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A B S T R A C T   

In the present study, a new sorbent was fabricated from Palm kernel (PK) by dry thermochemical 
activation with NaOH and characterized by FTIR, X-ray diffraction, FE-SEM and BET, which was 
used for the Amoxicillin (AMX) sorption from aqueous solution. The influence of effective pa-
rameters such as pH, reaction time, adsorbent dosage, AMX concentration and ionic strength on 
the sorption efficacy of AMX removal were evaluated. The main functional groups on the surface 
of the magnetic activated carbon of Palm Kernel (MA-PK) were C–C, C–O, C––O and hydroxyl 
groups. The specific surface of char, activated carbon Palm Kernel (AC-PK) and MA-PK were 4.3, 
1648.8 and 1852.4 m2/g, respectively. The highest sorption of AMX (400 mg/L) was obtained by 
using 1 g/L of sorbent at solution pH of 5 after 60 min contact time, which corresponding to 
98.77%. Non-linear and linear models of isotherms and kinetics models were studied. The data 
fitted well with Hill isotherm (R2 = 0.987) and calculated maximum sorption capacity were 
719.07 and 512.27 mg/g from Hill and Langmuir, respectively. A study of kinetics shows that the 
adsorption of AMX follows the Elovich model with R2 = 0.9998. Based on the artificial neural 
network (ANN) modeling, the MA-PK dosage and contact time showed the most important pa-
rameters in the removal of AMX with relative importance of 36.5 and 25.7%, respectively. Lastly, 
the fabricated MA-PK was successfully used to remove the AMX from hospital wastewater.   

1. Introduction 

In recent decades, the occurrence of emerging environmental pollutants has been seriously considered. Pharmaceutical products 
are one of the main groups of emerging pollutants [1–3]. Among pharmaceutical compounds, antibiotics are extensively applicable to 
humans, animals and plants [4,5]. Among pharmaceutical products, AMX products have had the highest consumption. AMX is a 
semi-synthetic group of beta-lactam that is used against both gram-negative and gram-positive bacteria in wide range [6,7]. AMX is 
used as a medicine for human and veterinary applications and should be considered due to its high consumption in the world and Iran 
as well [4,8–10]. The release of AMX into the environment can lead to chronic dangers [11–13]. In order to remove antibiotics from 
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wastewater and water, different methods are used, including advanced oxidation, adsorption, coagulation, flocculation, sedimenta-
tion, filtration, membrane processes, biological processes and combination processes [5,6,14–21]. Since the removal efficiency is low 
in biodegradation methods using antibiotics as a toxic substance for purifying organisms. Advanced oxidation methods, in addition to 
its high cost, often result in its degradation and mineralization, which causes secondary problems. Among physical, biological and 
chemical methods [22–24], physical removal is the most efficient process that is used for pharmaceutical wastewater treatment. In 
order to easy operation, low cost, and lack of toxic by-products, adsorption methods have been developed as an appropriate and 
applied method [25–27]. Activated carbon, among surface adsorbents, due to high adsorption capacity, high porosity and specific 
surface is most used to remove the organic compounds from contaminated aqueous solution [4,28]. 

Increasing the area of adsorption specific surface that can be achieved by applying corrective methods such as loading nano-
particles on the activated carbon surface is one of the efficient factors for increasing the removal yielding adsorption methods [29–31]. 
Among the nanoscale materials that have shown good efficiencies in wastewater and water treatment, some examples can be 
mentioned, such as membrane filters, zeolites, carbon compounds, metal oxides, metal nanoparticles, etc. [32–34]. 

The preparation of carbon-based bio-adsorbent from PK, which is abundant in the southern regions of Iran as a solid waste, 
especially in the Fars and Hormozgan provinces, was the novelty of this study. Also, the novel bio-adsorbent is used to AMX removal 
from aqueous solution and hospital wastewater in order to evaluate the capability of the prepared adsorbent. The factors that affect the 
AMX removal with adsorption reaction such as contact time, pH, dosage of adsorbent, AMX concentration, isotherm and kinetics of 
adsorption reaction were examined as well. Moreover, ANN modeling was carried out to compare the results of experimental analysis 
and the predicted state to determine the percentage contribution of each variable in the process and also verify the results obtained 
with the predicted state. 

2. Experiments 

2.1. Materials and methods 

All chemicals such as FeCl2.4H2O (≥99%), FeCl3 (≥98%), HCl (37%), NaCl (≥99.5%), water and methanol (HPLC grade, 99.9%) 
were prepared by the Merck. The fresh PK was prepared from Kazeroun city in the Fars province of Iran. AMX (≥99% purity, Farabi 
Pharmaceutical Company) is prepared from Isfahan (Iran). The solution pH was measured through a digital pH meter (WTW7110, 
Germany) using NaOH and HCl 0.1 mol/L. 

2.2. Producing char from the PK 

As previously done by Jafari et al. [35], at ambient temperature the PKs were dried first and then crushed using the mortar. Then 
the stainless-steel reactors that contained crushed PKs placed undergoing N2 gas (with a flow rate that was 100 cm3 per minute) for 2 h 
at 500 ◦C (electric furnace: 5 L, 220 V, 2000 W and 50–60 Hz). The produced char was again grounded and sieved to make particles to 
the size of about 400–500 μm. 

