–30° angles confirm the 
existence of amorphous SiO2 coating (Fig. 1b) [34]. Also, Fig. 
1b suggests that silica coating does not considerably change 
the structure of MNPs. 
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The FTIR spectra of Fe3O4 and Fe3O4@nSiO2  are shown 
in Fig. 2. The absorption peaks around 565–570 cm–1 in 
both figures, which correspond to Fe–O vibration bond, 
are related to the magnetite phase [31]. In Fig. 2b, the 
broad high-intensity band at 1097 cm–1 could be associated 
with the oxygen motion in Si-O-Si anti-symmetric stretch, 
which is due to asymmetric stretching bonds of Si-O-Si in 
SiO2 [35]. The peak around 793 cm–1 is related to Si-O-Si 
symmetric stretching bond [30], whereas the peak around 
466 cm–1 corresponds to Si-O-Si or O-Si-O bending modes 
[35]. The peaks at 947 cm–1 is due to the Si-O symmetric 
stretching [35].

The structure and morphology of the magnetic silica 
nanocomposites were investigated using TEM analy-
sis. Fig. 3 shows the typical TEM images of Fe3O4@nSiO2  
Clearly, the nanocomposites have a core-shell structure 
with a dark contrast core of Fe3O4 and a light contrast of 
silica shell which indicate the successful coating of Fe3O4 
nanoparticles by a nonporous silica shell. The initial Fe3O4 
particles are uniform with a mean diameter of 70 nm. 
The estimated thickness of the nonporous silica shell was 
around 10 nm, based on contrast between the core and 
shell regimes.

Magnetization curves, as shown in Fig. 4, were mea-
sured in powder samples of Fe3O4 and Fe3O4@nSiO2  
nanoparticles at room temperature relative to the change 
of applied magnetic field (Oe) from −10000 Oe to 10000 
Oe. Both Fe3O4 nanoparticles and Fe3O4@nSiO2 nanocom-
posites exhibited negligible coercivity and remanence in 
the absence of the magnetic field. The super paramagnetic 
behavior of samples can lead to the dispersion of particles 
in the solution without any magnetic interactions between 
particles and magnetic clustering. The saturation magneti-
zations of Fe3O4 nanoparticles and Fe3O4@nSiO2 nanocom-
posites were 69.5 emu/g and 52.3 emu/g, respectively. The 
reduced saturation magnetization was due to the relatively 
lower density of magnetic components in nanocomposites 
as silica coated on the Fe3O4 nanoparticles. Additionally, 
no hysteresis was observed on the magnetization curves of 
all samples, indicating the superparamagnetic character of 

these materials. The characterization results are consistent 
with the literature [36].

3.2. Adsorption parameter effect

3.2.1. Analysis of pHpzc

Fig. 5 illustrates curves of pHfinal vs. pHinitial for Fe3O4 and 
Fe3O4@nSiO2 MNPs with corresponding pHPZC values of 7 

Fig. 1. XRD patterns of (a) Fe3O4 and (b) Fe3O4@nSiO2 MNPs.

Fig. 3. TEM images of Fe3O4@nSiO2.

Fig. 2. FT-IR spectrums of (a) Fe3O4 and (b) Fe3O4@nSiO2 MNPs.
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and 2.8, respectively. The pHPZC values calculated for adsor-
bents are in agreement with previous studies [17,37].

3.2.2. Effect of solution pH

The effect of pH on the adsorption rate of TC on both 
adsorbents (Fe3O4 and Fe3O4@nSio2) are shown in Fig. 6. As 
can be seen, the adsorption ability of NPs is a variable of 
pH. The maximum adsorption of TC by Fe3O4 MNPs and 
Fe3O4@nSiO2  is achieved at pH 6 and 4, respectively. The 
observed pH dependence could be rationalized by evalu-
ating the charges of TC and adsorbents surfaces. TC is an 
amphoteric molecule with multiple ionisable functional 
groups. The pKa of TC molecule is 3.3, 7.68 and 9.69, respec-
tively [38]. These pKa values suggest the existence of TC as 
a cationic ion in strong acid solution, zwitter anions at 3.3 < 
pH < 7.7, and negative ions at pH > 7.7. The estimated zero 
point of charge (pHpzc) for Fe3O4 MNPs and Fe3O4@nSiO2 
was 7 and 2.8, respectively. This indicates that Fe3O4 MNP 
is positively charged at pH < 7 and negatively charged at 
pH > 7. Therefore, the electrostatic repulsion between TC 
and Fe3O4 surface was the lowest at pH near pKa2 (pH ≈ 
6). However, Fe3O4@nSio2 surface was positively charged 
at pH < 2.8 and negatively charged at pH > 2.8. Therefore, 
electrostatic repulsion between TC and Fe3O4@nSio2 surface 
was lowest at pH near pKa1 (pH ≈ 4).The results concerning 

the relation between charges of TC and Fe3O4 MNP surface 
are in agreement with previous studies [17,39].

