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ABSTRACT
The present study was done to synthesise an adsorbent, i.e. mag-
netic graphene oxide (MGO) nanocomposite, which was per-
formed based on a facile precipitation method and was utilised 
in experiments for removing amoxycillin (AMX). The characteris-
tics of the prepared adsorbent were defined based on commonly 
utilised analyses (SEM, XRD, BET, TEM, FTIR, VSM, and pHpzc). 
According to kinetic studies, the PSO model was found as an 
applicable model for describing data. Moreover, the two-step 
diffusion process, i.e. diffusion in the boundary layer and the 
porous structures, was perceived for the evaluated process 
based on the IPD model. The isotherm models, including 
Langmuir, Freundlich, Temkin, and D–R, were employed for fitting 
data and calculating AMX adsorption capacity, among which 
Langmuir was the best one; using this model, the maximum 
adsorption capacities for MGO were 91.4, 103.9, 112.3, and 122.5  
mg/g, which were achieved at 20, 30, 40, and 50°C. In addition, a 
feasible, spontaneous, and endothermic process was found for the 
adsorption of AMX ions, according to thermodynamic studies. The 
highest percentage of removal (100%) was obtained for the initial 
concentration of 25 mg/L at 50°C using the adsorbent dose of 1.5  
g/L at a pH of 5 and a contact time of 90 min. The values of 74.4  
m2/g and 27.74 emu/g were detected for the specific surface area 
and saturation magnetisation values of the MGO, respectively. The 
overall results were representative of the suitability of the MGO as 
an adsorbent for removing AMX from aqueous media.
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1. Introduction

This century has been associated with environmental pollution as a crucial problem that has 
been aroused from technological progress [1,2]. At the beginning of the twentieth century, 
antibiotics for curing the disease were replaced with the traditional way for this purpose; 
plants and moulds with antibiotic-like properties have been common substances used by 
different cultures of the ancient era for treating the disease [3,4]. As an extensively used 
drug in treating humans and animals, antibiotics have recently become a serious concern 
due to their pollution potential, which is aroused from excreting a large fraction of the un- 
metabolised form of these substances [5,6].

The entrance of the mentioned compounds through wastewater of pharmaceutical 
companies and hospitals into surface or underground water has been found to be asso-
ciated with severe hazards. In addition to the fact that they are a threat to the environment, 
the risk of microorganism resistance after their release into the environment is considered 
another important risk; this leads to the loss of their curing properties and the incidence of 
another problem due to microorganism resistance [7,8].

An extensively used compound of this group is AMX (a broad-spectrum beta-lactam 
antibiotic belonging to the penicillin class). It is utilised for treating gastrointestinal and 
systemic infections caused by bacteria [9]. Human prescription of this antibiotic is also done 
against bacterial infections. Considering the recent reports on domestic wastewater and 
industrial wastewater, concentrations in the range of ng/L to mg/L have been detected [10]. 
Toxic effects might be induced by this antibiotic since it has a resistance and bioaccumula-
tion nature in the environment, which can lead to changes in the natural balance of 
ecosystems [11]. Based on the given information, treating the effluents containing AMX 
should be considered as an important subject before its discharge into the environment 
[12]. Removing AMX from wastewater has been evaluated using ion exchange, biological 
degradation, and adsorption using various kinds of adsorbents, etc., among which the 
adsorption process has found an extensive application for removing the pollutants [13]. In 
the application of the adsorption process, choosing an adsorbent with high efficiency and 
quick and easy separation after installation are two major challenges [14]. Active granulated 
carbons have been found as highly used adsorbing materials; however, there are problems 
in their application in terms of cost and regeneration [15]. Among the types of adsorbents, 
graphene oxide has a single-layer structure of carbon with a significant active surface, which 
is found densely and in the form of a crystalline honeycomb network [16].

Graphene is a unique form of carbon made up of a single layer of carbon atoms 
arranged in a hexagonal pattern [17]. It has a small overlap between the valence 
and conduction bands and is known as a semi-metal. In other allotropes of carbon 
(e.g. graphite, diamond, charcoal, carbon nanotubes, and fullerenes), this semi- 
metal exhibits a role as the basic structural element [18]. Graphite, when oxidised, 
can generate graphene oxide (GO), which boasts a single-atomic-layered structure. 
GO readily disperses and dissolves in numerous solutions, including water [19]. On 
the GO surface, epoxide, carboxyl, and hydroxyl groups are present [20]. In addi-
tion, this substance has a superior specific surface area, which has attracted 
remarkable attention for its application as an adsorbent for eliminating different 
pollutants in water and wastewater sources [21,22]. However, suffering from a 
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drawback, i.e. the separation after utilising in the adsorption process, has been 
reported based on conducted studies [23]. There are methods for its separation 
from a solution such as filtration and centrifugation, but these methods have been 
found to be associated with issues in terms of cost, energy, and manpower losses 
[24]. Thus, we magnetised the GO in the present study to facilitate its separation.

