
 
 

1 
 

 

Accepted Manuscript 

Title: Isotherm, Kinetic and Thermodynamic Investigation of Pb(II) 

Adsorption onto Magnetic Activated Carbon Fabric (MACF) 

 

 

 

 

 

 

Authors: Sepideh Kazemi Moghadam, Fatemeh Dadashian1, Majid Montazer, 

Mohammad Abedi  

 

 

Manuscript number: PCCC-2303-1206 

To appear in: Progresss in Color, Colorants and Coatings 

Received: 15 April 2025  

Final Revised: 7 July 2025 

Accepted: 8 July 2025 

 

Please cite this article as: 

Sepideh Kazemi Moghadam, Fatemeh Dadashian1, Majid Montazer, Mohammad Abedi, 

Isotherm, Kinetic and Thermodynamic Investigation of Pb(II) Adsorption onto Magnetic 

Activated Carbon Fabric (MACF), Prog. Color, Colorants, Coat., 19 (2026) XX-XXX. 

DOI: 10.30509/pccc.2025.167528.1388 

This is a PDF file of the unedited manuscript that has been accepted for publication. The 

manuscript will undergo copyediting, typesetting, and review of the resulting proof 

before it is published in its final form  



 

 

2 
 

 

Isotherm, Kinetic and Thermodynamic Investigation of Pb(II) Adsorption onto 

Magnetic Activated Carbon Fabric (MACF) 

S. Kazemi Moghadam1, F. Dadashian1, *, M. Montazer1, M. Abedi2 

1. Department of Textile Engineering , Amirkabir University of Technology, P.O. 

Box: 15875-4413, Tehran , Iran. 

2. Department of Chemical Technologies, Iranian Research Organization for 

Science and Technology (IROST), P.O. Box: 33535-111, Tehran, Iran. 

* Corresponding author e-mail: dadashia@aut.ac.ir 

 

Abstract 

This study focuses on enhancing activated carbon fabric (ACF) designed for the 

adsorption of lead ions. Magnetic-activated carbon fabric (MACF) was produced from 

cotton fabric by a sonication technique and iron salt to improve its efficiency in Pb²⁺ 

adsorption from aqueous solutions. BET, XRD, SEM, FT-IR, and VSM analyses were 

applied to characterize MACF and ACF. The optimal conditions were pH = 4, an initial 

Pb²⁺ concentration of 50 mg/L, and an adsorbent dosage of 1.5 g/L, with the process 

conducted at 20±1°C, 200 rpm for 1 hour for the removal of lead ions. Adsorption 

equilibrium data, including thermodynamics, isotherms, and kinetic studies, were 

analyzed. Among the various isotherm models, the Freundlich model provided the best fit 

for MACF adsorption of Pb²⁺, with the highest regression value of 0.8477. MACF 

achieved an 84% removal efficiency of Pb²⁺, significantly outperforming ACF, which 

only achieved 4%. The use of iron salts in the sonosynthesis process notably enhanced 

the ACF adsorbent, making MACF a cost-effective and high-performance substitute for 
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conventional activated carbons. Its versatility in shaping, sizing, and ease of separation 

from environmental or filtration systems positions it as a superior solution for eliminating 

heavy and toxic metals from aqueous solutions. 

 

Keywords: Lead removal, adsorption kinetics, magnetic-activated carbon fabric, 

adsorption isotherm, and thermodynamics. 

 

1. Introduction 

Pollution of the environment has posed a serious worldwide health threat over the 

centuries, largely driven by industrial activities such as battery plates and equipment to 

produce sulfuric acid, the electroplating industry, cable covers, mining, and textiles. 

These industries release a variety of hazardous substances, including heavy metals, into 

the environment. Lead (Pb) is a toxic heavy metal that, once introduced into the body, 

tends to accumulate in the bloodstream and various organs, including the liver, intestine, 

brain, and skin [1]. Pb is not biodegradable, unlike organic contaminants, and persists 

indefinitely in the environmental system [2, 3]. In humans, lead exposure has been 

associated with functional impairments in the reproductive, hepatic, immunological, 

endocrine, and neurological systems, as well as gastrointestinal systems and chronic 

severe diseases [4]. The pollution of water or wastewater by Pb is a significant ecological 

concern that endangers human well-being through the environment. Therefore, it is 

crucial to develop more efficient techniques to remove Pb from such water and solutions 

to safeguard the ecosystem. 

