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a b s t r a c t
This study was conducted to investigate the application of activated carbon magnetic nanopar-
ticles (AC-MNPs) as an adsorbent to remove metronidazole (MTZ) from aqueous solutions. 
Response surface methodology (RSM) using R software was employed to investigate the influ-
ence of operating parameters on the performance of AC-MNPs in the removal of MTZ. The 
obtained experimental data for AC-MNPs were tested with three RSM models. According to 
the obtained results of ANOVA, experimental data  agreed with second-order model. The maxi-
mum removal efficiency (100%) was obtained under selected conditions (pH, 3.0; AC-MNPs dos-
age, 1.05  g/L; contact time, 90  min; MTZ concentration, 10  mg/L). The Freundlich isotherm and 
the pseudo-second-order kinetic models indicated reasonable correlation with the experimental 
data. The maximum adsorption capacity was 95.06 mg/g. Thermodynamic studies identified that 
MTZ adsorption onto AC-MNPs is spontaneous and endothermic. AC-MNPs show easy regen-
eration and good potential reusability, and its adsorption efficiency was preserved effectively 
even after five successive cycles of use. Therefore, AC-MNPs could be considered as an excellent 
adsorbent in the treatment of antibiotics and other organic pollutants.
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1. Introduction

In recent years, presence of antibiotics in the effluent 
of water and wastewater plants has received much atten-
tion [1]. This problem can affect the environment, eco-
system and quality of public health [1]. Antibiotics can 
cause irreversible long-lasting changes in the genome of 
microorganisms, making them resistant even to low con-
centrations [2]. Negative effects of antibiotics on human 
and animal reproductive system also have been reported 
[3]. Metronidazole (MTZ) with the chemical formula of 
C6H9N3O3 is one of the most commonly used antibiotics, 

which has anti-inflammatory and antibacterial properties 
[4]. This antibiotic is classified as a nitroimidazole and 
is used in the treatment of infectious diseases caused by 
anaerobic bacteria and protozoa. Low degradability, high 
solubility in water and accumulation in the environment 
are three characteristics of MTZ, which cause the removal 
of this antibiotic difficult from water by ordinary methods 
and sometimes impossible [2]. Therefore, according to the 
properties of MTZ and its adverse effects, it is necessary to 
control and remove this contaminant before it enters into 
water resources [5]. There are various alternatives to elimi-
nate the medicinal compounds from aqueous environment. 
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These methods are adsorption [6], bioadsorption [7], mem-
brane filtration (reverse osmosis or ultrafiltration) [8], 
advanced oxidation processes based on ozone [9], Fenton 
and photo-Fenton [5], irradiation (such as ultraviolet light 
or ultrasound) [10], photocatalysis using nanomaterials or 
advanced oxidation hybrid processes (such as O3/UV/TiO2 
and O3/H2O2) [4,11,12]. However, these methods have dis-
advantages that limit their application. Adsorption can be 
very effective even at very low concentrations (less than 
1.0  mg/L of contaminant) [13]. In the removal of organic 
contaminants from water and wastewater, activated carbon 
(AC) has been widely used [7]. Activated carbon has high 
adsorption capacity and porosity for the removal of the 
specific organic matter such as antibiotics [14]. However, 
the application of powder adsorbents such as powdered 
activated carbon (PAC), due to difficulties encountered in 
separation and regeneration processes, has been limited. In 
the most previous studies, adsorbent separation was per-
formed using filtration, centrifugation, decantation and 
precipitation methods [1,15]. Recently, magnetic separa-
tion method, due to its low cost, simplicity, fast separation 
and high performance has been widely used [16]. A satu-
rated adsorbent is easily separated from aqueous solutions 
using a magnet. In this regard, various adsorbents such 
as zeolites, activated carbon fibers, ion exchange resins 
and even nanoparticles have been magnetized. Here, acti-
vated carbon magnetic nanoparticles (AC-MNPs), which 
combine the adsorption features of PAC with the excellent 
catalytic properties of Fe3O4 nanoparticles, were fabricated 
by a chemical co-precipitation technique. Studies related 
to adsorption of the antibiotics over the activated carbon 
have been reported very little in the literature [1]. The use 
of optimization techniques to improve process efficiency 
and minimize operational costs and time is quite essential. 
The classical optimization method (changing one factor 
and fixing others) due to lack of depicting the interactive 
effects of all the involved factors cannot be a precise and 
reliable method as expected. The response surface method-
ology (RSM) using R software can be a way to solve this 
problem. Because this method has the benefits of reduced 
operational costs, time and also includes the effect of all 
the factors involved in the adsorption process simultane-
ously. Therefore, the multivariable model (RSM) using 
the R software was applied to evaluate the AC-MNPs per-
formance to remove MTZ from aqueous solutions.