Since MGO has a magnetic feature, there is a significant simplicity in its separation 
after adsorption [25]. Nonetheless, its adsorption sites have been occupied by pollu-
tants, which restricts its direct reuse after separation and implies the need for a well- 
organised method for its regeneration [26]. In this case, a possible choice is thermal 
regeneration, which is restricted by high energy costs due to the need for high 
temperatures. Another environmentally friendly option known for this purpose is the 
biological regeneration method; however, the use of this method is generally limited 
due to the long operation time caused by its low rate [27,28]. In addition, the 
utilisation of inorganic (acid, alkali, etc.) or organic solvents (ethanol, acetone, etc.) 
for washing has been found as another method for the regeneration of MGO; this 
method has also been found to be associated with drawbacks so that additional 
organic pollution is produced during the use of organic solvents, and large amounts 
of spent washing water are generated when washing process is done by inorganic 
solvents [29,30].

One of the recently utilised methods for the regeneration of adsorbent is the 
advanced oxidation process (AOP) based on persulphate (oxidation agents, e.g. per-
oxymonosulfate (PMS) and peroxydisulfate (PDS)) [31]. PMS has been found to be 
more effective than PDS in the mineralisation of pollutants due to having more activity 
raised by its asymmetric structure [32]. Utilising magnetic graphene-based materials in 
AOP has been associated with acceptable results in degrading pollutants. However, 
the water matrix features (e.g. inorganic ions and natural organic matter) have been 
found to be effective on persulphate-based AOP [33]. Furthermore, there was evidence 
of adverse effects associated with the direct use of persulphate-based AOP on the 
water quality, which is raised by the discharge of sulphate anions [34]. According to 
available documents, the use of the mentioned system, i.e. persulphate-based AOP has 
been capable of providing suitable results for the regeneration of activated carbons so 
that it has become an eye-catching approach in this case [35]. Since the MGO has the 
catalytic ability, PMS activation in the presence of spent MGO can lead to the remark-
able success of the regeneration process. Hence, a decrease in energy inputs is 
expected, which leads to the cost-effectiveness of the persulphate-based regeneration 
method [36].

Hence, MGO, as our desired adsorbent for removing AMX from the aqueous 
solution, was synthesised using the facile co-precipitation method. To provide 
detailed information on our conducted study, examining the isotherms, kinetics, 
and thermodynamics of adsorption and evaluating the effects of reaction tempera-
ture, contact time, pH, adsorbent, and AMX mass were also considered as sub- 
objective of the present study. The properties of the absorbent were fully investi-
gated. The effects of anions and cations were also done in this study. In addition to 
the regression coefficient, four error models were used to determine the isotherm 
and kinetics. Furthermore, the MGO was undergoing PMS oxidation at ambient 
temperature for evaluation of its regenerability.
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2. Materials and methods

2.1. Reagents

Analytical purity of Amoxycillin (AMX) was provided by Sigma-Aldrich (St Louis, MO, 82 
USA). After preparing the AMX stock solution, the desired concentrations were diluted 
using distilled water. The list of all the materials and devices, which were employed in this 
study is seen in Table 1.

2.2. Preparation of graphene oxide

The Staudenmaier method was used for the synthesis of graphene oxide in this study [21]. 
In addition, its schematic is shown in Figure 1. The working method is as follows: 1 g of 
graphite powder was added to a 50 ml Erlenmeyer flask containing 18 ml of sulphuric acid 
and 9 ml of nitric acid in an ice bath at 0°C and mixed completely. 10 g of potassium 
chlorate powder was added to the resulting sample and placed in a shaker at 0°C for 1 h. 
Then, the sample was placed on a shaker for an hour at room temperature and mixed 
completely. The obtained mixture was washed with double distilled water to neutralise 
the pH of the sample. The resulting material was dried in an oven at a temperature of 60° 
C, and at the end, the sample was ultrasonicated in a solution of water and ethanol with a 
volume ratio of 50% for two hours. In order to separate graphene oxide, a centrifuge with 
a speed of 3000 rpm was used for 15 min.

In order to produce iron oxide, 1.25 g of FeCl2 and 2.5 g of FeCl3 in a volumetric flask 
were brought to a volume of 150 ml with double distilled water and thoroughly stirred by 
a shaker at a temperature of 50°C. 12.5 ml of ammonia was slowly added to the sample. 
Then, the resulting sample was collected, washed with double distilled water and ethanol, 
and dried in an oven at 60°C for one hour. Then, 2 mg of Fe3O4 and 2 mg of graphene 
oxide were mixed in 20 ml of double distilled water and stirred in a shaker for 4 h. 
Magnetic graphene oxide was collected using a magnet, and finally, the sample was 
dried in an oven at 60°C. For the PMS oxidation method, the magnetically separated spent 

Table 1. List of instruments and materials.
Parameter Character/Value

Molecular structure
CAS number: 26787-78-0
Molecular formula: C16H19 N3O5S
Molecular weight: 365.4 g/mol
Solubility in water: 3430 mg/L at 20°C
Acid dissociation constant (pKa): 2.4 (carboxyl), 7.4 (amine) and 9.6 (phenol)

Sodium hydroxide (NaOH, ≥98%), hydrochloric acid (HCl, 37%) and ammonium 
chloride (NH4Cl, 30%). Sulfuric acid (H2SO4, ≥98%), Nitric acid (HNO₃, ≥65%), 
Potassium chlorate (KClO₃, ≥70%), Iron(II) chloride (FeCl₂.4 H₂O,), Iron (III) 
chloride (FeCl₃.6H₂O), CaCl2·6H2O, MgSO4·7H2O, NaNO3

Merck Group, Germany

TEM ZEISS LEO 912 AB
XRD A PHILIPS, PW1800 (Netherland)
VSM MDKFD instrument (Iran)
Scanning electron microscope (SEM) TESCAN MIRA3, Czech Republic
pH meter HANNA (model 211)
Fourier-transform infrared spectroscopy Nicolet 6700 FT-IR
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adsorbent was treated with 25 mL of 2-mM PMS for 2 h, washed with 25 mL of water to 
remove residual PMS, and then used for the next run.