2.3. Activated carbon production (AC-PK) 

For obtaining the activated carbon, char and dry NaOH were blended in a 1:3 ratio [36]. The mixed char and NaOH was then 
poured into a reactor (stainless steel) in the furnace (electrical) and the mixed material was subjected to horizontally gas of N2 (100 
cm3/min as a flow rate) at 700 ◦C for 1.5 h. In the second step, after cooling, the reactor was eliminated from the furnace, then, AC from 
PK was washed by deionized water. In the next step, with a cellulose membrane filter (0.45 μm) and vacuum pump, the activated 
carbon was washed and the chemical impurities were removed using 0.1 mol/L HCl. The washing phase was applied to neutralize the 
residue using deionized water several times. Then, the AC powder was dried for 24 h at 110 ◦C in a digital sterilizer. 

2.4. Synthesis of Fe3O4 particles 

The Fe3O4 magnetic particles were produced using FeCl2.4H2O (1.113 g) and FeCl3 (1.817 g), as previously performed by similar 
study [37]. Separately, each of the materials was poured into 50 mL deionized water and blended by heater-magnet at 80 ◦C (alpha 
D-500). Also, 15 mL of NH3 (25%) that was purged by nitrogen gas was added (for 30 min) as droplets to the solution. In the next phase, 
to react the solution, it was allowed for 2 h. The change in the solution color (orange to black) was an indication in the effective 
creation of Fe3O4 magnetic particles. Using an external magnet, the magnetic black Fe3O4 nanoparticles were isolated and washed ten 
times using deionized water and five times using ethyl acetate (C4H8O2: 96% purity). Fe3O4 nanoparticles at 70 ◦C were dried in a 
digital sterilizer for 12 h. The dried Fe3O4 nanoparticles were powdered and milled and then separated with a sieve (500 μm). The 
produced Fe3O4 was 1.202 g. The product was kept at a refrigerated temperature and desiccated in polyethylene containers due to its 
sensitivity to humidity. 

2.5. Fabrication of MA-PK 

Ethyl alcohol (96%) with a volume of 200 mL was added to 5 g of AC produced by NaOH, to synthesize the MA-PK, and it was 
exposed to ultrasonic waves in an ultrasonic device that was Digit starsomic 18–35. Moreover, as formerly reported by Bagheri et al. 
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ethanol (50 mL, 96%) was added to Fe3O4 (0.5 g) and for 1 h was placed in an ultrasonic device [37]. Then, the solution of Fe3O4 
nanoparticle with the mass ratio of 1:10 was added to the AC-ethanolic solution and placed in Digit starsomic 18–35 for 8 min. It was 
then inserted for about 12 h at 250 rpm in a Shaker with a Heidolph Unimax 1010 model. So, the ethanol aqueous solution was 
eliminated using a cellulose membrane (0.45 μm) and a vacuum pump. The MA-PK was washed 7 times by deionized water as well as 
dried for 16 h at 80 ◦C. Then MA-PK was ground into the form of a powder and stored in the desiccator until the tests were done. 

2.6. Instruments 

SEM images were created by FE-SEM Tescan Mira II (Czech Republic). The images were used to show the shape, morphology and 
the size of the adsorbent particle on the surface of the adsorbent after and before activation, and also the MA-PK morphology. By X-ray 
radiation (anode of Cu kα at a normal angle that is 10–80◦, using the Dutch PW1730-XRD device), X-ray diffraction (XRD) spec-
trometry was conducted. Each sample, indeed a powder with a very fine size, was subjected to X-ray bombardment by the 1.54056 Å 
for wavelength and the size was designed at 0.05. A diffraction pattern or diffractogram resulted. Each sample had an individual 
diffraction pattern in which the compound type was identified using databases of XRD and patterns compared with standard patterns 
of diffraction. In order to determine the unknown quality of the samples, the bonds in the molecules of MA-PK and the kind of 
functional groups, samples were recognized with the Nicolet Avatar-FTIR ATR for FT-IR analysis. Also, the solution samples were 
analyzed with BEL SORP mini II-BET, to investigate the area of the adsorbent surface. 

2.7. Experiments of AMX sorption 

At first, 1000 mg/L of the AMX stock solution was prepared with deionized water in a polyethylene container (almost 60 mL with 
25 mL of AMX solution). In a closed environment, all of the experiments of AMX adsorption were carried out for AMX concentrations of 
100–1000 mg/L, MA-PK dose of 0.1–3 g/L, at contact times of 5–240 min, and at pH values of pH 2–9. Then, the solution pH was set by 
NaOH and HCl (0.1 mol per litter). Tests were carried out on the temperature of the room. For mixing the suspension of adsorbent and 
adsorbate, samples were put on a shaker (250 rpm). After a different reaction time, samples were filtered with syringe Cellulose filters 
(0.45 μm). With a HPLC (Shimadzu) instrument, a calibration curve plotted by UV detector (at 230 nm). The AMX concentration was 
calculated by injecting samples into HPLC. The reverse HPLC phase column was ODS (octadecyl silane) with dimensions of 250 × 4.6 
mm by volumes of 20 μL injections. Also, the mobile phase involved water and methanol (60:40 ratio). Also, each step of the test was 
repeated 2 times, then, the average of the data was considered as the final result. Using the following relationships (Equations of (1, 2)), 
the AMX content that adsorbed (mg) on the MA-PK and then removal efficiency of contaminant was found: 

qe =
C0 − Ce

m
× v (1)  

% Removal efficiency=
(

C0 − Ce

Ce

)

× 100 (2)  

where qe is the adsorption capacity under equilibrium conditions (mg/g). C0 and Ce are the initial and equilibrium concentrations of 
AMX (mg/L), respectively. Moreover, v and m are the solution volume (L) and the adsorbent mass (g), respectively. 