2. Materials and methods

2.1. Materials and devices

All chemicals and reagents, including iron(III) chlori-
dehexahydrate (FeCl3·6H2O), iron(II) chloride (FeCl2·4H2O), 
MTZ (C6H9N3O3, 98%), nitric acid (HNO3, 1.0 N), ammonia 
(NH3, 25%), and activated carbon powder were of analyti-
cal grade and were purchased from Merck Co. (Germany). 
Deionized water was used during the experiments. High 
performance liquid chromatography (Cecil 4100 Power 
stream Interface, England and operated with mobile phase 
of acetonitrile and distilled water (volume ratio 30:70) and 
a flow rate of 1.0  mL  min–1) was used to determine MTZ 
concentration in the solution. The pH was measured using 

Metrohm pH meter (model-827, Swiss). Shaker incuba-
tor (n-BioTEK NB-205) was used for mixing of solution. 
A magnet (1.3  Tesla) was used to isolate activated carbon 
magnetic nanoparticles.

2.2. Preparation of magnetic activated carbon

The chemical co-precipitation technique of Fe2+ and Fe3+ 

ions in the presence of activated carbon powder was applied 
to synthesize the AC-MNPs. For this purpose, 2.0  mL of 
nitric acid solution was mixed with 98  mL distilled water; 
then 10 g of activated carbon powder (incubated for 30 min) 
was gradually added to the solution. Then, the adsorbent 
was washed several times with distilled water to neutralize 
the acidic state and then was dried in the oven at 80°C for 
24 h. In order to ensure the dispersion of activated carbon, 
the solution was sonicated for 20 min by sonication. Finally, 
in order to put iron oxide nanoparticles on activated car-
bon, 8.0 g of FeCl3 and 2.5 g of FeCl2 were added to the pre-
vious mixture. The mixture was placed on a heater. 50  mL 
ammonia (25%) was gently added and the mixture was 
re-mixed by ultrasound in the presence of nitrogen gas at 
the temperature above 70°C (200 rpm) for 2.0 h. At the end 
of the addition phase, the mixture temperature was raised 
to 90°C and stirred for 1 h. After completion, the resulting 
mixture was de-oxygenated four times with distilled water 
and washed once with ethanol. After neutralization of pH, 
the supernatant was removed and the residue was placed 
in the oven at 70°C for 5.0 h. Finally, after powdering and 
crystallizing of the nanoparticles in the presence of magnetic 
field, they were placed in a desiccator for dehumidification.

2.3. Magnetic activated carbon characterization

X-ray diffraction (XRD) patterns of AC-MNPs were 
collected by XRD measurement (Bruker, D8 Advance, 
Germany), with a radiation-producing copper anode (Cu-
Kα) at 40 kV, 30 mA and 25°C. The scanning electron micros-
copy (SEM) at 15 keV was applied to investigate the surface 
morphologies of AC-MNPs. The shape and size of AC-MNPs 
were studied by transmission electron microscopy (TEM) at 
100  keV. Brunauer–Emmett–Teller (BET) analysis, surface 
area, pore volume and pore size of Fe3O4, activated carbon 
and AC-MNPs were performed by Pore Size Determination 
(BJH) resorption method in N2 medium at 77°K on autosorb 
surface area analyzer (Autosorb, Quanta Chrome Crop). 
The nanoparticles were degassed at 200°C under vacuum 
for 24 h (to remove the moisture). The magnetic properties 
of adsorbent were determined by vibrating sample magne-
tometer (VSM) method and with a VSM (MDKFD, Iran). 

