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Abstract 

Among current technologies used for the treatment of polycyclic aromatic hydrocarbons (PAHs) 

-contaminated media, adsorption has been reported to offer relatively high PAH removal efficiency 

while being rapid and cost-effective. Therefore, the main goal of this research was to assess and 

optimize the adsorption process for the removal of PAHs from contaminated water and soil using 

recoverable magnetic activated carbon-based composites.  

In the first phase, 6 different composites, 3 magnetic powder activated carbon (MPAC) composites 

and 3 magnetic granular activated carbon (MGAC) composites, were synthesized, and then, 

characterized using XRD, FE-SEM, EDS, and FTIR methods. The adsorption experiments 

revealed that all the recoverable MPACs and MGACs were capable of removing the PAHs from 

water, with removal percentages ranging from 87.2 to 99.3%. The PAH-loaded MPAC and MGAC 

with the highest PAH removal efficiency were also subjected to a series of desorption studies. The 

results indicated that the PAHs desorption was in the range 38.1-60.1% for low molecular weight 

(LMW) PAHs and 23.4 to 57.2% for the high molecular weight (HMW) PAHs. 

In the second phase, the adsorption kinetics and isotherms studies were performed on MPAC 

synthesized by a precipitation (MPAC-Prec.) method, which showed the highest PAH removal 

efficiency among the prepared magnetic activated carbons (MACs). The PAHs adsorption by 

MPAC-Prec. was rapid, reaching equilibrium in 6 h with the removal efficiency ranging from 95.6 

to 100.0% under the conditions of this study. Among the studied kinetics models, pseudo-second 

order fitted the experimental data very well, implying that all the MPAC adsorption sites had an 

equal affinity for PAHs. The results of the kinetic studies also indicated that the greater molecular 

weight PAHs had a slower adsorption rate due to the slower transfer of their molecules to the 

MPAC adsorption sites. With an R2 in the range 0.73-0.96, the Langmuir model described the 

isotherms adsorption of LMW and HMW PAHs better than the other isotherms models. 

Furthermore, according to the Langmuir model, the maximum adsorption capacity of MPAC-Prec. 

was determined to be between 8.7 and 11.4 µg/mg for the LMW PAHs, and 8.4 and 20.2 µg/mg 

for the HMW PAHs. 

In the third phase, a series of soil washing tests using MGAC synthesized by co-precipitation 

(MGAC-CoP) method, were carried out to explore the effect of MAC on the PAHs removal from 

soil. The employed MGAC was the second most efficient MAC in the PAHs adsorption 

experiments (first phase of research), and it showed greater recovery from soil washing mixture 
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compared to the MPAC-Prec. in the preliminary tests. The MGAC-CoP composite had a surface 

area and total pore volume of 837.9 m2/g and 0.5 cm3/g, respectively, which were approximately 

10% lower than the bare GAC, according to BET test results. Soil washing parameters were 

optimized for the treatment of a real contaminated soil, which were MGAC-CoP dose of 2% (w/w), 

washing time of 24 h, liquid to soil ratio of 15:1, stirring speed of 100 rpm, pH of 8.3, and 

temperature of 25 ˚C. Under these optimized conditions, an average PAHs removal of 47.4% was 

obtained. Among the LMW and HMW PAHs, anthracene (ANT), and fluoranthene (FLUO) 

showed the highest affinity to MGAC during the treatment process, with 57.7% and 67.1% 

removal from soil, respectively. The thermodynamic studies revealed that the adsorption of the 

LMW and HMW PAHs onto MGAC in soil washing was non-spontaneous and endothermic as the 

values of Gibbs free energy (∆G˚>0) and Enthalpy change (∆H˚>0) were positive. 

In the fourth phase, the efficiency of MGAC-CoP in surfactant-enhanced soil washing for the PAH 

removal and the recovery of the surfactant solution was studied. The effective parameters of soil 

washing with the surfactant (Tween 80) were assessed using a real contaminated soil sample, and 

the results showed that 5% Tween 80, a liquid to soil ratio of 10:1, and a 72-hour washing time at 

20°C were optimum operating conditions. Under these conditions, the average PAHs removal 

efficiency was 67.6%, which was higher than the 47.4% obtained for the same soil with no 

surfactant addition in phase 3. The possibility of recycling and reusing the Tween 80 solution was 

investigated by adding MGAC-CoP to the soil and surfactant solution mixture during the soil 

washing process. For this purpose, 5% Tween 80 and 2% (w/w) MGAC were used in 7 successive 

washing cycles, with no regeneration process for the MGAC composite. The results revealed that 

the combination of surfactant and MGAC was capable of removing 68.6, 70.7, 70.3, 61.6, 55.5, 

50.2, and 39.4% of the PAHs from soil in the 7 washing cycles, respectively. Furthermore, the 

recycled Tween 80 and non-regenerated MGAC did not produce any waste or effluent after 6 times 

reuse in the treatment process, while successfully recovered and reused. This implies that soil 

washing with Tween 80 and MGAC is a very affordable, efficient, and practical method for 

remediation of PAH-contaminated soils.  

Keywords: Magnetic activated carbon composites; polycyclic aromatic hydrocarbons; adsorption 

models; soil washing, surfactant-enhanced soil washing. 
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1 Introduction 

 General background 

The generation of various types of industrial waste has been dramatically elevated during recent 

decades, leading to the release of organic and inorganic pollutants into soil in large scale [1,2]. 

There is no doubt that the capacity of soil to cope with all these types of pollutants is limited. On 

the other hand, the governments' activities to control the release of pollutants from industry and to 

reduce, recycle, and dispose of all types of waste is not sufficient to protect soil. As a result, soil 

contamination has become a serious concern around the world. 

One of the main sources that spread toxic and persistent organic contaminants into the environment 

is the petroleum industry. This could happen at oil extraction sites (e.g., offshore oil drilling), 

refineries, or transport activities [2–5]. There are also some point sources of contaminants that lead 

to soil pollution on small scale, such as accidental spill of petroleum products and leakage from 

old storage tanks [5,6]. These point sources have contaminated many commercial and industrial 

sites in North America, Europe, Russia, and the middle east [7]. For example, there are more than 

1300 abandoned contaminated sites, designated as Superfund Sites, in the United States, in which 

the soil has been contaminated due to oil refinery activities [8]. Similar situations are found in the 

most populated provinces of Canada, such as Ontario and Quebec. The abandoned coal gas plants 

and oil refineries in sites categorized as Brownfields have released hazardous contaminants in the 

soil. Due to development of the metropolitan areas, rehabilitation of these contaminated sites has 

been considered by the local and federal governments during the past years [9].  

Petroleum hydrocarbons found in gasoline, diesel, oil, lubricants, coal, bitumen, and many raw 

and refined fuels are classified as hazardous organic contaminants by many environmental 

protection agencies worldwide [10–13]. When soil becomes contaminated with petroleum 

hydrocarbons, it may then function as a secondary source distributing these contaminants in air, 

water, groundwater, and other natural resources [14]. According to a report published by the 

Canadian Council of Ministers of the Environment (CCME), petroleum hydrocarbons, such as 

polycyclic aromatic hydrocarbons (PAHs), are one of the most widespread groups of soil 

contaminants in Canada. In 2018, Environment Canada reported that the number of federal sites 

that are contaminated with PAHs, including different media from groundwater to sediments, has 

been increased to around 6800 sites (Figure 1.1) [15]. 
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Figure 1.1. PAH-contaminated sites in Canada [15] 
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sources of PAHs pollution are various petroleum or coal-derived products, vehicle exhaust, and 

industrial processes. The other important sources of PAHs are the incomplete combustion of 

organic material such as coal, oil and wood. PAHs can also be released naturally as a result of 

forest fires and volcanic eruptions. [14]. 

Table 1.1 shows the physical characteristics of sixteen PAHs classified as priority pollutants by 
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Table 1.1. Physical and chemical characteristics of the PAH compounds [22] 

PAH compound Structure 
Molecular 

weight(g/mol) 

Solubility 25◦        

(mg.dm−3) 
Log Kow 

Vapor pressure 

 (Pa)  

NAP 
 

128 32 2300 0.0492 

ACE 

 

154 3.4 at 25⁰ C  21000 10-3 – 10-2 at 20⁰ C   

ACEN 

 

152 3.93 12000 10-3 – 10-2 at 20⁰ C   

FLU 166 1.9 15000 10-3 – 10-2 at 20⁰ C 

PHE 

 

178 1-1.3 at 25⁰ C  29000 6.8×10-4 at 20⁰ C   

ANT 

 

178 
0.05-0.07  

at 25⁰ C  
28000 2×10-4 at 20⁰ C   

FLUO 

 

202 0.26 at 25⁰ C  340000 10-6 – 10-4 at 20⁰ C 

PYR 202 0.14 at 25⁰ C  2×105   6.9×10-9 at 20⁰ C 

B[a]A* 228 0.01 at 25⁰ C  4×105   5×10-9 at 20⁰ C   

CHR* 

 

228 0.002 at 25⁰ C 4×105     10-11 – 10-6 at 20⁰ C 

(B[b]F)* 

 

252 - 4×105     10-11 – 10-6 at 20⁰ C 

(B[k]F)* 

 

252  - 7×106   9.6×10-7 at 20⁰ C   

B[a]P* 

 

252 0.0038 at 25⁰ C 106 5×10-9  

B[ghi]P 

 

276 0.00026 at25⁰ C 107 ̴10-9  

IDP* 

 

276 - 5×107 ̴10-10 

D [a,h]A*  278 0.0005 at 25⁰ C 106 ̴10-10 

Those indicated with an asterisk (*) are considered carcinogenic 
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comprise of molecular structures of four or more benzenoid rings [22]. According to Table 1.1, 

PAHs with higher molecular weight are more stable, lipophilic and hydrophobic than the LMW 

PAHs. This table also shows that the HMW PAHs are hardly soluble in water, leading them to be 

more acutely toxic to aquatic organisms and other creatures [14, 23, 24]. 

Considering the toxicity and carcinogenicity of PAHs, various treatment methods have been 

proposed to remove these organic compounds from the environment. These treatment methods 

could be  physical, chemical,  biological, or combined processes, and include incineration, soil 

washing/flushing, solvent extraction, soil vapor extraction, , chemical oxidation, bioremediation, 

and phytoremediation [18,23–26]. However, the application of many of these methods is restricted 

due to their low efficiency, high cost, water and energy consumption, and slow process [7,27]. For 

example, the chemical methods may produce some by-products of the PAHs during the treatment 

process that are more toxic than the PAH compounds themselves [4]. Biological technologies are 

known to be time-consuming and environmentally friendly. Furthermore, any change in the 

environmental conditions (e.g., temperature, pH, nutrient element, dissolved oxygen levels) may 

affect their ability to remove the contaminants from soil, making them operationally intensive 

[12,25,27,28]. 

Adsorption by carbon materials, such as activated carbon (AC), is one of the most frequently and 

cost-effective treatment methods that has been developed for the removal of a variety of 

contaminants, including PAHs, from the environment [29]. This method is safe, universal, easy to 

operate, and with no need to use high pressure and thermal energy inputs in the cleanup process 

[4]. The unique characteristics of AC that play a key role in the adsorption and removal of PAHs 

from contaminated media are high porosity and hydrophobicity, high specific surface area and 

activity, the presence of different functional groups on AC surface, thermal stability, high ions 

adsorption, and resistance against different acids and bases [30,31]. 

Several studies have reported the high removal efficiency of organic contaminants from the 

environment using only a few percent by weight of AC [32–36]. However, one of the 

disadvantages of using  bare AC, either granular or powder type, in the adsorption process is that 

it cannot be readily retrieved from the soil matrix [37]. This issue may lead to the loss of some 

pollutant-loaded AC particles in the media, helping the pollutants to be released back into the 

environment [38]. To overcome this potential issue, magnetization of the adsorbent particles can 

be considered as a practical solution. During recent years, AC magnetization by stable iron oxides 
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(Fe2O3, Fe3O4, etc.) has been investigated by some researchers for removal of organic and 

inorganic pollutants such as petroleum hydrocarbons, arsenic, arsenate, dyes, etc., and most of 

them have obtained satisfactory results [18,38–45]. Taking advantage of the adsorption capacity 

of AC and the superparamagnetic properties of iron oxides, it will be possible to achieve high 

contaminant adsorption removal efficiencies by magnetic AC composite (MAC) as well as rapid 

recovery of the composite from media using a simple external magnetic field. The adsorption of 

PAHs by the MAC particles could provide a convenient, cost-effective, and efficient strategy for 

removing pollutants from water and soil environments that are in urgent need of treatment [41,46].   

 Research objectives  

In recent years, the application of various types of adsorbents in treatment techniques has received 

increasing attention since they provide relatively high pollutant removal efficiencies while being 

fast and cost-effective.  However, there are only a few studies on the efficiency of MACs to remove 

petroleum hydrocarbons, particularly PAHs, from the environment. The PAH compounds consist 

of extended aromatic rings with a high electronic density allowing them to form supramolecular 

complexes with complementary receptors such as carbon and graphene. Carbon particles possess 

strong adsorption capacity and are able to provide extensive hydrophobic surfaces, appropriate to 

establish noncovalent π–π interactions with the electron-rich aromatic rings of PAHs [47]. 

Although the carbon particles can be dispersed into the contaminated medium to adsorb target 

compounds, their recovery after the treatment is challenging. If iron oxide nanoparticles (e.g., 

Fe2O3 or Fe3O4) are placed into the pores and on the surface of carbon, their superparamagnetic 

ability will provide the adsorbent with a magnetic surface. This magnetization consequently 

increases the AC recovery and decreases the possibility of releasing the adsorbed PAHs back into 

the environment.  

The current research project seeks to evaluate the magnetization of powder activated carbon (PAC) 

and granular activated carbon (GAC) and their application for the removal of LMW and HMW 

PAHs from aqueous solutions and aged contaminated soil samples. Various synthesis methods, 

including precipitation, hydrothermal, impregnation, ball milling, and microwave, have been 

applied by researchers to prepare iron oxide nanoparticles. Among these methods, precipitation, 

co-precipitation, and impregnation are known to be facile and effective methods, thus being 

considered for this study to fabricate the magnetite nanoparticles (Fe3O4) and attach them to the 

AC matrix.  
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To the author's knowledge, the present study is the first one that considers the application of MAC 

composites for the removal of PAHs in the adsorption and soil washing processes. Therefore, the 

objectives of this study are: 

 To synthesize different MAC composites using PAC and GAC and three synthesis 

methods (six types of MAC in total) and evaluate them for PAHs adsorption from aqueous 

phase. 

  To characterize the synthesized MACs using BET, XRD, SEM-EDS, and FTIR methods. 

  To investigate desorption of the PAH analytes from the MAC particles and the possibility 

of the magnetic composites regeneration and reusability. 

 To assess the adsorption uptake capacity of the MACs by different isotherm and kinetic 

models. 

 To evaluate soil washing combined with adsorption using the MACs to remove PAHs 

from contaminated soil samples.  

  To evaluate the effective parameters such as liquid/soil ratio, contact time, temperature, 

and adsorbent dosage to optimize the efficiency of the remediation process.  

 To assess the performance of surfactant-enhanced soil washing (Tween 80) and its 

combination with adsorption using MAC in order to increase the removal efficiency of 

PAHs from the contaminated soil samples. The recycling and reuse of Tween 80 surfactant 

and MAC is assessed as well.  

 Importance and impact of the proposed research projects 

The AC particles magnetized with nano-iron oxide combine the strong adsorption capacity of 

activated carbon and the superparamagnetic characteristic of the magnetic nanoparticles. MACs 

have recently been used to remove various types of organic and inorganic contaminants from the 

environment. However, there are still gaps in studying the application of these composites for the 

removal of PAHs from water and soil. The proposed research aims to address some of these 

knowledge gaps and existing challenges. This research will provide new findings on the 

application of MACs in PAHs removal processes. As such, the results of this research are expected 

to benefit the environment and be of great interest to environmental agencies, scientific 

community, decision-makers, consulting firms, and contractors looking for a reliable and effective 

treatment method to remove hazardous contaminants like PAHs from soil and natural resources. 
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 Research hypothesises 

Based on the literature review performed for this research (Chapter 2), the following hypotheses 

are made: 

- AC has the potential to remove PAHs from contaminated soil and water; however, its adsorption 

capacity may be affected after magnetization.  

- The synthesis method, the type of AC, and the size of MAC particles play an important role in 

the PAHs adsorption process. 

- PAHs adsorption by MAC follows typical isotherm and kinetic models. Hence, its performance 

can be evaluated through adsorption isotherm experiments to determine the capacity of the 

magnetic adsorbent and the contact time required to remove the highest concentration of PAHs 

from contaminated media. 

- It is expected that operational parameters such as pH and temperature influence PAHs removal 

efficiency from contaminated soil. The duration of the washing process (contact time), liquid to 

soil ratio, and dosage of MAC are other factors that might affect the removal of PAHs from soil.  

- The use of surfactants in the soil washing process could offer the possibility of enhancing PAHs 

removal from the soil. 

 Research methodology 

The flowchart in Figure 1.2 illustrates the four different experimental phases for this research 

project. The first phase contains the magnetization of PAC and GAC using three different synthesis 

methods. The characterization tests including BET, XRD, SEM-EDS, and FTIR will be performed 

on the synthesized MACs to evaluate their surface area, structure, morphology, and adsorption 

interactions, respectively. Afterward, PAHs uptake capacity of the MACs will be assessed through 

a series of batch adsorption experiments. In the second phase, the magnetic composite with the 

highest PAHs removal efficiency in phase one will be used in isotherms and kinetics experiments 

to determine its adsorption capacity and rate. The obtained results will then be evaluated by 

adsorption isotherm and kinetic models (e.g., Langmuir and Freundlich for adsorption isotherm 

data, and pseudo-first order and pseudo-second order models for kinetic experiments) to express 

and verify the type of PAHs adsorption mechanism by the MAC composite. In the next phase, the 

MAC particles will be employed in soil washing process to treat soil samples contaminated with 

PAHs. The effective parameters such as liquid/soil ratio (L:S), contact time, stirring speed, MAC 

dosage, temperature, and pH will be studied during the soil washing experiments. The combined 
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use of surfactant (Tween 80) and MAC will be considered for the soil washing process in the fourth 

phase to investigate the effect of the surfactant addition and the adsorbent for the removal of PAHs 

from soil and the soil washing effluent. The effective parameters of the surfactant-enhanced soil 

washing will also be optimized in this phase. In all four phases, the concentration of residual PAHs 

in the aqueous and soil samples will be analyzed by High Performance Liquid Chromatography 

(HPLC). The experimental setup for the assessment of PAHs removal from water and soil by 

powder and/or granular AC/Fe3O4 are schematically presented in Figure 1.3. 
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Figure 1.2. Research methodology and phases designed to evaluate the efficiency of MACs in removing 

PAHs from contaminated media 
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Figure 1.3. Application of AC/Fe3O4 composite for removal of PAHs from (a) water (b) soil 
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 Thesis organization and outline 

This thesis is organized into eight chapters to facilitate the presentation of the key findings. Chapter 

one offers a brief overview of the toxicity and carcinogenicity of PAHs and their adverse effects 

on humans and the environment. Besides, different technologies available for remediation of PAH-

contaminated sites are introduced, and their advantages and drawbacks are discussed in this 

chapter. It also provides a general description, objectives, and the methodology used for this 

research. Chapter two contains a literature review about the theoretical and technical aspects of 

PAH adsorption by ACs and MACs used as treatment method for PAH-contaminated water and 

soil media. Apart from the fundamental background information on ACs and MACs, relevant 

previous studies on the application of these adsorbents for the removal of PAHs and other 

contaminants are presented. Chapters three through six contain the technical papers prepared based 

on the experimental results of the four phases presented in Figure 1.2.  Chapter three (technical 

paper I) is intended to introduce three synthesis methods for the preparation of MPACs and 

MGACs, and presents results of the characterization tests conducted on the prepared composites. 

This chapter also evaluates the performance of the magnetic composites for PAH adsorption in 

aqueous solutions through a series of batch adsorption experiments. In addition, the desorption 

study on MPAC and MGAC composites is presented in this chapter to assess the possibility of 

MACs regeneration and reusability for the next experiments. In chapter four (technical paper II), 

the MAC with the highest PAHs removal efficiency is studied by conducting a series of adsorption 

isotherms and kinetics experiments. The experimental results are then evaluated using isotherm 

and kinetic models to determine the PAHs adsorption capacity and rate as well as the adsorption 

mechanism of the MACs.  

In chapter 5 (technical paper 3), the application of MAC in soil washing for the removal of PAHs 

from contaminated soil samples is investigated. For this purpose, the isotherm studies of the 

employed MAC are conducted and optimal values of the effective washing parameters, including 

the MAC dose, liquid to soil ratio, washing time, stirring speed, pH, and temperature are 

determined.  The thermodynamic study of the treatment process is the next step that is considered 

for this phase. In chapter 6 (technical paper 4), Tween 80 is used as surfactant in the soil washing 

process to improve the PAHs removal efficiency of the treatment process. Also, the effective 

parameters of the Tween 80-enhanced soil washing are assessed, and then, the application of MAC 

for sorbing the PAHs from the Tween 80 solution during the treatment process is examined. 
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Chapter 7 of the thesis includes the integration and general discussion of the research phases, and 

also, the main conclusions of the obtained findings. Lastly, in chapter 8, some recommendations 

for future work are provided. The organization of the thesis chapters is presented in Figure 1.4. 
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2  Literature review 

 Polycyclic aromatic hydrocarbons (PAHs) 

Over the last few decades, inefficient policies and regulations combined with the increased 

utilization of petrochemical products have resulted in an elevated number of sites contaminated 

with polycyclic aromatic hydrocarbons (PAHs). These organic contaminants are considered 

hydrophobic and persistent due to their aromatic structure, chemical stability, and biodegradation 

resistance. PAHs are released into soil or groundwater through different ways such as oil spillage 

and incomplete combustion of petrol, coal, oil, wood, and gas. Sixteen of these compounds are 

classified as priority pollutants by the European Union (EU), the US Environmental Protection 

Agency (USEPA), and the Canadian Council of Ministers of the Environment (CCME). The 

chemical structure of the 16 priority PAHs as well as some of their characteristics are presented in 

Chapter 1 (Table 1.1).  

The number of benzene rings in the PAH structure affects its physical and chemical properties. 

Accordingly, PAHs are divided into two groups, low molecular weight (LMW) and high molecular 

weight (HMW) PAHs. LMW PAHs are composed of two or three benzene rings, which are less 

lipophilic but more water-soluble and volatile. They are also known to be more easily degraded 

through biological processes. On the other hand, HMW PAHs have more than three rings and tend 

to be more persistent with limited aqueous solubility. The HMW PAHs are considered highly 

toxic, hydrophobic, and resistant to microbial/biological degradation [14,48,49].   

