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Abstract 16 

Traces of antibiotics in domestic and industrial effluents have toxic effects on human health 17 

and the surrounding plants and animals, besides their potential to increase antibiotic resistance 18 

of microorganisms. Therefore, this study aims to develop a new adsorbent made from Kaolin 19 

magnetised with Fe3O4 (Kaolin-Fe3O4) nanocomposites and apply it to remove ceftriaxone and 20 

Cefixime from aqueous solutions.  The efficiency of the new adsorbent in removing ceftriaxone 21 

and Cefixime from solutions was studied under different adsorbent doses, antibiotic 22 

concentrations, solution pH values, and contact times. The results indicated the best ceftriaxone 23 

and Cefixime removal was attained at pH of 5 and 3, respectively, while the best antibiotic 24 

concentration, contact time, and the adsorbent dose were 20 mg/L, 60 min, and 0.4 g/250 cc, 25 

respectively. It was noticed the adsorption was improved at low temperatures ((25℃ for 26 

ceftriaxone and 35℃ for Cefixime). Five types of isotherms were used to match the equilibrium 27 

data, including Langmuir, Freundlich, Temkin, Redlich-Peterson, and Sips. Equilibrium data 28 

were also matched with pseudo-first and second-order kinetics, Elovich, and intraparticle 29 

diffusion. Freundlich and Sips isotherm models were more consistent with equilibrium data. 30 

The positive results of Gibbs free energy and the negative enthalpy obtained from 31 

thermodynamic parameters indicate that the adsorption process is spontaneous and the 32 

adsorption process is exothermic. In light of the obtained results, the Kaolin-Fe3O4 33 
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nanocomposites could be considered an effective and inexpensive adsorbent for removing 34 

antibiotics from aqueous solutions. 35 

Keywords: Kaolin-Fe3O4 nanocomposite, Ceftriaxone, Cefixime, Thermodynamics 36 

Introduction: 37 

Among water-consuming units, hospitals are usually the most consumed units, which are 38 

converted into wastewater after consumption (1). The common components of hospital 39 

wastewater can be listed as biodegradable organic matter, minerals (soluble, colloidal, and 40 

suspended), Toxic metals (mercury, lead, etc.), detergents, disinfectants (chlorine, hydrogen 41 

peroxide, etc.), microbial pathogens (bacteria, viruses), hazardous chemical compounds, drug 42 

compounds (antibiotics, drugs, Hormone drugs, etc.) and radioactive isotopes (2, 3).    43 

The term "antibiotic" is composed of the two words, i.e., anti and biosis, which account for 44 

about 15% of all drugs (4). Their presence in aquatic environments is a significant concern 45 

associated with ecosystem damage (5). Most antibiotics are partially metabolised in the body, 46 

and the rest, about 30-90%, are excreted into the sewage system without being metabolised (6, 47 

7). Low concentrations of antibiotics reduce sperm count, increase breast and prostate cancer 48 

and lead to carcinogenicity and mutagenicity, DNA damage, and lymphocyte damage (8).  49 

Antibiotics are chemical compounds that inhibit the growth of microorganisms, often have a 50 

microbial origin, and may be semi-artificial or completely artificial (9). One of the most 51 

important antibiotics used to treat infections is ceftriaxone and Cefixime. Ceftriaxone is a third- 52 

generation cephalosporin antibiotic and, like other third-generation cephalosporins, has a wide 53 

range of activity against gram-positive and gram-negative bacteria (10). Cephalosporin 54 

antibiotics are often used (in combination with an aminoglycoside or macrolide antibiotics) to 55 

treat pneumonia. These drugs are also selected to treat bacterial meningitis and are commonly 56 

used in paediatrics for febrile children. They are also used in treating leptospirosis, lymphatic 57 

disease, and gonorrhoea, besides employing it as a routine prophylactic antibiotic in 58 

orthopaedic surgery (11).  59 

The relatively low Henry's law constant of these antibiotics indicates that these compounds are 60 

difficult to destroy by evaporation. The high solubility and low water-octanol separation 61 

coefficient of these compounds show their hydrophilic properties (12). Due to their widespread 62 

use and higher absorption capacity, these antibiotics are found in various environmental 63 

matrices, including surface water, groundwater, municipal wastewater, and sedimented 64 



soil. Conventional municipal wastewater treatment plants do not have the ability to completely 65 

remove these micro-pollutants (13, 14). The removal efficiency of antibiotics in wastewater 66 

treatment plants is reported to be from 12% to 43%, which is very low (15). Given the dangers 67 

of the presence of these antibiotics in the ecosystem, there is a need to develop effective and 68 

efficient treatment processes to adsorb these compounds from contaminated water and 69 