2.4. Adsorption experiments

Stock solution of MTZ was prepared by dissolving MTZ 
(10 mg) in methanol and deionized water; then transferred 
into a volumetric flask (100 mL). The solution was kept in 
the refrigerator until use. The desired concentrations of 
MTZ were prepared from this stock solution. Before each 
experiment, the solution pH was adjusted by the use of 
H2SO4 or NaOH (0.1  M). There are many variables that 
affect MTZ adsorption, including solution pH (3.0–11), 



A. Sheikhmohammadi et al. / Desalination and Water Treatment 222 (2021) 354–365356

the AC-MNPs dosage (0.1–2.0  g/L), the contact time (5.0–
90  min), and initial MTZ concentration (10–100  mg/L). 
Eqs. (1) and (2) calculated the amount of MTZ removal and 
the amount of MTZ uptake (qe) at the equilibrium concen-
tration was obtained, respectively [2]: 

Removal %( ) = −
×

C C
C

e0

0

100 	 (1)

q
C C V

We
e=

−( ) ×0 	 (2)

where C0 and Ce are initial Ce and final MTZ concentra-
tion (mg/L), respectively. V and W are the volume of the 
solution (L) and the mass of the AC-MNPs (g), respectively.

2.5. Factorial experimental design

The RSM using CCD (the R software was used for this 
purpose) was applied as a useful statistical tool to consider 
the interaction effect of independent factors and depen-
dent response. The CCD in the R software is an orthogonal 
design consisting of a factorial two-level design (with 2k 
points that form the base design) to which is added a ‘star’ 
design (axial points) with 2k points plus centre points, 
where k is the number of variables. Four parameters were 
considered in this study; therefore, the design of runs was 
done with involving these variables (Tables 1 and 2). After 
the design of runs, data coding was done and data were 
fitted with three models including first-order model (FO), 
first model with interaction (FI) and second-order (SO) 
model. The best model was selected according to ANOVA 
analysis (the lower p-value, higher F-value, higher R2 and 
insignificant lack of fit). Then the final equation in terms 
of the coded factors was obtained by regression analy-
sis of the selected model. After that, optimization pro-
cess was done using the obtained formula and its results 
are presented in Table 2. Finally, contour plots were 
designed with involving two-way interaction response 
obtained by regression analysis of selected model.

3. Results and discussion

3.1. Magnetic activated carbon characterization

XRD analysis was used to identify the constituent 
phases and the structure of the AC-MNPs and the results are 
shown in Fig. 1.

For the activated carbon (AC), the broad peak at 2q= 22° 
can be assigned to the characteristic reflection of carbon 
amorphous nature. As is evident, the Fe3O4 XRD patterns 
included five distinctive peaks at 2θ of 30.2°, 35.7°, 43.3°, 
53.9°, and 63.2°, which correlate with the (220), (311), (400), 
(511), and (440) crystal planes, respectively. These XRD 
peak positions were in accordance with the standard pat-
tern (JCPDS No. 19-0629), indicating pure iron oxide mag-
netite with inverted spinal cube structure [17]. In addition, 
all of the peaks were observed in AC-MNPs (Fig. 1). This 
indicates that the method of making magnetic activated 
carbon has not changed the crystal structure of iron oxide 

nanoparticles. The approximate mean size of the nanopar-
ticles was calculated by placing the peak data of the 
AC-MNPs phase synthesized in Scherrer formula Eq. (3).

D K
=

λ
β θcos

	 (3)

where the mean size of the nano-absorbent is (D), the con-
stant number is equal to 0.89 (K), the wavelength of Cu-kα 
radiation is (λ = 1.54 Å), the main peak width is half of its 
intensity (in radians) (β) and the main peak position is in 
degrees (θ). 

In this study, the size of magnetic activated carbon 
nanoparticles synthesized in the main peak at position 
2θ ~ 35.7° was 52.3. Shape, size and morphology of par-
ticles were determined by SEM. Analysis of SEM (Fig. 2) 
proved the presence of Fe3O4 nanoparticles with spher-
ical nanoscale structures (in the range of 36.2–49.5  nm; 
Fig. 2a) and AC-MNPs with less agglomerated surface 
and structure of non-uniform (in the range of 40.2–
55.5 nm; Fig. 2b). According to TEM image (Fig. 3), Fe3O4 
nanoparticles have a cubic structure and relatively dis-
tributed in a uniform way on the surface of AC. Also 
based on TEM results, size of AC-MNPs was estimated to 
20–35 nm that was consistent with XRD analysis.

The magnetic effect of the magnetically synthesized 
activated carbon and Fe3O4 nanoparticles is shown in 
Fig. 4. The magnetization of AC-MNPs was 24.93  emu/g, 
which showed a reduction in magnetization compared 
with 46.65  emu/g for Fe3O4 nanoparticles. This reduc-
tion is probably due to the coating created and the mag-
netic effects of the coating reduced. Finally, the results of 
magnetometry test show confirmation of para-magnetic 
property of the synthesized AC-MNPs. 