PAHs may reach the lower respiratory tract in the human body after being adsorbed by fine 

particles of soil (diameters< 2.5 μm), leading to adverse effects on human health [50,51]. In order 

to assess the health effects of exposure to PAHs, the International Agency for Research on Cancer 

(IARC), USEPA, and other regulatory agencies developed an estimation approach based on 

“potency equivalence factors” (PEFs). According to this approach, the PEFs are employed to relate 

the carcinogenic potential of LMW and HMW PAHs to that of benzo[a]pyrene, a known 

carcinogenic PAH [52,53]. As shown in Table 2.1, PAHs are classified into different groups, 

including probable human carcinogens (Group 2A) and possible human carcinogens (Group 2B) 

according to IARC carcinogenic classification system [53,54]. A similar classification system has 

been developed by USEPA, in which most of the HMW PAHs including benzo[b]fluoranthene, 

chrysene, benzo[k]fluoranthene, benzo[a]pyrene, benzo[a]anthracene, dibenz[a,h]anthracene and 

indeno[1,2,3-cd]pyrene are considered as potential carcinogen to humans [5,52]. 
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Table 2.1. IARC and USEPA carcinogenicity classification systems for PAHs 

 Carcinogenicity classification 

PAH compound IARC   USEPA PEF (Nisbet and LaGoy, 1992) 

Naphthalene 2Ba Cb not available 

Acenaphthene 3c not available 0.001 

Acenaphthylene 3 not available 0.001 

Fluorene 3 Dd 0.001 

Phenanthrene 3 D 0.001 

Anthracene 3 D 0.01 

Fluoranthene 3 D 0.001 

Pyrene 3 D 0.001 

Benz[a]anthracene 3 B2e 0. 1 

Chrysene 2B B2 0.1 

Benzo[b]fluoranthene 2B B2 0.1 

Benzo[k]fluoranthene 2B B2 0.1 

Benzo[a]pyrene 1f B2 1 

Benzo[ghi]perylene 3 D 0.01 

Indeno[1,2,3-cd]pyrene 2B B2 0.1 

Dibenz[a,h]anthracene 2Ag B2 1 

a Group 2B - possibly carcinogenic to human 
b Group C: possible human carcinogen  
c Group 3: unclassifiable as to carcinogenetic in humans 
d Group D: not classifiable as to human carcinogenicity 
e Group B2: probably carcinogenic to human 
f Group 1: carcinogenic to human 
g Group 2A - probably carcinogenic to humans (IARC, 1983; IARC, 2002; IARC, 2009a; USEPA, 1986). 

 

  Remediation technologies 

Several remediation techniques have been employed to remove PAHs from contaminated soils, 

such as soil washing, soil vapour extraction, incineration, chemical oxidation, membrane, 

bioremediation, landfill, and solidification/stabilization. The main issue associated with the 

landfill technique is that the mass of the contaminated soil should be transferred to a landfill 

typically located far away from the contaminated area, which is an unsustainable and unsafe 

approach (e.g., potential spread of contaminated soil during the transportation). The other common 

method is surfactant enhanced soil washing, which is able to remove various types of pollutants 
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from soil (e.g., PAHs), while the required time for conducting the washing process is not very 

long. Despite the above advantage, this technique cannot be sustainable if the produced effluent is 

disposed of without treatment. On the other hand, the effluent treatment will increase the total cost 

and duration of the process [55]. Chemical oxidation is another cleanup method that provides rapid 

reactions to destroy PAH compounds at a much lower retention time compared to the other 

remediation methods. However, not only is this method expensive, but also a complete removal of 

the residual chemicals after treatment may be difficult and even impossible, negatively affecting 

the soil matrix and the neighbouring water resources [28]. Bioremediation is known as an 

environmentally friendly technique for the removal of PAHs from soil; nevertheless, its removal 

efficiency for some PAHs is not high due to their low biodegradability. Besides, PAH removal 

efficiency may be negatively affected by low temperature, suggesting that bioremediation is not 

appropriate for cold regions. The other associated issue is that the duration of the bioremediation 

process is much longer than other remediation techniques, making it less popular option for the 

environmental services to use it as the major cleanup process [55]. 

Figure 2.1 shows a comparison between the operational cost of different techniques employed to 

remediate soils contaminated with PAHs. As can be seen from this figure, incineration is the most 

expensive cleanup method and bioremediation is the least expensive one. Incineration is primarily 

used to remove organic pollutants and pathogens from soil. For this purpose, the contaminated soil 

is placed and heated under controlled conditions in an incinerator. The pollutants are collected and 

then destroyed inside the incinerator using the pyrolysis process. Although incineration is highly 

efficient and rapid, it consumes a lot of energy and costs a considerable amount of money, and its 

usage for PAH-contaminated soil could result in air pollution. Moreover, the residues generated 

during the incineration process should be disposed of, while they may contain some toxic 

pollutants [28]. 
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Figure 2.1. Cost comparison of remediation methods used for PAH-contaminated soils [56] 

2.2.1 Soil washing 

Soil washing is one of the technologies that has been widely employed to remediate PAH-

contaminated soils [57–59]. To achieve greater pollutant removal efficiency from soil particles, a 

variety of non-ionic and ionic surfactants, such as Tween 80, Triton X100, and Sodium dodecyl 

sulphate have been utilized in the soil washing process [60,61]. This technology yields high 

removal efficiency of the contaminants while being cost-effective (Figure 2.1) and time saving. 

However, one drawback of using soil washing for the remediation of contaminated sites is that the 

generated washing solution may contain a high concentration of pollutants. Therefore, there is a 

need to conduct a follow-up treatment on the washing solution before it is discharged or reused 

[57]. Adsorption is one of the techniques that can be applied along with soil washing to remove 

the PAH compounds from the washing solution and provide a clean solution to be reused in further 

soil washing processes or discharged in the wastewater system [59].  

2.2.2 Adsorption 

Adsorption involves the transfer and accumulation of mass at the interface of two phases such as 

liquid-liquid and liquid-solid [62]. In other words, in the adsorption-based method, a molecule or 

ion called adsorbate present in a bulk of liquid is adsorbed on the surface of a solid or liquid 

adsorbent. Based on the nature of the interaction between adsorbent and adsorbed molecules, the 

adsorption process can be physisorption or chemisorption. In the first one, the mechanism of 

adsorption is physical and Van der Waals forces play the key role in the reactions, causing the 
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adsorbate to adhere to the adsorbent surface. In chemisorption, however, chemical bonding 

between adsorbed molecules and adsorbent surface proceeds the adsorption mechanism (the 

adsorbate is bonded chemically to the adsorbent surface) [23]. 

Adsorption is one of the most effective methods used to remove various groups of organic and 

inorganic contaminants from the environment. This method generates minimal chemical or 

biological waste, and under specific conditions, the adsorbent may be recycled and reused, 

providing a more cost-effective method for eliminating the contaminants [18,63]. There is no need 

to use large quantities of adsorbent or additional chemicals in adsorption and setting up a batch 

system for the removal of contaminants in this process is both easier and faster. The success of an 

adsorption-based process technically depends on the type of adsorbent used and the way it is in 

contact with the contaminant molecules [64]. The adsorption-based method is also less susceptible 

to shock loads, toxics, and low temperature.  

One group of the adsorbents that has extensively been used for treatment purposes and is of 

scientific and technological interest is carbonaceous adsorbents. These products have shown 

excellent performance in the adsorption of many organic and inorganic contaminants, such as 

pesticides, polychlorinated biphenyls (PCBs), PAHs, atrazine, arsenic, and cadmium 

[18,36,40,65–70]. Activated carbon (AC) is one of these adsorbents that is chemically inert and 

thermally stable, being capable of sorbing contaminants in water, wastewater, and soil/sediment 

[33,47,71–75]. AC is well known for its large surface area, high porosity, non-toxicity, low price, 

and simplicity to be produced. It is primarily produced from coal, biochar, charcoal, and synthetic 

polymers, and its pore structure and chemical characteristics may be modified to improve its 

efficiency in removing various organic and inorganic contaminants from aqueous and soil 

environments [23,36,65,67,76,77].  

 PAHs adsorption by AC 

Since PAHs have low aqueous solubility and strong sorption affinity to the adsorbent surface, 

adsorption is offered as a promising technique for their removal from contaminated media. 

However, the type of adsorbent and its characteristics may influence the PAHs removal efficiency 

to some extent [33,70]. Among the adsorbents, AC shows a high PAH adsorption capacity owing 

to its ability to facilitate the accommodation of different small or large size PAH molecules [75].  

During the last two decades, a few studies have been conducted on the adsorption of PAHs with 

AC and other carbonaceous products like carbon nanotubes [4,18,32,33,78]. Eeshwarasinghe et al. 
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(2019) assessed the simultaneous removal of acenaphthylene and phenanthrene (two LMW PAHs) 

from water using granular AC (GAC). Their results illustrated 85% of acenaphthylene and 95% of 

phenanthrene removal after adding 0.7 g/L GAC to the solution. However, the GAC sorption 

ability decreased by 10% when PAHs and heavy metals were present together in the solutions 

compared to the situation that PAHs were the only existing contaminants. It was also shown that 

the PAH uptake by GAC was considerably higher than heavy metals due to the greater affinity of 

PAHs to GAC than heavy metals. The researchers proposed that the presence of GAC in PAH-

contaminated water samples did not affect the zeta potential of the adsorbent since PAHs are 

almost neutral compounds. In contrast, when heavy metals were added to the suspension, they 

significantly changed the GAC zeta potential by reducing its negative surface potential [18]. The 

zeta potential is a measurement of electrical charge on a particle’s surface (e.g., AC particles). 

Changes in the pH of the aqueous solution in which AC is utilized can affect the AC's zeta 

potential. The isoelectric point (IEP) is the pH value at which the zeta potential is zero, suggesting 

that no electric charge exists on the AC particle's surface. Determining the zeta potential and IEP 

of an AC (GAC/PAC) can be helpful to determine the adsorbent’s stability/instability during the 

adsorption process [79]. In the above study, Eeshwarasinghe and colleagues indicated that a strong 

reduction in the negative zeta potential of GAC can lead to higher adsorption of the positively 

charged heavy metals reducing the adsorption capacity for PAHs. Consequently, the PAHs 

removal rates would face a reduction compared to the situation that there are no heavy metals in 

the suspension [18]. 

Gong et al. (2007) reported that GAC was able to adsorb almost 90% of PAHs from contaminated 

vegetable oil during batch adsorption and 68-93% of PAHs during column adsorption experiments. 

Adsorption equilibrium of PAHs on the applied GAC was modelled by the Langmuir and 

Freundlich isotherm models, and both the models confirmed the high affinity of the GAC for 

PAHs. The two isotherm models also showed that the PAH initial concentration and GAC dosage 

played a significant role in the efficiency of the adsorption process [78]. Brandli et al. (2008) 

reported that adding 2% powdered AC (PAC) to soil contaminated moderately with PAHs 

removed 100% of the freely dissolved aqueous concentration of the PAHs from the soil/water 

suspensions. In the case of GAC application, they reported that GAC amended to the soil could 

remove approximately 64% of the freely dissolved PAHs. They considered a treatment process of 

six weeks because they found that this period was sufficient for a PAC- sediment system to reach 
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equilibrium. The researchers also investigated the PAHs removal efficiency of PAC and GAC 

amended to a heavily contaminated creosote soil. Their results revealed that PAHs were removed 

from soil particles by 63% and 4% following the amendment period, respectively. The researchers 

concluded that a high concentration of PAHs could saturate AC sorption sites and block its pores, 

reducing its PAHs removal efficiency [66]. Hale et al. (2012) performed a field-scale amendment 

of either 2% PAC or GAC to PAH-contaminated soil in Norway. After adding the adsorbents to 

soil samples, they first measured the concentration of PAHs in drainage water of the soil. To assess 

the reduction of free aqueous PAHs concentration in the soil pore water, they used 

polyoxymethylene (POM) passive samplers placed directly in the AC amended and unamended 

soil. According to their analysis results, the total PAHs concentration in the drainage water was 

decreased by 14% for the PAC-amended soil and by 59% for the GAC-amended soil 12 months 

after amendment. On the other hand, POM extraction results demonstrated PAHs reduction of 93% 

and 56% in the pore water of the soil by PAC and GAC, respectively. They also showed that PAC 

had a higher impact on adsorption of freely dissolved PAHs than total dissolved PAHs compared 

to GAC, probably due to the leaching of microscopic AC particles from PAC [33]. Although these 

two studies demonstrated the high capacity of the ACs for removing PAHs from soil, they did not 

consider any method to separate the PAH-loaded ACs from the soil particles. Moreover, the time 

spent on adsorption of PAHs from the soil [33] was very long, showing that AC amendment is a 

very slow process. It can also be claimed that the PAHs removal efficiency obtained by soil 

amendment relies on many parameters such as weather conditions and change in soil 

characteristics (e.g., the change in soil pore water). 

Kołtowski et al. (2017) employed a specific type of charcoal, namely biochar, to remove PAHs 

from contaminated soil samples. According to their results, the addition of activated biochar 

removed almost 86% of the freely dissolved PAHs in two collected soil samples and approximately 

70% in the third sample. The researchers also reported almost 100% removal of bio-accessible 

PAHs from all three soil samples by the activated biochar. In order to clean up the soil samples, 

Kołtowski et al. added the biochar and water at 40% of water holding capacity of the soil to the 

samples, and then, the prepared soil slurries were mixed and rolled end over end at 10 rpm for 60 

days [36], which was a very slow and long process. Besides, the technique they used for the biochar 

activation relied on specific equipment whose performance was energy-consuming and costly. The 

other point is that the biochar recovery from the soil slurries was performed by filtration after 
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centrifuging each sample. It means that some of the biochar particles might have remained in the 

samples after treatment, reducing the efficiency of the adsorption process. The presence of PAH-

loaded activated biochar in soil can be more harmful to the environment if the biochar recovery is 

not performed completely [80].  

 AC magnetization  

Despite the fact that AC amendment with soil reduces the contaminant accumulation, it may be 

partially aggressive to the ecosystem if the adsorbent particles remain in the soil for a long time or 

after treatment. The contaminant-loaded AC may change the physicochemical characteristics of 

the soil/sediment. Employing a high mass of AC in the cleanup process can lead to clogging the 

soil pores or changing their hydrophobicity. If AC particles remain in soil/sediment after use, it 

adversely affects water permeability, nutrient availability for plants, and the population of 

organisms [35]. The other drawback is dislocation or translocation of the AC particles in soil via 

precipitation or surface runoff which may spread the pollution to neighbouring soil [81]. Similar 

issues can occur in an aqueous medium if the AC particles are left or accumulated after use [35]. 

To promote a more sustainable approach, there is a need to separate AC from soil to reduce the 

environmental impacts and to recycle and reuse the AC particles. Some separation techniques, 

such as centrifugation and filtration, are used to recover the AC particles after the treatment process 

ends; however, these methods are costly and only applicable for liquid solutions with a high 

volume of water. If the surface of AC is given the required polarity or becomes magnetic, it can  

  

Figure 2.2. Recoverable AC/F3O4 particles with high surface area and superparamagnetic characteristics          

(a) PAC/Fe3O4 (b) GAC/Fe3O4 (c) PAC/Fe3O4 recovery from aqueous solution with a magnetic bar 
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be trapped and recovered by an electric or external magnetic field without any difficulty 

(Figure 2.2). Therefore, some studies came up with the idea of combining AC and iron oxide 

particles to magnetize the sorbent and apply it in the adsorption process [80]. 

2.4.1 Magnetic ACs synthesis methods and applications 

Magnetic AC (MAC) is known as a recoverable adsorbent with high surface area and 

superparamagnetic characteristics that contain the chemical binding of magnetic nanoparticles 

onto AC. There are different types of MAC synthesis methods that have been considered in the 

literature to produce highly active magnetic adsorbents. However, the type of synthesis procedure 

may affect the accessibility of the MAC adsorption sites to the contaminants, leading to lower 

removal efficiency and higher usage of MAC in the adsorption process [80]. For this reason, many 

studies attempted to find a proper and facile synthesis method to produce MAC particles with high 

surface area and adsorption capacity.  

Iron oxide (e.g. magnetite, Fe3O4) nanoparticles is a popular magnetizing agent which has been 

proposed by different studies during the past years [40,74,80,82]. Inbaraj et al. (2021) magnetized 

PAC obtained from green tea waste biomass using ferric chloride and ferrous sulfate as the 

precursors of the Fe3O4 nanoparticles. The iron solution mixtures and PAC were mixed, followed 

by sonication, stirring, and heating to 80 ˚C for 1 h. The prepared magnetic adsorbent was 

employed in the isotherm adsorption experiments for removal of four PAH compounds 

(Benz[a]anthracene, Chrysene, Benzo[b]fluoranthene, and Benzo[a]pyrene) from aqueous 

solutions. Complete adsorption of the PAHs onto the magnetic PAC was gained, implying the high 

adsorption capacity of the prepared composite for the four PAH compounds. Cruz et al. (2020) 

synthesized magnetic PAC/Fe3O4 nanocomposite by vigourous mixing of a suspension containing 

FeCl3 and FeCl2 (as iron precursors) and PAC for 1 h. The suspension pH was raised to 11 by 

adding a 28 % NH4OH solution dropwise to the suspension. The synthesized nanocomposite was 

able to remove 99.97% of promazine from wastewater in less than 10 min, which was an indication 

of its successful synthesis and high affinity for the contaminant [83]. In another study, Tu et al. 

(2021) prepared the magnetic GAC and PAC by mixing FeSO4 solution and the adsorbents at pH 

10 for 20 h and synthesizing the composite at 65 ˚C for 2 h. The prepared composites were applied 

to the adsorption experiments, and after 10 minutes, they could yield 97% removal of the 

contaminant (dibenzo-p-dioxin) from the solutions [84]. 
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Cooper et al. (2010) applied the impregnation method to place iron oxide nanoparticles in the pores 

and on the surface of GAC. According to their method, the adsorbent is gently mixed with 

potassium permanganate for a few minutes on a rotating mixer. The prepared product is then mixed 

with Fe precursor (FeSO4·7H2O) for a certain time, resulting in the formation of iron (hydr)oxide 

Fe(OH)2 and the nanoparticles impregnation in the GAC porous structure. The Brunauer, Emmett, 

Teller (BET) characterization test conducted on the synthesized MAC composite revealed that the 

surface area of the GAC was reduced by 20% (from 696 to 572 m2/g), while the iron content of 

the composite was determined to be 12% of the composite mass. The researchers were able to 

remove 190 µg/g trichloroethylene (TCE) and 120 µg/g arsenic from water using only 0.16g/L and 

0.25 g/L of the synthesized MAC in the solutions, respectively [69]. 

In another synthesis method called Soak-calcination, the carbon precursor was soaked into a FeCl3 

aqueous solution at room temperature for a certain time. The prepared magnetic adsorbent particles 

were rinsed with de-ionized water and ethanol, and after being air-dried, they were calcined inside 

the furnace at 600 ˚C under nitrogen stream for 1 h. The morphology of the synthesized MAC 

showed that the size of magnetite nanoparticles (Fe3O4) ranged from 200 to 400 nm. The back 

scattered electron images taken from the magnetic composite confirmed that the distribution of 

iron oxide nanoparticles was homogenous within the carbon matrix. The synthesized MAC showed 

high adsorption capacity for methyl blue and chromium ions (Cr+6) (>90%), while more than 85% 

of the magnetic adsorbent was successfully regenerated after treatment [77]. 

Ma et al. (2016) used the chemical co-precipitation method to fabricate the magnetic nanoparticles 

and attach them to the surface of PAC. The characteristics test results revealed that the surface 

area and total pore volume of PAC were reduced up to 67% and 70%, respectively, after being 

combined with the magnetic particles. Despite the fact that a considerable portion of the carbon 

surface area was occupied with the magnetic nanoparticles, only a few amounts of the prepared 

MAC (0.4 g/L) were sufficient to remove 98.9% of methylene blue from contaminated water 

samples after 5 h [85]. Juang et al. (2018) employed a polyol-mediated solvothermal reduction 

method to synthesize magnetite nanoparticles and attach them to the AC texture. For this purpose, 

FeCl3 was used as the precursor of Fe3O4 nanoparticles and NaOH was applied to adjust the weight 

of Fe (Fe:N) in the prepared composite. This synthesis method helped the magnetite nanoparticles 

have a great distribution when they were combined with the AC particles. The scanning electron 

microscope (SEM) images taken from the prepared composite determined the size of the magnetite 
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nanoparticles ranging from 5 to 20 nm. The BET surface area measurement was conducted on the 

virgin AC and MAC accordingly, and the results showed that the AC surface area was reduced by 

49%. The pore volume and porosity of the AC particles were also reduced by 50% after 

magnetization, which was due to the formation of the magnetite nanoparticles on the surface and 

in the pores of the adsorbent. However, regarding the experimental results, the adsorption capacity 

for methyl orange (MO) decreased by only 15% (from 384 mg/g on AC to 324 mg/g on MAC), 

indicating that the magnetization process had a negligible effect on the adsorption capacity of the 

MAC particles [80]. 

In another study conducted by Gu et al. (2005), GAC-Fe was selected as the adsorbent to remove 

arsenic from drinking water. They prepared the magnetic composite using the impregnation 

method, in which GAC, as a supporting base for iron particles, was impregnated by ferrous 

chloride treatment followed by chemical oxidation. The nitrogen adsorption/desorption analysis 

results illustrated a 30% decrease in BET specific surface area of the adsorbent (from 541 to 380 

m2/g). The characterization test also revealed a reduction in the total pore volume from 0.59 to 

0.46 cm3/g and the porosity from 0.37 to 0.14 nm, after iron was impregnated into the AC matrix. 

It was proposed by the researchers that GAC-Fe could remove arsenic most efficiently (80%) when 

the iron content of the composite was almost 6%, while any further increase of iron led to a 

decrease in the contaminant adsorption. 

 Interaction mechanisms 

Gan et al. (2017) proposed that the carbon functional groups, including carboxyl and hydroxyl 

groups, play a significant role in the adsorption of PAHs by a carbonaceous product like graphene. 

The non-covalent interactions such as π-π and anion-π interactions are two mechanisms by which 

the carbonaceous adsorbent removes PAHs from a contaminated medium. A π-π interaction 

between a PAH molecule and an AC particle forms when π electron donors (the aromatic rings) in 

the PAH and π electron acceptors (the functional groups and carbon layers) in AC start interacting 

with each other (Figure 2.3). The soil washing by carbon particles provides the required condition 

for the removal of PAHs from soil and transferring them into the liquid phase [59]. Gan et al. 

(2017) claimed that they removed more than 80% of PAHs from contaminated soil using nano-

sulfonated graphene in the soil washing process. However, since the employed nanoparticles did 

not have any magnetic ability, their separation from the treated samples was carried out by 

filtration and centrifugation. The use of these recovery methods can adversely affect the efficiency 
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of the remediation process and change the physical characteristics of soil by losing a portion of its 

fine particles. 