minimise their environmental hazards (16, 17).  70 

Conventional water and wastewater treatment processes are not designed to remove small 71 

amounts of chemicals such as antibiotics (18). Due to the increasing number of reports of these 72 

compounds in the environment, developing effective, efficient, and cost-effective treatment 73 

processes is even more important to remove these compounds from polluted water and 74 

minimise their environmental hazards (19, 20). Several processes can be used to remove 75 

antibiotics from water sources. These processes include advanced oxidation, ion exchange, 76 

activated carbon adsorption, reverse osmosis, and biological treatment (21, 22). However, 77 

biological treatment is not very effective in removing antibiotics because antibiotics eliminate 78 

microorganisms that are effective in treatment (22, 23). 79 

One of the most important processes is the adsorption of pollutants, which is widely used due 80 

to the lack of expertise and its simple design. The most important adsorbent used in water and 81 

wastewater treatment is activated carbon. Although the use of carbon nanotubes and 82 

nanoparticles in water treatment has dramatically increased in recent years, these adsorbents 83 

are expensive, and their regeneration is associated with problems (24). So in recent years, 84 

researchers have been looking for inexpensive adsorbents to reduce treatment costs.  85 

Kaolin is one of the most common silicate mineral compounds with a chemical formula of 86 

Al2Si2O5(OH)4. It is a layered chemical-silicate mineral compound with a quadrilateral sheet 87 

attached to an octahedral sheet by oxygen atoms (25). The successive layers are held together 88 

by hydrogen bonds between the silica and alumina layers. The quadrilateral sheet carries a 89 

permanent negative charge due to the substitution of Al+3 with Si+4 and leaving a negative 90 

charge for each replacement. Kaolin is a soft and white compound used in ceramic, medical, 91 

paper making, cosmetic, and food industries. Kaolin is abundantly found in Iran (26). The 92 

average annual production of this widely used mineral in Iran is estimated at 500,000 tons (27). 93 

Therefore, it has many applications in terms of cheapness and suitability for environmental 94 

work (25). Kaolin has been used to remove colourful effluents and heavy metals, which has 95 

high efficiency (27, 28). 96 



Nonetheless, one of the problems with adsorbents is that they are disposable or need 97 

regeneration, and they are very difficult to regenerate. Therefore, this problem can be solved 98 

and minimised by magnetising the adsorbent (29). Many efforts have been made during the 99 

last decades to find high-efficient and highly recyclable magnetic attractions. Fe2O3 is used 100 

more than other iron compounds for different reasons, such as moderate magnetic saturation, 101 

high chemical stability, and strong anisotropy (30).   102 

This study has performed the removal of ceftriaxone and Cefixime antibiotics by a cost- 103 

effective adsorbent(magnetised kaolin adsorbent)  Then, the effect of various parameters such 104 

as effluent pH, adsorbent concentration, initial concentration of the antibiotic, temperature, and 105 

time have been studied. Finally, isotherms, kinetics, and thermodynamics on magnetised 106 

Kaolin were investigated, and the results were compared with other sources. 107 

Materials and methods 108 

The present study was an experimental-applied study in which the performance of Fe2O3/kaolin 109 

nanocomposites in the adsorption of ceftriaxone and Cefixime antibiotics was investigated. In 110 

the current work, all laboratory materials, including ceftriaxone and Cefixime, hydrochloric 111 

acid, divalent, sodium hydroxide, and divalent and trivalent iron, were prepared by Merck 112 

Company. Kaolin powder was prepared from the ideal Trades Men Company, Qazvin. A 113 

magnet with a magnetic intensity of 1.3 Tesla was used to separate the adsorbent from the 114 

solution magnetically. Deionised water was used to prepare all test solutions. In addition, 0.1 115 

M hydrochloric acid and sodium hydroxide were used to adjust the pH of the solution. 116 

Synthesis of Fe2O3/kaolin nanocomposites 117 

The study of Guo et al. was employed for preparing Fe2O3/kaolin nanocomposites (31). Kaolin 118 

was first prepared for synthesising nanocomposites; Kaolin was first prepared; accordingly, 119 

Kaolin was rinsed with deionised water, dried in an oven at 103°C for 3 hours, and sieved in 120 

ASTM 50 mesh size. The synthesis of Fe2O3-kaolin nanocomposite was done as follows: iron 121 

chloride (II) and iron chloride (III) in a 2: 1 stoichiometric ratio and kaolin powder in a 1: 1 122 

stoichiometric ratio were mixed with 80 ml of 96% ethanol and 20 ml of deionised water. 123 

Reflux was then performed at 80°C for one hour. Then, 20 ml of ammonium hydroxide was 124 

added and the reflux was continued for another two hrs to obtain a bituminous colour solution. 125 