2.3. Batch adsorption

200 mL glass flasks were employed for adsorption batch tests (30 + 2°C); in these flasks, 
there was 100 mL of AMX solution with different concentrations prepared in distilled 
water. After adding MGO adsorbent (1.5 g) to the flask, a 150 minute-stirring process using 
an orbital shaker was considered at 120 rpm. The pH = 5 was considered as the pH of the 
solution under study. The pH of the samples was adjusted using HCl and NaOH (0.1 N). 
When the adsorption process finished, several samples were withdrawn and analysed in 
terms of AMX concentration. The studies were conducted in a known time range (0–150  
min). Separation of MGO from solutions was first done using a magnet. After that, to 
ensure the complete MGO separation and avoid the interference of its fines in the 
analysis, a 0.45 μ- cellulose filter was used.

The pH at the point of zero charge (pHpzc) is an important parameter to get a better 
understanding of the surface adsorption mechanism. The pHzpc of the adsorbent was 
carried out using the simple solid addition method [25]. In brief, a solution of 0.2 mol/L 
NaCl was prepared and boiled to remove dissolved CO2 and then cooled to room 
temperature. The initial pH (pHi) of this solution was adjusted from pH 2 to 12 by adding 
either 0.1 mol/L HCl or 0.1 mol/L NaOH. MGO (0.2 g) was added to 100 mL of 0.1 mol/L 
NaCl solution in 100 mL conical flasks and stirred in a shaker at 180 rpm. Then, the final pH 
(pHf) of the solution was measured. The graph was plotted between the difference 
between the final and initial pH (pHf-pHi) against the initial pH (pHi), and the point of 
intersection of the two graphs was taken as the pHzpc of the MGO.

Figure 1. Schematic of synthesis of MGO by co-precipitation method.
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In this study, kinetic (PFO, PSO, and IPD) and isotherm models (Langmuir, Freundlich, 
Temkin, and D-R) were utilised for describing data. Moreover, thermodynamic studies 
were done based on calculating the ΔG°, ΔH°, and ΔS°.

In the case of all samples, determining their AMX concentration was carried out using 
HPLC (C18 ODS column) with a UV detector 2006 at 190 nm. A mixture of buffer phosphate 
(pH = 4.8) and acetonitrile (a volumetric ratio of 60/40) was the mobile phase. The 
injection flow rate was considered as 1 mL/min.

The following equations were the basis of determining the adsorption capacity (qe) 
and removal efficiency (R) of AMX (Equations (1) and (2)) [37]:  

Qe ¼
C0 � Ceð ÞV

M
(1) 

%R ¼
C0 � C eð Þ

C0
� 100 (2) 

2.4. Validity of adsorption isotherm and kinetic model

To confirm the fit model for the adsorption system, in addition to the regression coeffi-
cient, it is necessary to use error analysis for more emphasis. The calculated expressions of 
some error functions were determined using Equations (3)–(6) [38]:  

SSE ¼
X
ðqc � qeÞ

2 (3) 

SAE ¼
X
ðqc � qeÞ

2�
� (4) 

ARE ¼
ð
P
ðqc � qeÞ=qejj Þ

n
(5) 

ARS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P
½ðqc � qeÞ=qe�

2

n � 1

s

(6) 

Where n is the number of experimental data points, qc is the predicted (calculated) 
quantity of AMX adsorbed onto MGO according to the isotherm equations, and qe is 
the experimental data.

3. Results and discussion

3.1. Adsorbent specifications

As depicted by FTIR spectra in Figure 2(a), at approximately 3572 and 1590 cm−1, there are 
broad bands in all the samples, which are ascribed to the stretching and bending 
vibrations of -OH groups [22]. Moreover, in the GO patterns, a peak at 1692 cm−1 ascribed 
to the stretching vibration of C=O groups was detected, and in the pattern of Fe3O4, there 
were two peaks at 677 and 580 cm−1 attributed to Fe–O bonds. In addition, the presence 
of those peaks for GO and Fe3O4 in the pattern of MGO with reduced intensities was 
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confirmed by FTIR results; based on this, we can express that composite material has been 
prepared fruitfully. Additional bands, which have been appeared after the AMX adsorp-
tion, were recognised at 1608, 1325, 1229, and 1135 cm−1 [24]. These bands were 
identified as the C–N stretching vibration of the heterocycle, the C–N stretching vibration 
of the terminal dimethylamino group, and the C–C stretching and bending vibrations of 
the heterocycle [21]. Based on this, it can be confirmed that AMX was indeed adsorbed on 
the adsorbent.