 

 

 

Figure 2.3. π–π electrons in structure of aromatic compounds [86] 

Han et al. (2012) studied the interaction mechanism between magnetized graphene oxide (a 

carbonaceous product) and PAHs molecules in an aqueous solution. For this purpose, five PAHs 

(fluoranthene, pyrene, benzo[a]anthracene, benzo[b]fluoranthene, and benzo[a]pyrene) were 

selected as the model analytes to be used in the adsorption process. Based on the results, the 

researchers proposed that the magnetic graphene oxide had an excellent affinity for PAHs owing 

to the dominant roles of π–π stacking interactions and hydrophobic interactions between the 

adsorbent and the analytes. More adsorbent particles and the PAHs molecules could interact with 

each other by optimizing the adsorbent dosage and contact time, leading to the removal of 76.8 to 

100.0% of the PAH compounds from the solutions [46]. However, one of the drawbacks of using 

graphene oxide for PAHs adsorption is its high cost, making it difficult to be used for large-scale 

treatment processes. Another drawback is the complicated synthesis method used for producing 

magnetic graphene oxide, in which the size of the synthesized composite particles is influenced by 

several variables such as temperature and time. 
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 Factors affecting PAH removal from a contaminated medium 

2.6.1 Properties of the contaminated medium 

The adsorption capacity of adsorbents such as graphene and AC for PAHs is inversely proportional 

to the size of the medium particles on which the adsorption process takes place. For instance, the 

adsorption of PAHs (e.g., naphthalene and anthracene) in estuarine colloids is higher than their 

adsorption in soil and sediment. In the case of soils, the specific surface area of soil particles plays 

a very significant role in the adsorption mechanism, which is known as a surface phenomenon. In 

general, the smaller the particles of a contaminated medium and the higher their surface area, the 

harder the adsorption of contaminants is from the medium [23,70].  

2.6.2 PAHs solubility 

The other parameter affecting PAHs adsorption is the solubility of the PAH compounds in an 

aqueous solution, which has a significant impact on the adsorption capacity of the adsorbent. In 

fact, when the PAHs have low solubility, a higher amount of them are adsorbed by the adsorbent. 

Hu et al. (2009) observed that the PAH adsorption of sediments increased as the solubility of PAHs 

in the aqueous solution decreased [87]. A similar relationship exists between the PAHs solubility 

and their molecular weight. Balati et al. (2015) conducted some adsorption tests on naphthalene, 

acenaphthylene and phenanthrene. Their findings showed that the solubility of a higher molecular 

weight PAH like phenanthrene in the aqueous solution was lower than that of naphthalene [88].  

2.6.3 Octanol-water partition coefficient 

The sixteen USEPA PAHs are predominantly non-polar hydrocarbons with unique distribution 

patterns in contaminated media. The octanol-water partition coefficient (Log Kow) is an essential 

parameter that is used to evaluate the distribution of PAHs in different media such as water, soil, 

air, biota. The PAH compounds with high Log Kow values tend to remain insoluble in an aqueous 

solution and be adsorbed by organic matter in soils/sediments due to their low affinity for water. 

Besides, HMW PAHs with high Log Kow values (>4.5) and low solubility have the potential to 

accumulate in the living organisms found in soil/sediment. Kow is not only used to show the 

potential bio-concentration of PAHs in the environment, but it is considered as an important 

parameter to assess the toxicity of these contaminants for human and soil organisms by indicating 

their insolubility ranges in aqueous phase [89,90]. To calculate PAHs sorption onto soil/sediment 

particles, distribution coefficient (Kd) for the PAH compounds is used, which is related to the 
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fraction of organic carbon of soil/sediment (foc) and the octanol-water partition coefficient (Kow) 

of the PAHs according to the Equation 2.1 [91]: 

Kd = foc.Koc     (2.1) 

where Koc is soil organic carbon-water partition coefficient, and is calculated as: 

log Koc = 0.00028 + (0.983 H log Kow) [92]  

 

2.6.4 Initial PAH concentrations 

Ping et al. (2007) conducted a study on the adsorption of phenanthrene using AC and observed 

that any increase in the initial concentration of the PAH would increase its uptake by AC [93]. 

Awoyemi (2011) performed a series of adsorption experiments using AC at different initial 

concentrations of naphthalene (1.6, 4.2, and 8.2 µg/mL) and found out that the PAH adsorption by 

AC is proportional to the initial contaminant concentration [52]. In another study, the researchers 

rose the initial concentration of acenaphthene from 0.376 to 1.795 µg/mL. They noticed that the 

adsorption of the PAH compound onto silica gel increased from 0.178 to 1.296 µg/mg during the 

extraction process [94]. Gupta (2015) considered adsorption of phenanthrene by AC and his 

findings revealed a rise in adsorption capacity of AC as the PAH concentration increased from 10 

to 50 µg/mL [95]. Lamichhane et al. (2016) explained that the greater availability of the PAHs at 

their high concentrations would provide the active sites of AC with the opportunity to adsorb more 

PAH molecules from the medium [23]. 

2.6.5 AC size and dosage 

The mass transfer of PAHs from soil to the AC particles in the treatment process is a three-step 

procedure. First, the contaminant is desorbed from the soil particle and transferred to the liquid 

phase (soil slurry), then the contaminant diffuses through the liquid to the AC particle, and finally, 

the contaminant is loaded on the AC surface [96]. McLeod et al. (2007) showed how smaller AC 

particles adsorbed a high number of PCBs compared to the larger AC particles. They reported that 

the use of AC particles with sizes ranging from 180 to 250 µm, 75 to 180 µm, and 25 to 75 µm led 

to a reduction in the concentration of PCB compounds in sediment by 41%, 73% and 89%, 

respectively. These results were obtained after the sediment was amended with 1.7% AC (w/w%) 

for 30 days [33,97]. In another study conducted by Zimmerman et al. (2005), the researchers 

reported that by reducing the AC particles size to 25-75 µm and adding them to contaminated 

sediment, the removal of aqueous PCB from the sediment increased from 82% to 97% [33,98]. 
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Gan et al. (2017) stated that the rise in the adsorbent (e.g., nano-sulfonated graphene) dosage to its 

optimum could transfer many PAH compounds from soil into the liquid phase (slurry). However, 

any further increase beyond the optimal dosage resulted in a lower PAH removal since a portion 

of the adsorbent particles remained in the solid phase after the treated mixture was centrifuged. It 

negatively influenced the removal rate of PAHs in the treatment process [59]. 

2.6.6 Effect of magnetization on PAH adsorption capacity of AC  

A detailed analysis of the AC surface area and pore size distribution is necessary to assess the 

impact of magnetization on the AC adsorption capacity. It will also help to determine the available 

AC pore volume after the iron oxide nanoparticles are placed onto AC. A tentative hypothesis is 

that attaching the magnetic nanoparticles to the AC surface decreases its micropore and mesopore 

volumes, potentially reducing the number of adsorption sites available for contaminants 

[64,68,69,99]. Castro et al. (2009) magnetized GAC at different mass ratios of the adsorbent to 

magnetite (5:1 and 1:1) for adsorption of atrazine in aqueous solutions. The BET tests of the 

prepared magnetic composite showed a reduction of 15% and 36% in the surface area due to 

magnetization, which consequently affected its adsorption capacity by 20% and 48%, respectively 

[72]. The magnetic GAC was also synthesized by Tu et al. (2021) for the removal of dibenzo-p-

dioxin from water. After magnetization, the surface area and micropore volume of the magnetic 

adsorbent were reduced by 23 % and 33 %, respectively, according to the BET characterization 

test. Despite the reduction, the results of adsorption experiments showed only 3% drop in the 

contaminant adsorption capacity of magnetic GAC compared to the bare GAC [84]. Lompe et al. 

(2017) proposed that low wt% of iron oxide nanoparticles to carbon did not have any significant 

effect on the magnetic PAC adsorption capacity. However, a high mass fraction of the magnetic 

nanoparticles onto PAC (e.g., more than 50%) would clog the mesopores in the structure of carbon 

particles and decrease their capacity for contaminant adsorption. Do et al. (2011) and Li et al. 

(2017) reported a reduction of 31% and 69% in the surface area of PAC particles after 

magnetization. The synthesized magnetic nanocomposites were used for removal of methyl orange 

(MO) and methylene blue (MB) from aqueous solutions, respectively. Despite the reduction in the 

surface area, both studies confirmed that the magnetized PAC could retain its adsorption capacity 

for removal of MO and MB [43,71].  
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2.6.7 Contact Time  

Zeledon-Toruno et al. (2007) used leonardite, a type of immature coal, in aqueous solutions to 

adsorb five PAH compounds (pyrene, benzo[k]fluoranthene, benzo[a]pyrene, benzo[ghi]perylene, 

and fluorene) with an initial concentration of 100 mg/L. After 2 h of contact time, the adsorbent 

removed 70% of the PAHs from the solutions, while the adsorption equilibrium was achieved after 

24 h with the removal of more than 78 % of the PAHs (Figure 2.4) [100]. AC was employed by 

Gupta (2015) in the batch adsorption experiments to eliminate phenanthrene from contaminated 

water. The findings of the investigation revealed that the PAH sorption process was rapid for the 

first 75 minutes and then it slowly reached equilibrium after 2.5 hours [95]. Hu et al. (2015) 

similarly obtained superior results in adsorption of phenanthrene by mesoporous molecular sieve 

MC-41 only after 20 min the experiment began. They did not observe any significant PAH removal 

after 2 h [101]. 

Gan et al. (2017) employed nano-sulfonated graphene (SGE) to remove PAHs from soil in the soil 

washing process. Based on their findings, the PAHs removal rate was elevated from 30.9% to 

80.9% after the washing time was increased from 6 h to 24 h.  One speculative explanation for the 

significant change in the adsorption rate was that the organically bound fractions of PAHs trapped 

in the soil pores needed more time to be removed by the adsorbent and transferred into the liquid 

phase. The 30.9% removal obtained during the 6 h washing time was mostly related to adsorption 

of a large portion of water-soluble and organic acid-soluble PAHs from soil by SGE [59].  

 

Figure 2.4. Effect of contact time on the adsorption of PAHs by leonardite [100] 
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2.6.8 Temperature  

The influence of temperature on the adsorption of naphthalene, phenanthrene, and pyrene was 

investigated by Edgar et al. (2008). They discovered that increasing the temperature from 4 to 27 

°C reduced PAH adsorption, with average values of 27.3, 17.0, and 27.4% for the three PAHs, 

respectively. The researchers claimed that the PAHs adsorption process was exothermic by use of 

the following equation (Van't Hoff equation), where the calculated enthalpies of sorption (∆H˚) 

gave a negative value to the equation: 

ln 𝐾𝑒𝑞 =
∆𝐻

𝑅
×

1

𝑇
 +  

∆𝑆

𝑇𝑅
   (2.2) 

In this equation, ∆H˚ describes the change in enthalpy (KJ/mol), T is absolute temperature (K), 

∆S˚ demonstrates the change in entropy KJ/mol/K, R is gas constant which equals 8.314×10-3 

kJ/K/mol, and Kep is equilibrium partition coefficient at a given temperature (cm3/g) [23,102]. 

Podoll et al. (1989) observed a reduction in adsorption of naphthalene from the soil containing 

1.6% of organic carbon by increasing the temperature from 15 to 35 ℃. In another study, He et al. 

(1995) reported that a rise at temperature from 5 to 25℃ would reduce adsorption of fluoranthene 

onto soil and lava by 1.6 times. Bekci et al. (2006) also discovered that PAHs sorption capacity of 

adsorbents in different media decreases when the temperature increases because the adsorption 

reactions are exothermic [23]. 

On the other hand, there are some studies that obtained opposite results. Balati et al. (2015) 

reported that the adsorption of three PAH compounds (naphthalene, acenaphthylene, and 

phenanthrene) from wastewater using NH2-SBA-15 was improved when the temperature was 

raised. They highlighted the positive values of ∆H˚ (Eq. 2-2) determined from the adsorption 

experiments at various temperatures to show that the adsorption process was endothermic [88]. 

Lamichhane et al. (2016) proposed that the conduct of adsorption process at higher temperatures 

favours the sorption of compounds with lower solubility in aqueous solution. Compounds with 

high solubility are expected to follow the reverse trend, with any rise in temperature leading to a 

decrease in their sorption from the contaminated medium [23]. It means that the solubility of 

organic compounds (e.g., PAHs) and temperature have an inverse relationship with each other in 

the adsorption process when the temperature of media changes. 
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2.6.9 pH 

Tran et al. (2017) reported that an increase in pH of the adsorption process can induce the density 

of π electrons in adsorbate and provide more π- π interaction between the adsorbate and adsorbent 

[103]. In contrast, there are some other studies stating that the adsorption process at neutral or 

acidic pH will yield better results than alkaline pH  [39,63,73]. Balati et al. (2015) evaluated the 

effects of different pH values on naphthalene adsorption by silica-based organic-inorganic nan-

hybrid material (NH2-SBA-15). They observed that lowering pH from 8 to 2 caused a considerable 

increase in the PAH removal efficiency (79.3%) of the adsorbent. They attributed this high 

removal efficiency to the formation of NH3
+ on NH2-SBA-15 surface at very low pH, since such 

an acidic pH would elevate electrostatic interactions between the surface charges of NH2-SBA-15 

and the PAH molecule [23,88]. 

Gupta (2015) performed some batch experiments on the adsorption of phenanthrene by AC. Based 

on their results, the adsorption capacity of AC for the PAH reached its maximum (>90%) when 

pH of the solution was adjusted to 2.0, whereas the minimum sorption of PAH (<40%) was 

obtained when the solution was alkaline (pH 12.0). The researcher explained that an acidic pH 

increases the positive charge on the adsorbent surface, and it provides the adsorbent with the 

opportunity to interact with a higher concentration of PAHs. In contrast, when pH of the solution 

goes up, the positive charges on the adsorbent surface are reduced, leading to interactions between 

OH- ions and PAH molecules to compete for adsorption onto the adsorbent. This would 

consequently reduce the PAH removal efficiency of the adsorbent [23,95]. 

However, there are some studies showing opposite results in terms of the pH role in the adsorption 

process. For example, Moradi Rad et al. (2014) reported that an acidic or alkaline organic solution 

(n-hexane) produces a high amount of hydroxide ions. Since organic compounds have bigger sizes 

when they are in their ionized form, a fewer number of them can occupy a greater number of the 

active sites of adsorbent (e.g., activated carbon), causing a reduction in the adsorption capacity of 

the adsorbent for contaminants. The researchers showed that maximum adsorption of 

phenanthrene onto AC happens when pH of the organic solution was set at 8 (close to neutral pH) 

with the lowest concentration of the ionized compounds [104]. There are also other studies, such 

as Mader et al. (1997), that have not considered the pH as a significant factor in the adsorption of 

PAHs (e.g., naphthalene, phenanthrene, anthracene, fluoranthene, and pyrene). The same theory 

was proposed by Zeledon-Toruno et al. (2007) after they conducted a series of adsorption 
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experiments on pyrene, benzo[k]fluoranthene, benzo[a]pyrene, and benzo[ghi]perylene using 

leonardite. The researchers observed that adjusting pH of the solutions at a range of 2.0-6.0 had 

no significant effect on the PAHs removal rate [23,100]. 

Adverse effects of very low or high pH values on the activity of magnetic adsorbents were shown 

by Andrade-Eiroa et al. (2016). The researchers claimed that the iron oxide (Fe3O4) particles in the 

structure of the composite adsorbent started degrading at pH<4, enforcing Fe (III) to form chelates 

with the target compounds (analytes). The same phenomenon happened when the pH value was 

higher than 9, where the electrostatic repulsion became prominent between the magnetic adsorbent 

and target anionic compound as a result of the negative charge of hydroxide groups formed by 

Fe3O4 particles. All of these reduced the adsorption rate of the compound by the magnetic 

adsorbents [4].  

2.6.10 Soil characteristics 

Soil organic matter (SOM) has a high tendency to absorb hydrophobic pollutants such as PAHs in 

soil, according to Delle Site (2001) and Ping et al. (2006). It is because PAHs have large Kow 

values leading them to be insoluble in soil pore water and be adsorbed onto SOM. Furthermore, 

the larger the PAH molecules and the higher their Kow, the greater their adsorption rates are onto 

the organic matter of soil particles. Other soil parameters (e.g., surface area, total clay content, 

mineralogy) were also evaluated, and the results showed that these parameters could not compete 

with SOM for PAHs sorption in soil [91]. Ahangar (2010), Lamichhane et al. (2016), and Cao et 

al. (2008) confirmed that adsorption of PAH in soil is controlled by the SOM polarity and the 

carbon in the structure of the aromatic compound. In addition, it is believed that aliphatic groups 

found in the SOM matrix play a key role in the adsorption of non-ionic organic compounds such 

as PAHs [23,48,105]. Therefore, it can be claimed that PAH uptake by an adsorbent like AC in a 

soil-water system (e.g., the soil washing process) can be affected by the quantity of organic matter 

in the soil [105]. 

2.6.11 Liquid:soil ratio 

The liquid to soil (L:S) ratio is one of the most important factors in the removal of PAHs by soil 

washing. The maximum solubilization of PAHs in soil washing process carried out by Peng et al. 

(2011) and Gan et al. (2017) was observed at L:S ratios of 10:1 for Tween 80 and 20:1 for nano-

sulfonated graphene, respectively. However, it should be noted that a higher L:S ratio would result 
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in more wastewater output, and subsequently, more equipment and energy to deal with it. Besides, 

a higher L:S ratio may also have an adverse impact on the physicochemical properties of the treated 

soil [59,60]. 

 Research gap 

Previous studies conducted to remove PAHs from soils by the AC particles mostly focused on the 

amendment of bare PAC or GAC with the PAH-contaminated soils for different time periods, and 

were able to remove 40 to 60% of PAHs from the soils [33,36,48,66,106]. However, they did not 

perform any effective method for the recovery of ACs from the soil medium after use. If left in 

soil, AC could act as a secondary source of PAHs distribution in the environment, posing a threat 

to humans and soil organisms [41]. Another issue was that in some of these studies the AC 

amendment with soil lasted few weeks to several months [33,48,66,106], which is not only time-

consuming but raises uncertainty about the role of AC as the only agent in the removal of 

contaminants. The addition of AC particles to the soil washing process to remediate the soil 

contaminated with PAHs is a viable remediation technique. However, the fate of the washing 

solution and the PAH-loaded AC particles after the cleanup process is of great concern due to 

associated health risks (the carcinogenic contaminants). This potential challenge motivates 

research into using adsorbents, such as magnetic activated carbon (MAC) composites, which can 

be recovered and are capable of removing PAHs from soil and washing effluent. The use of the 

recoverable MACs in soil washing can significantly provide high PAH removal efficiency and 

minimize the required time, energy, and operational costs for remediation of PAH-contaminated 

soils. 

 This research focuses on the synthesis and application of different recoverable magnetic powder 

and granular ACs (MPACs and MGACs) for the removal of PAHs from contaminated water and 

soil. The characterization and batch adsorption experiments will be conducted on the synthesized 

MACs to evaluate their morphology and performance for the adsorption of PAHs, respectively. 

Besides, the possibility of regenerating the magnetic composites will be investigated through a 

series of PAH desorption experiments. Using a series of adsorption isotherm and kinetic studies, 

the adsorption capacity of MAC with the highest PAH removal efficiency will be thoroughly 

assessed. The next phase involves remediation of an aged PAH-contaminated soil using soil 

washing combined with adsorption using MAC to explore the efficiency of the magnetic adsorbent 

for the removal of PAHs from the soil. Lastly, a proper surfactant will be utilized in soil washing 
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experiments to improve PAH removal from soil. The MAC composite will be added to the 

surfactant solution during the remediation process to contribute to the PAHs removal and recycle 

the surfactant solution for further washing cycles. 

To the author's knowledge, this is the first study that considers the preparation of MAC particles 

with different affordable synthesis methods and evaluates the MAC applications in adsorption and 

soil washing processes to remove PAHs from water and soil.  

 References 

This chapter's references are integrated with the references from the other chapters and provided 

at the end of the thesis.
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3 Synthesis and Evaluation of Recoverable Activated Carbon/Fe3O4 Composites for 

Removal of Polycyclic Aromatic Hydrocarbons from Aqueous Solution1 

 

 Abstract 

Three different synthesis methods were employed to prepare magnetic powder and granular 

activated carbons (MPAC and MGAC) as recoverable adsorbents to remove polycyclic aromatic 

hydrocarbons (PAHs) from aqueous solutions. The MPAC and MGAC composites were 

characterized by XRD, and the XRD patterns confirmed the presence of Fe3O4 particles with cubic 

crystal structure on the adsorbents surface. FE-SEM images showed that the magnetic composites 

had spherical morphologies, with clusters of iron oxide nanoparticles formed in the ACs pores and 

distributed evenly on their surface. FTIR spectra of the PAH-loaded adsorbents revealed that the 

analytes were attached to the surfaces of MPACs and MGACs by π-π and H-π interactions formed 

between PAHs and functional groups of the adsorbents. All the synthesized magnetic ACs were 

very effective in removing the PAH compounds from the aqueous solutions with removal 

percentages between 87.2% and 99.3%. The precipitation method of magnetization resulted in the 

highest PAHs removal efficiency (99.3%) using PAC as the base AC, while the co-precipitation 

method of magnetization provided the highest PAHs removal efficiency (98.3%) using GAC as 

the base AC. The PAHs desorption tests indicated that low molecular weight PAHs were more 

easily desorbed from MAC surface ranging from 38.1 to 60.1%, compared to high molecular PAHs 

ranging from 23.4 to 57.2%. This shows that the increase in the number of PAH rings would lead 

to the formation of more covalent bonds between the adsorbate and the adsorbent. 

 

Keywords: Magnetic activated carbons, Polycyclic aromatic hydrocarbons (PAHs), Removal 

efficiency, π-π and H-π interactions, Desorption  
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 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are considered a group of ubiquitous contaminants in 

the environment containing two or more fused aromatic rings [107,108]. These persistent and 

hydrophobic compounds are mainly released into the environment through anthropogenic sources 

such as exhaust emissions, oil spills, industrial facilities processing petroleum and coal, and 

domestic/industrial heating systems [6,109]. PAHs are categorized as low molecular weight 

(LMW) with two- and three-aromatic ring structure and high molecular weight (HMW) with four 

to six aromatic rings in their structures [23]. It is reported that the combined toxicity of PAHs has 

more adverse effects on human health and the environment than a single PAH compound [110]. 

Due to their toxicity, carcinogenicity, and mutagenicity, 16 of the PAH compounds have been 

classified as priority pollutants by many regulatory bodies such as the US Environmental 

Protection Agency and Canadian Council of Ministers of the Environment [14,111]. 

Various treatment methods have been applied to remove these carcinogenic hydrocarbons from 

the environment, such as incineration, photolysis and thermal desorption [23], chemical oxidation 

[112], combined ultrasound and zero-valent iron/EDTA [113], zero-valent iron [6], biodegradation 

[107], and electrochemical techniques [114]. However, many of these methods are not practical 

on a large scale due to the need for a high dosage of reaction reagents, long treatment process, 

required acidic/alkaline condition, and high investment and maintenance costs [113]. Adsorption, 

however, is one of the popular techniques that can be considered for the removal of PAHs due to 

their low solubility and high sorptive ability [18,23]. This technique is fast and efficient, and 

produces a minimum waste compared to other treatment techniques [18,115,116]. Activated 

carbon (AC) is the most common adsorbent employed in many adsorption processes due to its high 

availability, low cost, large surface area, superior adsorption capacity, and reusability [117]. 