After washing with deionised water and ethanol, the particles were separated by a magnet and 126 

dried at room temperature (32). By heating the sample at a temperature above 150 °C at 60 127 

min, the colour change from bitumen to reddish-brown indicates the formation of γ-Fe2O3, 128 



which was confirmed by X-ray analysis. It should be noted that the synthesis of γ-Fe2O3 without 129 

the presence of Kaolin was first performed to ensure its correctness, and then the synthesis of 130 

the nanocomposite was performed. The determination of the type of nanoparticle was done by 131 

X-ray analysis (XRD, PW1730 model). The particle size was done using scanning energy 132 

microscope analysis (FESEM, MIRA III  model). Fourier transform infrared spectroscopy (FT 133 

–IR, AVATAR model) was also performed on powdered samples.    134 

 135 

Adsorption tests 136 

First, the stock solution of antibiotics was prepared from Cefixime and ceftriaxone powder, so 137 

that 0.25 g of commercial Cefixime and ceftriaxone powder with 98% purity was dissolved in 138 

250 cc of distilled water in a volumetric flask. The stock solution of 1000 mg/L was obtained. 139 

To conduct this research, determining the optimal test conditions were first done based on the 140 

effect of changes in the studied parameters, including nanocomposite dose (0.1, 0. 2, 0.3, 0.4, 141 

0.5, and 0.6 gr), pH (3, 5, 7, 9, and 11), contact time (0 to 120 min), initial contaminant 142 

concentration (20, 40, 80, and 120 mg/L) and temperature (25-55˚C) on the removal efficiency 143 

of Cefixime and ceftriaxone in the tested system. For example, to determine the optimal pH 144 

value, a specific and constant amount of adsorbent and antibiotic concentration was in all 5 145 

balloons, and at a specific contact time, the amount of removal percentage was evaluated; the 146 

only difference among these 5 balloons was the pH value, which was varied from 3 to 11. The 147 

magnet was used to separate and reuse the adsorbent so that after each use, nanoparticles were 148 

collected using the magnet and the final concentration of antibiotics in the effluent was 149 

measured using the device spectrophotometer (Model: DR 5000) at a wavelength of 293 for 150 

ceftriaxone and 295 for Cefixime. Finally, the removal efficiency and adsorption capacity were 151 

calculated according to Eqs. 1 and 2 (33).  152 

% R=
(C0−Ce)

C0
 × V                                                                                         (1)   153 

qe= 
C0−Ce

M
  × V                                                                                                (2)                                                                     154 

where C0 and Ce are the initial concentration and the equilibrium concentration of the antibiotic 155 

(mg/L), m is the mass of the nanocomposite used (gr), and V is the volume of solution (L). 156 

Results and discussion 157 

Characterisation of adsorbent 158 



The SEM images of the Kaolin and the Fe2O3–Kaolin were publicised in Figure 1a-b. As 159 

depicted in Figure 1a, the characteristic structure of hexagonal platelets with a thickness range 160 

of 50-–100 mm was approved for the Kaolin. Through the thermal treatment, a dehydroxylation 161 

process occurs; this can diminish the number of hydrogen groups bonding between the Al–O 162 

octahedron sheet and Si–O tetrahedron sheet, which consequently leads to more unrestricted 163 

movement of OH- in the sheet interspace (31). Thus, in the thermal treatment, drastic 164 

modification is not observed in the morphology, compared with Figure 1a, and only a tendency 165 

of aggregation was observed after calcination (Figure 1b). 166 

Measuring the phase behaviour of neat Kaolin, Fe2O3–Kaolin, and Fe2O3 was carried out by an 167 

X-ray diffractometer (Figure 2a-c). The presence of characteristic peaks detected in neat Kaolin 168 

and Fe2O3–Kaolin were related to kaolinite (2𝜃 = 12.3◦, 21.2◦, 25.8◦) and muscovite (2 = 17.88◦, 169 

27.6◦); it is indicative of the stability of Al–O octahedron structure and less of losses in layered 170 

crystallinity structure at high temperature (31). Moreover, according to Figures 2b and c (Fe- 171 

related species), the diffraction peaks at 35.61◦ and 54.3◦ were clearly observed, which are 172 

assigned to Fe2O3; this approves the successful modification of the neat Kaolin by Fe species.  173 