Using VSM at room temperature, Fe3O4 nanoparticles and MGO were evaluated in 
terms of magnetic properties. As seen in Figure 2(b), a superparamagnetic characteristic is 
detectable for MGO based on near-zero remanence and coercivity at room temperature. 
The values of 72.95 emu/g and 27.74 emu/g were obtained as saturation magnetisation 
values for Fe3O4 nanoparticles and MGO, respectively. As perceived, the saturation 
magnetisation value for MGO was decreased, which indicates that the magnetic property 
of Fe3O4 was decreased due to the existence of loaded GO. However, excellent magnetic 
sensitivity was still detectable for MGO (Figure 2(b)), so that separating AMX-loaded 
adsorbent from the solution is easily possible using a magnet within 15 s. Our observation 
confirms the facile separability of MGO, which enhances its applicability.

SEM technique (Figure 2(c,d)) used for determining the size and shape of the synthe-
sised GO and MGO nanoparticles was representative of the flaky texture of natural GO; this 
is related to the layered nanostructure of GO. In addition, the successful synthesis of MGO 
is confirmed based on Figure 2(d), which represents the coating of the outside surface of 
GO layers with spherical Fe3O4.

For defining the morphology of GO, we used the TEM measurements; based on this 
(Figure 2(e)), a typical sheet-like morphology with wrinkles was detected for GO, and the 
sheets have a transparent nature, which is indicative of the exfoliation of GO to monolayer 
or few-layer structures. Moreover, considering Figure 2(f), which represents the MGO 
image, there are aggregates of spherical particles; these aggregates appeared after 
applying the coprecipitation process for synthesising MGO.

In the nitrogen adsorption – desorption isotherm, we can detect the unique hysteresis 
loops (Figure 2(g)); according to IUPAC classification, these are of type IV. BET examination 
was indicative of the specific surface area of 74.4 m2/g for the MGO. In addition, determin-
ing pore size was done based on The Barrett – Joyner–Halenda (BJH) technique. The 
dominance of mesoporous in MGO was confirmed based on the sharp peak at 31 nm in 
the curve obtained by drawing the pore volume versus pore diameter.

The XRD patterns of GO, Fe3O4 NPs, and MGO samples before and after recycling are 
shown in Figure 3. It is evident that all samples (Except for GO) have the typical XRD 
pattern of magnetite (JCPDS No. 19–0629), indicating that the Fe3O4 NPs retain their 
original crystalline structure. XRD pattern of GO has a strong diffraction peak at 2θ = 11.6°, 
which originated from the diffraction on its (001) layer planes. For Fe3O4 nanoparticles, all 
diffraction peaks in the XRD pattern at 2θ = 30.29°, 35.81°,43:31°, 53:85°, 56:79°, 63.1°, and 
75.29° Corresponding to the reflections from the (220), (311), (400), (422), (511), (440), and 
(533) can be easily indexed to the pure cubic inverse spinel structure of magnetite, which 
matches well with the reported data (JCPDS: 63-3107) [21]. The peaks are intense and 
well-defined, which suggests a good degree of structural order at long range. The XRD 
pattern of MGO during the adsorption-desorption process was similar to the XRD pattern 
of MGO, indicating the stability of the adsorbent during the adsorption process.
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Figure 2. FT-IR image of as synthesised MGO and MGO-AMX(a); magnetic hysteresis loops of Fe3O4 

and MGO (b); SEM images of GO (c) and MGO (d); TEM images of GO (e) and MGO (f); nitrogen 
adsorption – desorption isotherms of MGO (g).
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Figure 2. (Continued).
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3.2. Effect of parameters

The evaluation of changes in the adsorption capacity by changing contact time has been 
found to be important; thus, we conducted experiments related to AMX adsorption 
(Figure 4). The results were indicative of reaching the equilibrium after 90 min of the 
process. Moreover, higher adsorption was detected in the initial steps of the process, 
which is related to the existence of higher adsorption sites on the adsorbent initially 
[38,39]. After that, a drop in the AMX adsorption rate was recognised, which is explained 
based on the lack of sufficient vacant sites. As MGO adsorption sites were filled, a decline 
was recognised in the rate of transferring the AMX molecules from the exterior of active 
sites to their interior [40]. Our findings are in line with studies conducted by other 
researchers [41,42].

Considering available documents, three stages have been detected for the adsorption 
process onto porous solids; these three stages are as follows: 1) Boundary layer diffusion 
(or outer diffusion) in which external mass transfer of the adsorbate takes place from the 
liquid film to the exterior surface of adsorbent; 2) Intra-particle diffusion (or inner diffu-
sion) in which the transport of adsorbate happens from the adsorbent exterior surface to 
pores or capillaries of the internal structure of adsorbent, and 3) The adsorbate adsorption 
is done on inner and outer active sites of the adsorbent [43]. In our study, AMX molecules 
are exposed to external sites of MGO directly; the AMX adsorption process is first done 
onto outside sites of MGO, and the process is then continued to interior sites by diffusion.

As another effective parameter on the efficiency of the studied process, the adsorbent 
mass was evaluated. As provided by Figure 5, for higher MGO mass, higher AMX removal 
efficiencies could be achievable; this is clearly related to the remarkable accessibility of 
adsorption sites [44]. It should be noted that we employed different masses (0.25–2.5 g/L). 
A substantial difference was detected in the efficiency of the system at an MGO mass of 
1.5 g compared to other masses, which was our reason for selecting a mass of 1.5 g as the 
optimum MGO mass for utilising in the next laboratory tests.