Activated carbon (AC) is created from various carbon sources, including waste cotton 



 

 

4 
 

 

and agricultural residues, and is used as an adsorbent material for the elimination of 

contaminants such as hazardous substances and heavy metals from water due to its 

excellent adsorption capability, extensive specific surface area, and durability. This 

material possesses an internal surface area ranging from roughly 500 to 3000 m2 g-1,  and 

is generally synthesized through a series of intricate, multi-step processes using carbon-

rich organic precursors [5]. While activated carbon (AC) efficiently eliminates numerous 

pollutants such as dyes and toxic metals, its capacity for binding heavy metals like lead 

has certain constraints [6]. These encompass restricted adsorption capacity, elevated ash 

content, uneven distribution of micropores, and inadequate functional groups for 

purposeful adsorption [7, 8]. Altering the exterior structure of ACs through chemical 

treatments, such as in-situ sonosynthesis of magnetic nanoparticles on their surface, 

enhances their ability to accumulate Pb and other toxic metals. 

The worldwide decline in the quality of water has prompted researchers to investigate 

nanoparticles, like iron oxide and silica, as novel adsorbents for the purification of 

wastewater/water [9]. These nanoparticles possess outstanding magnetic properties and 

high biocompatibility, making them easy to separate using an external magnetic field. 

Additionally, their comparably cost–effective and reusability propose them as a 

suggested substance for improving adsorption efficiency once integrated with activated 

carbon [10, 11]. Numerous reports have demonstrated the efficacy and the adsorption 

capacity of AC for removing toxic material and metallic elements, particularly 

highlighting that their active sites serve a more pivotal function. 

In this process [12, 13], activated carbon fibers (ACFs) are able to have some functional 

groups on their outer layer, thereby boosting their efficiency in adsorbing heavy and toxic 
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metals [14]. In 2018, activated carbon fibers (ACFs) were first derived from waste cotton 

fabric and utilized as adsorbents for pollutant gases [15]. ACFs are considered suitable 

for diverse environmental and industrial applications due to their convenience in handling 

and effective elimination, which are crucial for effective adsorption and straightforward 

adsorbent management. To date, published studies concerning the application of modified 

activated carbon by nanoparticles exhibit primarily concentrated on AC in powdered, 

granular, or fiber forms. We have developed and published, for the first time, the 

application of modified activated carbon fabric (MACF) enhanced with iron oxide 

nanoparticles to improve its adsorption capacity for removing  heavy metals (Cu and Cd) 

from aqueous solutions [16]. 

An examination of the current literature on the application of ACF or its modified forms 

for extracting Pb from aqueous solutions highlighted a critical research gap. Iron oxide 

nanoparticles have arisen as promising substances for boosting adsorption potential after 

combining with ACF. They provide superior biocompatibility, magnetic properties, and 

easy removal. Due to the decreasing quality of wastewater/water becoming a global 

concern, scientists are increasingly concentrating on iron oxide nanoparticles as great-

performance adsorptive materials for wastewater/water purification and decontamination. 

Their reusability and cost-effectiveness make them an appealing option for enhancing 

adsorption efficiency. The synergistic combination of iron oxide nanoparticles and ACFs 

presents a promising solution to extract toxic and heavy metals from polluted 

wastewater/water [16, 17].  

In this study, the objective was to examine the adsorption isotherms, kinetics, and 

thermodynamics of Pb²⁺ using MACFs. By analyzing these aspects, the research aimed to 
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gain a more profound comprehension of how surface alterations impact the adsorption 

efficiency of MACFs for Pb²⁺. These findings provide valuable insights into how these 

modifications influence the removal of Pb²⁺ from water/wastewater, potentially offering 

broader environmental benefits.  

 

2. Experimental 

2.1. Materials  

Waste cotton fabric (170 g/m²) was sourced from Yazd Baft Co. (Iran). To ensure the use 

of high-purity reagents, all chemicals employed in this study, including hydrochloric acid 

(HCl, 37%), ortho-phosphoric acid (H₃PO₄, 85%), ferrous sulfate (FeSO₄·7H₂O), sodium 

hydroxide (NaOH), lead (II) nitrate (Pb(NO₃)₂·4H₂O), were completely obtained from 

Merck (Germany). 

 

2.2. Materials Synthesis 

2.2.1. Preparation of activated carbon fabrics  

Activated carbon fabric (ACF) was produced from discarded cotton fabrics through 

chemical reaction using H₃PO₄, as described previously [16]. Briefly, the optimal 

conditions for preparing ACFs involved an impregnation ratio of 2, a heating rate of 7.5 

°C per minute, an activation temperature of 500 °C, and an activation duration of 30 

minutes. Post-synthesis, the ACFs were rinsed with distilled water to remove excess 

reagents until achieving a neutral pH of 7. 