Examples of the AC application for removal of PAHs and the effect of adsorption process 

parameters were summarized by Laminchhane et al. (2016), which generally shows high PAH 

removal efficiencies (66-99%) for the adsorbent.  

An important step in the application of AC as a sorbent is recovery, regeneration, and reuse in 

order to reduce the costs and complete the treatment cycle. After dispersing in an aqueous solution, 

the PAH-loaded AC particles can be separated using centrifugation and filtration techniques, 

which are not only expensive and time-consuming but also increase the operational complexity. If 

the adsorption of PAHs from aqueous phase is part of the remediation of contaminated soils, for 
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example using soil washing technology where adsorption follows a previous extraction or washing 

of PAHs from contaminated soils, this becomes more complex and challenging since AC is mixed 

with soil particles in a slurry.  This makes the separation of AC from soil particles uneconomical 

and practically impossible. To overcome the difficulties in the recovery of the exhausted AC, the 

application of magnetic products has been considered by several literatures to modify AC in 

adsorption process [41,42,73,116,118,119]. Magnetic separation of AC/Fe3O4 composites could 

offer an alternative recovery method, which is facile, more convenient, economical, and efficient. 

Even though the application of magnetic AC (MAC) could be more advantageous than the bare 

one, the loss of pore space in the carbon matrix after magnetization can negatively affect the AC 

adsorption capacity for organic pollutants. Particularly, a reduction in the adsorption capacity 

could be a disadvantage if the magnetic nanoparticles themselves do not contribute to the 

adsorption of the pollutants. Therefore, a facile magnetization method for AC particles without 

adversely affecting their adsorption capacity needs to be considered [80]. Iron impregnation and 

co-precipitation are two of the methods that can uniformly distribute the magnetic nanoparticles 

on the surface and in the pores of AC, negligibly reducing the number of adsorption sites on AC 

surface [30,41,42]. 

A review of the previous studies conducted on the PAHs removal by ACs reveal that they have 

mainly focused on adsorption of a single PAH or LMW PAHs as the target compounds [18,120–

122], and the more toxic and carcinogenic PAHs with four to six aromatic rings were less explored. 

Besides, the recovery of AC particles after PAH adsorption in aqueous media was not investigated 

in the aforementioned studies. Desorption of the PAH compounds from ACs is the other aspect 

that has not properly been studied by the literature. Therefore, the present research aims to 

investigate the feasibility of synthesis and application of six retrievable MACs (3MPACs and 

3MGAC) for removal of the priority USEPA LMW and HMW PAHs from aqueous solutions. The 

synthesized MACs were characterized, and their performance were subsequently evaluated 

through a series of batch adsorption experiments. In addition, desorption tests were carried out on 

the PAH-loaded MPAC and MGAC to study the possibility of reusing the composites in the 

treatment process. The novelty of the research is to evaluate the feasibility of facile synthesis 

methods for MACs and the adsorbents performance on removal of PAHs from water and more 

complex aqueous phases such as contaminated soil slurries, which can then be recovered by a 

simple magnetic field. This research will also provide helpful information on how the magnetic 
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synthesis methods potentially affect the PAHs uptake by powder and granular ACs used for 

treatment purposes. 

 Materials and methods 

3.3.1 Chemicals  

Two types of AC, powder and granular, were employed to prepare the magnetic AC composites. 

The powder type (PAC) was produced from coconut shell, and the granular one (GAC) was 

Filtrasorb 400 made from bituminous coal with high activity and durability. Both the PAC and 

GAC were provided from CalgonCarbon Co. (Pennsylvania, USA). According to the data from 

the manufacturer, PAC was in size less than 45 µm, and GAC had a size ranging from 550 to 750 

µm. The standard solutions of USEPA priority PAHs (500 mg/L and 10mg/L, each in acetonitrile) 

containing Acenaphthene (ACE), Anthracene (ANT), Fluoranthene (FLUO), Benzo[ghi]perylene 

(B[ghi]P), benzo[a]pyrene (B[a]P), chrysene (CHR), benz[a]anthracene (B[a]A), 

benzo[b]fluoranthene (B[a]F), benzo[k]fluoranthene (B[k]F), pyrene (PYR) , Phenanthrene 

(PHE), Indeno[1,2,3-cd]pyrene (IDP), Dibenz[a,h]anthracene (D[ah]A) (98%) were obtained from 

AccuStandard Co. (Connecticut, USA) and Sigma Aldrich Co. (St Louis, USA), respectively. The 

stock solutions of PAHs were prepared at a concentration of 50 mg/L in acetonitrile (HPLC grade, 

>99%). The working solutions were made through serial dilution of the stock solutions to provide 

the required PAHs concentrations in acetonitrile for the tests. Distilled deionized water used for 

preparing the aqueous solutions was obtained by a Millipore-Q purification system from Millipore 

Co. (Bedford, USA). The organic solvents, including acetone, hexane, acetonitrile, and methylene 

chloride (high-performance liquid chromatography (HPLC) grade), were purchased from VWR 

(Quebec, Canada). Iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O) and Iron(II) sulfate 

heptahydrate (FeSO4·7H2O) were acquired from Sigma-Aldrich Co. (St. Louis, USA). Potassium 

nitrate (KNO3), sodium azide (NaN3), nitric acid solution (20%), and sodium hydroxide were 

obtained from VWR Canada.  

3.3.2 Preparation of AC/Fe3O4 composites 

PAC and GAC were combined with iron oxide nanoparticles using three different synthesis 

methods. Therefore, there were a total of 6 magnetic AC composites, 3 MPACs and 3 MGACs. In 

all cases, the PAC and GAC particles were selected as the base material for the composites because 

they had an amorphous structure with high porosity. In the first method, which was a modified 
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form of an impregnation method (Imp.) reported by Do et al. (2011), 8 g Iron (III) nitrate 

nonahydrate (Fe(NO3)3.9H2O) was dissolved in 40 mL nitric acid solution (20%). Then, 1g PAC 

or GAC was added to the solution with magnetic stirring and heating at 80℃ and for 1 h. The 

mixture was then dried and heated in a furnace at 600℃ for 2 h under nitrogen flow (thermal 

treatment) to form the high-quality magnetite nanoparticles (Figure 3.1a). The synthesized 

magnetic ACs (MPAC-Imp. and MGAC-Imp.) were then washed three times and placed in screw 

cap vials for later use in adsorption experiments. The percentage of iron oxide used in the synthesis 

procedure was 30% wt. of the carbon particles [41,42]. In the second synthesis method known as 

precipitation (Prec.), 2.78 g of ferrous sulfate (FeSO4.7H2O) was dissolved in 100 mL deionized 

water inside a 250 ml conical flask, and 0.5 g of PAC or GAC was added to the flask, subsequently 

[123]. The flask was then placed on a magnetic stirrer, and 10 mL sodium hydroxide (NaOH) 

solution (10%) was added dropwise to the flask for precipitation of the hydrated iron oxide 

particles. While mixing on the magnetic stirrer, the suspension was heated to 100 ᵒC for 1 h 

(Figure 3.1b). The prepared composites were dried overnight and washed with deionized water 

three times to remove impurities and until their pH became neutral. The MPAC-Prec. and MGAC-

Prec. particles were dried and separated by an external magnetic field and then stored in screw cap 

vials for next applications [123]. The MPAC and MGAC composites were also synthesized using 

a modified co-precipitation (CoPrec.) method [124]. As can be seen from Figure 3.1c, 50 mL 

Fe(NO3)3·9H2O (1 M) and 25 mL FeSO4·7H2O (0.1 M) were prepared and added to 350 mL 

deionized water in a reaction vessel, followed by mixing on a magnetic stirrer. Then, 2 g PAC or 

GAC was brought in contact with the ferric ions in the solution and the mixture was stirred at 400 

rpm in the presence of nitrogen gas. Simultaneously, 35 mL NaOH solution (1 M) was added 

dropwise for 10 min to increase pH of the solution to 10-11 and enable the precipitation of 

magnetic AC composite. The black precipitated product was then removed from the vessel using 

a simple magnet bar. The fabricated MPAC-CoPrec. and MGAC-CoPrec. particles were 

repeatedly rinsed with deionized water to remove the excess non-AC bound iron oxide 

nanoparticles. The composite was then dried in a vacuum oven overnight at 80 °C and stored in 

the screw cap vials prior to use in the PAHs adsorption experiments [124].  
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3.3.3 Characterization of prepared magnetic activated carbons 

Powder X-ray diffraction (XRD) patterns of the PAC, GAC, MPAC, and MGAC particles were 

analyzed on a Rigaku Ultima IV theta-theta X-ray diffractometer equipped with a Cu Kα radiation 

(λ = 1.54185 Å) sealed-tube source operating at 40 kV and 44 mA. The morphological analysis of 

the bare and magnetic ACs was carried out by a field emission scanning electron microscopy 

(SEM, JSM-7500F, and Oxford EDS system) equipped with an EDS Detector. Energy-dispersive 

spectroscopy (EDS) is a technique that applies X-ray to detect the composition of materials. Based 

Figure 3.1. Three synthesis methods used for the preparation of MPAC and MGAC composites                 
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on the type of elements found in the material structure, EDS creates a spectrum with peaks of the 

elements. The ACs and the prepared magnetic composites were analyzed by EDS to identify the 

elements that were present in their structure. Fourier transform infrared spectroscopy (Nicolet 6700 

FT-IR spectrometer, Thermo Fischer, USA) was used to analyze the MPAC and MGAC 

composites before and after PAHs adsorption. The FTIR spectra were determined in the region 

between 4500 and 400 cm−1 by applying 32 scans and a resolution of 4 cm−1 for each sample. 

Using the FTIR method, it became possible to evaluate the performance of surface functional 

groups of the composites involved in the PAHs adsorption. The specific surface area of PAC and 

GAC was determined using the nitrogen adsorption-desorption isotherm data measured at 77K 

from a relative pressure (P/P0) of 10-5 to 0.99 by applying the Brunauer–Emmett–Teller (BET) 

equation. 

3.3.4 Batch adsorption tests 

Batch adsorption experiments were conducted in a series of 125 mL conical flasks to determine 

PAHs adsorption by the prepared MPAC and MGAC composites. To prepare the PAHs-

contaminated samples, each flask was filled with 29.7 mL deionized water, and 200 mg/L sodium 

azide (NaN3) and 0.01M potassium nitrate (KNO3) were subsequently added to the flasks to inhibit 

microbial activity [59]. The samples were then spiked with 0.3 mL PAHs solution at an initial 

concentration of 50 mg/L and shaken at 50 rpm for 1 h to obtain homogenous solutions. The 

volume fraction of the solvent (acetonitrile) containing PAHs was adjusted to ≤ 1% to prevent the 

effect of the solvent on the adsorption process [125]. The solutions were then mixed with 30 mg 

of the adsorbent for each of the six synthesized magnetic AC composites and continuously agitated 

on the shaker at 100 rpm and 24±1 ℃ for 48 h. All the experiments were conducted in triplicate 

and the flasks were covered with aluminum foils to protect them against the light. The 48 h contact 

time was selected based on a set of preliminary tests to ensure that the solutions reach their 

adsorption equilibrium. At the end, each flask was taken out the shaker and the adsorbent was 

separated from the suspension by placing a simple magnetic bar at the bottom of the flask. After 

few seconds, the suspension became limpid and the liquid was decanted.   

3.3.5 Desorption tests 

For the PAHs desorption experiments, the PAH-loaded MAC was first dried under flowing 

nitrogen gas for approximately 15 min. The dried particles were then weighed to determine the 
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recovery (%) of the adsorbent mass separated using the magnetic bar. Subsequently, the target 

PAH analytes were eluted from the adsorbent particles with 10 mL of Hexane/Acetone (1:1 V:V) 

and after bath sonicating at 20–30 °C for 10 min (method 3550b, USEPA) [72,126]. The extraction 

of PAHs was repeated three times, and all the eluates were combined and then poured into 

Kuderna-Danish apparatus (K-D) (method 8310, USEPA) to be condensed to acetonitrile. Finally, 

an aliquot (25µL) of the acetonitrile solution was injected into the HPLC system for analysis 

purposes [46,127]. Thermal desorption was also tested for recovery of the PAHs from the MPAC 

and MGAC surfaces, however, high temperatures resulted in disintegration of the magnetic 

composites.  

3.3.6 PAHs measurement 

The PAHs in the solutions were first extracted by the liquid-liquid phase extraction (LLPE) method 

[45]. For this purpose, each solution was extracted with 8 mL organic solvent, methylene chloride, 

in a 50 mL centrifuge tube. The tubes were shaken by hand and then vortexed for about 1 min. 

The extract was separated from the liquid phase with centrifugation at 1500rpm for 2 min, and 

then, removed from the tubes using a pipette. The extraction process was conducted two more 

times and all the extracts were combined thoroughly. The K-D apparatus was used according to 

method 8310 [127] to condense the extract to 1 mL and exchange it for acetonitrile. 25µL of the 

acetonitrile solution was injected into HPLC to measure the residual PAHs concentration. The 

HPLC analysis of extracts was performed using a Hewlett–Packard 1100 chromatograph (Agilent 

Technologies, USA) equipped with a reverse phase HPLC column (ZORBAX Eclipse PAH, 95Å, 

4.6 × 250 mm× 5 µm) and Multiple Wavelength Detector (MWD). 25 µL of the condensed extract 

was injected onto the column. Chromatography was conducted with acetonitrile/water (95/5, v/v) 

as the mobile phase at a flow rate of 1mL/min and 25 °C. The PAH compounds were detected at 

210.8, 224.4, 230, 8, 254.4, and 270.9 nm using the MWD. The standard solutions were prepared 

and injected into HPLC to verify the extraction protocol of the PAH compounds [48]. 

 Results and discussion 

3.4.1 Characterization of bare and magnetic PACs/GACs 

The specific surface area was 938.1 m2/g for PAC and 822.8 m2/g for GAC, respectively. The 

mineral composition of PAC, GAC, and their magnetic composites prepared by the precipitation 

and co-precipitation methods were characterized by the X-ray diffractometer (XRD). For this 
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purpose, the diffraction data were generated by exposing the adsorbents samples to Cu-Kα X-ray 

radiation (λ = 1.54185Å) operating at 40 kV and 44 mA. The XRD data were obtained at a 

diffraction region of 2𝜃 from 10° to 80°. Figure 3.2a shows XRD patterns of the commercial PAC 

and GAC samples used as the base for the magnetic composites. As can be seen from this figure, 

both ACs have an amorphous structure. In their XRD pattern, there are one strong and one weak 

diffraction peak at 2𝜃 = 23.4° and 2𝜃 = 43.8°, respectively, indicating the presence of graphite 

crystallite in PAC and GAC. Xie et al. (2014) proposed that the entire wall of PAC particles is 

composed of graphite crystallite; however, the lower their crystallinity, the larger their specific 

surface area is for the adsorption of organic contaminants [128]. 
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Figure 3.2. XRD patterns of (a) bare PAC and GAC (b) MPAC-Prec. and MGAC-CoPrec. 
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Figure 3.2b represents the XRD patterns of MPAC-Prec. and MGAC-CoPrec. According to the 

patterns obtained for MPAC-Prec., several characteristic peaks emerged at 21.9⁰, 30.2⁰, 35.6⁰, 

43.3⁰, 53.8⁰, 57.1⁰, and 62.8. All the peaks except the one that emerged at 2θ = 21.9⁰can be 

attributed to the cubic spinel structure of iron oxide particles (magnetite or maghemite). The peaks 

position and their intensity observed in the plane of the magnetic adsorbents ((220), (311), (400), 

(511) and (440) indices) matched well with the iron oxide standard data (Joint Committee for 

Powder Diffraction Studies, Card No. 19- 0629), which are direct evidence of the presence of the 

magnetic nanoparticles in the AC structure. The peak at 2θ = 21.9⁰ shows the characteristic 

reflection of the AC particles. The diffraction peaks of MPAC-Prec. and MGAC-CoPrec. 

attributed to the iron oxide particles are very similar. This implies that the iron valence states are 

basically invariable after the iron oxide is placed into the amorphous structure of PAC and GAC 

[75,123]. 

The morphology and surface element distribution of PAC, GAC, MPAC-Prec., and MGAC-

CoPrec. were determined by FE-SEM equipped with an Energy-dispersive X-ray spectroscopy 

detector (EDS). A few milligrams of each adsorbent were deposited on a conductive sticky pad to 

prepare the samples for the SEM-EDS analysis [38]. SEM images of the bare and magnetic ACs 

obtained at an accelerating voltage of 15.00 kV are illustrated in Figure 3.3.  As presented in 

Figure 3.3a and b, both PAC and GAC are properly porous and bulky amorphous, and their pores 

are uniformly distributed throughout their matrix. Figure 3.3c and d indicate the formation of iron 

oxide particles in the texture of PAC and GAC. Comparing these images with those from the bare 

ACs, it is apparent that the synthesis methods utilized to attach the magnetic nanoparticles to PAC 

and GAC matrices were successful. According to the SEM images (Figure 3c and d), the magnetic 

nanoparticles were formed in a spongy crust shape. They were well-dispersed throughout the ACs 

texture and evenly covered the adsorbent surface with a thin layer, which is in agreement with the 

XRD results [68,99]. 
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a)              b)  

 

c)              d)  

 

EDS spectra of the PAC, GAC, and magnetic AC samples were presented in Figure 3.4. The 

spectra of PAC and GAC show that the texture of these adsorbents only contains carbon with a 

very narrow fraction of oxygen (Figure 3.4a, and b). However, as can be seen from Figure 3.4c 

and d, the elements of iron oxide (iron content and oxygen) in MPAC-Prec. and MGAC-CoPrec.  

Figure 3.3. The SEM images of bare and magnetic activated carbons prepared with different synthesis 

methods (a) PAC (b) GAC (c) MPAC-Prec. nanocomposite (d) MGAC-CoPrec. Composite. The spinal core 

particles observed inside photos c and d present the clusters of Fe3O4 nanoparticles that were formed on the 

PAC and GAC surfaces, respectively. 



(45) 

 
 

Figure 3.4.  Energy-dispersive spectroscopy (EDS) spectra of (a) PAC, (b) GAC, (c) MPAC-Prec., (d) 

MGAC-CoPrec. 

a) 
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appeared in the spectra by sharp peaks of Fe and O, indicating that the magnetic nanoparticles 

were properly incorporated in the matrix of the PAC and GAC particles.  

EDS spectrum of MPAC-Prec. (Figure 3.4c) display that the carbon content in this composite was 

significantly higher than the iron oxide nanoparticles, showing that the Fe3O4 aggregates bonded 

well with the PAC texture after the synthesis processes. A similar condition was observed for the 

MGAC composites (Figure 3.4d); however, the iron content in MGAC-CoPrec. seems to be 

slightly higher than the carbon one. A possible explanation for the observed difference is that the 

EDS spectrum was taken from a spot where the AC pores were filled with a high amount of Fe, 

and their outer side was covered with the iron oxide clusters. If it happens for the entire GAC 

media, the first phenomenon can reduce microporosity of the GAC, and the latter can partly block 

the mesopores of its matrix [73,99]. 

3.4.2 FTIR spectra analysis of magnetic ACs 

The FT-IR spectra of MPAC-Prec. and MGAC-CoPrec. samples before and after PAHs adsorption 

were determined by Nicolet 6700 FT-IR spectrometer (Thermo Scientific, USA). According to 

Figure 3.5, the sharp peaks centered at 567 and 579 cm-1 in MGAC-CoPrec. and MPAC-Prec., and 

532.19 and 609 cm−1 in PAH-loaded MPAC-Prec. and MGAC-CoPrec. represent the stretching 

band of Fe–O, which is due to the presence of Fe3O4 nanoparticles in the AC matrix [73]. The 

medium adsorption peaks at 785 and 789 cm−1 for MGAC-CoPrec. and MPAC-Prec. shifted to 

804 and 785 cm−1 after the PAHs adsorption, which  may be associated with C-H bending on the 

aromatic rings (angular deformation out of the plane of C-H bond in the aromatic analytes) 

[73,129]. The peaks located at 868 and 903 cm−1 in MPAC-Prec. and MGAC-CoPrec. shifted to 

876 and 887 cm−1 after the PAH compounds were adsorbed on their surface. All these bands that 

appeared in the range of 850-1000 cm−1 may correspond to the hydroxyl groups attached by the 

hydrogen bonds in the adsorbents [73,130]. The peak centered at 1640 cm−1 in MGAC-CoPrec. 

can also be assigned to the stretching vibration of C=C bond. It means that π−π interactions 

between PAHs and the adsorbent were formed as a result of the existence of sp2 hybridized 

structure on their surface [73,131].  

The broad bands observed at 1310 and 1360 cm−1 in the spectra of PAH-loaded MPAC and MGAC 

correspond to the stretching vibration of carboxyl bond (O=C−O) after the PAHs adsorption. These 

differences observed in the FTIR spectra of the magnetic ACs before and after adsorption confirm 

the interactions between the PAH compounds and oxygen-containing functional groups of the 
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magnetic ACs (carboxyl functional group, −COOH) in the adsorption process. The broad bands 

identified at 3130 and 3320 cm−1 for MPAC-Prec. and MGAC-CoPrec. after PAHs adsorption can 

be due to the stretching vibration of the adsorbents hydroxyl groups (−OH) [30,132]. These 

changes in the FTIR spectra after PAHs adsorption indicate that the hydroxyl groups (hydrogen 

donor) of the ACs were involved in the adsorption of PAH molecules (hydrogen band acceptor) 

through H−π interaction [73]. 

 

 

Figure 3.5. FTIR spectra of MPAC-Prec. and MGAC-CoPrec. before and after the PAHs adsorption 

3.4.3 Adsorption tests 

The initial and final PAHs concentrations measured for batch adsorption tests for all six AC/ Fe3O4 

composites are presented in Table 3.1. The mean initial PAHs concentration in the control 

solutions determined by the ultrasonic extraction method was 0.425±0.027 with the highest 

concentration for IDP (0.542 ± 0.011 ppm) and the lowest one for ACE (0.274 ± 0.101ppm). The 

addition of MPACs and MGACs to the samples reduced these concentrations to varying degrees. 

Among the LMW PAHs, PHE was the only PAH compound that was completely removed by all 

the magnetic ACs. MGAC-Imp. and MPAC-Prec. were able to remove 100% of ACN from the 

solutions as well as the other adsorbents that achieved a high percentage of removal for this LMW 

PAH compound. Likewise, almost all the HMW PAHs, including PYR, B[a]A, CHR, IDP, and 

B[a]P were removed completely following the addition of MPAC-Imp., MPAC-Prec., and 
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MGAC-CoPrec. to the aqueous solutions. The other three magnetic composites (MGAC-Imp., 

MGAC-Prec., and MPAC-CoPrec.) also presented high adsorption capacity for the HMW PAHs, 

although these adsorbents acquired the lowest removal for IDP and B[a]P with the six and five 

benzene rings, respectively. As shown in Table 3.1, the more significant reductions of HMW PAHs 

were primarily achieved by the magnetic powder composites compared to the granular ones. The 

only exception was MGAC-CoPrec. which outperformed MPAC-CoPrec. and reduced the total 

concentration of PAHs more (average PAHs content of 0.005±0.002 ppm for MGAC-CoPrec. 

compared to the mean PAHs content of 0.054±0.015 ppm accounted for MPAC-CoPrec.). The 

reduction in PAHs concentrations attained by each of the magnetic ACs was fairly consistent for 

different-sized PAHs, except for the LMW PHE and HMW FLUO and B[a]A, which showed a 

higher affinity for the adsorbents.  