Figure 3. XRD patterns of GO, Fe3O4 NPs, and MGO samples before and after recycling.
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Another effective factor in the efficiency of the adsorption process introduced by 
previous studies is initial concentration; thus, its effect was also studied in our study 
(Figure 6). Considering the results, the AMX removal efficiency decreased at high con-
centrations. Based on the Figure, for higher concentrations of AMX, the equilibrium 
adsorption capacity (qe) is developed, which might be due to enhancing the driving 
force for overcoming AMX resistance and developing mass transfer between the adsor-
bent and aqueous phase [45]. Our findings, in this case, were detected to be in accordance 
with similar studies [41,46].

The effects of solution pH on AMX removal by MGO are shown in Figure 7(a). As can be 
seen, the removal efficiency decreased with the increase of solution pH. MGO exhibited 
higher affinity for AMX at pH 3–5. This result suggested that the adsorption of AMX by 
MGO was highly pH-dependent. It also indicated that the graphite structures of the MGO 
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Figure 5. Amount of adsorbent efficacy on the percentage of AMX removal (C0=25 mg/L, pH=5, 90 
min and 30°C).
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played the predominant role in AMX adsorption. The variation of pH affected the surface 
charge of MGO and the species distribution of AMX in aqueous solution. MGO carried 
various oxygen-containing functional groups (e.g. –COOH and –OH), which may change 
at different solution pH values. At acidic pH, most of these functional groups are proto-
nated and presented the positively charged form. At higher pH, the MGO surface will 
become negatively charged due to the deprotonation of functional groups [21]. For MGO, 
the pHpzc at which the net surface charge on the adsorbent is zero was obtained as 5.7 
(Figure 7(b)). At pH < pHpzc and pH > pHpzc, the adsorbent surface has a net positive 
charge and a net negative charge, respectively [46]. The protonation of hydroxyl (–OH) 
leads to generating cationic form (–OH2) on the MGO surface is protonated, which results 
in the formation of electrostatic attraction between MGO and AMX anions; based on this, 
favourable AMX adsorption by studied adsorbent is recognised at acidic pH [10]. 
Nevertheless, deprotonation of the hydroxyl (–OH) to anionic form (–O) in the alkaline 
pH range leads to declining positively charged sites; this is not a suitable condition for the 
adsorption of AMX molecules, which have a negative charge and leads to declining 
adsorption capacity of AMX onto MGO. The observed result can be due to the fact that 
an electrostatic repulsion occurs between the sites with negative charges present on the 
adsorbent surface and the AMX molecules [11]. Thus, favourable AMX adsorption hap-
pens for the pH values lower than pHpzc.

The effect of anions and cations on the removal efficiency of AMX is shown in Figure 7(c). 
It was found that the monovalent anions (Cl−, NO3

−) exhibited a lower influence on the 
adsorption capacity of AMX than that of divalent anions (SO2

−4). This could be attributed to 
the fact that the divalent ions had stronger a squeezing-out effect due to their high 
polarising power. The adsorbed SO2

−4 might have hydration shells of dense water, which 
could impede the available adsorption sites by blocking the hydrophobic adsorption 
region. In addition, SO2

−4, Cl−, and NO3
− might directly compete for adsorption sites due 

to inner-sphere complexation, which hinders the formation of charge-assisted H-bonds 
with antibiotics. The effect of cations (Mg2+ and Ca2+) on AMX adsorption by MGO was 
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detected to be insignificant. It can be attributed to the strong repulsion between the 
cations and the positively charged surface of MGO, resulting in minimal interference with 
the adsorption of AMX. It should be noted that the experiments were carried out at pH of 5, 
as the optimal pH.
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3.3. Isotherm study

Conducting studies related to isotherm models has been found to be necessary for 
elucidating adsorption behaviour and providing data on mechanisms of adsorption [35]; 
thus, Langmuir, Freundlich, D-R, and Temkin adsorption isotherms were utilised for 
evaluating the AMX adsorption on MGO and obtaining the useful data in the studied 
process. Detailed information on the introduced models and obtained data from the 
models are provided in Table 2. The Langmuir equation involves four variables: qe, 
which represents the adsorption capacity in milligrams per gram; Ce, which indicates the 
equilibrium concentration of AMX in the solution after adsorption in milligrams per litre; 
qmax, which denotes the maximum adsorption capacity in milligrams per gram, and KL, 
which is the Langmuir constant [47]. To calculate KL, one can plot 1/Ce against 1/qe. To 
determine the constants of the Freundlich model, i.e. KF and 1/n, a line is plotted by 
logging qe against log Ce and then used for calculations. The Temkin equation unequi-
vocally employs the variables of b, T, R, and K as definitive representations of the Temkin 
constant (J/mol) for adsorption heat, absolute temperature (K), gas constant (8.314 J/ 
mol K), and the Temkin isotherm constant (L/g), respectively [48]. The D-R equation 
necessitates the use of four variables, namely qe, qm, K, and ε. These variables corre-
spond to the adsorption capacity (mg/g), the maximum adsorption capacity (mg/g) 
achieved when the surface is fully coated, the parameter relevant to adsorption energy 
(mol2/kJ2), and the Polanyi potential (ε ¼ RTLnð1þ 1=Ce)), respectively. The adsorption 

Table 2. Results obtained from isotherm studied of AMX removal onto MGO.