Table 3 depicts BET analysis, surface area, pore volume 
and pore size of Fe3O4, activated carbon and AC-MNPs. 
The results illustrated that the AC-MNPs composite, with 
an average diameter of 42.67  nm, falls into the mesopore 
category, according to IUPAC classification of pore size 
(Mesopore [2  <  d  <  50  nm]) [18]. Also, it is found that AC 
has a very small surface area (8.0  m²/g) with pore vol-
ume (0.0057 cm³/g) and Fe3O4 nanoparticles have a surface 
area (85  m²/g) with pore volume (0.035  cm³/g; Table 3). 
Subsequently, the surface area of synthesized magnetic acti-
vated carbon nanoparticles increased (60  m²/g) with pore 
volume (0.0297 cm³/g), which increased the ability to adsorb  
pollutants.

3.2. Results in the response surface model

The obtained data from experiments were fitted with 
three RSM models (FO, FI and SO). Table 4 presents com-
parison of the different RSM models. According to Table 4, 
the FO, FI models indicated significant lack of fit, whereas 
the value of lack of fit for SO model was insignificant. 
Given that, value of the lack of fit must be insignificant in 
a well-fitted model; the FO and FI models (due to signifi-
cant lack of fit) did not indicated the satisfactory agreement 
with the experimental data. According to ANOVA anal-
ysis (Table 5), SO model due to the lower p-value, higher 
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F-value and higher R2 than those of the FO and FI models 
indicated a satisfactory agreement with the experimental 
data. Therefore, this model (SO) was selected for prediction 
and optimization of experimental data. As shown in Table 
5, SO model includes first-order response (X1, X2, X3, X4), 
two-way interaction response (X1, X2, X3, X4) and full sec-
ond-order response (X2, X3, X4). The final equation in terms 

of the coded factors was obtained by regression analysis of 
the selected model (Table 5). Also regression analysis of the 
SO model indicated that the terms of X1, X2, X3, X4, X1: X3, X1: 
X4, X2: X3, X2

2 and X3
2 have the important role in the adsorp-

tion process and can be included in the final equation (Table 
6). Although, the influence of the terms (X2, X3, X1: X3, X1: 
X4) and (X1, X4, X2: X3, X2

2, X3
2) on the adsorption of MTZ 

Table 2
Central composite design matrix with uncoded values of the variables

Sl. no. Uncoded values % Removal 

X1 X2 X3 X4 Expt. (g) Pred. (g)

Lower Fit Upper

1 10 0.1 5 3 28 27.53813 21.22505 33.85122
2 10 1.05 5 7 35.02 36.22411 30.01854 42.42968
3 55 1.05 47.5 7 60.2 59.32857 54.36798 64.28917
4 55 1.05 47.5 7 61.3 59.32857 54.36798 64.28917
5 10 0.1 47.5 3 64.5 64.82168 59.09274 70.55061
6 10 2 47.5 3 93.5 96.55501 90.82607 100
7 10 2 90 3 100 98.77352 92.40322 100
8 10 1.05 90 7 80.08 78.87589 72.67032 85.08146
9 55 1.05 47.5 7 58.2 59.32857 54.36798 64.28917
10 55 1.05 47.5 7 59.3 59.32857 54.36798 64.28917
11 10 1.05 90 3 98 99.65569 94.06752 100
12 10 1.05 47.5 11 55 53.79589 47.59032 60.00146
13 55 1.05 47.5 7 62.3 59.32857 54.36798 64.28917
14 55 1.05 47.5 7 59.5 59.32857 54.36798 64.28917
15 10 1.05 90 11 63.01 64.21411 58.00854 70.41968
16 55 1.05 47.5 7 58.9 59.32857 54.36798 64.28917
17 10 0.1 90 3 77 77.14019 70.76989 83.51049
18 10 2 5 3 71.2 69.37147 63.05838 75.68455
19 10 1.05 90 3 97 99.65569 94.06752 100
20 55 1.05 90 3 86.02 88.48353 83.26826 93.69881
21 100 1.05 90 3 78 77.31138 71.08367 83.53908
22 55 1.05 5 3 34.12 35.20629 28.85722 41.55536
23 55 1.05 47.5 3 76.5 74.32743 68.66586 79.98900