Fig. 1 represents the chromatogram of the AMX after injecting into HPLC. According to the calibration curve, the amount of AMX 
standards that were obtained after injecting into HPLC had a regression coefficient of 0.9991 and a wide linear dynamic range. The 
calibration curve equation was y = 61105× - 5133 (where the peak area is y and the AMX concentration is x). 

2.8. Kinetic and isotherm models 

In this study, the experimental adsorption data were fitted to the kinetic and isotherm models in order to further characterize the 
adsorption phenomenon. In Table 1, the equations of kinetic and isotherm models are shown. The original forms of kinetic and 
isotherm models were fitted non-linearly to the experimental adsorption data using Origin Lab Pro (2022) software, while the linear 
kinetic of intraparticle diffusion (IPD) model was evaluated. The kinetic study was done by considering the experimental data of 
adsorption rates at different reaction times. In this study, four kinetic models, including pseudo-first-order, pseudo-second order, 
Elovich, and IPD were considered. 

The basis of the pseudo-first-order model is that the adsorption process occurs through controls on a boundary layer, while the 
pseudo-second-order kinetic shows that the chemical adsorption is predominant and controls the adsorption mechanism [38,39]. The 
Elovich kinetic describes the adsorption process as a group of reaction mechanisms, such as surface diffusion, active catalytic surfaces 
and adsorption onto the active site of adsorbent [40]. In this model, the energy of the adsorbent surface is heterogeneously distributed 
and the adsorption kinetics, in low surface coverage, is not affected by the interaction or repulsion between the molecules of the 
adsorbent surface [41]. The kinetic of IPD examines the mass transfer of adsorbed molecules from the bulk solution to the external 
surface of the adsorbent, the mass transfer of the adsorbed material to the internal surface of the adsorbent and finally, their absorption 
on the active sites of the adsorbent [42]. In this model, three linear regions are drawn for each stage of the absorption process [43]. The 
first linear region starting from the origin represents the transfer of AMX molecules from the bulk liquid to the external surface of 
MA-PK. The second linear region corresponds to the entry of AMX molecules into the porous structure of MA-PK or IPD. Finally, the 
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third linear region shows the equilibrium phase of the adsorption process [44]. The IPD was used to determine which part of diffusion 
is rate controlling [43]. 

The Langmuir adsorption model expresses monolayer, homogenous, and uniform adsorption on surfaces with equal energy on all 
surfaces of adsorbent. In the Langmuir isotherm, all adsorption sites are identical to those of the adsorbing molecules [35]. The 
Freundlich isotherm expresses a multi-layered, heterogeneous, and non-uniform adsorption on the surface of adsorbent [45]. The 
isotherm of Temkin is a newer model of equilibrium isotherms which describes the indirect adsorption effects and adsorbing in-
teractions on isotherm of adsorption [46,47]. Temkin assumes that the adsorption heat for all of the adsorbed molecules is reduced 
linearly by the increase of the adsorbent surface coverage [48]. Dubinin-Radushkevich isotherm is used to determine the thermo-
dynamic parameters of the adsorption process based on the adsorption of heterogeneous surfaces [49–51]. The Redlich-Peterson model 
considers both monolayer and multilayer adsorption mechanisms. The exponent (g) in this model is between 0 and 1. If the g value 
equals 1, the Redlich-Peterson equation works like Henry’s law. For g < 1, and aRP and bRP > 1, the Redlich-Peterson adsorption 
isotherm will tend to the Freundlich model. It is worth mentioning that if the power of g goes to number 1, Redlich-Peterson isotherm 
works like Langmuir isotherm [43]. The Hill isotherm model is a cooperative phenomenon in which a ligand binds to a site on a 
macromolecule. In this case, different binding sites on a macromolecule may be affected. QH is the Hill isotherm adsorption capacity, 
nH is the Hill bond interaction coefficient, and KH is the Hill constant [52]. 