 

2.2.2. Preparation of magnetic-activated carbon fabric  
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Nanoparticles of iron oxide (Fe₃O₄) were synthesized on ACFs via sonosynthesis within a 

solution of FeSO₄·7H₂O (16 mM). The combination was subjected to ultrasonic treatment 

(37 kHz, 80W) at a pH of 10-11, adjusted gradually with 0.5 M NaOH, for 40 minutes at 

75 °C. Afterward, the magnetic activated carbon fabrics were washed with distilled water 

and air-dried at 20°C (Figure 1, provided in the Appendix, illustrates the preparation 

procedure of magnetically activated carbon fabric (MACF). 

 

2.2.3. Magnetic-activated carbon fabric in-situ synthesis  

Magnetic activated carbon fabric was produced as previously outlined (16). In summary, 

cotton fabric was treated with H₃PO₄ and then heated to 500 °C, converting the cellulose-

based cotton into activated carbon. This transformation method introduces carboxyl (-

COOH) and hydroxyl (-OH) groups on the surface of the ACF. When exposed to 

ultrasound in water, hydrogen peroxide (H₂O₂) and other radicals are produced. The 

carboxyl and hydroxyl groups on the activated carbon fabric are securely attached to 

Fe₃O₄ nanoparticles, forming a consistent structure, and are also physically trapped within 

its pores. This technique produces magnetite-activated carbon fabrics with improved 

applications. 

 

2.3. Characterization methods 

The BET surface area and pore volume of the nanoparticles were assessed by the BJH 

desorption method with nitrogen adsorption and desorption at 77 K, measured via a 

Quanta Chrome analyzer. The pH point of zero charge (pHpzc) for activated carbon fibers 

(ACF) and magnetic activated carbon fibers (MACF) was determined using HCl and 
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NaOH solutions, with pH levels adjusted between 2 and 12. After mixing the samples in 

these solutions, the pH was measured after 24 hours to determine the pHpzc [18].. 

To analyze the samples, X-ray diffraction (XRD) was carried out via a Philips X-Ray 

diffractometer, and the average nanoparticle size was calculated with the Scherrer 

equation [19]. The surface morphology of ACF and MACF was examined using a Field 

Emission Scanning Electron Microscope (FESEM), and the elemental composition was 

determined using Energy-Dispersive X-ray Spectroscopy (EDX). Fourier-transform 

infrared (FT-IR) spectrometry was utilized to identify fabric characteristics, while a 

Vibrating Sample Magnetometer was used to measure the magnetic properties of MACF, 

applying a maximum magnetic field of 2 T at 20 °C. 

 

2.4. Batch adsorption methods 

The batch adsorption experiments were conducted to assess the removal of Pb²⁺ ions from 

solutions. Each trial involved preparing 50 mL of a Pb²⁺ ion solution at a specific 

concentration, with the initial pH set to 4. MACFs were introduced at a concentration of 

1.5 g/L. Sealed tubes containing the solutions were maintained under agitation at a 

temperature of 20 ± 1 °C, using a rotary shaker (HLB501 Behsan, Iran) operating at 200 

rpm; the MACFs were retrieved with forceps after agitation. The remaining concentration 

of Pb²⁺ ions in such solution was determined using Atomic Absorption Spectroscopy 

(PYE Unicam SP9 Atomic). Equation 1 was used to calculate metal removal percentages 

(R%) [20]. 

   (1) 

Given (Ci) as the initial metal concentrations in the solution and (Ce) as the equilibrium 
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metal concentrations in the solution, the adsorption capacity of MACF at equilibrium (qe) 

was computed using the following equation (equation 2) [21]: 

 Eq. (2) 

In equation 2, V shows the solution volume (L), and M represents the mass of MACF (g). 

The pH effect on the Pb²⁺ adsorption was studied by adjusting pH levels between 2 and 7. 

Adsorption isotherms were evaluated at several concentrations between 20 and 120 mg/L. 

For investigating kinetics, the contact time was varied from 20 to 90 minutes. Samples 

were collected at specific intervals, and the ion concentrations in each supernatant were 

measured using Atomic Absorption Spectroscopy (IR, PYE Unicam SP9 Atomic). 

Additionally, levels of Pb²⁺ before and after adsorption under optimal conditions were 

assessed using activated carbon fibers (ACF) and magnetic activated carbon fibers 

(MACF), which were analyzed using inductively coupled plasma optical emission 

spectroscopy (ICP-OES, Varian 730-ES). 

 

3. Results and discussion 

3.1. Characterization of MACF  

The BET, XRD, SEM, FTIR and VSM results were determined for ACF and MACF, the 

MACF's specific surface area and overall pore volume are slightly less than those of 

ACF, decreasing from 633 ± 5 m²/g and 0.16 ± 0.01 cm³/g to 513 ± 4 m²/g and 0.11 ± 

0.01 cm³/g for enhancing adsorption by introducing extra binding sites and enhancing 

their active surface area, which results from forming basic functional groups such as OH 

and COOH during the process of magnetic modification [16, 22].  