The FT-IR was another analysis used in this study as another tool to confirm the stability of 174 

the Kaolin, Fe2O3 and Fe2O3–Kaolin. According to Figure 3b, the infrared spectrum (FTIR) of 175 

the Fe2O3 nanoparticles was in the range of 400- 4000 cm-1 wavenumber. The large broadband 176 

at 3435 cm-1 is ascribed to the O-H stretching vibration in OH͞- groups. The absorption peaks 177 

were around 1635 cm−1 due to the symmetric and asymmetric bending vibration of C=O. The 178 

strong band below 700 cm-1 is assigned Fe-O stretching mode. Also, as portrayed in Figure 3c, 179 

peaks at 3698.6, 3620.6, 3435, 1634, 1033.9, 912.9, 636.6 and 540.7 cm-1 were the FT-IR 180 

spectrum of the Fe2O3–Kaolin; these peaks were related to characteristics of Kaolin. Bands at 181 

3435 and 1634 cm-1 were correspondents to OH-stretching, and bands at 3698.6, 3620, and 182 

912.6 cm-1 were related to Al–OH stretching and C=O (34). In 1500–500 cm-1, which was the 183 

lower frequency region of the spectra, bands at 1033.9 and 912.9 cm-1 were related to Si–O 184 

stretching vibration and bands at 636.6 and 540.7 cm-1 were correspondent to Si–O–Al 185 

stretching vibration. The functional groups of Fe2O3–Kaolin were also observed in Kaolin 186 

(Figure 3a) and Fe2O3 (Figure 3b). This indicates that the nanocomposite is well magnetised 187 

and retains its properties. 188 

 189 



 190 

Figure 1. SEM images of kaolin and the Fe2O3–Kaolin 191 
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 194 

Figure 2. XRD patterns of Kaolin, Fe2O3–Kaolin, and Fe2O3 195 

 196 

 197 

 198 

 199 

 200 

0.00E+00

2.00E+01

4.00E+01

6.00E+01

8.00E+01

1.00E+02

1.20E+02

0.00E+005.00E+021.00E+031.50E+032.00E+032.50E+033.00E+033.50E+034.00E+034.50E+03

FTIR Y-Fe2O3



 201 

 202 

Figure 3. FT-IR spectrum of the Kaolin, Fe2O3, and Fe2O3–Kaolin 203 

Investigation of pH on removal efficiency 204 

The pH of the solution can play a major role in the adsorption process of a molecule because 205 

changes in pH can cause changes in adsorbent and adsorbate charges (35). In the present study, 206 

one of the important aspects of antibiotic uptake is the determination of pHpzc. Measuring pHpzc 207 

can provide information on the charge and charge distribution on the surface of 208 

nanocomposites. This study determined pHpzc to be 6.5, where the adsorbent charge is neutral. 209 

The adsorbent surface charge is positive at pH less than pHpzc, while its surface is negatively 210 

charged in solutions with pH above pHpzc (36). Thus, as shown in Figures 4a and b, changes 211 

in the percentage of removal at different pH values indicate that acidic pH values are more 212 

effective in removing both antibiotics; the reason for the mentioned event may be that in acidic 213 

pH values, adsorbents have a positive charge and negatively charged ions are better absorbed. 214 

Investigation of initial antibiotic concentration and contact time on removal rate 215 

Changes in the initial concentration of adsorbed pollutants are other factors that affect these 216 

systems' adsorption rate. Based on the findings of this study, shown in Figures 5a and b, the 217 

removal efficiency increased with increasing the initial concentration of antibiotics from 5 to 218 

20 mg/L. The increase in efficiency with increasing concentration could be stated as the 219 

availability of the contaminant and the reduction of the distance between the contaminant and 220 

the adsorbent so that the contact between the contaminant and the adsorbent increases (37). 221 

However, the removal efficiency decreased with increasing concentrations from 20 to 120 222 

mg/L. The cause of this phenomenon depends on the number of available contaminant 223 

molecules and the active surface at which adsorption occurs; so that, for a constant mass of the 224 

adsorbent, the amount of accessible active surface for adsorption remains constant. In this 225 



condition, with increasing the initial concentration, the number of contaminant molecules in 226 

the adsorption reaction medium increases, which, due to a limited number of adsorption sites, 227 

leads to reduced process efficiency (32, 38). Since, in this study, a constant adsorbent mass 228 

was considered, and the concentration of contaminants was increased from 20 to 120 mg/L, the 229 

ratio of the number of contaminant molecules to the available surface has increased, resulting 230 

in reduced adsorption efficiency. 231 

As shown in Figures 6a and b, in the beginning, the rate of antibiotic adsorption by 232 

nanocomposites is very high, so the highest removal percentage occurs in the first 15 minutes. 233 

Over time and reaching the time of 30 min, the efficiency increased at a slower rate, and after 234 