Isotherm Formula Plot parameter

Tem (°C)

20°C 30°C 40°C 50°C

Langmuir Ce
qe
¼

1
qmKL

þ
Ce

qm

RL ¼
1

1þ KC0

Ce
qe 

vs. Ce q max 91.4 103.9 112.3 122.5
K 0.027 0.044 0.071 0.095
RL 0.127 0.108 0.068 0.041
R2 0.994 0.997 0.994 0.992

SSE 0.793 0.811 1.25 1.63
SAE 0.411 0.872 0.927 1.34
ARE 1.14 0.947 1.96 0.772
ARS 0.743 0.952 0.674 1.39

Freundlich Logqe ¼ log KF þ
1
n LogCe Log qe vs. Log Ce KF 0.195 0.274 0.364 0.495

n 2.17 2.95 4.51 3.82
R2 0.914 0.902 0.858 0.894

SSE 3.25 5.32 7.35 4.54
SAE 2.76 7.36 5.64 5.39
ARE 5.39 6.78 4.94 6.74
ARS 8.21 5.58 9.29 4.56

Temkin qe ¼
RT
b ln kTCeð Þ B ¼ RT

b
qe vs. Ln Ce KT 0.814 0.924 1.06 1.28

B 30.25 26.54 19.81 11.73
R2 0.926 0.929 0.917 0.906

SSE 9.24 6.35 7.11 9.25
SAE 7.32 6.45 11.2 7.79
ARE 9.73 7.96 4.63 7.34
ARS 4.39 9.82 5.37 5.31

D-R Lnqe ¼ Lnqm � Kε2 2 E ¼ 1ffiffiffiffi
2K
p qevs:ε2 qm 48.27 53.18 56.21 59.35

E 1.68 2.15 3.125 5.88
R2 0.747 0.795 0.781 0.786

SSE 4.32 8.56 11.5 7.14
SAE 7.25 6.34 7.65 9.34
ARE 9.36 5.72 4.68 5.46
ARS 6.25 9.31 5.36 4.75
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energy E (kJ/mol) gauges the free energy alteration required for a molecule to move 
from a solution to solid surfaces. To calculate K and qm, a plot is generated with Ln qe vs. 
ε2, and the slope and intercept are then used [49]. Our analysis unmistakably shows that 
the Langmuir isotherm was the optimal model for fitting the experimental data, as 
demonstrated by Table 2. This fit was observed for all temperatures with the highest R2  

= 0.992 (Figure 8). In addition, the error functions for the Langmuir model are lower than 
other models. The mentioned results confirmed the suitability of the Langmuir isotherm 
model for the studied process; according to this model, our adsorption process was 
homogeneous and monolayer adsorption. In addition, based on Langmuir constants, 
the RL is estimated; for this study, its value was between 1 and 0, which is representative 
of the favourable AMX adsorption. Calculating the n value is done based on the 
Freundlich model (n > 1); this parameter represents the intensity of the adsorption 
and heterogeneous surface of MGO for AMX adsorption. Considering the D-R model, a 
good fit with a precise explanation is achieved for the detected data. In addition, since 
the values less than 8 kJ/mol are obtained for activation energy, the physisorption is the 
type of studied adsorption process.

Considering the results of the isotherm study, the adsorption capacity of MGO was 
compared with that of other adsorbents in AMX removal. As reported in Table 3, the 

Table 3. Comparison of adsorption capacity of different adsorbents for AMX removal.
Adsorbents Condition Qm (mg/g) Ref

AC-Jujube nuts Time=90 min, pH=3, C0=20 mg/L, Dose=2 g/L, Tem=30°C 46.1 [1]
MWCNTS Time=120 min, pH=5, C0=50 mg/L, Dose=1 g/L, Tem=25°C 68.2 [2]
AC- Cashew Time=150 min, pH=5, C0=25 mg/L, Dose=1.5 g/L,Tem=25°C 71.9 [3]
AC- Date Pits Time=90 min, pH=5, C0=10 mg/L, Dose=2 g/L, Tem=30°C 100.2 [8]
AC- Olive stone Time=150 min, pH=7, C0=50 mg/L, Dose=3 g/L, Tem=25°C 70.3 [11]
Magnetic biochar Time=210 min, pH=5, C0=10 mg/L, Dose=2.5 g/L, Tem=30°C 41.6 [27]
AC-nanofiber Time=240 min, pH=3, C0=100 mg/L, Dose=1 g/L, Tem=25°C 65.2 [40]
Cellulose-flax noil Time=300 min, pH=3, C0=25 mg/L, Dose=4 g/L, Tem=25°C 93.4 [41]
AC- Caesalpinia Time=90 min, pH=5, C0=25 mg/L, Dose=2.5 g/L, Tem=30°C 78.9 [42]
Bentonite Time=75 min, pH=7, C0=20 mg/L, Dose=1.2 g/L, Tem=30°C 87.6 [43]
Modified AC Time=150 min, pH=7, C0=50 mg/L, Dose=2 g/L, Tem=50°C 56.4 [44]
Magnetic-AC Time=200 min, pH=5, C0=100 mg/L, Dose=3 g/L, Tem=40°C 39.2 [50]
ACF/Fe3O4 Time=90 min, pH=3, C0=25 mg/L, Dose=1.5 g/L, Tem=50°C 122.5 This study
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Figure 8. Langmuir adsorption isotherm of AMX on MGO.
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adsorption capacity of MGO is good, and this adsorbent shows high adsorption com-
pared to other adsorbents. Therefore, MGO is more effective than other adsorbents for 
AMX removal.