Table 3.1. Total PAHs concentration in the solutions after the adsorption process 

a  Not detected 

±: Standard deviation (n = 3). 

PAHs 

PAHs initial 

conc. (ppm) 

MGAC-Imp. 

(ppm) 

MGAC-Prec. 

(ppm) 

MGAC-CoPrec. 

(ppm) 

MPAC-Imp. 

(ppm) 

MPAC-

Prec. (ppm) 

MPAC-

CoPrec. (ppm) 

ACE 0.274±0.101 0.094±0.014 0.007±0.011 0.059±0.026 0.076±0.034 0.021±0.014 0.112±0.015 

PHE 0.277±0.036 NDa ND ND ND ND 0.009±0.015 

ANT 0.445±0.030 ND 0.071±0.080 0.003±0.003 0.012±0.020 ND 0.069±0.003 

ƩLMW 0.996±0.098 0.094±0.054 0.078±0.039 0.062±0.033 0.088±0.041 0.021±0.012 0.19±0.050 

FLUO 0.340±0.026 ND ND ND ND ND ND 

PYR 0.422±0.023 ND 0.017±0.030 ND 0.001±0.002 0.003±0.006 0.112±0.123 

B[a]A 0.394±0.016 ND 0.011±0.019 ND ND ND ND 

CHR 0.460±0.018 0.050±0.007 0.031±0.054 ND ND ND 0.032±0.002 

B[b]F 0.429±0.018 0.020±0.014 0.027±0.046 ND ND ND 0.007±0.009 

B[k]F 0.480±0.015 0.074±0.023 0.043±0.063 ND ND ND 0.032±0.010 

B[a]P 0.484±0.025 0.095±0.022 0.060±0.069 ND ND ND 0.069±0.004 

B[ghi]P 0.500±0.001 0.106±0.031 0.055±0.060 ND ND ND 0.060±0.003 

IDP 0.542±0.011 0.185±0.031 0.154±0.032 ND ND ND 0.152±0.009 

D[a,h]A 0.475±0.025 0.083±0.025 0.048±0.047 ND ND ND 0.051±0.008 

ƩHMW 4.526+0.058 0.613±0.060 0.446±0.043 0.000±0.000 0.001±0.000 0.003±0.001 0.515+0.052 

Ʃ13PAHs 5.522±0.083 0.707±0.057 0.524±0.041 0.062±0.016 0.089±0.021 0.024±0.006 0.705±0.048 
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Figure 3.6 shows the maximum PAHs removal efficiency for the treated samples after 48 h 

adsorption. A comparison of the PAHs removal obtained by the MPACs shows that MPAC-Prec. 

and MPAC-Imp. performed better than MPAC-CoPrec. and removed greater content of PAHs 

from the solutions, respectively. According to Figure 3.6a, the MPACs prepared by the 

precipitation and impregnation methods were able to remove almost all LMW and HMW PAHs. 

The ability of MPAC-CoPrec., however, for the removal of PAH compounds falls within the range 

of 58% to 96%, with the highest removal percentage for B[a]A and FLUO and the lowest for ACE. 

Among the magnetic GACs (Figure 3.6b), the adsorption uptake capacity of MGAC-CoPrec. for 

the PAHs appeared to be higher than the MGAC-Prec. and MGAC-Imp. adsorbents.  

The MGAC-CoPrec. particles could reduce the concentration of most LMW and HMW PAHs to 

below detection limit, whereas the highest PAHs removal efficiency of MGAC-Imp. was obtained 

for the LMW PAHs plus FLUO, PYR, and B[a]A. In the case of MGAC-Prec., the PAHs removal 

percentages were mostly greater than 85% for the HMW PAHs, while this value for two of the 

three LMW PAHs, PHE and ACE, was almost 100% after adsorption. One speculative explanation 

for the lower adsorption capacity of MGAC-Imp. and MGAC-Prec. compared to MGAC-CoPrec. 

can be the higher accumulation of magnetic nanoparticles on the surface of the adsorbent or clog 

of the GACs pores by the nanoparticles during the synthesis process. These phenomena may cause 

a portion of the adsorption sites on the adsorbent surface to become inaccessible to the target 

compounds leading to a drop in the PAHs removal by the adsorbent [64,69,133]. The same 

explanation can be used for the MPACs, although MPAC-Imp. and MPAC-Prec. approximately 

had similar PAHs removal efficiency compared to the other MPAC. 

Figure 3.6c represents the total PAHs removal efficiency of the six magnetic ACs used in the 

adsorption experiments. As shown in this figure, all the adsorbents successfully removed PAHs 

from the aqueous solutions with maximum removal efficiencies obtained for MPAC-Prec, MGAC-

CoPrec., and MPAC-Imp. The total PAHs removal percentages of the MPACs produced using the 

impregnation, precipitation, and co-precipitation methods were 97.6, 99.3, and 87.2%, 

respectively, while the MGACs prepared by these methods could remove 87.9, 91.6, and 98.3% 

of the analytes, respectively. Comparison of the above results shows that the synthesis methods 

had a more significant effect than particle size, i.e., GAC vs. PAC, and type of original raw 

materials. For example, for the co-precipitation method, MGAC performed better than MPAC, 

while for precipitation and impregnation magnetization methods, the trend was reversed and the  
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Figure 3.6. PAHs removal (%) in the aqueous solutions achieved by (a) MPACs and (b) MGACs (c) the 

six magnetic composites (total PAHs removal (%)) 

a) 

b) 

c) 
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MPAC composite outperformed MGAC. Also, to compare the adsorption uptake capacity of 

MACs with the non-composite ACs, the adsorption uptake of bare PAC and GAC was explored. 

Both adsorbents showed a high affinity for all PAH compounds, similar to the results obtained by 

MPACs and MGACs (more than 97% of PAHs were removed by the bare ACs at PAHs 

concentration of 2.5 ppm). 

The high adsorption uptake of PAH compounds by PAC is not uncommon since the use of powder 

type with smaller size in aqueous solution, compared to the granular AC, could provide a more 

significant number of AC particles per mL of water with a larger specific surface area and higher 

PAH adsorption capacity (PAC<45 µm and 550 µm <GAC<750 µm). The obtained results for 

MPAC-Imp. and MGAC-Imp. were exactly according to the expectation with higher PAHs 

removal for the MPAC than the granular type. A similar trend of PAHs adsorption was observed 

for the MPAC and MGAC fabricated using the precipitation method (99.3% for MPAC-Prec. vs. 

91.6% for MGAC-Prec.). However, the magnetic ACs from the co-precipitation method showed 

different adsorption behavior, in which the MGAC-CoPrec. surpassed the MPAC-CoPrec. in the 

removal of the analytes from the solutions. A tentative explanation can be the availability of more 

strongly sorbing functional groups on MGAC-CoPrec. than MPAC-CoPrec. in the adsorption 

process. Also, the distribution of magnetic nanoparticles onto the granular type was likely more 

uniform than the small PAC particles as a result of their synthesis procedure.  

Among all the six magnetic ACs, the lowest PAHs reduction was attained by MPAC-CoPrec. This 

indicates that the particle size and specific surface area are not the only parameters affecting the 

PAHs removal. The lower adsorption capacity of MPAC-CoPrec. may be due to the type of the 

synthesis process and the Fe to AC ratio (w%). Besides, when the distribution of iron oxide 

nanoparticles onto the adsorbent is uneven, the adsorption capacity would decrease, negatively 

affecting the uptake of PAH compounds by the adsorbent [64,68,69]. 

Table 3.2 summarizes some of the studies that used carbonaceous products for removal of PAH 

compounds from aqueous solutions. As it is evident from the Table 3.2, the carbonaceous products 

could adsorb a high portion of the PAHs from the contaminated solutions. However, none of these 

studies investigated the removal efficiency of the employed adsorbents for all the USEPA PAH 

compounds, while these contaminants are usually found together in the environment. Besides, the 

application of MAC for the PAHs removal was not explored that well by the literature. This study, 

however, was able to adsorb both LMW and HMW PAHs with removal percentages ranging from 
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87.2 to 99.3% by the use of different types of MPAC and MGAC composites. These results showed 

that the prepared magnetic adsorbents were highly efficient and affordable and may be considered 

for large-scale treatment processes while producing minimum waste and yielding maximum PAH 

uptake. 

Table 3.2.  Details of studies conducted on PAHs adsorption by carbonaceous products 

Adsorbent Description PAHs removal (%) Reference 

Porous 

carbon 

0.1 g porous carbon,  

3.250-6.250 mg/mL PAHs  

18 h contact time at 25 ᵒC 

NAP 94.0% 

PYR 78.4 % 

 FLU 74.0% 

PHE 87.80%  

FLUO 88.20% 

[121] 

Magnetic 

graphene 

oxide 

40 mg Fe3O4/GO  

0.01 mg/L PAHs  

10 min contact time 

FlU 87.6% 

PYR 93.3% 

B[a]A 100.9% 

B[b]F 89.5% 

B[a]P 94.9% 

 

[46] 

Biochar 1-8 g/L biochar  

PHE (9.07 mg/L), FLU (10.05 mg/L),  

PYR (10.57 mg/L) 

48h contact time at 25 ᵒC 

 

PHE 95.8% 

FLU 97.5%  

PYR 98.6% 

 

[134] 

Leonarditem 1g/L Leonarditem  

5 to 100 mg/L PAHs  

 48h contact time at 25 ᵒC 

PYR 95%  

FLU 78% 

B[k]F 82% 

B[g,h,i]P 91% 

 B[a]P 88% 

 

[100] 

Cork 300mg Cork o 

1 to 50 mg/L PAHs  

3 h contact time 

PHE 95% 

FLU 90% 

ANT 96% 

ACE 80% 

[135] 

 

FTIR spectra of the magnetic ACs after PAHs adsorption (Figure 3.5) showed the molecular 

interaction of PAHs with the composite materials. For example, the peaks associated with 
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starching vibration of C=C bonds were observed at 1620 and 1640 cm-1 in PAH-loaded MPAC-

Prec. and MGAC-CoPrec., which confirmed the formation of π-π interactions between the 

aromatic PAH molecules and the adsorbent surface. The broad bands centered at 1310, 1360, 3130, 

and 3320 cm−1 after the PAHs adsorption onto MPAC-Prec. and MGAC-CoPrec. correspond to 

the stretching vibration of carboxyl bonds and hydroxyl groups. All these changes in FTIR spectra 

of the PAH-loaded magnetic composites confirm the critical role of molecular interactions in 

PAHs adsorption by the composites [132]. 

There is a certain number of studies that have investigated the types of adsorption mechanisms 

performed by AC and other carbon based-adsorbents to sorb organic and inorganic compounds 

[23,36]. Wang et al. (2014) considered three mechanisms for adsorption of PAHs onto graphene 

and graphene oxide, including PAHs hydrophobic effects, molecular interactions (π electrons, 

Figure 3.7a) between the sorbent and PAHs, and change in the conformation of graphene which 

affects its adsorption sites during the PAHs uptake [132]. Yuan et al. (2010) proposed that a PAH 

compound is adsorbed onto carbon through the formation of H-bonding and the interactions 

between PAH molecule as electron donor and carbon molecule as electron acceptor (π-π 

interactions, Figure 3.7b). H-bonding interactions form between the hydrogen atoms of PAHs and 

oxygen atoms of carboxylic or hydroxyl groups in the carbon matrix. The electron donor-acceptor 

mechanism occurs when the adsorption sites of AC perform the role of electron acceptor and the 

PAH aromatic rings act as the electron donor. In other words, when carbon and PAH compound 

come into contact with each other, the π-π electron interactions form simultaneously between the 

PAH and layers of carbon due to the presence of π electrons in both carbon layers and non-polar 

and non-ionizable structure of the PAH (Figure 3.7b) [121]. According to a study conducted by 

Choi et al. (2016), there is a much greater adsorption affinity of AC surface than iron oxide surface 

to the aromatic pollutants, including PAHs. The researchers also indicated that iron oxide particles 

do not have any significant effect on PAH accessibility to the AC surface and pores structure as 

long as an appropriate synthesis method is applied for the preparation of the magnetic composite 

[72]. 
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a)              b)    

 

3.4.4 Desorption experiments 

The desorption experiments were conducted on the PAH-loaded MPAC-Prec. and MGAC-CoPrec. 

to evaluate the possibility of reusing the magnetic ACs in the adsorption process. For this purpose, 

samples with PAHs concentrations of 0.5 and 2 ppm were prepared from the working solutions, 

and the analytes were removed by the magnetic adsorbents according to the procedure discussed 

in this paper. The duplicate tests and control samples were also run in parallel. The recovered 

MPAC and MGAC particles were dried overnight and then weighed by a fine scale. Owing to the 

superparamagnetic characteristics of the magnetic nanoparticles, almost 100% adsorbent recovery 

was achieved with the magnetic bar. To determine the possibility of PAHs desorption from the 

used MPAC and MGAC particles, the adsorbents were subject to ultrasonic extraction using 

hexane/acetone as described in section 3.3.6 and the extracted analytes were subsequently 

analyzed by HPLC. According to the results presented in Table 3.3, the highest percentages of 

PAHs desorption from MPAC-Prec. and MGAC-CoPrec. were achieved for the PAHs with three 

and four aromatic rings. For example, for the solutions with an initial PAHs concentration of 2 

ppm treated by MPAC-Prec., the desorption percentages of ACE, PHE, and FLUO were 44.1%, 

57.2%, and 37.3%, respectively, whereas the desorption of the five- and six-ring PAHs was 

A three-ring PAH compound 

π electrons π electrons 

π-π interaction and H- bonding between aromatic ring 

of PAH compound and AC adsorption sites 

PAHs aromatic ring (π 

electron donor) 

AC adsorption sites (π 

electron acceptor) 

Figure 3.7. (a) π electrons in the aromatic structure of a PAH compound, (b) molecular interactions 

between the aromatic ring of a PAH compound and carbon layers 
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significantly lower, with the highest desorption (8.5%) for B[a]P and the lowest (0.8%) for D[a, 

h]A. For the MPAC particles used in the 0.5 ppm PAHs solutions, the HMW PAH desorption 

percentages were below the detection limit, probably due to the low concentration of the analytes 

after desorption and difficulty in their detection by HPLC. The PAHs removal from the MGAC-

CoPrec. surface showed a similar trend, with the highest desorption for the lighter PAHs (ACE, 

PHE, ANT, and FLUO) and the lowest for HMW ones. However, as shown in the Table 3.3, the 

PAHs removal from the used MGAC particles seems to be easier than the powder type. One 

possible reason for this behavior could be that the larger surface area and the stronger interactions 

between the PAH molecule and PAC surface make it more difficult for the extraction solvent to 

remove the analyte from the adsorbent efficiently [34].  

The type of PAHs adsorption (i.e., physical vs. chemical) onto AC has been investigated by 

previous studies during the recent years with irreconcilable conclusions. Kumar et al. (2019) 

conducted a series of thermodynamic tests and reported that the adsorption of PAHs onto the AC 

particles was physical [136]. Based on pseudo-first order kinetic models, Eeshwarasinghe et al. 

(2018) also proposed that the adsorption of PAHs onto the GAC particles was a physical type 

[137]. However, Awoyemi (2011) observed that the kinetics of PAHs (Naphthalene (NAP) and 

FLU) adsorption were best fitted with the pseudo-second order model and concluded that it would 

validate the chemical adsorption of the PAHs by AC [52]. The fact that adsorption of PAHs is not 

fully reversible, and percent of the PAHs recovery is low (i.e. for MPAC, the PAHs recovery was 

between 0.8 and 57.2%, Table 3.3) could be an indication that PAHs adsorption was chemical 

type. 

The results of PAHs desorption obtained for both  MPAC and MGAC confirmed that the heavier 

PAH compounds are hardly eluted from the adsorbent because the non-covalent bonds and 

molecular interactions (π-π and H-π interactions) between the adsorbent and the analytes increase 

with the increase in the number of the PAH rings [46]. However, as can be seen from Table 3.3, 

no PAH analyte could be extracted completely from the adsorbents during the desorption 

experiments. Funada et al. (2018) studied PAHs recovery from Fe-AC-alginate with toluene and 

using ultrasonic irradiation. Their results showed that they could only remove a few PAH 

compounds (PYR, B[a]A, CHR, and B[b]F) with the desorption percentage ranging from 4 to 43%. 

The researchers concluded that most PAHs remained on the AC surface after the desorption 

process due to the strong interactions between the analytes molecules and the adsorbent [55]. 
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However, more studies are needed to explore the recycling of the magnetic ACs, especially the 

most efficient extraction method and organic solvent to remove the PAH compounds from the 

adsorbents. 

Table 3.3. Recovery (%) of PAHs from MPAC-Prec. and MGAC-Prec. after adsorption 

 MPAC-Prec. MGAC-CoPrec. 

PAHs 0.5ppm 2 ppm 0.5 ppm 2 ppm  

ACE 78.03 ± 3.88 44.08 ± 12.94 44.11 ± 10.79 38.12 ± 2.72 

PHE 18.42 ± 5.60 57.23 ± 5.81 28.41 ± 13.37 60.05 ± 6.60 

ANT 9.70 ± 2.37 23.36 ± 10.02 25.24 ± 3.73 43.61 ± 7.31 

FLU 60.13 ± 1.19 37.30 ± 14.76 26.37 ± 1.61 55.24 ± 11.40 

PYR 9.01 ± 0.48 33.23 ± 36.38 22.98 ± 1.25 7.99 ± 5.06 

B[a]A 30.57 ± 14.12 8.64 ± 10.37 7.55 ± 1.21 36.77 ± 2.76 

CHR 11.35 ± 5.81 11.49 ± 8.99 20.22 ± 6.08 38.77 ± 5.93 

B[b]F < DLa 3.37 ± 4.47 8.26 ± 5.19 29.84 ± 7.09 

B[k]F < DL 3.01 ± 3.99 17.42 ± 6.49 30.22 ± 7.31 

B[a]P < DL 8.54 ± 5.31 19.41 ± 9.19 31.50 ± 9.33 

B[ghi]P < DL 1.06 ± 1.50 28.93 ± 7.76 21.61 ± 7.18 

IDP < DL 2.25 ± 3.18 42.31 ± 12.39 24.18 ± 7.82 

D[a,h]A < DL 0.82 ± 1.16 12.26± 4.45 17.811 ± 6.48 

a Below detection limit 

 Conclusions 

Three different magnetization methods were employed to prepare magnetic PAC and GAC 

composites. Under the conditions for this study, the results of the adsorption experiments, all the 

synthesized magnetic ACs (MACs) were effective in removing PAHs from the aqueous phase with 

removal efficiencies in the range 87.2–99.3%. Also, it was discovered that the type of 

magnetization method and AC particle size could affect the adsorption capacity of ACs and 

accessibility of their adsorption sites for the analytes. Magnetization using the precipitation method 

resulted in the highest PAHs removal efficiency (99.3%) with PAC as the base AC, while the co 

precipitation method could provide the highest PAHs removal efficiency (98.3%) using GAC as 

the base AC. The results of PAHs desorption tests indicated that full recovery of PAH compounds 

from the magnetic ACs is unlikely. 

The XRD results confirmed the formation of iron oxide nanoparticles onto PAC and GAC with 

regard to the diffraction peaks that emerged at the MPAC and MGAC patterns. The SEM images 
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illustrated porous and bulky amorphous structures of PAC and GAC and spongy crust shape of the 

magnetite nanoparticles formed onto the ACs. The formation of Fe3O4 nanoparticles onto PAC 

and GAC was also confirmed by the EDS method. The FTIR spectra of MPAC-Prec. and MGAC-

CoPrec. before and after PAHs adsorption revealed that the carboxyl and hydroxyl groups of the 

adsorbents were involved in the uptake of PAHs through π-π and H-π interactions and electron 

donor–acceptor mechanism. 
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4 Activated Carbon-Based Magnetic Composite as an Adsorbent for Removal of Polycyclic 

Aromatic Hydrocarbons (PAHs) from Aqueous Phase: Characterization, Kinetics and 

Adsorption Isotherm Studies2 

 

 Abstract 

This study investigated the preparation, characterization, and capacity of a magnetic powder 

activated carbon (MPAC) composite to remove polycyclic aromatic hydrocarbons (PAHs) from 

aqueous solutions. The FTIR spectra of the PAH-loaded MPAC illustrated that the PAH 

compounds were adsorbed to the MPAC surface through π-π and H-π interactions formed between 

the adsorbate and adsorbent. The PAHs adsorption by MPAC was relatively fast and reached 

equilibrium in 6 h with the removal efficiency ranging from 95.6 to 100.0%. The pseudo-second 

order model exhibited the best fit for the kinetics data, suggesting that all the MPAC adsorption 

sites had an equal affinity for the PAHs molecules and the adsorption process was chemical. The 

results of the kinetics experiments also indicated the slower adsorption rate of the higher molecular 

weight PAHs due to the slower transfer of these analytes to the accessible adsorption sites of 

MPAC. The Langmuir model described the isotherm adsorption of both low molecular weight 

(LMW) and high molecular weight (HMW) PAHs well, with an R2 in the range of 0.73-0.96. This 

model also showed that the MPAC particles had a maximum adsorption capacity ranging from 

8.74 to 11.37 µg/mg for LMW PAHs and 8.43 to 20.21 µg/mg for HMW PAHs, respectively.  

 

Keywords: Magnetic powder activated carbon, Polycyclic aromatic hydrocarbons, Adsorption, π-

π interactions, Maximum adsorption capacity 

 

 

 

                                                 
2 A version of this paper has been published in the Journal of Hazardous Materials Advances.  
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 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a group of persistent and hydrophobic organic 

contaminants that can travel long distances and contaminate various environmental matrices such 

as air, water, and soil  [107,138–140]. The main sources of PAHs discharge into the environment 

are anthropogenic activities such as the processing and handling petroleum products and 

incomplete combustion of organic material (e.g. coal, wood, and petrol) [138]. In many 

commercial and industrial sites in North America, the concentration of PAHs exceeded the 

regional and/or federal standards [12]. For example, in the United States, there are about 1300 

abandoned contaminated sites where the soil has been highly contaminated with PAHs as a result 

of oil refinery activities [8]. Similar cases have been documented in Canada, with more than 6800 

PAH-contaminated sites mostly located in the industrial areas [14].  

Sixteen of the PAHs have been designated as priority pollutants by various environmental 

agencies, such as the U.S. Environmental Protection Agency (USEPA) and the Canadian Council 

of Ministers of the Environment [14,17]. These PAH compounds are toxic, thermodynamically 

stable, and resistant to biodegradation [4,14,107,111,129], and their release into the environment 

could have severe impacts on human health and living organism [134,141–143]. The USEPA 

priority PAHs are difficult to break down once dispersed into water or soil due to their low water 

solubility, high melting point, and other distinctive features [141,144,145].  