Fig. 1. a) A chromatogram obtained from standard AMX injection (CAMX. ST = 50 mg/L) and b) the calibration curve of AMX (CAMX.ST = 0.5–100 
mg/L). 
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2.9. ANN modeling 

Artificial neural network model is a method that is used in order to model the complex processes [53,54]. ANN, in which the 
neurons are the processing units, has been carried out successfully for modeling of water treatment processes [55,56]. ANN consists of 
3 main neurons layers that are called output, input and hidden layers. The neurons nodes in each layer, layers, and the transfer 
functions among layers form the topology of the network [57,58]. All ANN evaluation was performed by Matlab 7 with ANN toolbox. 
Also, in the present study, adsorption of AMX on MA-PK was modeled through a 3-layered feed-forward back diffusion neural network 
by linear transfer functions. A total of 40 experimental runs were used in order to feed the structure of an artificial neural network. 
Then, the data sets were separated into validation, subset of tests, and training that included 36th, 38th, and 40th samples, respec-
tively. In order to validate the calculation and modeling net power, the test sets and validation were randomly chosen from the 
experimental data. The variables ranges are shown in Table 2. Training the artificial neural network is sentient to the neuron’s nodes in 
the hidden layer. So, a series of topologies in which the number of neurons in their hidden layer (2–20 neurons layers) were used due to 
model the AMX removal process on the MA-PK. MSE (Mean squared error) was used to assay the number of neurons effect on ANN 
validity (Equation (3)) [59,60]: 

MSE=

(
∑N

i=1

⃒
⃒
(
Ri,pre − Ri,exp

⃒
⃒2
)/

N (3)  

in this equation, N is the data point number, Ri, exp and Ri, pre are network experimental and prediction efficiency of AMX removal, 
respectively. also, i is a data index. 

Table 2 
Input and output parameters and their ranges.  

Variables Ranges 

Input layers 
pH 2–9 
AMX concentration (mg/L) 100–1000 
MA-PK dose (mg/L) 0.1–3 
Time (min) 5–240 
NaCl concentration (mg/L) 0.1–5 
Output layers 
AMX removal efficiency (%) 13.22–96.74  

Table 1 
Equations related to the calculation of kinetic models and reaction isotherms.  

Kinetic models Intraparticle diffusion qt = kid
̅̅
t

√
Ci; or qt = kbt0.5 + C 

Elovich qt =
1
β

ln(1 + αβt)

Pseudo-first order qt = qe(1 − e− k1 t); h0 = k1qe 

Pseudo-second order 
qt =

k2q2
e t

1 + k2qet
; h0 = k2q2

e 

Isotherm models Hill qe =
qH CnH

e
kH + CnH

e 
Temkin qe =

RT
bT

ln(ktCe)

Freundlich qe = kFC1/nf
e 

Langmuir qe =
qm kL Ce

1 + kL Ce
; RL =

1
1 + kL C0 

Redlich-Peterson qe =
aRP Ce

1 + bRP Cg
e 

Dubinin-Radushkevich qe = qse− βε2 

The pseudo-first order and pseudo-second order constants = k1 and k2, respectively; the Elovich constants = α and β; IPD 
constants are the kid and Ci; Freundlich constants are the kF and nf; maximum monolayer adsorption capacity is qm; kL is the 
Langmuir constant and RL is the Langmuir separation factor; Redlich-Peterson constants are the aRP, bRP and g; variation of 
the adsorption energy in Temkin model shown by bT and kT is the Temkin constant; universal gas constant is the R (8.314 j/ 
mol ◦K) as well as T is the absolute temperature (◦K). 
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3. Results and discussion 

3.1. MA-PK characteristics 

Fe3O4 particles were used for magnetizing activated carbon obtained from the PK. Iron oxides for activation should be fixed on the 
surface of AC-PK so that X-ray diffraction was used to show the magnetic activated carbon-crystalline structure [61]. The XRD patterns 
of magnetized nanoparticles (Fig. 2) confirmed the Fe3O4 crystals on the surface of adsorbent using adsorbent XRD patterns by 
applying Cu Ka by 10–80◦ as a normal radiation angle. Based on the results, Fe3O4 sample peaks at 2Ө◦ of 30.34, 35.57, 43.41, 53.76, 
57.13 and 62.95, are quite consistent with the Fe3O4 standard XRD spectrum, meaning that other iron compounds do not precipitate on 
the activated carbon surface [62]. In terms of the crystalline structure and particle size, according to the shape, this indicates that the 
wide range and weak peaks in the sample are different, thus the particle size on the adsorbent surface and the average crystal size are 
small. Failure to observe other compounds in the prototype of the standard XRD model of the nanoparticle can be referred to as the 
other amorphous compounds (other non-crystalline compounds) or their small amount of them in the sample. The peak angle of 35.57◦

has the highest intensity that the spacing between the plates is 2.52 Å. Also, the FWHM (full width at half maximum) is 0.59◦. 
FTIR analysis identifies different adsorbent groups and functional groups. To recognize the original functional groups available on 

the adsorbent surface, the quality of the unknown samples and their contributions to the adsorbent molecules using Nicolet Avatar- 
FTIR-FTIR ATR were calculated. As shown in Fig. 3, the adsorption band is shown for char, activated carbon and MA-PK. The 
adsorption peak of about 1600–1750 cm− 1 is relevant to aromatic compounds of C–C, which found in all of the three samples. The 
adsorption peak of about 3400 cm− 1 is relevant to the 

◦

OH (hydroxyl) tensile strength or water molecules, which is much higher in 
active carbon and MA-PK samples than in the char sample. Also, the high levels of the C–O and aromatic rings in the adsorption peak 
were formed at 1054 to 1226 cm− 1 after activation, which is higher in the magnetized adsorbent than activated carbon and char. The 
adsorption peak shows C––O groups at 1700 cm− 1, which are more composed in the activated carbon and MA-PK samples. The 
adsorption peak of about 2885–2955 cm− 1 is associated with the functional groups Methylene and Methyl. 