30 min, the amount of adsorption remained almost constant at some concentrations. Perhaps 235 

the cause of this phenomenon can be related to the completion of the adsorption capacity of the 236 

adsorbent studied; with the saturation of the adsorbent, the antibiotic adsorption rate from the 237 

solution is reduced, the solid and liquid phases reach almost equilibrium, and the rate of 238 

antibiotic adsorption to the nanocomposite surface and the rate of ion return from the surface 239 

of the adsorbent particles into the solution are equalised (39-41). 240 

Investigation of adsorbent dose 241 

Due to the fact that adsorption is a surface process, the adsorbent mass and the amount of 242 

surface available for adsorption have a significant effect on the adsorption efficiency (42). 243 

Therefore, the effect of adsorbent concentration on the removal of ceftriaxone and Cefixime 244 

antibiotics was investigated. By increasing the adsorbent dose from 0.1 g to 0.4 g at 250 cc, the 245 

removal efficiency increased, which could be due to the increase in the number of sites 246 

available for antibiotic adsorption. By increasing the adsorbent dose from 0.4 g to 0.5 g in 250 247 

cc, the adsorption efficiency decreases; the reason for the lack of increase in the adsorption of 248 

antibiotics for adsorbent doses more than 0.4 g can be the overlap of adsorption sites on the 249 

adsorbent surface, which leads to reduction of adsorption sites and thus reduction of efficiency 250 

and amount of adsorption (43, 44). 251 



 252 

 253 

Figure 4. pH study on the rate of antibiotic removal a: Ceftriaxone antibiotic b: Cefixime 254 

antibiotic (antibiotic concentrations=20 mg/L, Kaolin-Fe3O4 dosage= 0.4 g, contact time=0 to 255 

120, temperature=25C°) 256 
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 262 

Figure 5. Evaluation of concentration and contact time on the antibiotic removal rate:  263 

)C°5ure=2temperatdosage= 0.4 g, pH= 5, and  4O3eF-Kaolin( A) Ceftriaxone antibiotic 264 

)C°53temperature=, and 3 , pH=0.4 gdosage=  4O3Fe-KaolinCefixime antibiotic ( B)  265 
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 268 

Figure 6. Evaluation of nanocomposite dose on antibiotic removal rate:  269 

A) Ceftriaxone antibiotic (antibiotic concentrations=20 mg/L, pH=5, contact time=0 to 120, 270 

and temperature=25C°) 271 

B) Cefixime antibiotic (antibiotic concentrations=20 mg/L, pH=3, contact time=0 to 120, and 272 

temperature=35C°) 273 
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Adsorption isotherm and kinetics 277 

To understand the mechanism of contaminant adsorption on the nanocomposite, it is necessary 278 

to perform experiments related to adsorption kinetics and isotherms. In this study, to understand 279 

the mechanism of adsorption, PFO and PSO and Elovich and intraparticle diffusion were used. 280 

In these equations, qe and qt are the adsorption capacity in the equilibrium and time t, 281 

respectively. The constant K1 and K2 correspond to the PFO in terms of (1/min) and (g/mg. 282 

min). α represents the initial adsorption rate (mg/g min), while β is the extent of surface 283 

coverage (g/mg) and the process activation energy. ki is a constant rate of intraparticle diffusion 284 

(g/mg min), and C, reflects the effect of the boundary layer or adsorption. 285 

Adsorption isotherms are graphical representations of the adsorbed particle behaviour on the 286 

surface of a solid or liquid. By looking at this isotherm, we can get an idea of how the 287 

adsorption process works and, therefore, what are the particle-surface interactions and surface 288 

properties. By analysing the isotherm, a smooth, porous, or finely porous surface is obtained. 289 

For studying how to connect and adsorb pollutants, two parametric isotherm models, including 290 

Langmuir, Freundlich, and Temkin, and three parametric isotherm models, including Redlich- 291 

Peterson and sips, were used, and then their equations were given in Table 1. 292 

In addition to the regression coefficient, the RMSE error coefficient was used to ensure the 293 

correctness of matching, which is defined as follows (45):   294 

Residual Root Mean Square Error )RMSE(= 295 

√(
1

𝑛−1
∑ (𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙

𝑛
𝑖=1 ))2                                                                             (3) 296 

where qe exp and qe cal are equal to the experimental and calculated adsorption capacity, and 297 

n is the number of relevant experiments. 298 

The results for the kinetic calculations are shown in Tables 2 and 3; as can see in Table 2, the 299 

equilibrium data follow all three first- and second-order kinetics and Elovich according to the 300 

regression coefficient. The error coefficient is low for all three mentioned kinetics. The study 301 

of qe exp and qe cal also confirms that the equilibrium data follow all three kinetics so that the 302 

qe exp and qe cal were close to each other. Furthermore, for the intraparticle diffusion kinetics, 303 