The XRD (Figure 1) proved the amorphous structure of MACF with 22% crystallinity 
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and 12 to 17 nm crystal size of magnetic nanoparticles (23, 24). Diffraction peaks at 2θ 

angles of 30°, 35°, 42°, 53°, 56°, and 62° in MACFs indicate the presence of the 

magnetite phase, with no signs of hematite. 

 

Figure 1. XRD graph of MACF 

 

Scanning Electron Microscopy (SEM) images (Figure 2) show that the activation process 

maintains the original morphology of ACF (Figure 2a) and MACF (Figure 2b), with no 

noticeable structural alterations after modification. Iron oxide nanoparticles, roughly 

ranging in size from 60 to 120 nm (Figure 2c), are irregularly allocated across the MACF 

surface and show mild agglomeration.  
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Figure 2. SEM micrographs of (a) ACFs with 5000X magnification, (b) MACFs with 

5000X magnification, and (c) Nanoparticle size on the surface of MACF with 25000X 

magnification. 

 

The analysis of FT-IR results showed the existence of different functional groups on 

surfaces of ACF and MACF (Figure 3). In MACF, prominent absorption peaks at 544 

and 784 cm⁻¹ were observed, confirming the presence of iron oxide nanoparticles through 

their characteristic Fe-O and Fe-OOH stretching bands on the surface [25, 26]. At 1415 

cm⁻¹, ACF displayed a peak suggestive of alkyl groups, including methyl and methylene. 

Peaks at 169 cm⁻¹ in MACF and 1704 cm⁻¹ in ACF indicated the existence of the 

carboxyl group (C=O). In MACF, peaks at 156 cm⁻¹ and in ACF at 1587 cm⁻¹ indicate 

aromatic structures. Moreover, MACF exhibited a pronounced -C-O band at 1216 cm⁻¹, 

pointing to a greater abundance of oxygen-containing functional groups [27]. 

Adsorbents possessing functional groups like aldehyde, ester, carboxyl, ketone, and 

hydroxyl are capable of binding heavy metal ions. The affinity for metal uptake is 

influenced by factors such as the number and accessibility of binding sites. In general, 

FT-IR analysis highlighted the impact of iron oxide, alkyl, aromatic groups, carboxyl, 

and hydroxyl groups over the surface of MACF for efficient adsorption of heavy metals. 

This enhanced ability is achieved through both complexation with physical adsorption 
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mechanisms and functional groups [28], chemical reactions with surface sites, ion 

exchange, or surface precipitation [29]. 

 

Figure 3. FT-IR spectra of ACFs and MACFs. 

 

The VSM of MACFs demonstrated the saturation magnetization of 4.5 emu/g. Also, 

MACFs exhibit a definite value to external magnetic fields. This notable saturation 

magnetization allows MACFs to react to magnetic influences rapidly, enabling prompt 

separation from such solutions polluted by heavy or toxic metals. These observations are 

consistent with previous studies [30, 31]. 

 

3.2. Characterization of batch adsorption  

3.2.1. Effect of solution pH on adsorption  

To assess how chemical precipitation affects the elimination of Pb²⁺ ions, a control 

experiment was carried out without employing magnetic activated carbon fabric. The 

experiment demonstrated that Pb²⁺ removal does not occur at pH levels below 4. 
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However, at pH levels above 4, Pb²⁺ ions start to precipitate as lead hydroxide (Pb(OH)₂), 

leading to complete removal from the solution at pH = 4. 

Based on this finding, lead ion adsorption studies were carried out within a pH range of 2 

to 7. The influence of pH on Pb²⁺ removal efficiency and adsorption capacity was 

examined using MACFs to identify the optimal adsorption pH. Other experimental 

conditions, including the concentration of lead ions (50 mg/L), MACF amount (1.5 g/L), 

speed of stirring (200 rpm), temperature (20 °C), and duration (1 h), were maintained at a 

constant level. 

The study showed that the maximum Pb²⁺ removal efficiency and capacity occurred at pH 

= 4 (Figure 4). As the pH increased from 2 to 4, Pb²⁺ removal efficiency in the magnetic 

activated carbon fabric rose from 9.2% to 84%. This improvement is attributed to 

functional groups like hydroxyl (-OH), carboxyl (-COOH), and ester ('RCOOR), as well 

as surface electrostatic charges that enhance ionic bonding. These observations align well 

with earlier results for copper and cadmium [16]. 

At lower pH levels, Pb²⁺ adsorption was reduced due to competition with hydronium ions 

for adsorption sites, leading to lower adsorption efficiency. In contrast, at higher pH 

levels, functional groups on the MACF deprotonate, creating negatively charged sites. 