Fig. 2. The XRD patterns of MA-PK  

Fig. 3. FTIR spectra of char, activated carbon and MA-PK.  
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The shape and adsorbent surface morphology were evaluated using FESEM before and after the activation of the material by NaOH 
and also after the production of the magnetic particles as well [43]. Regarding Fig. 4 a-c, the surface of the char sample, according to 
the volatile compounds released during the carbonized time period of PK, has a rugged surface, and the rate of degradation and 
formation of absorption pores is poor and insignificant. In Fig. 4b, the adsorption level is clearly shown in the activation phase in 
comparison to the primary production stage, the activated carbon production, and after loading of the Fe3O4 magnetic particles on the 
activated carbon. Sodium hydroxide is known to be an active agent for premature carbonaceous substances. The development of 
cavities using NaOH is accompanied by reduction and oxidative modification in order to isolate and degrade the graphite layers. 
Therefore, some possible reactions between the carbon and active intermediates cause the formation of CO2, H2 and CO that develops 
the porosity of the surface. Adsorption cavities created on the adsorbent surface are a good place to penetrate the molecule of AMX into 
the structure of carbon, allowing disposal of mesoporous and microporous adsorbents and interactions between surface functional 
groups [63]. In addition, the size of nanoparticle crystals on the adsorbent surface in these figures was about 36 nm. 

The distribution of pore size and specific adsorption surface using the BET system was determined according to the measured 
amount of N2 gas adsorbed and desorbed with the material surface at 77 K as a constant temperature of nitrogen [64]. The specific 
surfaces of char, AC-PK and MA-PK were 4.3, 1648.8 and 1852.4 m2/g, respectively. According to the results, the absorbance pore 
volume increased after activation. Also, after loading magnetic particles on the AC-PK surface, the amount of special adsorption area 
and adsorption cavities on the MA-PK surface were increased. 

3.2. pHpzc 

The pHpzc indicates a pH at which the charge of the surface is zero. The charge of the adsorbent surface is negative (− ) at pH higher 
than pHpzc, and the adsorbent charge of the surface is positive (+) at pH < pHpzc [65]. To determine pHpzc, 50 mL of sodium chloride 
0.1 mol/L was poured into a 100 mL container. The pH of the solutions was adjusted using Sodium hydroxide and Hydrochloric acid 
0.1 mol/L, in the pH range of 2–9. Afterwards, 0.15 g of MA-PK was added to each sample container and after 48 h, the pH of solutions 
was measured again. pHpzc is equal to the pH value obtained by initial pH (pHi) and final pH (pHf). The pHpzc in this study was to be 
6.42. 

3.3. Effect of solution pH 

pH is one of the main factors that should be considered in adsorption processes because of the effect on the charge of the adsorbent 
surface and the pollutants ionization. In order to determine the pH effect, a solution of 400 mg/L of AMX at pH of 2–9 was adjusted 
using Sodium hydroxide and Hydrochloric acid 0.1 mol/L. The MA-PK effects on the solution pH and AMX removal can be described 

Fig. 4. FESEM images for a) char b) activated carbon and c) MA-PK.  
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with respect to the pka of AMX and the charge of adsorption surface. The degree of dissociation depends on the pKa of AMX (pKa of 2.4, 
7.4 and 9.6 for carboxylic acid, amines and phenols, respectively). So, pH determines the condition of ionization for AMX molecules in 
the solution phase which depends on the values of pH. Regarding the pKa carboxylic acid functional groups of AMX and pHpzc (pHpzc =

6.42), at pH of 5 the charge of AMX and surface charge of adsorbent are negative and positive, respectively. The isoelectric point of 
AMX is 5.2. According to Fig. 5, the AMX molecules are adsorbed on the adsorbent by electrostatic reactions. So, it can be said that the 
dominant mechanism for adsorption in the aqueous solution has been related to electrostatic reactions. 

According to Fig. 5, since the changes in the RE of AMX were negligible because of the change of the pH from 3 to 6, it can be stated 
that the pH factor has no considerable effect on the AMX removal in this range and has little effect. For further experiments, pH = 5 was 
considered as optimal. 

3.4. Influence of contact time 

Due to enhancement of the removal efficiency of the MA-PK, reaction time is the main parameter to determine the optimum time 
for the adsorption of AMX onto MA-PK (400 mg/L for concentration of AMX, absorbent dose of 1 g/L and pH = 5). Experiments were 
carried out at different interval times of 5–240 min. In the first 60 min, the AMX removal efficiency rapidly increased, probably due to 
the availability of adsorption cavities on the MA-PK surface. According to Fig. 6, the adsorption rate was not changed significantly after 
60 min and therefore, this time was selected as the optimal time. 