In recent decades, various treatment techniques have been used to remove PAHs from aqueous 

solutions, including electrochemical techniques [146,147], biodegradation [47], chemical 

oxidation [112], solvent extraction, photolysis, and thermal desorption [148–150]. Adsorption 

using activated carbon (AC) is also one of the treatment techniques that has extensively been 

employed for the removal of PAHs due to its fast and easy implementation, high efficiency, low 

cost, and less or no harmful by-products [134,136,137,141,151]. However, the recovery of AC in 

the adsorption process could present major practical challenges if the contaminated aqueous phase 

contains other constituents and fine particles. A particular case is when soil is the contaminated 

medium and AC is used in washing solution to remove PAHs from the soil particles. In this case, 

separation of the AC particles from the soil slurry by the use of filtration or centrifugation is 

practically impossible. As a result, the PAH-loaded AC particles may remain in the soil after the 

treatment creating a secondary source of contamination for the soil organisms and plants.  
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The AC properties can be modified in order to make their recovery and recycling feasible 

[75,80,152]. Magnetization is one of the modification methods which is used to combine AC and 

iron oxide and synthesize a recoverable magnetic AC adsorbent for water/soil treatment purposes 

[80,99,152]. However, it has been reported that the type of magnetization can affect the composite 

characteristics such as specific surface area and pore volume, as well as adsorption capacity 

[74,77]. Mirzaee and Sartaj (2021) assessed the feasibility of preparing magnetic AC using both 

powder and granular AC and different synthesis methods, including precipitation, co-precipitation, 

and impregnation. Results indicated that the magnetic composite synthesized by the precipitation 

method and powder AC showed the greatest performance for removing PAHs from aqueous 

solutions [153]. To continue and advance the previous feasibility study, the authors conducted 

more detailed research to explore the affinity of a recoverable magnetic powder activated carbon 

(MPAC) composite, synthesized by the precipitation method, to both low molecular weight 

(LMW) and high molecular weight (HMW) PAHs in aqueous solutions. The objectives were to 

study adsorption isotherms and adsorption kinetics and to characterize MPAC using BET, XRD, 

FE-SEM, EDS, and FTIR. There is very limited information in the literature on the adsorption 

capacity of MPAC for PAHs. The previous studies either investigated other types of carbon-based 

materials such as graphene oxide [46] and carbon nanotubes [154] or granular AC (GAC) for 

removal of a limited number of PAH compounds [137,155]. To the best of the authors’ knowledge, 

this is the first comprehensive study on the application of MPAC for adsorption of a broad range 

of USEPA priority PAHs from an aqueous medium.  

 Experimental  

4.3.1 Materials  

The powder AC (PAC) used as the base material was produced from coconut shell and was 

obtained from CalgonCarbon Co. (Pennsylvania, USA). The PAC particles were smaller than 45 

µm in size with high activity and durability. Two PAH standard solutions (10 and 500 mg/L in 

acetonitrile) containing acenaphthene (ACE), chrysene (CHR), anthracene (ANT), 

benzo[ghi]perylene (B[ghi]P), benzo[a]pyrene (B[a]P), benz[a]anthracene (B[a]A), 

benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene (B[k]F), dibenz[a,h]anthracene (D[ah]A), 

and phenanthrene (PHE) were supplied by Sigma Aldrich Co. (St Louis, USA) and AccuStandard 

Co. (Connecticut, USA), respectively. Iron (II) sulfate heptahydrate (FeSO4·7H2O) was purchased 



(61) 

 

from Sigma-Aldrich Co. (St. Louis, USA), and potassium nitrate (KNO3), sodium azide (NaN3), 

and acetonitrile and methylene chloride (HPLC grade, >99%) were obtained from VWR (Quebec, 

Canada). Distilled deionized water used in the batch adsorption experiments was sourced from a 

Millipore-Q purification system (Millipore Co., Bedford, USA). 

4.3.2 Preparation of precipitated PAC/Fe3O4 composite 

The MPAC (PAC/Fe3O4) composite was prepared using a modified precipitation method. PAC 

was selected as the inner core of the magnetic composite for two reasons: (1) it has an amorphous 

structure appropriate for impregnation of the magnetic nanoparticles, and (2) it is available at low 

cost. To prepare MPAC (PAC/Fe3O4) composite, 2.78 g ferrous sulphate (FeSO4.7H2O) was added 

to a 250 mL conical flask containing 100 mL deionized water. The solution was then mixed with 

0.5 g of PAC, followed by agitation for 30 min using a magnetic stirrer. To precipitate the hydrated 

iron oxide particles, 10 mL NaOH solution (10%) was prepared and subsequently added dropwise 

to the flask. Afterward, the suspension was kept under stirring at 100 ℃ for 1 h to place the 

synthesized iron oxide particles onto PAC. The prepared composite particles were dried overnight 

and then repeatedly rinsed with deionized water to remove the excess non-PAC bound magnetic 

nanoprecipitate and until their pH became neutral. The MPAC particles <45 µm were finally 

separated by a magnetic bar and then placed in screw cap vials prior to use in the adsorption 

experiments [123]. 

4.3.3 Characterization of the prepared MPAC 

The morphology of MPAC and the bare PAC particles was analyzed by a field emission scanning 

electron microscopy (FE-SEM, JSM-7500F, JEOL, USA) equipped with an EDS detector (Oxford 

EDS system). The energy-dispersive spectroscopy (EDS) technique was used to evaluate the 

distribution of magnetite nanoparticles (Fe3O4) in the matrix of the prepared composite. The EDS 

analysis was carried out by creating a spectrum of the elements found in the structure of the PAC 

and MPAC particles. The nature of the under-evaluation particles was also determined using a 

Rigaku Ultima IV X-ray apparatus (XRD). All XRD patterns obtained for the MPAC and bare 

PAC samples were determined in the range 10° to 80° with a scan speed of 4°/min. To evaluate 

the functional groups on the surface of MPAC particles before and after adsorption of the PAH 

compounds, Fourier transform infrared (FTIR) spectroscopy (Nicolet 6700 FTIR spectrometer, 

Thermo Fischer, USA) was employed. The FTIR spectra of the samples were examined in the 
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wavenumber range 400-4500 cm−1 by applying 32 scans and a resolution of 4 cm−1 for each 

sample. The Brunauer–Emmett–Teller (BET) surface area of PAC and MPAC were measured by 

conducting N2 adsorption-desorption isotherms using an Accelerated Surface Area & Porosimetry 

System (ASAP) 2020 at 77 K (Micromeritics Instruments Inc., GA, USA). To perform the surface 

area measurement, the samples were loaded into a glass analysis tube and then heated at 100 °C 

under vacuum for 7 h followed by heating at 200 °C for 10 h. Afterward, the samples were 

backfilled with N2 and then evacuated for a further 30 min at 200 °C before the analysis process. 

The porosity distribution of the adsorbents was determined by the Barrett-Joyner-Hanlenda (BJH) 

method. 

4.3.4 Preparation of the mixed PAHs working solutions 

1 mL of 500 mg/L standard solution of the mixed PAHs in acetonitrile was added to a 5 mL 

volumetric flask, and the volume was diluted with acetonitrile, providing a final concentration of 

100 mg/L of each PAH compound. The prepared solution was then serially diluted to provide the 

PAHs concentrations ranging from 0.5 to 10 mg/L for the batch adsorption isotherm experiments. 

All the working solutions in the flasks were agitated at 50 rpm for 1 h in order to provide a 

homogeneous distribution of the PAH compounds in the solutions. Acetonitrile was used as the 

organic solvent to prepare the working solutions because it improves the solubilization of PAH 

compounds in the background solutions with regard to the applied PAHs concentration range 

[156,157].  

4.3.5 Batch adsorption isotherms and kinetics experiments 

To prepare the background solutions, 200 mg/L NaN3 and 1 mmol KNO3 were mixed with 

deionized water in a series of 125 mL conical flasks to inhibit any potential biological activities 

[59]. The mixtures were then homogenized on an orbital shaker device at 50rpm and 24 ± 1 °C for 

0.5 h. The study of adsorption kinetics is essential for understanding the rate of reaction, reaction 

pathways, and efficiency of the adsorption process [23,129]. For the adsorption kinetics 

experiments, the PAHs working solution was added to each flask to adjust the PAHs concentration 

to 1 mg/L. The solutions were then mixed on the orbital shaker at 50 rpm and 24 ± 1 °C for 1 h to 

become homogeneous. Afterward, 30mg of MPAC was added to the flasks, and the suspensions 

were agitated at 100 rpm for preselected time intervals ranging from 2 min to 6 h. Finally, the used 
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MPAC particles were recovered from the suspensions by placing a magnetic bar at the bottom of 

the flasks and separating the aqueous solution.  

For the adsorption isotherms experiments, samples with different initial concentrations of PAHs 

ranging from 0.5 to 10 mg/L were prepared. The samples were shaken for 1 h to spread the PAH 

compounds in the solutions uniformly and subsequently mixed with 30 mg of PAC or MPAC 

composite for the adsorption process. The samples were then continuously agitated on the orbital 

shaker at 100 rpm and 24±1 ℃ for 6 h determined based on the kinetic experiments. All the tests 

were conducted in duplicate, and the flasks were wrapped with aluminum foil to protect them 

against the potential effects of light. At the end, the MPAC particles were magnetically separated. 

In the case of PAC, the adsorbent particles were separated from the solutions using the 

centrifugation method. The control samples were run in parallel for both the adsorption isotherms 

and kinetics experiments. The preliminary tests conducted with the PAHs mixture alone indicated 

that the loss of PAHs due to flask wall adsorption was negligible. The residual concentration of 

PAHs in the samples was determined by the HPLC instrument, as explained in section 4.3.7. 

The solid phase concentration of PAH compounds adsorbed onto PAC or MPAC at equilibrium 

can be calculated using the following equation: 

qe=
(C0−Ce)V

M
     (4.1) 

Where qe (µg/mg) is the PAHs adsorption uptake of PAC or MPAC, C0 and Ce represent the initial 

and equilibrium concentration of the PAH analytes in the solution (µg/mL), respectively. V is the 

volume of the background solution (mL), and M shows the mass of PAC or MPAC used in the 

adsorption process (mg) [158]. 

The Freundlich, Langmuir, and Temkin isotherm models were selected to evaluate the adsorption 

uptake capacity of PAHs on the PAC or MPAC and fit the obtained experimental data. According 

to the Freundlich model, an adsorbent surface contains numerous adsorption sites with varied 

potential sorption capacity, leading to multilayer and heterogeneous adsorption of contaminants 

onto the adsorbent. The other assumption considered by this model is that the stronger binding 

sites are occupied first with the adsorbate molecules, and as the degree of occupation increases, 

the binding strength decreases [73,157]. Freundlich model can be displayed as the following 

equation: 

qe =  KFCe

1

nf    (4.2) 
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where KF is the Freundlich constant known as the adsorption capacity parameter and nf shows the 

adsorption intensity. 

It has been reported that 1/nf values in the range 0.1-1 are evidence of a favourable adsorption 

process, suggesting a stronger interaction between the adsorbent surface and the adsorbate 

molecules [137,157,158]. 

The Langmuir isotherm model describes an adsorbent with a certain number of homogeneous 

binding sites that all show the same affinity for the adsorbate molecules. This model also assumes 

that each binding site only adsorbs one molecule, leading to the formation of a single monolayer 

of the adsorbate on the adsorbent surface. The other assumption is that adsorption energy never 

changes and the adsorbate cannot be transmigrated on the adsorbent surface [73,159]. 

The Langmuir model plots the relationship between Ce and qe in the adsorption process as follows:  

qe = qm.
KLCe

1+KLCe
    (4.3) 

where KL is the Langmuir affinity constant (mL/µg) and qm (µg/mg) is the adsorption capacity of 

adsorbent, through which a certain number of the adsorbate molecules is sorbed by a unit mass of 

the adsorbent. Both KL and qm are considered as characteristics of the adsorbent and adsorbate 

pair.  

Using the parameters from the Langmuir model, the separation factor, RL, which is a dimensionless 

constant, can be obtained from the following equation: 

RL =
1

1+CmKL
     (4.4) 

where Cm represents the maximum initial concentration of the PAHs and KL is the Langmuir 

constant. The separation factor is inversely related to the strength of binding [160]. An RL value 

in the range of 0-1 indicates the favourable adsorption process. However, when the RL approaches 

0, the adsorption process becomes irreversible, and when RL approaches 1.0, the adsorption will 

be linear [161]. 

The Temkin isotherm model considers indirect adsorbate/adsorbate interactions and their effects 

on the adsorption process. Another phenomenon considered by this model is the linear reduction 

in adsorption heat of all the adsorbate molecules due to the increase in coverage of the adsorbent 

surface. Besides, the characterization of the adsorption process is interpreted using a uniform 

distribution of binding energies, up to the highest binding energy in the adsorption [162,163]. The 
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following equilibrium equation is used for the Temkin model to plot PAHs adsorption isotherms 

of the MPAC composite: 

qe =   
RT

B
 (ln KTCe)    (4.5) 

Where R is the universal gas constant (8.314 J/mol/K); T is the constant parameter related to the 

heat of adsorption (J/mol); and B and KT are the Temkin isotherm constant and equilibrium binding 

constant (mL/µg), respectively. 

4.3.6 Kinetics modelling 

Three kinetic models (pseudo-first order, pseudo-second order, and Intra-particle diffusion 

models) were employed to describe the adsorption kinetics of PAHs onto MPAC. The pseudo-first 

order (PFO) model evaluates the adsorption in the solid-liquid system using Lagergren's equation 

(Eq. 4.6): 

ln(qe − qt)  = lnqe − K1. t   (4.6) 

where qt and qe introduce the quantity of the PAH compounds (μg/mg) sorbed at time t and 

equilibrium, respectively, and k1 (min−1) is the rate constant parameter for PFO at equilibrium. The 

K1 parameter can be obtained from the linear plot of ln (qe-qt) versus time (min) [73]. According 

to this model, one PAH compound is sorbed onto one adsorption site of the adsorbent surface. The 

pseudo-second order (PSO) model takes into account the chemisorption kinetics from liquid 

solutions. This model assumes that the type of adsorption process is chemical, and the adsorption 

rate relies on adsorption capacity, not on the concentration of the adsorbate [164]. The following 

equation is used to describe the PSO process:  

𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 +

1

𝑞𝑒
𝑡    (4.7) 

where k2 is the rate constant parameter of PSO at equilibrium (g/µg.min) [4]. The values of 1/K2.qe 

and 1/qe, and subsequently, K2 and qe can be derived from the intercept and slope of the linear plot 

between t/qt and time (min).  

The intra-particle diffusion (IPD) model was the third kinetic model used to analyze the rate 

kinetics of PAHs adsorption onto MPAC. This model considers the importance of the diffusion 

phenomenon during the adsorption process and describes the movement of the analyte from the 

solution to the solid phase (adsorbent). According to this model, the PAHs adsorption on MPAC 

involves two steps: the first step represents the macropore diffusion of PAH compounds from the 

aqueous solution to the exterior surface of the MPAC composite (external diffusion), and the 
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second step shows micropore diffusion of PAHs into the composite pores. The following equation 

(Weber and Morris equation) was applied to explain the diffusion mechanism of PAHs in the 

adsorption process: 

q𝑡 =  𝐾3𝑡0.5  +  A    (4.8) 

where K3 is the IPD rate constant (µg/g.min0.5) and A displays the thickness of the boundary layer 

(ug/mg). The K3 and A parameters can be calculated by plotting qt versus t0.5, where the slope of 

the linear plot reflects the value of K3 and the intercept illustrates the A parameter or boundary 

layer effects [73,165].  

Correlation coefficient (R2) and residual root-mean-squared error (RMSE) were employed to 

evaluate the goodness of fitting of each model with the experimental data [166]. A higher R2 (close 

to 1) and lower RMSE values (close to 0) propose a better-fitted model [167,168]. 

4.3.7 PAHs measurement 

The PAHs concentrations in the samples were determined using High-Pressure Liquid 

Chromatography (HPLC, Hewlett–Packard 1100, Agilent Technologies, USA) equipped with a 

reverse phase HPLC column (ZORBAX Eclipse PAH, 95Å, 4.6×250mm×5µm) and multiple 

wavelength detector (MWD). For this purpose, calibration solutions were prepared by serial 

dilution of the 500 µg/mL stock solution in acetonitrile. An aliquot of the prepared solutions, with 

PAHs concentrations ranging from 0.05 to 100 µg/mL, was then injected into HPLC to provide 

six-point calibrations for the PAH compounds. To measure the PAHs residue after treatment, the 

solutions were added to a 50 mL centrifuge tube and extracted with methylene chloride (HPLC 

grade, >99%) using a vortex mixer (Cole-Parmer CO, QC, Canada). The mixture was then 

centrifuged at 1500rpm for 2 min and the solvent containing the analytes was removed from the 

tube by a pipette [45,169]. This process was repeated three times and all the extracts were 

combined before being concentrated by Kuderna-Danish (K-D) apparatus. The extracts were 

condensed to 1 mL and exchanged to the highly compatible solvent for HPLC, acetonitrile, using 

K-D according to method 8310, USEPA [17]. Finally, 25µL of the acetonitrile solution was 

injected onto the HPLC column to determine the concentration of the PAH analytes. The 

chromatography was conducted with acetonitrile and deionized water (95:5, v/v) as the mobile 

phase using a flow rate of 1 mL/min. The PAH compounds in the HPLC column were detected at 

210.8, 224.4, 230, 8, 254.4, and 270.9 nm by use of the MWD [48,75].  
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 Results and discussion 

4.4.1  Characterization of unmodified and magnetic PAC 

The XRD diffraction patterns of the unmodified PAC and MPAC samples are shown in Figure 4.1. 

According to this figure, the XRD pattern of the unmodified PAC has one strong and one weak 

diffraction peak at 2𝜃 = 23.4° and 2𝜃 = 43.8°, respectively, which reflect the amorphous structure 

of the PAC particles. The characteristic peaks in the MPAC sample were found at 21.9⁰, 30.2⁰, 

35.6⁰, 43.3⁰, 53.8⁰, 57.1⁰, and 62.8⁰, according to XRD analysis. All these peaks correspond to 

the cubic spinel structure of the magnetic nanoparticles (magnetite or maghemite) formed onto 

MPAC. The spinel reflection at (311), (400), and (440) showing the crystal structure of the iron 

oxide nanoparticles are in agreement with the iron oxide standard data (Joint Committee for Power 

Diffraction Studies, Card No. 40 -0748) [170]. The broad diffraction peak centered at 2θ = 21.9⁰  

of the PAC XRD pattern represents the characteristic reflection of the AC particles. This peak in 

the XRD pattern of MPAC, however, emerged as a very small characteristic peak, which was due 

to the formation of a layer of magnetite nanoparticles on the PAC surface after magnetization 

[75,123,170].  

Figure 4.1. XRD patterns of bare PAC and MPAC composite 

The size of the synthesized magnetic nanoparticles on MPAC can be determined by the use of the 

Scherrer equation as follows [170]: 
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D =
Kλ

ᵦcosƟ
    (4.9) 

where D is the size of the crystallites (nm), K is known as the Scherrer constant (K=0.9), λ is the 

X-ray wavelength equal to 1.5418, β is the full width at half maximum of the diffraction peak 

considered for (311), and (440) plane of the spinel reflections, and θ is the angle of X-ray 

diffraction. The Scherrer equation (Eq. 4.9) yielded values of 14.53 and 11.38 nm for the two 

spinel reflections, implying that the produced iron oxide particles maintained nano-size crystal 

structure in the composite matrix [170]. 

 

Figure 4.2 presents N2 adsorption-desorption isotherms and pore size distribution of the 

unmodified PAC and MPAC particles. In  

Figure 4.2a, the hysteresis loops for both samples show that their isotherms were of type I 

according to IUPAC classification; therefore, the solids had a mesoporous structure [76,80,171]. 

In addition, the hysteresis loop of the MPAC isotherm is smaller than the PAC, indicating that the 

formation of magnetite nanoparticles on the PAC surface reduced the total pore volume of the AC 

powders [80]. The pore size distribution ( 

Figure 4.2b) confirms this conclusion. As shown in  

Figure 4.2b, the average pore size for PAC decreased after the magnetization process due to the 

occupation of the pores with the iron oxide nanoparticles. Consequently, the micropore volume of 

the prepared MPAC composite was lower than the bare PAC, which is in agreement with the 

results reported in the literature [30,41,68,80]. 

Table 4.1 shows that the deposit of magnetite nanoparticles on the surface and inside the pores of 

PAC reduced its pore properties, as expected. According to the Table 4.1, the values of the BET 

surface area, micro-pore volume, and total pore volume dropped from 920 to 324 m2/g, 0.32 to 0.1 

cm3/g, and 0.41 to 0.14 cm3/g, respectively, a reduction of nearly 65% for each parameter. The 

literature confirms that the reduction of the BET surface area for AC particles is usually more than 

30% after magnetization, depending on the ratio of precursors used in the synthesis process 

[41,68,80,84].  
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Figure 4.2. N2 adsorption-desorption isotherms and pore size distribution of PAC and MPAC 

 

Table 4.1. The pore characteristics of PAC and MPAC based on N2 adsorption/desorption isotherms 

Sample  BET surface area 

(m2/g) 

Micropore vol. 

(cm3/g) 

Total pore vol. 

(cm3/g)  

PAC 920.6 0.32 0.41 

MPAC 324.7 0.10 0.14 

a) 

b) 
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Do et al. (2011) and Li et al. (2017) reported complete removal of methyl orange (MO) and 

methylene blue (MB) from the water solutions using MAC composites. The BET test results of 

these studies revealed a reduction of 31% and 69% in the surface area of the AC particles after 

magnetization, respectively. Despite the reduction in the surface area, both studies confirmed that 

the MAC composites could retain their adsorption capacities for removal of MO and MB, 

suggesting it as a promising adsorbent for organic contaminants in aqueous solutions [41,67]. 

Lompe et al. (2017) indicated that MPAC with different mass fractions of iron oxide nanoparticles 

had almost the same removal efficiency for dissolved organic carbon when it was normalized based 

on the available activated carbon content in the structure of MPAC. Park et al. (2015) also observed 

up to 10 times higher removal of natural organic matter (NOM) by MPAC prepared by the 

impregnation method, even though its surface area was estimated to be 50% lower than the surface 

area of the bare PAC. On the other hand, Kim et al. (2013) reported a reduction in adsorption of 

NOM by MPAC compared to the bare PAC. The researchers attributed this reduction to the lower 

micropore volume and surface area of MPAC than the bare PAC. Zahoor (2014) also reported that 

MPAC composite adsorbed 20% lower humic acid than the bare PAC and attributed this reduction 

to the lower available surface area of the composite [99]. However, with regard to the results of 

these two studies, the reduction in adsorption capacity could originate from the lower PAC mass 

fraction in the MPAC density. According to a study conducted by Lompe et al. (2017), it was 

proposed that the attachment of iron oxide nanoparticles onto PAC would increase the porosity of 

the MPAC composite [99]. For MPAC with an iron oxide mass fraction of 38% and mean size of 

17 nm, the researchers estimated the specific pore volume per g of the adsorbent to be ranged from 

0.15 - 0.39 mL/g, showing a significant increase compared to the bare PAC. Based on this estimate, 

they concluded that the presence of iron oxide nanoparticles in the matrix of PAC can compensate 

for the loss of pore volume in the micropores and mesopores of the adsorbent after the synthesis 

process and help it maintain its adsorption capacity for the analytes [99]. 