Table 1
Actual and coded values of independent variables used for experimental design

Variable Symbol Coded level  
(AC-MNPs)

–1 0 +1

Real values

Metronidazole concentration (mg/L) X1 10 55 100
AC-MNPs dose (g/L) X2 0.1 1.05 2
Time (min) X3 5 47.5 90
pH X4 3 7 11

AC MNPs: activated carbon magnetic nanoparticles.
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by AC-MNPs was synergic and antagonistic, respectively. 
According to regression analysis of the SO model, the final 
equation in terms of the coded factors can be written as fol-
lows (Eq. (4)):

Y �= 59.32857 – 10.70394X1 + 15.86667X2 + 28.21348X3  
– 13.43232X4 + 6.88759X1:X3 + 8.27528X1:X4  
– 5.05 X2:X3 – 11.69883X2

2 – 12.48252X3
2	 (4)

After that, optimization process was done using the 
obtained formula and results are presented in Table 2. As 
achieved results, the optimum predicted conditions (with 
considering the maximum removal efficiency (100 %)) for SO 

Fig. 1. X-ray diffraction analysis of activated carbon magnetic 
nanoparticles and its ingredients.

Fig. 3. Transmission electron microscopy images of activated car-
bon magnetic nanoparticles.

(a) (b)

Fig. 2. Scanning electron microscopy images of (a) Fe3O4 nanoparticles and (b) activated carbon magnetic nanoparticles.

Table 3
BET analysis, surface area, pore volume and pore size of Fe3O4, AC and AC-MNPs

Material Surface area (m2/g) Pore volume (cm3/g) Pore size (Å)

Fe3O4 85 0.035 4.242
AC 8.0 0.0057 4.021
AC MNPs 60 0.0297 4.267

AC: activated carbon; AC MNPs: activated carbon magnetic nanoparticles.
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model were achieved at pH, 3.0; AC-MNPs dosage, 1.05 g/L; 
contact time, 90 min and MTZ concentration, 10 mg/L.

In the following, the model adequacy and reliabil-
ity was also assessed using actual and predicted values. 
As observed in Fig. 5, it was confirmed that the predicted 
values are close to the actual values. 

3.3. Description of 3D plots

The interactive effect is very critical in the adsorp-
tion of pollutant on the adsorbent. Fig. 6a revealed the 

interactive influence of reaction time and adsorbent mass 
on the removal performance of MTZ by AC-MNPs. It was 
observed at the constant time of 40 min, with increasing the 
adsorbent dosage from 0.5 to 2.0  g/L, the removal perfor-
mance incremented and reached from 40% to 70%. Also at 
the constant AC-MNPs dosage, improvement in the per-
formance was revealed with increasing the contact. This 
phenomenon can be related to availability of larger number of 
sorption sites to adsorb MTZ and also increase in adsorption 
capacities (as a higher amount of adsorbent was used). The 
increase of removal performance at the promoted contact 
time can be interpreted to that with increasing contact time; 
the chance of collision of pollutant with adsorbent is ele-
vated, causing a direct effect on the adsorption performance. 

Table 4
Comparison of different models of RSM for fitting a response surface model

Models Multiple  
R-squared

Adjusted  
R-squared

F-statistic p-value Lack of fit

FO 0.91 0.89 46.39 on 4 and 18 DF 3.044e-09 6.847e-05
FI 0.94 0.91 28.87 on 8 and 14 DF 2.049e-07 8.960e-05
SO 0.99 0.98 183.9 on 11 and 11 DF 8.036e-11 0.065

Fig. 4. Vibrating sample magnetometer images of activated car-
bon magnetic nanoparticles.

Fig. 5. Adequacy plots of the fitted model for the MTZ 
adsorption by activated carbon magnetic nanoparticles.