3.5. Effect of MA-PK dose 

It is advisable to use an optimal dosage of adsorbent in order to prevent excessive adsorbent usage. The MA-PK dose effect on the 
efficiency of AMX removal at different doses of adsorbent (0.1–3.0 g/L) was investigated and presented in Fig. 7. In this study, with 
increasing the dose of MA-PK (0.5–3 g/L), the removal efficiency was increased from 52.2 to 98.8%, but the adsorption capacity (q) 
diminished from 417.3 to 131.7 mg/g. It may be due to the agglomeration of adsorbent in high-doses that may decrease the available 
surface area and increase the length of the propagation pathway [66]. Increasing adsorption efficiency can be due to the general 
increase in the adsorbent surface areas, including the increase in the number of active sites for adsorption reactions [67]. 

Fig. 5. The effect of pH on AMX adsorption by MA-PK (time = 120 min, CAMX = 400 mg/L, adsorbent dose = 1 g/L, rpm = 250).  

Fig. 6. Eeffect of contact time (pH = 5, CAMX = 400 mg/L, adsorbent dose = 1 g/L, rpm = 250).  
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3.6. Effect of ionic strength 

The ionic strength effect on the adsorption capacity and adsorbent efficiency was measured by NaCl with a concentration of 0.1–5 
g/L for AMX removal. The Na+ ions in the salt compete for active cation exchanger sites in MA-PK. In general, the effect of ionic 
strength in increasing the efficiency was insignificant (1–2%) and in some cases caused reduced AMX removal efficiency (Fig. 8). 

The ionic strength of a sample solution may affect the interactions among species of contaminant and adsorbent [68,69]. A study on 
the Cefixime adsorption onto KOH- and NaOH-prepared activated carbon showed <3% decrease in the removal efficiency in solutions 
containing up to 0.7 mol/L NaCl. Altogether, the Cefixime adsorption on the 2 sorbents is not affected significantly by the concen-
tration of NaCl under the applied condition in the present research conditions, which is similar to our study. 

3.7. Kinetic study 

The kinetics of adsorption was studied to determine the mechanism of the adsorption process (penetration and/or interaction 
between adsorbate and adsorbent surface) and to determine the factors affecting the adsorption rate [70,71]. Fig. 9 (a, b) determines 
the kinetic models of adsorption and the results of the absorption kinetics and the summarized results are shown in Table 3. Very low 
values of β and very high values of α, especially at pH = 5, indicate proper interaction between MA-PK and AMX molecules. The very 
high value of α (2.11E+09 mg/g.min) is indicative of a very high initial adsorption rate. As can be seen, the reaction kinetics in the 
present study followed the Elovich model with R2 equal to 0.9998, indicating that chemical adsorption was the dominant phenomenon 
(Fig. 9a). The results of Kyzas et al. (2022), show that, among IPD, pseudo-first order and Elovich models, pseudo-second order was the 
best model according to correlation coefficient (R2 = 0.998 for 10 mg/L of Benzene) [44]. Similar to our study, the removal of 
Tetracycline by FONP-PAC followed the Elovich kinetic model with R2 = 0.996 [40]. Also, the removal of fluoroquinolones and 
ibuprofen is followed by the Elovich model [41,72]. For pseudo-first-order and pseudo-second-order kinetic models, R2 was 0.985 and 
0.995, respectively. Also, KPFO and KPSO were 0.42 (1/min) and 0.0137 (g/mg.min), respectively. 

In the IPD model, the Ci (intercept value) of the plots shows the boundary layer thickness. The rank order of Ci values was C1 (0) <
C2 (71.46) < C3 (77.93) (Table 3), showing the lower external diffusion resistance at the first stage of the adsorption process rather 
than the other two stages, probably due to the availability of more vacant MA-PK adsorption sites. kid, determine the adsorption rate of 
AMX. According to Table 3, the kid value for the first stage of AMX adsorption at pH = 5 was 32.01 mg/g min0.5 which was higher than 
the other two stages [43]. In Kyzas et al. (2022) study, limiting step, mechanism and controlling the process of ion exchange were done 
with IPD model. Similar to this study the first stage showed the steepest slope, probably due to the stirring of the adsorption suspension 

Fig. 8. Effect of ionic strength on the adsorption process (time = 60 min, pH = 5, CAMX = 400 mg/L, adsorbent dose = 1 g/L, rpm = 250 rpm).  

Fig. 7. Effect of adsorbent dose (time = 60 min, pH = 5, CAMX = 400 mg/L, rpm = 250).  
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[44]. Hashemzadeh et al. reported a kid value of 2.84 g/min0.5.mg for AMX adsorption onto Av-N-AC, while in our study, the kid was 
32.01 for the first stage and decreased to 0.41 g/min0.5.mg at the end of the third stage [51]. Unlike the present study, in another study, 
the IPD kinetic model had two adsorption stages. This means that the IPD was not the only controlling stage of the process and other 
adsorption phenomena may also control the TC removal [40]. Removal of Levofloxacin with MWCNTs/CoFe2O4 is carried out at 
several stages from surface of adsorbent to the IPD [73]. 

Table 3 
Results obtained from the kinetics of AMX adsorption onto MA-PK.  