3.2.3. Effect of contact time

The results of contact time at optimal pH value of each 
adsorbent are shown in Fig. 7. It should be noted that the 
main purpose of this study was to obtain the maximum 
removal efficiency of TC from aqueous media. Given 
that the electrostatic repulsion between TC and adsor-
bents (Fe3O4 and Fe3O4@nSiO2) was different, the best pH 
values for maximum removal efficiency was selected for 
each adsorbents at different values based on the results of 
previous section. As shown in the figure, at initial contact 
time, the adsorption rate increased proportional to the rise 
of contact time, which persisted up to 2 h. However, after 
2 h, an increase in contact time reduced TC adsorption 
rate. It is probably because at the initial contact time (up 
to 2 h), the surface active site was saturated with TC, but 
as the time lapsed, TC was desorbed from the surface of 
nanocomposites. This is due to weak interaction between 
drug molecules and nanocomposite surface. This obser-
vation was more significant for Fe3O4@nSiO2 adsorbent. It 
seems that the nature of interaction between silica surface 

Fig. 5. pHpzc of Fe3O4 and Fe3O4@nSio2 MNPs. Fig. 6. Effect of pH on the adsorption rate of TC on both Fe3O4 
and Fe3O4@nSiO2 NP at initial concentration of 100 ppm.

Fig. 4. Magnetization curves of (a) Fe3O4 and (b) Fe3O4@nSiO2.
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of Fe3O4 and TC is distinct from that of Fe3O4 surface and 
TC. As Fig. 7 shows, the difference between adsorption 
and desorption of TC over 1–4 h is only 5% for Fe3O4, but 
this value rises to about 15% for Fe3O4@nSiO2. This con-
firms the weak interaction between TC molecules,which 
were adsorbed later and adsorbent surface of Fe3O4@nSiO2. 
This feeble interaction between drug and adsorbent surface 
could be due to various adsorption sites on the adsorbent 
surface. However, further analyses using adsorption iso-
therm modeling are required to confirm the results. There-
fore, 2 h was determined as the optimal exposure time to 
achieve maximum adsorption, which isin agreement with 
previous studies [40].

3.2.4. Effect of pollutant initial concentration

To evaluate the effect of initial concentration of pollut-
ant, the adsorption process for both adsorbents was inves-
tigated at the initial pollutant concentration of 20–200 ppm 
at optimal pH and contact time. The results are depicted in 
Figs. 8 and 9.

As shown in Fig. 8, with an increase in the initial con-
centration of TC, the driving force for mass transfer rises, 
and the saturation state of adsorbents is more promptly 
achieved. In other words, all adsorbents have a limited 
number of active sites, which are saturated at a certain con-
centration of pollutants [29]. This decreased the removal 
efficiency of TC at higher initial concentration of TC.

On the other hand, as illustrated in Fig. 9, higher initial 
concentration of TC resulted in greater adsorption capacity 
(qe). This was due to the fact that the greater concentration gra-
dient accelerated mass transfer. Moreover, applying core-shell 
MNPs enhanced the adsorption capacity of TC by 1.5 times 
in comparison to Fe3O4which due to enhanced dispersion of 
particles in the solution with stronger bonding capacity of TC 
and silica shell. This was also observed for adsorption of other 
drugs on Fe3O4@nSiO2core-shell nanoparticle [41].

3.3. Adsorption modelling

3.3.1. Adsorption isotherms

Isotherm curves of Langmuir and Freundlich models 
and their estimated parameters are shown in Fig. 10 and 

Table 1, respectively. According to results, Langmuir iso-
therm (R2 > 0.996) offers more efficient representation of 
data than does the Freundlich isotherm (R2 > 0.776) for 
Fe3O4 MNP. This confirms a monolayer formation of TC 
on both MNPs, which is in agreement with the literature 
[17]. However, for Fe3O4@ nSiO2 MNPs, both Langmuir 
and Freundlich models could sufficiently predict the 
adsorption phenomena, which is consistent with previ-
ous studies [41]. The results display multilayer adsorp-
tions on this adsorbent. This can affect the adsorption 
and desorption nature of TC, as shown in Fig. 7. In other 
words, TC molecules adsorbed on the second layer of 
the adsorbent could be removed from the surface con-
veniently. This makes a significant distinction between 
adsorption and desorption values of TC vs. time. More-
over, based on estimated parameters listed in Table 1, 
Fe3O4@ nSiO2 MNPs have higher adsorption capacity in 
comparison to Fe3O4 MNPs.