Table 5
Analysis of variance for the second-order model

Model formula in RSM DF Sum of squares Mean square F-value Probability (P)

First-order response (X1, X2, X3, X4) 4 8,239.1 2,059.76 463.4218 3.549e-12
Two-way interaction response (X1, X2, X3, X4) 4 282.7 70.69 15.9035 0.0001521
Full second-order response (X2, X3, X4) 3 467.6 155.88 35.0714 6.327e-06
Residuals 11 48.9 4.44 – –
Lack of fit 4 33.0 8.25 3.6331 0.0658636
Pure error 7 15.9 2.27 – –
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Table 6
Regression analysis of the second-order model

Uncoded values

Model term Coefficient estimate Std. error t-value p-value

(Intercept) 59.32857 0.79684 74.4547 3.191e-16
X1 –10.70394 2.18338 –4.9025 0.0004698
X2 15.86667 0.86069 18.4349 1.279e-09
X3 28.21348 1.83267 15.3947 8.668e-09
X4 –13.43232 3.10358 –4.3280 0.0011985
X1:X3 6.88759 1.55644 4.4252 0.0010196
X1:X4 8.27528 3.07766 2.6888 0.0210736
X2:X3 –5.05000 1.05412 –4.7907 0.0005617
X3:X4 1.77171 1.53621 1.1533 0.2732317
X2

2 –11.69883 1.99462 –5.8652 0.0001085
X3

2 –12.48252 1.38197 –9.0324 2.024e-06
X4

2 3.87157 2.52731 1.5319 0.1537892

(a) (b)

(c)

Fig. 6. 3D plots (a) time and adsorbent dosage, (b) time and MTZ concentration, (c) pH and initial MTZ concentration.
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On the other hand, it is observed that the adsorption rate 
at early contact times is higher, which could be assigned 
to further availability to surfaces and pores of the adsor-
bent at early contact times, and lower availability to that at 
higher contact times due to occupancy of the surface with 
the pollutant [19]. As Fig. 6b shows, increase in the MTZ 
concentration (with fixing other factors) resulted in decrease 
of removal performance, whereas increase of contact time 
improved the MTZ removal rate. This manner can be due to 
decrease of the sorption capacity of AC-MNPs by increas-
ing the MTZ concentration. Also reason of the MTZ removal 
improvement with increasing the contact time (at the fixed 
MTZ concentration) can be due to applying the internal 
parts of the adsorbent for MTZ sorption. In contrast, because 
of the increase of collision chance of the MTZ to the adsor-
bent surface in the higher MTZ concentration, the adsorp-
tion capacity is expected to increase. This occurrence can be 
explained in this way that with increasing initial concentra-
tion, the driving force for mass transfer is enhanced, caus-
ing the increase of the transfer velocity of MTZ molecules 
from the solution to the surface water layer surrounding the 
absorbent, and subsequent velocity increase of the transfer 
of MTZ molecules to the porous spaces of the adsorbent. 
Therefore, with increase of the MTZ concentration, the 
adsorption amount per mass unit of the AC-MNPs is ele-
vated [19]. As Fig. 6c shows, at the constant concentration of 
MTZ (40 mg/L), with increasing pH from 4.0 to 10, removal 
performance was diminished from 80% and reached to 60%. 
Solution pH has the important role in controlling the reaction 
rate and can affect the adsorption process. The modification 
of the surface of AC by Fe3O4 nanoparticles can change the 
surface properties of AC and its zero point charge (pHzpc). 
In AC-MNPs, zero point charge is 6.6 (Fig. 7). Accordingly, 
adsorbent surface is positively charged at pH < pHzpc while 
it became negative at pH > pHzpc [16]. Also, MTZ has elec-
tron-rich aromatic rings tending to be adsorbed on the posi-
tively charged surface of adsorbent. Considering the pKa val-
ues of MTZ (pKa1 = 2.55) [20], it is assumed that ionic species 
of MTZ vary from neutral charge at acidic pH values to neg-
ative charge at neutral and alkaline pHs, which confirms the 
acceleration in the adsorption efficiency of MTZ. However, in 
the neutral and acidic pHs of the solution, there is not an elec-
trostatic repulsing force, and the Van der Waals attraction, 
hydrophobic interaction and hydrogen bands can be sug-
gested to be the main agents of increase in the removal per-
formance. It worth noting that the MTZ molecules and OH− 
at base pHs compete to each other to occupy the adsorbent 
surface, so that it might be affective in decreasing the removal 
performance [21]. Tang et al. [22] reported that adsorption 
of ciprofloxacin and norfloxacin on the reduced graphene 
oxide/magnetite composites (RGO-M) was strongly depen-
dent on pH. Similar adsorption behaviors for MTZ and other 
antibiotics have been reported by other researchers [3,23].