Kinetic models pH = 5 

Intraparticle diffusion Stage 1 
Kid, 1 (mg/g. min0.5) 32.01 
Ci,1 (mg/g) 0 
Stage 2 
Kid, 2 (mg/g. min0.5) 1.02 
Ci,2 (mg/g) 71.46 
Stage 3 
Kid, 3 (mg/g. min0.5) 0.41 
Ci,3 (mg/g) 77.93 

Elovich β (g/mg) 0.3056 
α (mg/g.min) 2.11E+09 
R2 0.9998 

Pseudo-first order qe (mg/g) 80.08 

K1 (
1

min
) 0.42 

R2 0.986 
Pseudo-second order K2 (g/mg.min) 0.0137 

qe (mg/g) 82.01 
R2 0.995  

Fig. 9. The non-linear model of a) pseudo-first order, pseudo-second order and Elovich kinetics b) Linear IDP model for AMX uptake onto MA-PK.  
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3.8. Isotherm study 

The study on the isotherms of adsorption was done on the equilibrium data in order to determine the adsorption capacity and the 
interactions between MA-PK and AMX [74]. So, six non-linear models of Temkin, Langmuir, Dubinin-Radushkevich, Hill, 
Redlich-Peterson, and Freundlich were used to analyze the experimental data under equilibrium conditions [50]. The adsorption 
capacity of different amounts of AMX onto the MA-PK is shown in Fig. 10. Fig. 11 shows the non-linear fits of the isotherm’s models 
including Temkin, Langmuir, Dubinin-Radushkevich, Hill, Redlich-Peterson and Freundlich. Parameters for all of the six isotherms 
were calculated (Table 4). The adsorption process was better followed by the Hill model with a R2 of 0.987 and a qH of 719.07 mg/g. 
Also, qmax from Langmuir was 512.27 mg per g of MA-PK. The RL values for irreversible adsorption, linear adsorption, optimal 
adsorption state, and undesirable adsorption are 0, 1, between 0 and 1, and higher than 1. According to the results, RL was 0.06, 
indicating the desirable adsorption of AMX on the MA-PK. In the Freundlich equation, n and Kf are the adsorption constants. In this 
equation, n is the adsorption rate and the adsorption is desirable if 1 < n < 10, and n less than 1 indicates weak adsorption [75]. In this 
study, n was 3.74 which showed good adsorption. Rafati et al. stated the removal of ibuprofen followed the Freundlich isotherm model 
with R2 = 0.9525 [72]. In Redlich-Peterson model, the exponent g was between 0 and 1, and it tends to 1 (g = 0.813). So, the 
Redlich-Peterson isotherm works like Langmuir isotherm and R2 of Redlich-Peterson was 0.984 as well [43]. The results of other 
isotherm constants and parameters are shown in Table 4. In the Jan Bednárek study, Redlich-Peterson was the best isotherm model for 
fluoroquinolones removal by activated carbon and qm, Langmuir for norfloxacin was 404 mg/g. But, unlike our study, the Freundlich 
model better described the adsorption process compared to Langmuir [41]. Isotherm models including Temkin, 
Dubinin-Radushkevich, Langmuir and Freundlich were also studied by Kyzas et al. (2022). Similar to our study, all of the models fitted 
to the experimental data with good R2 values. 

3.9. AMX removal from real hospital wastewater 

To evaluate the absorbent efficiency of AMX removal, samples were prepared before the chlorination unit from a hospital in Bandar 
Abbas and filtered by 0.45 μm filters. Regarding Fig. 12, a chromatogram obtained from the spiked wastewater can be seen. It is 
observed that the AMX peak is separated from the wastewater samples. According to Table 5, good adsorbent efficiency for AMX 
removal is shown in the actual samples of hospital wastewater, which shows good adsorption performance. 

Fig. 10. The adsorption capacity of different amount of AMX onto the MA-PK (time = 60 min, pH = 5, CAMX = 100–1000 mg/L, adsorbent dose = 1 
g/L, rpm = 250). 

Fig. 11. The non-linear model of the adsorption isotherms.  
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3.10. Comparison studies 

The capability of the prepared carbon-based adsorbent in the adsorption of AMX was compared with other studies. According to 
Table 6, the prepared AC in this research has an adsorption capacity as high as qH = 719.07 and 512.27 mg/g from Hill and Langmuir 
isotherms, respectively, at a reaction time of 60 min. Also, due to good efficiency in the AMX removal from wastewater and water 
samples, which are the strength of this study, the AC-PK showed advantages over other adsorbents in the previous studies. Adsorption 
capacity presented by this work is superior or comparable to other works as well. 

Fig. 12. Hospital wastewater treatment for AMX uptake (time = 60 min, pH = 5, CAMX = 400 mg/L, adsorbent dose = 1 g/L, rpm = 250).  

Table 4 
Parameters of the Langmuir, Freundlich, Hill, Dubinin-Radushkevich, Redlich-Peterson and 
Temkin isotherm models for AMX uptake onto the MA-PK.  