This modification promotes electrostatic interactions with Pb²⁺ ions, leading to improved 

adsorption efficiency [30, 32].  

Furthermore, the point of zero charge (pHpzc) plays a critical role in assessing pH effects. 

The pHpzc for the magnetic activated carbon fabric was determined to be 9.7. As a result, 

at pH = 2, the material undergoes enhanced electrostatic repulsion compared to pH = 4, 

leading to reduced adsorption efficiency at pH = 2 relative to pH = 4. 
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Figure 4. Impact of pH on Pb²⁺ adsorption efficiency and capacity of MACF 

 

3.2.2. Effect of initial concentration of metal ions on adsorption 

Figure 5 demonstrates how the initial concentration of Pb²⁺ ions affects their removal 

efficiency and capacity using magnetic activated carbon fabric, within a range of 25 to 

200 mg/L (ppm), with other variables held constant. The results show that as Pb²⁺ ion 

concentration increases from 25 to 150 ppm, removal efficiency increases by 84.6% and 

removal capacity reaches 127 mg/g. However, beyond 150 ppm, the efficiency drops to 

64.3% and the capacity remains constant as concentration increases to 200 ppm. 

The decrease in efficiency at elevated concentrations stems from the saturation of 

accessible surface sites. As more metal ions populate these sites, the adsorption capacity 

of MACF diminishes, leaving fewer binding sites available. Consequently, removal 

efficiency declines. Therefore, a higher percentage of adsorption is observed at lower 

concentrations, where numerous active sites on the fabric surface are available [33]. 
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 The increase in adsorption capacity is primarily due to higher initial concentrations of 

metal ions, which enhance the diffusion of Pb²⁺ ions from the solution phase to the 

activated carbon fabric's surface. This heightened concentration strengthens the driving 

force for ion movement, leading to more interactions between lead ions and the magnetic 

nanoparticles within the fabric, boosting adsorption capacity [19]. However, once the 

concentration surpasses 150 ppm, adsorption sites become saturated, resulting in a 

decline in removal efficiency. 

 

Figure 5. Effect of initial concentration on the removal of Pb2+ using MACF 

 

3.2.3. Influence of contact duration on adsorption 

The study investigated the effect of contact time on the removal effectiveness and 

capacity of Pb²⁺ ions using MACFs, aiming to determine the optimal equilibrium duration 

(Figure 6). Experiments were conducted over a timeframe of 5 to 70 minutes, with other 

variables held constant. Findings indicated an increase in removal efficiency with longer 

contact times, achieving 96% removal within the first 10 minutes as adsorption 
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equilibrium was reached. 

Despite equilibrium being quickly established, the experiments continued for a full 60 

minutes to ensure complete ion adsorption. Initially, the removal rate was rapid due to the 

abundant surface area of the fabric, but it slowed down once equilibrium was reached, 

with the removal amount stabilizing. This pattern is attributed to the swift initial 

adsorption of lead ions onto the fabric. 

After reaching equilibrium, the removal efficiency remained stable, as adsorption sites 

were fully occupied, limiting the fabric's capacity for additional ion adsorption. The 

adsorption trend of the magnetic fabric shows that lead ion adsorption peaks quickly with 

increased contact time and then stabilizes, which is similar to previous studies [32, 34]. 

 

Figure 6. Influence of contact time on Pb²⁺ adsorption efficiency and capacity of MACF 

 

3.2.4. Thermodynamics of adsorption 

Thermodynamic analyses assist in identifying whether the adsorption procedure is 

physical or chemical. The thermodynamic parameters, specifically standard entropy 
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(ΔS°), standard Gibbs free energy (ΔG°), and standard enthalpy (ΔH°), are involved in 

this determination. Equations 3 to 6 [35] were employed to calculate the removal of Pb²⁺ 

by MACF: 

  (3) 

  (4) 

 (5) 

  (6) 

Where R (8.314 J mol−1 K−1) represents the entire gas constant, K is the equilibrium 

constant specific to T, T (K) is the absolute temperature, Ce (mg L−1) is the equilibrium 

concentration, and qe is the total Pb²⁺ adsorbed on the MACF surface.  

Studies of thermodynamics help in understanding the characteristics of the adsorption 

procedure and determining whether it is physical or chemical. The thermodynamic 

parameters, including standard entropy (ΔS°), standard Gibbs free energy (ΔG°), and 

standard enthalpy (ΔH°), were examined for the adsorption of Pb²⁺ ions on the surface of 

MACF. 