Figure 4.3 presents the SEM analysis of the PAC and MPAC samples. The bare PAC (Figure 4.3a) 

had a porous and bulky amorphous structure, with a smooth surface. In the MPAC matrix 

(Figure 4.3b), however, the surface was covered with the crystalline magnetic nanoparticles 

distributed uniformly onto PAC in the shape of spongy crust [68,73,99].  
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a) PAC                    b) MPAC     

c) MPAC 

 

EDS analysis was used to gather information on the elemental distribution of magnetite 

nanoparticles on PAC. Figure 4.3c shows that the MPAC spectrum includes sharp peaks for Fe 

and O in addition to the peak for carbon content. This implies that during the synthesis process, 

the magnetite nanoparticles were appropriately produced and attached to the PAC matrix. 

Figure 4.3c further shows that the carbon content in the magnetic composite structure was 

Figure 4.3. The SEM images of (a) PAC (b) MPAC (c) Energy-dispersive spectroscopy (EDS) spectra of 

MPAC 
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significantly higher than the iron content, implying the primary role of PAC as the adsorbent in 

the composite structure [73,99,172]. 

4.4.2 FTIR spectra analysis of MPAC 

The FTIR analysis of MPAC before and after PAHs adsorption is shown in Figure 4.4. The sharp 

peaks in the spectrum of the unloaded MPAC were centred at 484 and 542 cm-1, whereas the peaks 

in the spectrum of PAH-loaded MPAC were located at 509 cm-1 and 553 cm-1, respectively. This 

can be due to the stretching vibration of Fe–O, which demonstrates the existence of Fe3O4 

nanoparticles on PAC [73]. The medium peak at 793 cm-1 in the unloaded MPAC shifted to 789 

cm-1 after the PAHs adsorption. This change is attributed to the deformation out of plane of the C-

H bond in the PAHs aromatic rings [129]. The peak centred at 883 cm−1 in the spectrum of MPAC 

shifted to 879 cm−1 after the PAHs adsorption, which corresponds to the hydroxyl groups attached 

by the hydrogen bonds in the MPAC composite [52,70,73,130]. Furthermore, the weak signal 

observed at 1120 cm−1 in the spectrum of MPAC before the adsorption process shifted to 1131 

cm−1 after the PAHs uptake, which can be attributed to the stretching vibration of C=C bonds in 

the carboxylic groups of the magnetic composite [130,155]. The broad bands located at 3103 cm−1 

and 3398 cm−1 in the spectrum of the PAH-loaded MPAC can be associated with the stretching 

vibration of the hydroxyl groups (−OH) [30,70]. All these peak shifts observed in the spectrum of 

PAH-loaded MPAC confirm the formation of interactions between the hydroxyl and carboxyl 

groups of MPAC and the aromatic rings of PAH analytes during the adsorption process [155]. 

Furthermore, the broad peak that emerged at 1310 in PAH-loaded MPAC can be attributed to the 

vibration of carboxyl bond (O=C−O) following the PAHs adsorption. The other broad bands 

located at 3130 and 3420 cm−1 in the spectrum of the PAH-loaded MPAC can be associated with 

the stretching vibration of the hydroxyl groups (−OH) [30,70]. All these peak shifts observed in 

the spectrum of PAH-loaded MPAC confirm the formation of interactions between the hydroxyl 

and carboxyl groups of MPAC and the aromatic rings of PAH analytes during the adsorption 

process. 
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 Figure 4.4. FTIR spectra of MPAC before and after PAHs adsorption 

 

4.4.3 Batch adsorption results 

4.4.3.1 Adsorption kinetics of PAHs onto MPAC 

The adsorption kinetics of LMW and HMW PAHs onto MPAC were measured and interpreted by 

PFO, PSO, and IPD models. As shown in Table 4.2, all the three models satisfactorily described 

the kinetics data with R2 values ranging from 0.83 to 0.95 for PFO, 0.90 to 0.99 for PSO, and 0.90 

to 0.96 for IPD, respectively. However, with regards to the greater correlation coefficients and the 

predicted values of the adsorption uptake (qe (cal)) being very close to the experimental values (qexp), 

PSO model was considered as the best fit to the kinetics data. Besides, the RMSE values obtained 

for this model (Table 4.2) ranged from 0.04 to 0.10 µg/mg for the PAH compounds, which were 

lower than the values of RMSE for PFO (0.07 to 0.13 µg/mg) and IPD (0.06 to 0.11 µg/mg), 

suggesting that PSO could better describe the experimental kinetics data than the two other models.  
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Table 4.2. PFO, PSO, and IPD kinetics parameters for PAHs adsorption onto MPAC 

  PFO PSO  IPD 

PAH qe(cal) K1 R2 RMSE qe(cal) K2 R2 RMSE A  K3 R2 RMSE 

ACE 0.89 0.55 0.95 0.07 0.93 1.00 0.98 0.04 0.72 0.02 0.96 0.06 

PHE 0.95 0.26 0.95 0.07 0.99 0.42 0.99 0.04 0.64 0.02 0.90 0.10 

ANT 0.91 0.09 0.90 0.10 0.99 0.12 0.96 0.06 0.38 0.04 0.91 0.10 

Ʃ3LMW 2.71 0.24 0.92 0.27 2.87 0.13 0.97 0.16 1.75 0.08 0.92 0.26 

B[a]A 0.97 0.04 0.91 0.11 1.04 0.06 0.94 0.08 0.27 0.05 0.91 0.11 

CHR 0.99 0.03 0.93 0.09 1.08 0.04 0.95 0.08 0.20 0.05 0.92 0.10 

B[b]F 0.97 0.04 0.88 0.12 1.03 0.06 0.93 0.09 0.27 0.05 0.92 0.09 

B[k]F 0.97 0.03 0.91 0.10 1.05 0.04 0.94 0.08 0.21 0.05 0.94 0.08 

B[a]P 0.93 0.03 0.90 0.10 1.00 0.05 0.94 0.08 0.25 0.04 0.93 0.09 

B[ghi]P 0.88 0.05 0.83 0.13 0.93 0.09 0.90 0.10 0.19 0.05 0.90 0.09 

D[a,h]A 0.93 0.04 0.85 0.13 0.98 0.07 0.91 0.10 0.19 0.05 0.91 0.09 

Ʃ7HMW 6.64 0.03 0.89 0.78 7.10 0.01 0.93 0.61 1.77 0.32 0.93 0.61 

Ʃ10PAHs 8.79 0.08 0.85 1.26 9.58 0.01 0.92 0.88 3.52 0.40 0.93 0.83 

 

The good fit of the PSO model to the experimental data is also illustrated in Figure 4.5 using a 

non-linear regression method. The kinetic curves in Figure 4.5a show the rapid adsorption of LMW 

PAHs within the first hour of contact time, proposing that this group of PAHs was primarily sorbed 

by the easily accessible adsorption sites on the external surface and in the larger-sized mesopores 

of MPAC. After the initial contact time, however, the PAHs adsorption rate was declined due to 

the slower transfer of the PAH compounds to less accessible sites of the MPAC micropores 

[121,137,175]. For HMW PAHs (Figure 4.5b), the adsorption rate was not that rapid within the 

first three hours, indicating slower uptake of these compounds by MPAC compared to the LMW 

PAHs. A possible explanation for this behaviour is that with an increase in the molecular weight 

and the number of aromatic rings, the PAHs show higher resistance against diffusion onto the 

magnetic adsorbent. As shown in Table 4.2, the rate constants of both PSO and PFO models were 

declined as the molecular weight of the PAH compounds increased, confirming a slower 

adsorption rate of HMW PAHs than LMW ones in the first hours of the experiments.  
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a) 

 

 

b) 

 

The fitting of data to PSO suggests that the kinetics of the adsorption process are primarily 

controlled through the sharing or exchange of electrons between the adsorbent (MPAC) surface 

Figure 4.5. Adsorption kinetics of (a) LMW PAHs and (b) HMW PAHs onto 

MPAC, PSO model 
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and adsorbate (PAHs) molecules, leading to the formation of π-π and H- π interactions. Ho & 

McKay (1998) showed that PSO was a better predictor of the adsorption kinetics compared to PFO 

in terms of the PAHs uptake by AC and soil particles. The researchers proposed that the PFO 

model was only appropriate for interpreting the initial half an hour of the adsorption process [23]. 

According to Cheng et al. (2019), the adsorption kinetics of naphthalene (NAP), ACE, and PHE 

onto the porous carbon fitted most satisfactorily to the PSO model. The researchers came to this 

conclusion when they found a great agreement between the experimental and calculated adsorption 

capacities using this model. Long et al. (2008), however, demonstrated that the predicted 

adsorption capacity for NAP was close to the experimental values only for PFO, although both 

PFO and PSO models described the kinetics data very well (R2>0.99).  

The IPD model describes two diffusion rates of adsorption for the PAH compounds through the 

mesopores and micropores of MPAC. The diffusion rates have a reverse relationship with the 

molecular weight of PAHs so that LMW PAHs are able to diffuse faster than the HMW ones [137]. 

The R2 values obtained by the IPD for the PAH compounds were lower than the PSO model 

(Table 4.2), which represented a poorer fit of this model to the kinetic data. According to Equation 

8, the relationship between qt and t1/2 in IPD is linear and the intercept displays the boundary layer 

effects. If the intra-particle diffusion phenomenon occurs in the adsorption process, the plot of qt 

vs. t1/2 will pass through the origin. In this work, however, the line did not cut the origin due to the 

obtained values for A (intercept). It indicates that other process/processes might be involved in the 

adsorption of PAHs onto MPAC. Besides, the larger values of A exhibited the more significant 

effects of the boundary layer on the adsorption process [73].  

According to the results of the adsorption kinetic experiments, the highest removal percentage for 

ACE, PHE, ANT in the first hour were 94.2%, 98.8%, and 86.4%, respectively, indicating that the 

LMW PAHs adsorption by MPAC composite rapidly reached equilibrium. The removal rate of the 

LMW PAH compounds did not have a remarkable change after 3 h, except for ANT which its 

removal rate reached 100%. In the first 3 h of the HMW PAHs sorption, the highest removal rate 

(100%) was achieved for B[a]A and B[b]F, whereas the adsorption of B[ghi]P from the solution 

reached 92.77% at the same contact time. The removal efficiency of the rest of HMW PAHs ranged 

from 94.57% to 99.87% after 3 h contact time, indicating a high affinity of MPAC for the 

adsorption of these insoluble and persistent PAH compounds in water. The high adsorption rates 

of the LMW and HMW PAHs after 3 h can be considered beneficial to large-scale applications as 
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it reduces the capital and operational costs of the treatment process [155]. Similar results were 

obtained by Awoyemi (2011) and Haro et al. (2011), where the researchers reported that the 

adsorption rate of NAP onto AC was considerably faster than fluorene (FLU). Both the studies 

attributed this difference in the kinetic behaviour of NAP and FLU to the lower molar volume and 

molecular dimensions of the former compound than the latter one [137]. Yuan et al. (2010) 

conducted a study on adsorption of NAP, PHE, FLU, PYR, and Fluoranthene (FLUO) using one 

type of coke-derived porous carbon. According to their results, NAP, which is known as the 

smallest and most water-soluble PAH compound, was adsorbed faster than the other PAHs with 

the same concentration. Besides, the adsorption rate obtained for this LMW compound was 94.0% 

only after 30 min contact time, while this rate for FLUO and PYR was 74.0% and 78.4%, 

respectively. The porous carbon particles were also able to adsorb 87.8% of PHE and 88.2% of 

FLU, which were higher than the rates obtained for FLUO and PYR, possibly due to the lower 

molecular weight and dimension of the two former compounds. 

4.4.3.2 Adsorption isotherms of PAHs onto PAC and MPAC 

The Langmuir, Freundlich, and Temkin isotherm models were employed to simulate the 

adsorption equilibrium data and interpret PAHs adsorption capacity of the MPAC composite. 

Table 4.3 presents the isotherm parameters obtained from non-linear regression analysis of these 

models and the experimental data. According to the R2 values shown in the Table 4.3, the 

adsorption equilibrium data fitted well to the isotherm models in the order Langmuir> Temkin> 

Freundlich for LMW PAHs, and Langmuir> Freundlich> Temkin for the HMW PAHs. The 

relatively higher R2 values of the Langmuir model (0.73-0.96) compared to the two other isotherm 

models indicated that Langmuir described the experimental data in a greater congruence. The 

RMSE values determined by Langmuir, Freundlich, and Temkin models for the individual PAH 

compounds ranged 0.51-1.73, 0.56-2.35, and 0.78-2.00 µg/mg, respectively (Table 4.3). These 

values for total LMW and HMW PAHs were 3.40 and 4.04 µg/mg for Langmuir, 5.40 and 4.54 

µg/mg for Freundlich, and 3.90 and 5.595 µg/mg for the Temkin Model. The lower values of 

RMSE along with the greater correlation coefficients confirmed that the Langmuir model was the 

best fit to the experimental isotherm data, therefore verifying the monolayer adsorption of the PAH 

compounds onto MPAC [67,73]. It means that the adsorption sites of the adsorbent were 

homogeneously distributed on its surface and the adsorbed molecules do not interact with each 

other during the adsorption process [178]. According to the isotherm model, the main adsorption 
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mechanism of PAHs consists of rapid attraction of these compounds by the adsorption sites of 

MPAC, and consequently, formation of interactions between π electrons of the PAHs aromatic 

rings and carboxyl and hydroxyl functional groups of MPAC. The PAHs hydrophobicity in the 

aqueous solution, however, can affect the duration of the adsorption process. The more 

hydrophobic PAHs are surrounded by water molecules, forming stronger hydrophobic interactions 

and being stabilized in water. Therefore, for this group of PAHs, the speed of attraction by the 

MPAC functional groups may be slower compared to the less hydrophobic PAHs (e.g., ACE and 

PHE) (Costa et al., 2017).  

In the Langmuir model, the qmax parameter indicates the maximum capacity of contaminant 

adsorption onto the adsorbent. As shown in Table 4.3, the qmax values for the adsorbed PAHs 

ranged from 8.74 to 11.37 µg/mg for LMW PAHs and 8.43 to 20.21 µg/mg for HMW PAHs. There 

exists only one study in the scientific literature investigating the adsorption capacity of MPAC for 

individual PAHs. Inbaraj et al. (2021) prepared a magnetic adsorbent through a series of 

carbonization, thermal activation, and magnetization procedures performed on powdered green tea 

waste biomass [155]. The prepared magnetic adsorbent was used in the isotherm adsorption 

experiments for removal of only four PAH compounds, i.e., B[b]F, B[a]P, CHR, and B[a]A, from 

aqueous solutions. After fitting the isotherm data with the Langmuir model, the maximum 

adsorption capacity of MPAC for the four PAH compounds was determined as 28.08, 22.75, 19.14, 

and 15.86 µg/mg, respectively, which are relatively higher than the ones obtained in this study. 

Zhang et al. (2019) used different types of magnetic carbon nanotubes to adsorb one PAH 

compound, PHE, from contaminated water solutions. The qmax parameter estimated for PHE 

adsorption of these adsorbents was in the range of 20.0 to 74.6 µg/mg [154]. Despite the high 

adsorption capacity of the magnetic carbon nanotubes for PHE, there was no information about 

their efficiency for the adsorption of heavier PAH compounds, which are considered more toxic 

and carcinogenic.  

The RL values obtained for adsorption of the PAH compounds onto MPAC are presented in 

Table 4.3. The separation factor RL was found in the range of 0.01 (PHE) to 0.28  (B[a]P) 

(0<RL<1), indicating that the adsorption process was favourable for all the PAHs [18,73,179]. In 

the case of the Langmuir affinity constant (KL), its higher values for LMW PAHs were an 

indication of the higher rates of adsorption for these compounds compared to the HMW PAHs, 

which confirmed the results obtained by the kinetics experiments [180].  
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Table 4.3. Parameters of Langmuir, Freundlich and Temkin isotherm models obtained for the adsorption 

of PAH compounds onto MPAC and PAC 

MPAC Langmuir Freundlich Temkin 

PAH KL qmax  R2      RSME RL  Kf 1/nf R2 RMSE KT B R2 RMSE 

ACE 5.74 9.51 0.73 1.73 0.02 6.68 0.30 0.51 2.35 50.64 1.27 0.64 2.00 

PHE 10.14 8.74 0.90 0.99 0.01 6.68 0.28 0.72 1.69 49.98 1.29 0.75 1.60 

ANT 1.72 11.37 0.90 1.02 0.05 6.36 0.50 0.81 1.45 15.73 0.95 0.91 0.98 

Ʃ3LMW 1.37 29.03 0.88 3.40 0.07 13.38 0.36 0.70 5.40 11.75 0.39 0.84 3.90 

B[a]A 1.05 8.43 0.95 0.59 0.09 3.81 0.46 0.93 0.65 48.31 2.11 0.84 1.01 

CHR 0.65 9.36 0.95 0.55 0.13 3.31 0.55 0.94 0.64 13.76 1.56 0.91 0.78 

B[b]F 0.87 9.01 0.96 0.53 0.10 3.69 0.51 0.94 0.64 20.24 1.65 0.90 0.80 

B[k]F 0.38 13.20 0.95 0.59 0.21 3.39 0.67 0.95 0.64 10.07 1.30 0.89 0.90 

B[a]P 0.25 20.21 0.93 0.81 0.28 3.91 0.78 0.92 0.85 8.38 1.06 0.87 1.07 

B[ghi]P 0.31 14.13 0.96 0.51 0.24 3.14 0.70 0.96 0.56 7.96 1.23 0.91 0.80 

D[a,h]A 0.43 13.18 0.95 0.60 0.19 3.68 0.66 0.94 0.66 10.82 1.26 0.90 0.90 

Ʃ7HMW 0.07 78.94 0.95 4.04 0.57 7.57 0.61 0.94 4.54 1.74 0.20 0.90 5.95 

Ʃ10PAHs 0.09 104.98 0.94 6.87 0.54 12.30 0.54 0.90 8.89 1.44 0.13 0.91 8.64 

PAC Langmuir Freundlich Temkin 

Ʃ3LMW 0.61 39.83 0.90 2.78 0.14 12.48 0.43 0.87 3.13 30.35 0.60 0.71 4.79 

Ʃ7HMW 0.58 85.68 0.99 1.16 0.15 27.80 0.52 0.99 2.39 22.84 0.22 0.86 7.73 

Ʃ10PAHs 0.21 152.60 0.99 2.23 0.33 25.31 0.65 0.98 4.18 3.78 0.10 0.96 6.04 

 

The results of adsorption isotherm models for the bare (unmodified) PAC are also presented in 

Table 4.3 and Figure 4.6. All the three isotherm models fitted the adsorption data very well, with 

the most appropriate correlation and minimum deviation attained for the Langmuir model (R2 ≥ 

0.90). The maximum PAC adsorption capacities for total LMW and HMW PAHs were 39.83 and 

85.68 µg/mg, which compared with the values for MPAC (29.03 and 78.94 µg/mg) showed a 

reduction of nearly 27% and 9%, respectively. This could be attributed to the decrease of surface 

area due to magnetization, which was estimated to be 324.7 m2/g (Table 4.1).  

There are no detailed discussions in the literature on the adsorption of LMW and HMW PAHs by 

PAC. In the case of GAC, Eeshwarasinghe et al. (2019) reported a maximum adsorption capacity 

of 2.63 µg/mg for ACE and 7.36 µg/mg for PHE, both considered as LMW PAHs [18]. In another 

study, Valderrama et al. (2008) used GAC for the removal of a group of LMW and HMW PAHs, 

including NAP, ACE, FLU, ANT, PYR, and FLUO. According to the Langmuir isotherm model, 
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the maximum adsorption capacity of GAC for these PAHs was estimated: 0.14, 0.11, 0.15, 0.23, 

0.11, and 0.09 µg/mg, respectively, with the highest for ANT [175]. The maximum PAH 

adsorption capacities obtained for both PAC and MPAC in this study were higher than the above 

two studies. 

According to Table 4.3, the values of 1/nf (the Freundlich model) for most of the PAHs were 

between 0.28 and 0.78, indicating that the adsorption process was favourable and there were strong 

interactions between the adsorption sites of the MPAC surface and the PAH compounds 

[39,73,137,179,181]. In the Temkin model, the adsorption of PAHs is attributed to the formation 

of uniform binding energies between the PAH compounds and the adsorbent functional groups. 

From Table 4.3, the values of the equilibrium binding energy constant (KT) decrease with the 

increase in the number of PAH aromatic rings, suggesting that the heat of adsorption would linearly 

decrease when the MPAC surface is covered with the heavier PAH compounds [182]. 

Figure 4.6a and b demonstrate the isotherms data obtained for adsorption of LMW and HMW 

PAHs onto MPAC for a range of PAH concentrations from 0.5 to 10 µg/mL at room temperature 

(24 ˚C). The Langmuir model was used as the best model fit to the experimental data to describe 

the adsorption behaviour of the PAH compounds onto MPAC. As shown in Figure 4.6a, the 

amount of ACE and PHE adsorbed on MPAC particles sharply increased when their concentrations 

were raised from 0.5 to 2.5 mg/L. At the same concentration range, the adsorption uptake for ANT 

was slower than the two other LMW PAHs, possibly due to its higher molar weight and dimension 

and its slower transfer to the adsorption sites. From Figure 4.6b, all the HMW PAHs showed a 

similar adsorption behaviour, with lower adsorption equilibrium than LMW PAHs at the initial 

concentrations from 0.5 to 2.5 µg/mL. However, as it is evident from Figure 4.6 and Table 4.3, the 

maximum adsorption capacity of MPAC for the heavier PAHs, including B[k]F, B[a]P, B[ghi]P, 

and D[a,h]A, was higher than the LMW ones. It indicates that the adsorption of HMW PAHs by 

MPAC was a slower process compared to the LMW PAHs; however, they were able to form 

stronger bonds with the MPAC surface [175].  

Figure 4.6c depicts the adsorption capacity of bare and magnetic PAC for the sum of 3 LMW 

PAHs, 7 HMW PAHs, and 10 PAHs fitted with the Langmuir model. Despite the lower adsorption 

capacity of the MPAC composite compared to the bare PAC, the magnetic adsorbent still showed 

a high affinity for the PAHs. Besides, the difficulty in recovering the PAC particles after use would 
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limit their application for the treatment of aqueous solutions, particularly for larger-scale projects 

[80]. 

 

a) 

 

 

b) 
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c) 

 

d) 

Figure 4.6. Adsorption isotherms of (a) LMW PAHs (b) HMW PAHs (c) Total LMW and HMW and 

PAHs, (d) Comparison of the PAHs molecular weight and their removal efficiency obtained at the 

equilibrium of adsorption using MPAC composite 
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In this work, the prepared MPAC composite showed a high affinity for all the PAHs. As shown in  

Figure 4.6d, after the equilibrium of adsorption was attained, almost all the LMW and HMW PAHs 

were completely removed by MPAC (except for B[a]P and B[ghi], which their removal rate was 

obtained 95.68 and 95.60%, respectively). It indicates that the magnetic adsorbent was able to 

adsorb all the PAH compounds with different molecular weights and numbers of aromatic rings. 