the regression coefficient was higher, and the error coefficient was lower, indicating the 304 

compliance of data with this kinetic model. The study of this model showed that the adsorption 305 

mechanism consists of one step, i.e., the occurrence of adsorption only on the adsorbent 306 

surface. With increasing concentration, both C and K coefficients increase, indicating 307 

adsorbent's tendency to absorb high concentrations of antibiotics. 308 



Table 3 also shows the adsorption kinetics for ceftriaxone. As can be seen, the equilibrium data 309 

of all pseudo-first-order kinetic (PFO) and pseudo-second-order kinetic (PSO) and Elovich and 310 

intraparticle diffusion are fixed. The regression coefficient for all of them is higher than 0.9 at 311 

all concentrations, except for two cases (for concentrations of 5 mg/L, the regression coefficient 312 

for PFO and PSO was less than 0.9). However, in general, by considering all the parameters 313 

and considering that the error coefficient for Elovich kinetics was less than one, we can say 314 

that the equilibrium data follow this model more. When kinetic data were analysed using the 315 

intraparticle diffusion model for both antibiotics, it was observed that the diagram does not 316 

cross the origin, indicating that the intraparticle diffusion is not the only rate-limiting step. 317 

In isotherm studies, Ce is equilibrium concentration (mg/L), qe is indicative of the amount of 318 

adsorbed material (mg/g), qm represents a maximum amount of adsorbed ions per unit of 319 

adsorbent mass (maximum adsorption capacity (mg/g), kL is equilibrium constant (lit/mg). RL 320 

is the Langmuir separation factor. In this concept, the lower values of RL represent the 321 

adsorbent's better adsorption. The values of RL show whether the adsorption process is 322 

irreversible (RL= 0), linear (RL= 1), favorable (0<RL<1) or undesirable (RL>1) (46). 323 

Kf and n are Freundlich constants where Kf is the correlation of the amount of antibiotic 324 

absorbed in the adsorbent per unit equilibrium, and n indicates the desired amount of adsorption 325 

process. Moreover, B is Temkin isotherm constant (kJ/mole), and KT is the binding constant, 326 

representing the maximum binding energy (lit/gr). 327 

The slope of the linear equation of Freundlich isotherm (1/n) varies between zero and 1, a 328 

measure of surface adsorption intensity and surface heterogeneity. With increasing 329 

heterogeneity intensity, this value approaches zero. 330 

Sips isotherm is a combination of Langmuir and Freundlich models that are used to predict 331 

heterogeneous adsorption systems and remove the limitations of the Freundlich model. This 332 

model has converted to Freundlich isotherm at low concentrations of adsorbate, while at high 333 

concentrations, it predicts the specific monolayer adsorption capacity of the Langmuir 334 

isotherm. 335 

 336 

The Sips isotherm equation is characterised by a dimensionless heterogeneity coefficient (n), 337 

which can also describe system heterogeneity between 0 and 1. When n=1, the Sips equation 338 

is reduced to the Langmuir equation and means homogeneous absorption. 339 

The KR constant is the Redlich-Peterson adsorption capacity, which is determined by trial and 340 

error to obtain the maximum linear regression value of the isotherm diagram. This parameter 341 



is R-P isotherm constant and is between 0 and 1. Moreover, when the aR is equal to one, the 342 

R-P equation becomes the Langmuir isotherm equation, and when the aR equals zero, it is 343 

closer to the Freundlich equation. 344 

The results of isotherms are shown in Table 4 and Figure 6; as can be seen, Freundlich and 345 

Sips isotherms with high regression coefficient and lower error coefficient have a high 346 

agreement with the equilibrium data. Also, the value of RL in this equation is equal to 0.17 for 347 

Cefixime adsorption and 0.22 for ceftriaxone absorption, which is between zero and one, which 348 

is very desirable for adsorption. Furthermore, the value of 1/n is equal to 0.552 for ceftriaxone 349 

adsorption and is equal to 0.393 for Cefixime uptake, which is between zero and one, which 350 

indicates the optimal adsorption of both antibiotics by the Freundlich isotherm. The aR value 351 

for both antibiotics also tends to be zero, indicating adaptation to the Freundlich isotherm. 352 

Table 1. Non-linear forms of kinetic and isotherms models 353 

 354 

 355 

 356 

 357 

 358 

 359 

  360 

Models Non-lineair Forms Ref. 