Based on Table 1 data, a negative ΔG° value indicates that the adsorption process is 

spontaneous and feasible. This finding aligns with the Langmuir separation factor (RL) 

being between and 1, suggesting a favorable adsorption process. Similarly, the Freundlich 

exponent (n) is greater than 1, which also supports the favorable adsorption 

characteristics of lead ions onto MACFs. 
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The positive ΔH° value suggests that the adsorption process is endothermic, meaning it 

absorbs heat from its surroundings. This does not necessarily imply the process is 

irreversible, but reflects the energy changes during adsorption. Furthermore, the positive 

ΔS° value indicates increased disorder at the interface between the solid and solution. 

These changes in entropy, combined with the enthalpy value, affect Gibbs free energy 

and confirm the adsorbent surface's high affinity for Pb²⁺ ion adsorption. 

Table 1. Thermodynamic parameters associated with the removal of Pb2+ by MACFs at 

293K. 

ΔG° (J mol−1) ΔH° (J mol−1) ΔS° (J mol−1K−1) 

-3409.3 6398.03 33.5 

 

3.2.5. Adsorption isotherms 

An evaluation of batch adsorption data has been conducted using various models, 

including the Freundlich and Langmuir models. The Langmuir model posits that an 

adsorbent possesses a specific number of uniform binding sites, each exhibiting identical 

affinity for adsorbing, making it applicable for characterizing monolayer adsorption on 

particular sites of the adsorbent material. According to this model, each adsorption site 

can accommodate just one molecule, forming a monolayer. The Langmuir model, along 

with the separation factor (RL), is typically represented in its linear equation form as 

Equations 7 and 8 [35]: 

  (7) 

In equation 7, qe (mg g-1) represents the equilibrium adsorbate uptake per unit mass of 

adsorbent, Qₒ (mg g-1) denotes the maximum adsorption ability of the adsorbent, KL (L 

mg-1) is the Langmuir constant related to the adsorption energy, and Ce signifies the 
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equilibrium concentration of the adsorbate (mg L-1) [35]. 

The value RL (equation 8) acts as an indicator of adsorption type: it indicates promosing 

adsorption when RL < 1, linear adsorption when RL = 1, unfavorable adsorption when RL 

> 1, and irreversible adsorption when RL = 0, with Cₒ representing the initial adsorbate 

concentration in milligrams per liter (mg/L).  

 

   (8) 

Langmuir adsorption factors Q0 and KL for Pb2+ ions have been calculated based on the 

intercept and slope of the Langmuir plot comparing Ce with Ce/qe (Figure 7a). The 

maximum adsorption capacity (Q0) for Pb2+ was found to be 200 mg g-1, with a Langmuir 

constant (KL) of 0.03. The R2 value for Pb2+ adsorption using MACF in the Langmuir 

model was 0.80, indicating a moderate fit to the model. The RL value for Pb2+ adsorption 

was determined to be 0.52, suggesting that the adsorption process for Pb2+ is moderately 

favorable. 

In the Freundlich model, a linear plot of ln qe versus ln Ce was used to determine the 

values of 1/n and ln KF for Pb²⁺, obtained from the slope and intercept, respectively 

(Figure 7b). The Freundlich exponent (n) for Pb²⁺ adsorption was found to be 1.33, and 

the KF value was 7.80. The R² value for the Freundlich model was 0.85, higher than the 

R² value from the Langmuir model, indicating that the Freundlich model provided a 

better fit for Pb²⁺ adsorption onto MACF. 

The Freundlich model, which accounts for adsorption on heterogeneous surfaces and 

suggests multilayer adsorption, indicates that Pb²⁺ adsorption onto MACF likely involves 

a multilayer process on a non-uniform surface. This contrasts with the monolayer 
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adsorption described by the Langmuir model. The higher correlation of Pb²⁺ adsorption 

with the Freundlich model suggests that the adsorbent surface has varied affinities for 

Pb²⁺ ions, supporting the notion of a heterogeneous adsorption process (20). 

 

 

Figure 7. Adsorption isotherm of Pb2+ on MACF: (a) Langmuir and (b) Freundlich. 
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3.2.6. Adsorption kinetics 

Adsorption kinetics govern the rate and pathways of adsorption reactions, affected by the 

chemical and physical characteristics of the adsorbent. In the present study, three models 

were used to evaluate the adsorption kinetics: pseudo-first-order, pseudo-second-order, 

and intraparticle diffusion models. The pseudo-first-order kinetic model, according to the 

Lagergren equation (equation 10), was utilized to elucidate adsorption within the solid-

liquid system [36]. This model assumes that each metal ion is bound to a single sorption 

site on the surface of the adsorbent. 