3.4. Adsorption isotherms of MTZ onto AC-MNPs

Reaction description of pollutant with adsorbent was 
depicted by adsorption isotherms. For this purpose, two 
isotherm models including Langmuir and Freundlich were 
tested to survey the adsorption performance. Langmuir 
and Freundlich models are based on homogeneous 

(single-layer) and heterogeneous (multi-layer) adsorption, 
respectively. The linear forms of Langmuir and Freundlich 
models are expressed in Eqs. (5) and (6), respectively [24,25].

C
q k q

C
q

e

e f m

e

m

= +
1 	 (5)

ln ln lnq k
n

Ce f e= +
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







1 	 (6)

where qm (mg/g) is the maximum amount of adsorbed 
MTZ per mass unit of adsorbent, kl (L/mg) is the Langmuir 
adsorption constant, Ce (mg/L) is the equilibrium concentra-
tion of MTZ in solution, kf (mg/g (L/mg)1/n) is the constant 
related to the adsorption intensity and n is the constant 
related to the adsorption capacity. The value of qm (the 
maximum amount of MTZ adsorption onto AC-MNPs) 
was calculated to be 95.05  mg/g at 25°C (Table 7 and 
Fig. 8). It was revealed that the Freundlich isotherm model 
(R2 > 0.98) and n > 1 (Table 7) can be an appropriate model 
than the Langmuir [18,26]. Therefore, it was proved that 
the adsorption of MTZ onto AC-MNPs can be multi-layer.

Table 7
Isotherm parameters of MTZ adsorption onto of activated car-
bon magnetic nanoparticles

Isotherm 
equation

Isotherm 
parameters

Temperature (°C)

25 35 45

Langmuir

qm (mg/g) 95.06 53.76 46.06
kf 0.25 0.28 0.35
RL 0.073 0.053 0.065
R2 0.927 0.935 0.958

Freundlich
n 2.66 2.57 2.38
kf (mg/g (L/mg)1/n) 20.81 12.83 10.68
R2 0.982 0.992 0.995

Fig. 7. pHzpc of activated carbon magnetic nanoparticles.
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3.5. Adsorption kinetics of MTZ onto AC-MNPs

The adsorption kinetics of MTZ onto AC-MNPs was 
analyzed by two kinetic models including pseudo-first- 
order and pseudo-second-order (Eqs. (7) and (8)) [27,28]:

Pseudo-first-order model:

ln lnq q q k te t e e−( ) = − 	 (7)

Pseudo-second-order model:

t
q k q

t
qt f e e

= +
1

2 	 (8)

where qt (mg/g) is the MTZ absorbed at t time, qe (mg/g) 
is the MTZ absorbed at the equilibrium time, ke (1/min) is 
the constant of first-order absorption and kf (g/(mg min)) is 
the constant of second-order absorption. It was revealed 
that pseudo-second-order model with R2 values of above 
0.99 at all initial MTZ concentrations (Table 8) can be 
appropriate model than the first-order model. In addi-
tion, with regard to the maximum regression coeffi-
cients, the pseudo-second-order model can be applied 
to determine the adsorption capacity (qcal), which is 
consistent with the corresponding experimental value 
(qexp). Consequently, the pseudo-second-order model is 
the appropriate model for describing MTZ adsorption 

onto the AC-MNPs. This suggests that the adsorption 
of MTZ on AC-MNPs is chemisorption in nature [29].

3.6. Thermodynamic study

Thermodynamic study of MTZ adsorption onto AC- 
MNPs was conducted according to Eqs. (9)–(11) [28] and 
results are presented in Table 9.

∆G RT Kc° = − ( )ln 	 (9)

lnK S
R

H
RTc =

°
−

°∆ ∆
	 (10)

K
q
Cc
e

e

= 	 (11)

where ΔG°(kJ/mol) is the free energy change, T (K) is the 
solution temperature, R (J/mol/K) is the universal gas con-
stant (8.314 J/mol/K), ΔH° (kJ/mol) is the standard enthalpy, 
ΔS° (J/mol/K) is the standard entropy and Kc (L/g) is the 
equilibrium constant of the adsorption. The values of 
negative ΔG°, positive ΔH° and positive ΔS° indicated 
MTZ adsorption process onto AC-MNPs is spontaneous, 
endothermic, and increase the disorder at the liquid–
solid interface with increasing temperature, respectively.

(a)

(b)

Fig. 8. Langmuir (a) and Freundlich (b) isotherms of MTZ adsorption onto of activated carbon magnetic nanoparticles.