Kinetic models 

PFO 𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)  29 

PSO 𝑞𝑡 =
𝑘2𝑞𝑒

2𝑡

1 + 𝑘2𝑞𝑒𝑡
 30 

Elovich 𝑞𝑡 =
ln()


+

ln(𝑡)


 34 

IPD 𝑞𝑡 = 𝐾𝑖𝑑𝑡
1

2⁄ +C 35 

Two-Parameter isotherms 

Langmuir Qe =
𝑄𝑚𝐾𝐿Ce

1 + 𝐾𝐿Ce
 36 

Freundlich Qe=KFCe1/n 37 

Temkin 𝑄𝑒 =
𝑅𝑇

𝑄
𝑙𝑛(𝐴𝑇𝐶𝑒) 38 

Redlich-Peterson Qe =
𝐴Ce

1 + B𝐶𝑒
𝛽

 39 

Sips Qe =
𝐾𝑠𝐶𝑒

𝛽

1 + 𝑎𝑠𝐶𝑒
𝛽𝑠

 40 



Table 2. Kinetic data obtained by non-linear fitting analysis for Cefixime adsorption 361 

 362 

 363 

Kinetic model Parameter Cefixime (mg/L) 

5 20 40 80 120 

qmax experiment  ( mg/g) 2.45 10.77 15.41 23.00 28.90 

pseudo-first-order 

(PFO) 

 

qmax (mg/g) 2.34 10.62 14.11 21.25 30.52 

K1 (L mg−1) 0.098 0.174 0.283 0.208 0.029 

R2 0.735 0.999 0.993 0.992 0.892 

RMSE 0.258 0.177 1.07 1.79 2.79 

pseudo-second-

order (PSO) 

qmax (mg/ g) 2.34 11.22 15.36 23.39 36.62 

K2 (L/ mg) 0.098 0.026 0.017 0.008 0.0009 

R2 0.735 0.940 0.792 0.846 0.909 

RMSE 0.258 0.309 0.904 1.32 2.32 

Elovich qmax (mg/ g) 2.43 11.66 15.23 23.12 29.23 

 0.291 1.58 1.57 2.87 6.79 

 (L/ mg) 35.05 12.90 135.1 25.73 0.614 

R2 0.952 0.806 0.941 0.941 0.917 

RMSE 0.06 0.726 0.368 0.674 1.90 

Intra particle 

diffusion 

qmax (mg/ g) 2.50 12.43 15.61 23.93 30.67 

Ki 0.101 0.648 0.538 1.018 2.25 

C 1.396 5.325 9.70 12.78 6.01 

R2 0.979 0.697 0.989 0.934 0.995 

RMSE 0.039 1.13 0.15 0.714 1.20 



 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

Table 3. Kinetic data obtained by non-linear fitting analysis for  Ceftriaxone 

adsorption  

Kinetic model Parameter Ceftriaxone (mg/L) 

5 20 40 80 120 

experiment  max q

( mg/g) 

2.07 8.90 13.19 22.31 29.16 

pseudo-first-order 

(PFO) 

(mg/g) maxq 2.03 8.31 12.45 20.75 28.92 

)1−(L mg LK 0.089 0.136 0.042 0.186 0.058 
2R 0.805 0.994 0.978 0.992 0.948 

RMSE 0.193 0.584 1.47 1.72 1.55 

pseudo-second-order 

(PSO) 

(mg/ g) maxq 2.14 9.05 16.15 22.87 31.62 

(L/ mg) 2K 0.088 0.020 0.002 0.008 0.003 
2R 0.894 0.942 0.955 0.867 0.977 

RMSE 0.101 0.315 0.70 1.22 0.841 

Elovich (mg/ g) maxq 2.12 8.99 12.76 22.61 30.36 

 0.280 1.259 2.792 2.96 5.98 

 (L/ mg) 16.02 10.52 0.803 17.18 1.32 
2R 0.965 0.986 0.952 0.953 0.987 

RMSE 0.049 0.141 0.583 0.612 0.628 

Intra particle (mg/ g) maxq 2.20 9.40 13.82 23.46 31.82 

Ki 0.1009 0.458 1.06 1.05 2.02 

C 1.09 4.37 2.11 11.94 9.68 
2R 0.927 0.928 0.988 0.942 0.993 

RMSE 0.074 0.338 0.314 0.688 1.61 



 379 

 380 

 381 

 382 

 383 

   384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

Determination of thermodynamic parameters 392 

One of the most important parameters in the pollutant adsorption process is the temperature to 393 

understand how the pollutant is absorbed at different temperatures. Therefore, it is very 394 

important to determine thermodynamic parameters. Thermodynamic parameters, including 395 

standard Gibb's free energy (ΔG0), standard enthalpy (ΔH0), and standard entropy (ΔS0) can be 396 

calculated using the following Eqs (47). 397 

Kd = qe/Ce                                                                                                      (4) 398 

(5)                                                                                         
ΔH0

𝑅𝑇
-  

ΔS0

𝑅
) =dLn (K 399 

ΔG0 = ΔH − T ΔS0                                                                                                   (6)                                                 400 