 (10) 

Based on the pseudo-first-order model, qe denotes the equilibrium uptake capacity, 

whereas qt (mg g⁻¹) represents the adsorption capacity at a given time t (min). The 

adsorption rate constant K1 (min⁻¹) is calculated from the linear plot's slope of ln(qe – qt) 

against time (min) (Figure 8a). For Pb²⁺, Equilibrium values of qe (mg g⁻¹), K1 (min⁻¹), 

and the regression R² values were determined to be 9.36, 0.037, and 0.9522, respectively. 

Among the models tested, the pseudo-first-order model showed the weakest fit, as 

indicated by its lower R² values.  

The pseudo-second-order model (equation 11) was applied to study Pb²⁺ adsorption by 

MACF (Figure 8b). This model assumes each metal ion associates with two distinct 

binding sites on the adsorbent surface, which is generally used for analyzing the kinetics 

of chemisorption from aqueous solution. within this framework, K2 (g mg⁻¹ min⁻¹) is the 

rate constant, while K2 qe
2 (mg g⁻¹ min⁻¹) is the initial adsorption rate.for the pseudo-

second-order model. From the slope and intercept of the linear t/qt versus time (min) plot 

(Figure 8b), values for both 1/(K2 qe
2) and 1/qe are derived, facilitating the calculation of 



 

 

22 
 

 

K2 and qe.  

  (11) 

The values of K2 (g mg−1 min−1), qe (mg g−1), and R2 for the adsorption of Pb2+ by MACF 

are 151.52, 0.012, and 0.99, respectively. The results indicate that the regression 

coefficients for Pb²⁺ are nearly 1, demonstrating a high degree of fit. Additionally, the 

experimental and calculated qe values are very similar, indicating that the pseudo-second-

order model provides a greater fit to the data compared to the pseudo-first-order model. 

The Weber-Morris model (1963) is employed to evaluate the kinetic and diffusive 

properties of adsorption. This model (equation 12) delineates the transfer of ions from the 

solution to the solid phase, occurring in two distinct stages. Initially, in what is termed 

macropore diffusion, heavy metal ions migrate to the outer layer of MACF, a process 

referred to as external diffusion. The second stage, micropore diffusion, describes ion 

movement from the external surface into the internal MACF pores [37]. 

 (12) 

Weber-Morris model utilizes qt (mg g−1) as the binding capacity at time t (min), and 

determines the rate constant for intra-particle diffusion, Ki (mg g−1 min−1/2), from the 

slope of the linear plot of qt vs t1/2 (Figure 8c). The intercept of this plot provides I, 

representing boundary layer thickness. In this study, Ki and I are 1.52 and 141.95, 

respectively. A higher I value indicates a significant boundary layer effect. If intra-

particle diffusion were the sole mechanism, the plot would pass through the origin, but it 

does not, suggesting additional processes influence adsorption. Therefore, adsorption is 

not solely governed by intraparticle diffusion [38, 39]. 
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Figure 8. Kinetic models for the adsorption of lead by magnetic activated carbon fabric: 

(a) First-order model, (b) Second-order model, (c) Intra-particle diffusion model. 
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3.2.7. Comparing Pb2+ adsorption by MACF and ACF 

The elimination of Pb²⁺ ions at varied initial concentrations with a pH level of 4 after 60 

minutes was examined using both magnetic activated carbon fabric (MACF) and regular 

activated carbon fabric (ACF). The results show that the removal efficiency of Pb²⁺ by 

the magnetic fabric remains stable up to 150 ppm, but decreases beyond this 

concentration. Moreover, Pb²⁺ adsorption onto unmagnetized activated carbon fabric is 

significantly lower (R = 4%). The adsorption capacity of ACF was enhanced through 

magnetic modification up to 84% for Pb²⁺, demonstrating the significant role of iron 

oxide nanoparticles in enhancing metal ion adsorption. These findings align with 

previous studies [27, 30, 34].  

At pH values below pHpzc, the surfaces of either ACF or MACF carry a positive charge, 

whereas at pH values over pHpzc, a negative charge develops on their surfaces. At pH = 4, 

ACF, with a pHpzc of 4.2, is expected to exhibit a higher affinity for metal ions due to 

greater electrostatic attraction in comparison to MACF, which has a pHpzc of 7.9. 

However, results indicate that the presence of iron oxide nanoparticles significantly 

enhances the adsorption of Pb²⁺. While iron oxide nanoparticles slightly reduce the pore 

volume and specific surface area, they significantly increase the number of functional 

groups and binding sites, thereby enhancing metal ion adsorption. Specifically, the 

surface of these nanoparticles is enriched with negatively charged functional groups, such 

as hydroxyl groups, which play a critical role in binding heavy metal ions through 

electrostatic interaction forces. These functional groups create active sites that facilitate 

strong interactions with positively charged heavy metal ions, such as Pb²⁺, improving the 

overall adsorption efficiency [20].  
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Comparing this study with previous studies shows that Pb²⁺ adsorption by ACF is lower 

than for Cu²⁺ and Cd²⁺, with its removal efficiency remaining below 10% (16). Also, in 

MACF, Pb²⁺ removal efficiency is lower for Cu²⁺ and Cd²⁺, with a decline in Pb²⁺ 

adsorption occurring beyond 150 ppm, whereas for Cu²⁺ and Cd²⁺, this decrease is 

observed beyond 50 ppm. 