Table 8
Kinetic parameters of MTZ adsorption onto activated carbon magnetic nanoparticles

Kinetic model Kinetic parameters MTZ concentration (mg/L)

10 25 50 100

Pseudo-first-order qexp (mg/g) 82.04 45.32 23 10.2
qe (mg/g) 1.29 3.47 7.07 14.32
ke (1/min) 0.0033 0.0036 0.0039 0.0039
R2 0.883 0.722 0.742 0.7251

Pseudo-second-order
qe (mg/g) 95 50 25.64 13.33
kf (g/(mg min) 0.21 0.071 0.027 0.011
R2 0.998 0.999 0.998 0.997
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3.7. Comparison with literature results

The maximum AC-MNPs adsorption capacity (qm) was 
compared with MTZ adsorption capacities for various 
reported adsorbents (Table 10). As tabulated in Table 10, the 
AC-MNPs had a higher adsorption capacity (95.06  mg/g) 
compared with other processes. 

3.8. Recycling and regeneration of the adsorbent

The AC-MNPs were used for MTZ adsorption and 
recycled for five consecutive adsorption runs. According 
to Fig. 9, the MTZ removal percentage by AC-MNPs 

reduced from ~100% to 90.5% after five recycling cycles. 
In other words, the AC-MNPs could be adopted for the 
elimination of MTZ from aqueous solutions for five cycles 
if the removal efficiency above 90.5% is expected. Moreover, 
desorption by HCl was more efficient than desorption by 
NaOH in all adsorption–desorption runs. In the first and 
fifth desorption steps, the HCl desorption solution resulted 
in >82.2% and 50.3% MTZ desorption from the AC-MNPs, 
while the NaOH desorption solution gave 36% and 
19.2% MTZ desorption, respectively. The high efficiency 
of HCl in desorbing MTZ from the AC-MNPs can be a 
consequence of AC-MNPs surface protonation by this acid. 

Table 9
Thermodynamic parameters of MTZ adsorption onto activated carbon magnetic nanoparticles

ΔH°ΔS°ΔG°Concentration  
(mg/L) 318°K308°K298°K

144.4059499.2557–4.2017–5.87052–5.6799210
28.03481106.3361–1.69697–2.46386–0.7153325
32.60751116.56231.3167731.0284491.20319150
17.5259161.52363.038732.4162042.569041100

Table 10
Maximum adsorption capacity of some adsorbents for antibiotics removal from aqueous solutions

Research number Adsorbent (Antibiotic) types Removal time qm (mg/g) Reference

1 Activated carbon (Sulfamethazine) 12 h 3.07 [30]
2 Activated carbon modified by Fe3+ (Sulfamethazine) 12 h 17.24 [30]
3 Activated carbon (sulfamethoxazole) 290 min 95.96 [31]
4 Activated carbon (metronidazole) 150 min 77.66 [31]
5 MWCNTs (levofloxacin) 80 min 9.8 [32]
6 MWCNTs (metronidazole) 80 min 4.8 [32]
7 Concrete-containing graphene (metronidazole) 60 min 54.35 [33]
8 Powder activated carbon (metronidazole) 60 min 0.076 [33]
9 Activated carbon magnetic nanoparticles (metronidazole) 90 min 95.06 This work

Fig. 9. Efficiency of fresh and regenerated activated carbon magnetic nanoparticles in the removal of MTZ. HCl and NaOH were used 
as the desorption solutions.
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4. Conclusions

In the present study, Fe3O4@activated carbon (AC-MNPs) 
was synthesized and characterized as a composite to 
adsorb of MTZ from aqueous solutions. RSM-based mod-
eling using R software was employed to investigate the 
influence of the operating parameters on the performance 
of AC-MNPs in the removal of MTZ. According to ANOVA 
analysis, SO model was selected as only appropriate model 
for prediction and optimization of experimental data. The 
maximum removal efficiency (100%) was obtained at pH, 
3.0; AC-MNPs dosage, 1.05  g/L; contact time, 90  min and 
MTZ concentration, 10  mg/L). Results indicated that the 
adsorption of MTZ onto AC-MNPs follows the Freundlich 
isotherm, and the maximum adsorption capacity was 
obtained as approximately 95.06  mg/g. Thermodynamic 
studies identified endothermic nature of the adsorption 
process. Finally, it can be concluded that the AC-MNPs 
can be considered as promising adsorbent to be utilized 
in adsorption process of MTZ pollutants and similar com-
pounds from aquatic environments.
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