3.4. Adsorption kinetics

Kinetic models have been found to be applicable for ascertaining and controlling 
mechanisms of adsorption. The physical and chemical properties of adsorbent are the 
factors governing the mechanism of the process [50]. The PFO, PSO, and intra-particle 
diffusion models were the models employed in this study for assessing the kinetics and 
mechanism of AMX adsorption onto the adsorbent. The correlation coefficient (R2) was 
used for defining the degree of the correlation of results observed in this section.

There was an enhancement in AMX adsorption for higher contact times; in higher 
contact times, mass transfer in the bulk solution resistance is developed to declining 
boundary layer resistance, and the kinetic energy of hydrated ions is developed, which are 
reasons for enhancing adsorption in higher times. In the case of the agitation time, its 
increase leads to reducing the boundary layer resistance and enhancing the mobility of 
ions in the solution [51].

The PFO, as an extensive model for the kinetic behaviour of adsorbent, assumes a 
direct proportion for the rate of changes in the solute with the changes in the saturation 
concentration and the consumed level of adsorbent against time. The expression of the 
PFO rate equation is as follows [52]:  

Log qe � qtð Þ ¼ log qe �
k1

2:303
t (7) 

In the mentioned equation, qe has been introduced as the adsorption capacity at 
time t (mg/g), and k1 (min−1) was the PFO rate constant. Calculating the rate 
constant (k1) and correlation coefficients were considered for different concentrations 
of the AMX; this is done based on the linear plots of log (qe−qt) against t (Figure 9(a) 
and Table 4). Data obtained from PFO was representative of very good correlation 
coefficients for the studied concentrations. However, the fit of PFO to the experi-
mental data was detected to be poor, which is approved based on the presence of a 
remarkable difference in equilibrium adsorption capacity (qt) between the experi-
ments and calculations.

The linear form of PSO is as follows [53]:  

t
qt
¼

1
h
þ

t
qe

(8) 

In the above equation, for t→0, h = k2qe
2 (mg/g.min) could be indicative of the initial 

adsorption rate, and k signifies the PSO rate constant (g/mg.min). For the applicability of 
PSO, we should obtain a straight line from plotting t/qe versus t; the slope and intercept 
of the plot are used for calculating qe and k, respectively. The plots of the linearised form 
of the PSO reaction at different AMX concentrations are shown in Figure 9(b). Moreover, 
in Table 4, the rate constants of PFO and PSO and the corresponding correlation 
coefficients are represented. As depicted, good straight lines (R2 >0.99) are obtained 
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based on the PSO model; the rate constant for this model was detected to be 0.0011– 
0.0083 g/mg-min, and theoretical values of qe obtained by this model had a thriving 
agreement with its experimental values. In addition, the error functions detected for the 
PSO were lower than that of PFO.
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Figure 9. PFO plot (a); PSO plot (b); IPD plot (c) kinetic models for AMX adsorption on the MGO.

INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY 17



3.5. Intraparticle diffusion model

Equation of this model is shown as below [54]:  

qt ¼ Kt0:5 þ I (9) 

In the above equation, K [mg/(g.min0.5)] and I (mg/g) are representative of the IPD rate 
constant and the constant related to the thickness of the boundary layer, respectively. 
Calculating K and I are done using the line obtained by plotting qt vs. t 0.5 (Figure 9(c)); the 
obtained values are seen in Table 3. Considering the plots in Figure 9(c), two different 
portions are clearly detectable. It confirms that adsorption is done in different stages; 
based on this, there is a larger slope portion (the diffusion of adsorbate to the external 
surface of adsorbent) and a smaller slope portion (the gradual adsorption stage related to 
the diffusion of adsorbate molecules inside the adsorbent pores) [55,56]. In the case of 
linearity of the plot of qt versus t 0.5 and its passing through the origin (I = 0), there is only 
one rate-limiting step, i.e. IPD. Lack of passing through the origin is indicative of participa-
tion of IPD along with other factors in the adsorption. Based on intercept (I) values, a 
concept is provided for the thickness of the boundary layer; when there is a great value for 
the I, a higher effect is offered by the boundary layer. Increasing initial AMX concentra-
tions (10–200 mg/L) leads to enhancing the I values, which is indicative of the remarkable 
effect of initial AMX concentration on developing boundary layer diffusion effect [57,58].

3.6. Thermodynamic studies

By conducting these studies, the nature of the process (if it is spontaneous or not) and its 
applicability is determined by estimating actual parameters, i.e. ΔG° (kJ/mol), ΔH° (kJ/mol), 

Table 4. Kinetic parameters for the adsorption of AMX on MGO.