This study, along with previous research [16], confirms that MACF is a highly efficient 

adsorbent for the removal of Pb²⁺ and other heavy metals from water. ACF can adsorb 

metals like copper, cadmium, and lead, but its modification with iron oxide nanoparticles 

significantly increases the adsorption capacity, allowing for the removal of larger 

amounts of contaminants. Although the addition of iron oxide may lead to a reduction in 

BET surface area, it increases binding sites and functional groups, improving 

performance [22]. The surface modification ensures strong attachment of nanoparticles to 

MACF, minimizing detachment. In cases of detachment, these biocompatible 

nanoparticles can be easily separated by a magnet. Iron oxide nanoparticles are 

fundamental in enhancing the adsorption efficiency of Pb²⁺ by MACF. 

Table 2 presents a comparison of the adsorption capacity and efficiency of MACF with 

other activated carbon forms for Pb2+ removal, as reported in recent studies. The results 

demonstrate that MACF exhibits superior performance as an adsorbent for water 

purification, surpassing conventional activated carbon types. This enhanced efficiency is 

likely due to the incorporation of iron oxide nanoparticles and an increased presence of 

basic functional groups on the MACF surface. These findings are consistent with prior 

research indicating that granular activated carbon, post-chemical modification, typically 

offers higher adsorption capacities than powdered forms, primarily due to the enhanced 
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formation of basic functional groups. 

 

Table 2. Comparison of different studies 

Adsorbent Source Physical shape Heavy metal 
Adsorption capacity 

(mg g-1) 

Removal 

(%) 
References 

AC/FeCl3 Pistachio shell Powder Pb+ 112.36 94.5 (41) 

AC Rice husk Powder Pb+ 65 - (42) 

AC/Fe/clay Coconut shell Granule Pb+ 74.2 - (43) 

AC/Fe Commercial Powder Pb+ - 86.87 (17) 

ACF Waste cotton Fabric Pb+ 1 4 This study 

ACF/Fe Waste cotton Fabric Pb2+ 127 84 This study 

 

3.2.8. Lead ion Recovery 

Figure 9 illustrates the adsorption efficiency of Pb2+ after being adsorbed by magnetic 

activated carbon fabric (MACF), followed by recovery and reuse of the magnetic fabric. 

As illustrated in Figure 9, the efficiency loss for lead adsorption is primarily due to the 

strong affinity of Pb2+ ions to accumulate on the adsorbent surface, which makes 

detachment challenging. In the early cycles, the decrease in efficiency is minimal. 

However, after 6 cycles, the reduction becomes significantly more noticeable. 

Consequently, after six cycles, it is necessary to either replace the adsorbent or apply 

additional surface modifications to maintain its effectiveness [23]. 
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Figure 9. Adsorption cycle of Pb2+using MACF from aqueous solution. 

 

4. Conclusion 

In this study,  Activated carbon fabric (ACF) magnetic with iron oxide nanoparticles 

(MACF)was used for the first time for Pb2+ ion removal. The results clearly showed that 

the adsorption performance of MACF was superior to that of ACF. The removal 

efficiency for Pb²⁺ remained consistently high at 84% for concentrations up to 150 ppm. 

However, beyond this threshold, the efficiency significantly declined. This finding 

illustrates that sonosynthesis modification markedly improved heavy metal adsorption, 

due to the presence of iron oxide nanoparticles on the MACF surface. This study revealed 

that the Freundlich model more effectively characterized the adsorption process than the 

Langmuir model, indicating a heterogeneous surface and multilayer adsorption on 

MACF. Although the magnetic fabric exhibited a reduced BET surface area and iodine 

number, suggesting partial pore blockage by iron oxide nanoparticles, its exceptional 

adsorption performance highlights the pivotal role of these nanoparticles in enhancing 

metal ion removal. 
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Magnetically activated carbon fabric (MACF) emerges as a highly efficient and easily 

separable adsorbent for water and wastewater treatment. The surface modification with 

iron oxide nanoparticles not only significantly boosts adsorption efficiency but also 

securely stabilizes these nanoparticles, reducing the risk of detachment and release into 

the environment. Consequently, MACF represents a promising approach for Pb²⁺ 

removal, advancing water treatment technologies, and mitigating environmental 

contamination. 
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