Isotherm models pH = 5 

Hill qH (mg/g) 719.07 
KH 10.377 
n 0.531  
R2 0.987 

Temkin KT (L/g) 0.969 
bT (J/mol) 29.76 
R2 0.984 
R 8.314 
T (◦K) 298 

Freundlich nf 3.74 
KF (mg/g) 103.48 
R2 0.972 

Langmuir KL (L/mg) 0.039 
qmax (mg/g) 512.27 
R2 0.953 

Redlich-Peterson aRP (L/mg) 66.22 
bRP (L/g) 0.394 
g 0.813 
R2 0.984 

Dubinin-Radushkevich qmax (mg/g) 481.25 
β 1.78 
R2 0.792  

Table 5 
The results of AMX removal in the wastewater samples.  

Sample AMX Added (mg/L) %R ± SDa 

Hospital wastewater – 
300 

Not detected 
86.89 ± 2.35 

400 83.05 ± 0.30 
600 75.51 ± 0.43  

a Recovery percent plus standard deviation (n = 3). 
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3.11. ANN modeling of AMX removal 

In order to model the MA-PK adsorption, optimized ANN by input [8], hidden [29] and output [2] layers were used (Fig. 13). The 
optimized ANN topology biases and weights (w) that applied in this study is shown in Fig. 14. Also, Fig. 15 shows the agreement 
between experimental data of AMX removal and the predicted ANN model for the test sets. The plot of the test set has a correlation 
coefficient (0.979). According to the results, the model of ANN is a good method in order to predict the experimental data into the 
agreement ranges. So, the relative importance of the input factors to the efficiency of AMX adsorption (%) was calculated. Comparison 
between experimental and predicated data including key factors which affected the analysis results, is determined in Fig. 16. As for 
Fig. 17, the relative importance of AMX amount, MA-PK dose, pH, NaCl amount, and reaction time on the efficiency of AMX adsorption 

Fig. 13. Performance of ANN as a function of neurons number.  

Fig. 14. MSE progress with the number of iterations of training, validation, and test.  

Table 6 
Comparison of MA-PK with other carbon-based adsorbents in the adsorption of antibiotics from aqueous solutions.  

Adsorbent qmax (mg/g) Time 
(min) 

pH Sample Reference 

Walnut shell based activated carbon 107.4 for Metronidazole and 93.5 for 
Sulfamethoxazole 

2880 6 Aqueous solutions [76] 

Magnetic activated carbon 136.98 90 5 Aqueous solutions [29] 
Novel Chicken Feather Carbon 142.8571 5–7 <5 Aqueous solutions [77] 
Self-shaping porous biomass carbon foam 

pellets 
64.23 for MNZ 
82.58 for DMZ 

120 4 Aqueous solutions [78] 

Activated carbon 4.4 240 5.5 Aqueous solutions [79] 
Activated carbon 424 300 4 Aqueous solutions [80] 
Magnetic activated olive kernel 238.1 90 6 Hospital 

wastewater 
[35] 

MA-PK qH, Hill = 719.07 
qmax, Langmuir = 512.27 

60 5 Hospital 
wastewater 

This study  
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Fig. 15. Comparison of the normalized experimental results of DR89 removal efficiency with ANN predicted for the data set.  

Fig. 16. Comparison between ANN predicted and experimental values of AMX removal as a function of (a) pH, (b) contact time, (c) AMX con-
centration, (d) MA-PK dose, and (e) NaCl concentration. 
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was 12.2, 36.5, 9, 16.5 and 25.7%, respectively. Results by Ahmed F. Belhaj et al. have shown that the adopted model of ANN had good 
agreement with the data from the experimental condition that was similar to our results. Also, ANN utilization for such a prediction 
procedure can decrease the experimental reaction time, give practical predictions and operating cost rather than other computational 
processes [57]. In the Dalhat et al. study (2021), ANN modeling showed better predictions and bed depth < time < flow rate < initial 
concentration had the most influence on the phenol uptake, respectively [59]. Tanzifi et al. used the ANN molding with 5 input and 1 
output, which was carried out by a hidden layer of 8 neurons. According to their results, ANN can calculate the methyl orange (MO) 
adsorption on the adsorbent (polyaniline) under different conditions [53]. 

4. Conclusion 

In this study, lignin obtained from the PK was used as the basic compound for the preparation of adsorbent. Using an ultrasonic 
method, Fe3O4 magnetic particles were loaded on the surface of activated carbon-PK. Some methods were applied to determine and 
confirm the characteristics of the adsorbent such as FESEM, BET, XRD and FTIR analyses. The prepared final absorbent, with a good 
surface area (1852.4 m2/g) confirmed using the BET test, was used to remove the AMX from hospital wastewater and aqueous solution. 
The six isotherms of Freundlich, Temkin, Redlich-Peterson, Dubinin-Radushkevich, Hill and Langmuir were studied in this study, 
which showed that Hill isotherm model was the best model. For kinetic study, four models, including pseudo-first-order, pseudo- 
second order, Elovich, and IPD were evaluated and data displays that the adsorption of AMX follows the Elovich model. According to 
ANN analysis, MA-PK concentration and reaction time had relative importance for AMX removal. Additionally, the adsorbent has 
shown high efficiency for AMX removal from a real matrix, hospital wastewater. Therefore, the MA-PK could be considered as an 
environmentally friendly, promising and efficient adsorbent for the removal of pharmaceuticals from wastewater solution. It is 
notable, the lack of access to advanced equipment and techniques such as the TEM is one of the limitations of the present study. 
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