Model Parameters

Concentration (mg/L)

25 50 100 200

q(cal) 4.72 14.3 35.9 71.3
K1 0.103 0.092 0.064 0.042
R2 0.975 0.949 0.958 0.971

PFO SSE 6.21 7.36 6.23 7.32
SAE 5.23 5.68 4.72 3.45
ARE 7.25 7.34 8.96 8.36
ARS 9.72 9.32 4.39 5.95

qe (cal) 12.84 35.9 71.2 117.3
K2 0.0083 0.0037 0.0015 0.0011

PSO R2 0.999 0.995 0.996 0.992
SSE 1.25 0.945 0.679 1.15
SAE 0.689 1.35 1.49 0.897
ARE 1.02 0.746 0.789 0.954
ARS 1.74 1.59 0.697 1.28

Stage 1
K1 17.4 14.2 12.3 11.8
I 4.02 7.25 11.2 25.4

IPD R2 0.962 0.993 0.992 0.998
Stage 2

K2 2.25 1.95 1.62 1.22
I 2.97 5.24 8.67 21.2

R2 0.964 0.991 0.985 0.971
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ΔS° (kJ/(mol.K)); this aim was achieved based on the experiments conducted at 293–323 K. 
Estimating above-mentioned parameters was done based on Equations (10)–(12) [59]:  

Δ G0 ¼ � RT Ln K (10) 

K ¼
qe

Ce
(11) 

In cited equations, T is absolute temperatures (K), and K is the apparent equilibrium 
constant. Van’t Hoff equation (shown below) was utilised for estimating ΔH° and ΔS° at 
different temperatures [60]:  

Ln Kð Þ ¼
ΔS0

R
�

ΔH0

RT
(12) 

According to Table 5 (values obtained for mentioned parameters), an endothermic nature 
was detected for the adsorption of AMX, based on positive ΔH° values. Moreover, ΔS° 
obtained for the AMX adsorption process was positive; this is representative of the fact 
that, during the adsorption, the randomness at the MGO – solution interface is associated 
with an irregular increase [61]. In addition, ΔG° with negative values is indicative of a 
spontaneous adsorption process on MGO [62,63]. Moreover, at higher temperatures, less 
favourable adsorption was detectable, which could be explained based on the decrease of 
ΔG° values with the increase in temperature [64]. 

3.7. Regeneration process

One of the important parameters in the field of adsorbing pollutants is the economic 
issue, which can be economically justified by recycling and reusing the adsorbent. 
Regeneration of the adsorbent was conducted using the peroxymonosulfate (PMS) 
oxidation method. For this purpose, after adsorbing 25 mg/L AMX in a 100 mL solution, 
the used adsorbent was separated using a magnet. It was then exposed to 2 mM PMS for 
2 hours and rinsed with 100 mL of distilled water to remove any remaining PMS. Finally, it 
was dried in an oven at 103°C for 2 hours before proceeding with the next step of the test. 
In this study, using the parameters optimised in the previous stages, adsorption and 
desorption tests were performed in six stages, and the results are shown in Figure 10; as 
seen, in the first stage, at a concentration of 25 mg/L, 100% of AMX is separated from the 
aqueous solution, and after six times of recovery and readsorption, the removal rate 
reaches 87.9%. The decrease in the amount of adsorption in different stages is due to the 
decrease in the amount of adsorbent in the collection stage. In each stage, about 4% of 
MGO is reduced, that is, 96% of the adsorbent used in the first stage is present in the 

Table 5. Values of thermodynamic parameters for the adsorption of AMX onto MGO.
Temperature (K) ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (kJ/mol K)

293 −3.802
303 −4.806 38.2 0.354
313 −6.391
323 −10.72
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second stage. Also, it may be attributed to the fact that the adsorbent active sites are not 
empty; some of the surface active sites that were saturated in the first stage remain the 
same during the washing step with distilled water [65,66].

GO alone is also a good adsorbent, and in our tests, it was able to remove 96.1% of AMX 
within 90 min, but the main problem with GO is its collection. Only in the second stage, 
we could collect only 69% of the adsorbent, which is a very small amount considering the 
MGO (96%).

3.8. Adsorption mechanisms

The mechanism of adsorption of AMX on MGO adsorbent is due to intraparticle diffusion 
and It confirms that adsorption is done in different stages; based on this, there is a larger 
slope portion (Bulk diffusion) and a smaller slope portion (Film and pore diffusion). Also 
Briefly, the active functional groups in MGO such as –OH and –C=O groups can form 
covalent or non-covalent (hydrogen bonding, ionic interaction, π–π stacking, etc.) while 
the –NH2 groups can interact with covalent (imine bonds), non-covalent interaction and 
semi-covalent (amide bonds) with the MGO molecules (Figure 11).

4. Conclusion

The AMX adsorption onto MGO was appraised in the present study. For the mentioned 
adsorbent, well dispersion in water and easy separation from water using an external 
magnetic field were clearly detectable. In assessing the efficiency of the studied process, 
initial AMX concentration, MGO mass, temperature, and initial pH were found to be the 
factors that are effective on the efficiency of the AMX adsorption. The PSO was the more 
suitable model for AMX adsorption by MGO, and the Langmuir could exhibit the best 
potential to fit the detected data. For MGO, the value of 122.5 mg/g was the maximum 
adsorption capacity, which was obtained at 50°C. The studied process was recognised to 
be spontaneous, endothermic, and physisorption, which was determined based on the 
observed values for thermodynamic parameters. Furthermore, the acidic condition was 
found to be effective in the progression of the AMX adsorption efficiency. Thus, based 
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on the data obtained from different sections of the present study, a bright future might 
be anticipated for the application of MGO as an adsorbent for sufficient treatment of 
wastewater containing antibiotics.
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