Table 4. isotherm data obtained by non-linear fitting analysis for Cefixime and    

Ceftriaxone adsorption 

Isotherm Parameters Ceftriaxone Cefixime 

 

Experiment (mg/ g) maxq 29.17 28.87 

Langmuir 

 

 

(mg/ g) maxq 28.23 26.48 

)1−(L mg LK 0.028 0.102 
2R 0.981 .950 

RMSE 1.61 2.60 

Freundlich 

 

 

(mg/ g) maxq 29.22 28.79 

1/n 0.552 0.393 

)1−(L mg FK 2.72 5.29 
2R 0.991 0.974 

RMSE 1.08 1.86 

Temkin (mg/ g) maxq 26.81 26.84 

B 440.3 440.3 

)1−(L mg TK 1.6 1.6 
2R 0.943 0.958 

RMSE 3.73 1.88 

Sips (mg/ g) maxq 29.11 28.41 

Lk 2.60 5.20 

n 0.587 0.475 

Ra 0.009 0.054 
2R 0.989 0.975 

RMSE 1.08 1.84 

Redlich- Peterson (mg/ g) maxq 29.23 28.80 

)1−/(L gRK 2922 3017 

)1−/(L mmolRa 10.72 570.0 

g 0.448 0.606 
2R 0.990 0.974 

RMSE 1.40 1.86 



By plotting the van't hoff diagram, i.e., ln Kd against 1/T, and obtaining the line equation, the 401 

values of ΔH0 and ΔS0 can be extracted using slope and intercept, respectively. Then, using the 402 

equations, the ΔG0 can be calculated at the desired temperatures. 403 

The results of thermodynamic parameters for the adsorption of both antibiotics are shown in 404 

Table 5, and as can be seen, the negative ΔG0 indicate that the adsorption process is 405 

spontaneous (48). The increase in ΔG0 with increasing temperature indicates a decrease in the 406 

rate of spontaneous reactions at higher temperatures; or in other words, lower temperatures are 407 

more desirable for the absorption of both antibiotics (45). It should be noted that the positive 408 

ΔH0 changes of reaction indicate that the adsorption process is exothermic. On the other hand, 409 

the positive ΔS0 for the adsorption of both standard antibiotics in the system indicates an 410 

increase in irregularities in the solid/solution adsorption interface (49). In other words, the 411 

positive ΔS0 of the system indicates an increase in irregularities in the nanocomposite in the 412 

adsorption process of antibiotic ions compared to the initial state before the adsorption process. 413 

Due to this, it can be suggested that changes and increases in irregularities in the nanocomposite 414 

structure occur during the adsorption process (50, 51). 415 

 416 

Table 5. Thermodynamic parameters for the adsorption of Cefixime and ceftriaxone on 417 

nanocomposites 418 

T (K) (kJ/mol) 0ΔG     ΔH0 (kJ/mol)                      ΔS0 (kJ/mol K) 

Cefixime 

298 −0.851  

        

-3/70 

                             

 

    0.011 308 −0.623 

318 

328 

−0.319 

-0.121 

ceftriaxone 

298 −1.17   

308 

318 

328 

−0.782 

−0.532 

-0.379 

 

           -3/40 

 

0/009 

 

 419 

Conclusion 420 

Kaolin-Fe3O4 magnetic nanocomposite was prepared by simple chemical and physical 421 

methods, and aqueous solutions were used to remove ceftriaxone and Cefixime ions. Adsorbent 422 

properties were determined by SEM, FTIR analysis, pHpzc, and XRD. In addition, the study of 423 

various factors affecting the removal of antibiotics by Kaolin-Fe3O4 nanocomposite was 424 

considered. Increasing the Kaolin-Fe3O4 mass was associated with increasing the adsorption 425 



efficiency, and the highest removal percentage was obtained using 0.4 g in 250 cc of adsorbent. 426 

In addition, studies evaluating the effect of adsorption time introduced 60 minutes as the 427 

adsorption equilibrium time. Fitting the data with different kinetics used to perform kinetic 428 

studies confirmed the suitability of different models for the adsorption data. The Freundlich 429 

and Sips model best fitted isotherm data. Thermodynamic studies were performed by 430 

calculating different thermodynamic parameters. According to the results, the removal process 431 

of ceftriaxone and Cefixime by the studied adsorbent, i.e., Kaolin-Fe3O4 nanocomposite, was 432 

a spontaneous and exothermic adsorption process. According to our work, the application of 433 

novel Kaolin-Fe3O4 magnetic nanocomposite could contribute to the removal of such 434 

challenging and persistent contaminants from wastewater. 435 
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