By comparing the adsorption capacity of Fe3O4@ nSiO2 
MNPs (qmax = 61.73 mg/g) with other adsorbents such as 
Pumice stone (qmax = 20.02 mg/g) [39], magnetic molecularly  
imprinted  nanoparticles (MMINs) (qmax = 14.31 mg/g) [40], 
Montmorillonite (qmax = 54 mg/g) [42], Graphite (qmax = 4.5 
mg/g) [43], graphene oxide functionalized magnetic par-
ticles (GO-MPs) (qmax = 39.1 mg/g) [44] and Kaolinite (qmax 

Fig. 7. Effect of contact time on the adsorption rate of TC on both 
Fe3O4 and Fe3O4@nSiO2 at the initial concentration of 100 ppm. Fig. 8. Effect of initial concentration of TC on the removal effi-

ciency.

Fig. 9. Effect of initial concentration of TC on the adsorption ca-
pacity of both Fe3O4 and Fe3O4@nSiO2 adsorbents.
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= 4.32 mg/g) [45], it can be concluded that the proposed 
nanostructure has higher TC removal ability. 

3.3.2. Adsorption kinetic

Fig. 11 represents the pseudo-first and pseudo-sec-
ond-order kinetic curves for TC adsorption on both iron 
oxide MNPs. A summary of adsorption data by different 
kinetic models for two types of adsorbents are shown in 
Table 2. As shown in Fig. 11 and Table 2, the second-order 
kinetic model displays higher compliance with adsorption 
kinetic data than does the pseudo-first-order kinetic model, 
which is consistent with previous studies. [17].

4. Conclusions

This paper studied the separation of Tetracycline 
antibiotic from aqueous environment by applying the 

adsorption process. Fe3O4 magnetic nanoparticles and 
core shell MNP with silica (Fe3O4@nSiO2) were used for 
this purpose. This is the first adsorption study to apply 
core shell magnetic nanoparticles for pollutant removal. 
Results showed that core-shell magnetic nanoparticle 
could dramatically increase the adsorption capacity of 
adsorbents in comparison to unmodified Fe3O4 MNP. 
This is due to stronger interactions between antibiotic 
and shell surface of nanoparticles. Moreover, nanopar-
ticle coating with silica shell prevents clustering and 
aggregation of iron oxide MNPs, which increases the 
adsorption capacity of adsorbent. Adsorption model-
ling confirmed that the adsorption of TC on both types 
of adsorbents was monolayer. Furthermore, pseudo-sec-
ond-order model revealed the chemical adsorption of 
TC onto both adsorbents. Finally, it could be concluded 
that coating the surface of MNPs significantly modify the 
adsorption properties of NPs.

Fig. 10. (a) Langmuir and (b) Freundlich isotherm models for TC 
adsorption on both Fe3O4 and Fe3O4@nSiO2 adsorbents.

Fig. 11. TC adsorption kinetic models as (a) pseudo-first-order 
and (b) pseudo-second-order on both Fe3O4 and Fe3O4@nSiO2 
adsorbents.

Table 1
Langmuir and Freundlich isotherm parameters for TC 
adsorption on Fe3O4 and Fe3O4@SiO2

Langmuir Freundlich

qmax 
(mg/g)

kL 
(L/g)

R2 n kf  
(L/g)

R2

Fe3O4 41.67 0.05 0.996 2.49 5.82 0.776
Fe3O4@SiO2 61.73 0.08 0.999 2.73 10.61 0.935

Table 2
Pseudo-first and pseudo-second-order kinetic constants for TC 
adsorption on Fe3O4 and Fe3O4@SiO2

Pseudo-first-order Pseudo-second-order

qe  

(g/mg)
k1  

(g/mg h)
R2 qe 

(g/mg)
k2 
(h–1)

R2

Fe3O4 48.09 2.434 0.985 50 0.057 0.997
Fe3O4@SiO2 50.71 1.43 0.965 76.92 0.014 0.998
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Fig S1. Uv-visible curve of tetracycline at the concentration of 
20 ppm.

Fig S2. Calibration curve of tetracycline for UV visible analysis.