The higher PAH uptake by MPAC compared to the ranges of PAH adsorption reported in the 

literature for GAC is consistent with the pore adsorption mechanism. According to this 

mechanism, smaller adsorbents like PAC have a larger external surface area and shorter diffusion 

path length, enabling them to adsorb the PAH compounds at a faster and higher rate [183]. Besides, 

owing to their superparamagnetic properties, the MPAC particles used in this work had higher 

recovery rates, leading to the removal of all the PAH-loaded MPAC particles from the solutions 

after the adsorption process. 

 Conclusions 

A magnetic powder activated carbon (MPAC) composite was synthesized using the precipitation 

method to remove PAHs from aqueous solutions. Although there was a decrease of 65% in the 

BET surface area of the AC particles after magnetization, the synthesized MPAC was effective in 

removing the PAHs from the aqueous phase with efficiency in the range of 95.6 to 100%. It 

exhibited a crystalline structure with a wide pore size distribution typical of the MAC family, as 

confirmed by the characterization tests. Owing to its high surface area, stability, and dispersibility, 

the magnetic composite showed an excellent adsorption capacity for PAHs in the aqueous 

solutions. The adsorption of LMW and HMW PAHs onto MPAC reached equilibrium in 6h with 

a complete removal obtained for most of the PAH compounds. The Langmuir model fitted the 

adsorption isotherm data the best with R2 values greater than 0.9 for most PAHs. The maximum 

adsorption capacity was in the range of 8.74-11.37 µg/mg for LMW PAHs and 8.43-20.21 µg/mg 

for HMW PAHs according to the Langmuir model. The pseudo-second order model provided the 

best fit to the data, indicating that the adsorption of PAHs onto MPAC was dominated by the 

chemical adsorption, and the PAHs uptake rate was dependent on MPAC adsorption capacity, not 

on concentrations of PAHs. The electron-donor-acceptor interactions (π-π interactions) and pore-

filling were also the main adsorption mechanisms formed between the analytes and MPAC. The 

results of this study showed that the MPAC composite is a promising adsorbent for the removal of 

PAHs from aqueous media. 
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5 Removal of Polycyclic Aromatic Hydrocarbons (PAHs) from Contaminated Soil using Soil 

Washing Process Combined with Adsorption by Magnetic Granular Activated Carbon 

 

 Abstract 

This study investigated the application of magnetic granular activated carbon (MGAC) for the 

removal of polycyclic aromatic hydrocarbons (PAHs) from a real contaminated soil in soil washing 

process. The magnetic composite was prepared using a facile modified co-precipitation method. 

The presence of the synthesized magnetite (Fe3O4) nanoparticles on the composite surface was 

confirmed by the SEM and XRD characterization tests. The surface area and total pore volume of 

MGAC were determined to be 837.9 m2/g and 0.5 cm3/g, respectively, which were ≈ 10% smaller 

than those for the bare GAC. The Langmuir model fitted the adsorption isotherm data the best; 

therefore, monolayer adsorption was predominant in the treatment process with MGAC. The 

maximum PAH adsorption capacity of MGAC was obtained at 153.5 µg/mg for the total PAHs, 

which was nearly 20% lower than that of bare GAC (190.3 µg/mg). The soil washing parameters 

were optimized, and the results demonstrated that the total PAH removal reached a maximum of 

47.4% at an MGAC dose of 2% (w/w), washing time of 24 h, liquid to soil ratio of 15:1, stirring 

speed of 100 rpm, pH of 8.3, and temperature of 25 ˚C. For low molecular weight (LMW) PAHs, 

the removal from soil ranged from 34.6% to 57.7%, whereas the removal of high molecular weight 

(HMW) PAHs was determined to be between 27.9 and 67.1 %. This indicated that the optimized 

soil washing with MGAC had a better efficiency for some HMW PAHs than the LMW PAHs. 

According to the thermodynamic studies, the adsorption of PAHs onto MGAC in the soil washing 

process was non-spontaneous (∆G˚>0) and endothermic (∆H˚>0) with increased randomness at 

the solid/solution interface of MGAC at the higher temperature. 

 

Keywords: Magnetic granular activated carbon; Polycyclic aromatic hydrocarbons; Adsorption 

capacity, Soil washing; Thermodynamic parameters 
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 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) pollution in the environment is mostly due to human 

activities. The combustion of carbon-containing fuels, inappropriate management during storage 

and transport, and accidental disposal of petroleum products release large amounts of PAHs into 

the environment [95,112,136,184]. Contamination of soil or water resources by PAH compounds 

could pose severe risks to human health and other organisms [109,112,185]. Among hundreds of 

PAHs, sixteen compounds are of particular importance and identified as U.S. Environmental 

Protection Agency (USEPA) 16 PAHs priority list. This group of PAHs comprises two or more 

aromatic rings, which are non-polar, stable, and hydrophobic. When these contaminants 

accumulate in soil or water, they have poor biodegradability, low volatility, and a high potential 

for toxicity [31,108,184,186]. Other organizations such as the International Agency for Research 

on Cancer and the Canadian Council of Ministers of the Environment (CCME) have adopted the 

same approach and use the same designation [14,17,54]. The high molecular weight (HMW) PAHs 

with four or more aromatic rings are prone to be more carcinogenic or mutagenic than the PAHs 

with fewer aromatic rings known as low-molecular-weight (LMW) PAHs  [14,25,111,129]. 

Various physical, chemical, and biological remediation techniques have been employed to remove 

PAHs from contaminated soils, such as incineration, soil washing/flushing, soil vapour extraction, 

thermal desorption, advanced oxidation, and bioremediation [18,23–26,60,61,184]. Many of these 

techniques, however, are not applicable for field-scale projects due to high cost of the required 

facilities, high water and/or energy consumption, and slow operation [12,27]. Chemical techniques 

may produce some contaminant by-products during the remediation process that are toxic to soil 

species [4]. The biological technologies are less expensive and more environmentally friendly 

(e.g., microbial bioremediation and phytoremediation); however, they usually need a considerable 

amount of time to clean up the soil. Furthermore, compared to physical and chemical processes, 

they may yield low PAH removal efficiency depending on site conditions (e.g. soil pH, ambient 

temperature, nutrient element and dissolved oxygen levels of soil) [12,25,27,28]. In the case of 

soil-washing (physical technique), PAHs are transferred from soil to water, thus, necessitating the 

treatment of the PAH-contaminated water [187]. 

The use of activated carbon (AC) in the adsorption process for uptake of PAHs from aqueous 

solutions is one of the most frequent treatment approaches that has been reported in the literature 

[136,155]. Because of its unique features, including high porosity and hydrophobicity as well as 
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high specific surface area and adsorption capacity, AC shows a strong affinity for PAHs. 

Moreover, the AC surface has a variety of functional groups that help it form more interactions 

with PAHs during the adsorption process, providing it with great PAH removal efficiency in 

aqueous solutions [32,33,35,36]. Considering the AC high affinity for PAHs, its application in soil 

washing to adsorb PAHs from the soil slurry is a promising technique. However, one of the 

drawbacks of employing AC in soil washing is the difficulty to separate and retrieve it from the 

soil matrix after use [37], which undermines the application of this soil remediation technology. 

In addition, the application of AC in soil washing may lead to the loss of a fraction of PAH-loaded 

AC particles in the soil medium, which causes the contaminants to be released back into the 

environment. Furthermore, some delicate organisms may be harmed by the presence of AC 

particles in the soil [38]. To address these issues, AC particles can be modified with stable iron 

oxide nanoparticles (Fe2O3, Fe3O4, etc.) to prepare magnetic AC composites, which can be 

removed from the soil slurry using an external magnetic field after the remediation procedure 

[18,38–45]. 

In the previous work by the authors, six magnetic AC composites were prepared using different 

magnetization methods and either powder or granular AC. Magnetic granular activated carbon 

(MGAC) particles fabricated by the co-precipitation method showed high PAH removal efficiency 

from the aqueous phase [153]. Preliminary tests revealed that the efficiency of separation and 

recovery of MGAC particles from soil slurry using a basic magnetic field was significantly higher 

than those prepared by powder activated carbon as base material. Considering the above, the 

MGAC composite particles were utilized in soil washing experiments to remove PAHs from soil. 

Experiments were conducted in different phases. In phase one, a series of adsorption isotherm tests 

were carried out using MGAC to determine its efficiency and adsorption capacity for PAHs from 

aqueous solution. The adsorption behaviour of the MGAC composite was also modelled by 

Langmuir, Freundlich, and Temkin isotherm models. In phase two, MGAC was employed in the 

soil washing process to determine its capability of PAHs removal from real contaminated soil 

samples. To the best of the authors’ knowledge, the use of MGAC in soil washing and its efficiency 

for removal of a wide range of PAHs, including both low molecular weight (LMW) and high 

molecular weight (HMW) PAHs, in the combined soil washing-adsorption process has not been 

reported yet. The application of MGAC in soil washing could offer a rapid and cost-effective 

method for the removal of PAHs from contaminated soil. Therefore, the specific goals of the 
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current work were to evaluate the PAH uptake capacity of the MGAC composite using the 

adsorption isotherms experiments and determine MGAC adsorption efficiency to clean up a real 

PAH-contaminated soil sample in the soil washing process.  

 Materials and methods 

5.3.1 Chemicals 

The GAC used as the base for the magnetic composite was supplied by CalgonCarbon Co. 

(Pennsylvania, USA). The GAC particles passed sieve # 16 (1.19mm) and were generally between 

250 and 850 µm in size. Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O) and Iron(II) sulphate 

heptahydrate (FeSO4.7H2O) were acquired from Sigma-Aldrich Co. as the magnetic nanoparticle 

precursors (St. Louis, USA). The standard solutions of the high priority USEPA PAHs including 

acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthene 

(FLUO), pyrene (PYR), benzo[a]anthracene (B[a]A), benzo[b]fluoranthene (B[b]F), 

benzo[k]fluoranthene (B[k]F), benzo[ghi]perylene (B[ghi]P), indeno[1,2,3-c,d]pyrene (IDP), and 

dibenz[a,h]anthracene (D[ah]A) were obtained from AccuStandard Chem. Co., USA (500 µg/mL 

PAHs, in acetonitrile with 99% purity). Other chemicals such as acetonitrile, methylene chloride, 

and hexane were obtained from VWR (Quebec, Canada). 

5.3.2 Synthesis of GAC/Fe3O4 composite 

The MGAC composite was prepared by a slight modification of a co-precipitation method reported 

by Yazdani and Seddigh (2016). Briefly, solutions of Iron (III) nitrate nonahydrate (1M) and 

Iron(II) sulphate heptahydrate (0.1M) were prepared and then mixed in a 500 mL reaction vessel 

containing 350 mL deionized water. The solution was vigorously stirred at 650 rpm using a 

magnetic stirrer and under nitrogen stream for 10 min [124]. Then, 2 g GAC was placed in the iron 

solution mixture, followed by adding 35 mL NaOH solution (1 M) dropwise into the solution for 

5 min to enable the precipitation of the magnetic composite at pH of 10-11. The supernatant was 

discarded, and the black precipitated composite (MGAC) was washed with deionized water a few 

times to remove the excess non-GAC bound magnetite nanoparticles and neutralize pH of the 

prepared composite. The MGAC particles were vacuum dried overnight at 80 °C and then stored 

in the screw cap vials for further use. 
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5.3.3 Characterization of the synthesized MGAC 

The Brunauer-Emmet-Teller (BET) surface area of the bare and magnetic GAC was determined 

from nitrogen adsorption-desorption isotherms using an Accelerated Surface Area and 

Porosimetry technique (ASAP, 2020, Micromeritics Instruments Inc., GA, USA). Before the BET 

measurement of GAC and MGAC samples, they were placed into glass analysis tubes and heated 

at 100-200 ˚C under vacuum for about 1 day to remove any potential contaminants and moisture 

from their surface. The porosity distribution of the bare and magnetic GAC was measured using 

the Barrett-Joyner-Hanlenda (BJH) technique in liquid N2 at 77 K. The structures of GAC and 

MGAC were explored by obtaining their X-ray diffraction (XRD) patterns using a Rigaku Ultima 

IV X-ray diffractometer equipped with a Cu Kα radiation (λ = 1.54185 Å) at 40 kV and current at 

44 mA, and an ASC-10 auto sample changer. The XRD patterns of the bare and magnetic GAC 

were obtained in the 2θ scanning range of 10° to 80° with a scan speed of 4°/min. The mean particle 

size of GAC and MGAC and their surface morphology were analyzed by field emission scanning 

electron microscopy (FE-SEM, JSM-7500F, JEOL, USA). The Energy-dispersive spectroscopy 

(EDS) technique was employed to determine the distribution of Fe3O4 nanoparticles in the matrix 

of the magnetic composite. The Fourier transform infrared (FTIR) spectra of MGAC composite, 

before and after use, were recorded on a Nicolet 6700 FT-IR spectrometer (Thermo Fischer, USA) 

in the wavenumber range of 4500–400 cm−1 by testing a small portion of each sample at a pressure 

of 150 kg/cm2 and recording 32 scans at a resolution of 4 cm−1 for the samples. 

5.3.4 Adsorption isotherm experiments 

Adsorption isotherms study was conducted by preparing the PAHs concentration in the range 0.5 

-10 ug/mL from dilution of the PAH standard solution in acetonitrile and then adding the diluted 

PAHs to conical flasks containing 30 mL deionized water. Afterward, the PAHs solutions were 

mixed with potassium nitrate (1 g/L) and sodium azide (0.2 g/L) to inhibit any potential biological 

activity during the test (Gan et al., 2017). The prepared samples were agitated at 50 rpm for 1 h to 

provide a uniform dispersion of the PAHs in the solutions. Subsequently, a fixed dose of MGAC 

(30mg) was added to each sample, and the solutions were then agitated on the horizontal shaker at 

100 rpm and room temperature for 24 h. In the end, the samples were removed from the shaker, 

and the adsorbent particles were separated from the solutions using a magnet bar. The solutions 

were extracted and analyzed using HPLC to determine the residual PAHs concentration after 

adsorption. All the adsorption tests were performed in duplicate, and the flasks were covered with 
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aluminum foil to eliminate the potential effects of light. The control samples without the adsorbent 

were also run in parallel for the adsorption isotherm tests. The quantity of PAHs adsorbed onto 

MGAC at equilibrium (24h) can be calculated from the following equation: 

qe=
(C0−Ce)V

M
      (5.1) 

Where qe (µg/mg) represents the PAHs adsorption capacity of the magnetic adsorbent, C0 and Ce 

are the initial and equilibrium concentration of the PAHs in the solution (µg/mL), respectively. V 

shows the solution volume (mL), and M is the mass of MGAC composite (mg) [80,188].  

The adsorption capacity of the MGAC composite was investigated by fitting the Langmuir, 

Freundlich, and Temkin isotherm models to the obtained experimental data. The Langmuir model 

assumes that an adsorbent surface contains a finite number of homogeneous adsorption sites, 

which all have the same affinity for the adsorbate molecules. According to this concept, each 

adsorption site only adsorbs one molecule of the adsorbate, resulting in the formation of a single 

monolayer of adsorbate onto the adsorbent. This model also assumes that the adsorption energy is 

constant and that the adsorbate molecule cannot move on the adsorbent surface [73,159]. The 

Langmuir model presents the relationship between equilibrium concentration of adsorbate and 

adsorption capacity of adsorbent in the adsorption process as follows:  

qe = qm.
KLCe

1+KLCe
    (5.2) 

where KL is the Langmuir affinity constant (mL/µg) related to the adsorption energy and qm shows 

the maximum amount of PAHs adsorbed per unit mass of MGAC (µg/mg) [136,188,189].   

The separation factor could be used to determine the favourability of the adsorption process. This 

dimensionless constant is calculated using the following equation [137]: 

RL =
1

1+CmKL
     (5.3) 

where RL represents the value of the separation factor and Cm is the maximum initial concentration 

of PAHs in aqueous solution. When the RL value is between 0 and 1, the adsorption process is 

verified to be favourable. When RL equals 0, the adsorption process is regarded irreversible, and 

for RL=1.0, adsorption is linear [155,161,181].  

According to the Freundlich isotherm model, the surface of an adsorbent with a large number of 

adsorption sites has a wide range of possible adsorption capacity for the contaminant molecules. 

This will result in a multilayer and heterogeneous adsorption of the contaminant on the adsorbent 
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surface during the adsorption process. The Freundlich model also assumes that the contaminant 

molecules occupy the stronger binding sites of the adsorbent first, and as the degree of occupation 

increases, the binding strength decreases [73,157]. 

The Freundlich model is expressed by the following equation: 

qe =  KFCe

1

nf     (5.4) 

where KF is the Freundlich constant (L/g), and the nf parameter represents the adsorption intensity. 

When the value of 1/nf  is less than 1, the adsorption process is considered favourable, showing 

the formation of stronger interactions between the adsorbent and the contaminant molecules 

[137,157,158].  

The Temkin isotherm model takes into account the effects of the interactions between adsorbate 

molecule and adsorbent surface on the adsorption process. This model also assumes that the heat 

of adsorption relies on the temperature of all the molecules existing in the adsorption layer, which 

decreases linearly as the adsorbent surface coverage increases by the number of the sorbed 

molecules. The derivation of adsorption in the Temkin model is characterized by a homogeneous 

distribution of binding energies up to maximum binding energy [190–192]: 

The Temkin model is described using the following model: 

qe =   
RT

B
 (ln KTCe)          (5.5) 

where R is the universal gas constant (8.314 J/mol/K); B is the Temkin constant corresponding to 

the heat of adsorption (J/mol), T is the absolute temperature (K), and KT is the Temkin isotherm 

constant related to the maximum binding energy (L/g) [190,192]. 

5.3.5 Soil washing combined with MGAC 

The soil samples were collected from a depth of 10–40 cm beneath the ground surface at a 

contaminated industrial site in Ontario, Canada. The soil sample was air-dried for one week and 

then screened to pass sieve No. 40 (US Standard mesh) prior to use in the soil washing process. 

To investigate the impact of different washing parameters on the PAHs removal with soil washing-

MGAC, a series of soil washing experiments were designed and carried out. The key parameters 

were tested in the following order: MGAC dose (0, 1, 2, and 5% w/w.), liquid to soil ratio (10:1, 

15:1, and 20:1), shaker speed (75,100, 125, and 150 rpm), washing time (6, 24, 72, and 168 h), pH 

(7.0, 8.3, and 10.0), and temperature (5 and 25 ˚C). The best result obtained for each parameter 

was utilized to evaluate the next parameter in the subsequent test. All the experiments were 
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conducted in duplicate. For the first set of the tests, 30 mL deionized water was poured into conical 

flasks containing 3g of the PAH-contaminated soil. After being homogenized on a horizontal 

shaker for 0.5 h, the biological inhibitors NaN3 (0.2 g/L) and KNO3 (1 g/L) were added to the 

mixtures. The flasks were capped and covered with aluminum foils and subsequently agitated on 

the shaker at 100 rpm for 24 h. The samples were eventually removed from the shaker to settle the 

soil particles and centrifuge the liquid phase. The treated soil in the flasks and the soil residue in 

the centrifuge tubes were air-dried, followed by separating the PAH-loaded MGAC particles from 

the soils using a magnetic field. The soil samples were then extracted, and the PAHs concentrations 

were determined by HPLC. 

5.3.6 Analytical method 

High-Performance Liquid Chromatography (HPLC, Hewlett–Packard 1100, Agilent 

Technologies, USA) equipped with a reverse phase HPLC column (ZORBAX Eclipse PAH, 95Å, 

4.6×250mm×5µm), was employed to measure the concentration of the PAHs in the samples. For 

the adsorption isotherms experiments, the treated solutions were extracted with methylene chloride 

(HPLC grade, >99%) through agitation on a vortex mixer for 2 min [193]. The mixture was then 

centrifuged and the methylene chloride containing the PAHs residue was separated from the 

solution. The extraction procedure was performed three times, after which all of the extracts were 

combined and the methylene chloride was exchanged to acetonitrile using the Kuderna-Danish (K-

D) equipment [17].  

The treated soil samples were extracted by mixing with acetone: hexane (1:1 V:V), followed by 

sonication in water bath for 10 min (USEPA 3045). The soil extraction procedure was repeated 

three times for each sample, and the extracts were combined and concentrated to acetonitrile by 

K-D for HPLC analysis [59,60]. Finally, 25µL of the concentrated acetonitrile was injected into 

HPLC to measure the residual PAHs concentration.  

5.3.7 Thermodynamic studies 

To understand the nature of PAHs adsorption onto the MGAC composite (physical/chemical 

adsorption), a thermodynamic examination of the treatment procedure was performed at 

temperatures of 5 ˚C and 25 ˚C [188,190]. For this purpose, the key thermodynamics parameters 

such as Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) were calculated using the 

following equations:  
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ΔG° =  − RTlnKc      (5.6) 

ΔG° =  ΔH° −  TΔS°     (5.7) 

Ln Kc = (
𝛥𝑆°

𝑅
−

ΔH°

𝑅𝑇
)     (5.8) 

where R is the universal gas constant (8.314 J/mol.K), T is the absolute temperature, and Kc is the 

distribution coefficient measured using the ratio of PAHs concentration on the adsorbent to the 

PAHs concentration in the solution under equilibrium conditions [136,158]. As can be seen from 

Eq. 5.7,  the Gibbs free energy of a system is calculated from the difference between enthalpy and 

entropy of the reaction as well as the temperature at which the reaction occurs [190]. In fact, Gibbs 

free energy is an estimation of the amount of usable energy in a system. Any change in the quantity 

of this parameter during a reaction determines the reaction energetics and spontaneity (positive or 

negative ΔG).  

 Results and discussion 

5.4.1 Characterization of GAC and MGAC  

The nitrogen adsorption-desorption measurements were performed to evaluate and compare the 

surface properties of the bare and magnetic GAC. As presented in Figure 5.1, the N2 Isotherms of 

both GAC and MGAC can be classified as Type I (IUPAC classification system) with regard to 

the hysteresis loops formed on the isotherms. The type I isotherm indicates that the adsorbents 

possessed a mesoporous nature with a complex pore structure and a wide pore size distribution 

[76,83,155,194]. The pore size distribution (Figure 5.1b) shows that the total pore volume and 

micropore volume of the adsorbent slightly decreased after the iron oxide nanoparticles were 

deposited on the GAC surface. The measured values for these two parameters were 0.58 and 0.29 

cm3/g for GAC, while the total pore volume and micropore volume of MGAC were determined 

0.53 and 0.26 cm3/g, respectively. Using the BET technique, the surface areas of GAC and MGAC 

were obtained as 949.5 and 837.9 m2/g, respectively. The difference in surface area between 

MGAC and GAC (12%) was due to the blocking of GAC pores by the iron and oxygen groups 

generated during the magnetization process [155].  
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The decrease in the surface area and pore volume of GAC after magnetization was also reported 

in the literature [39,68,84,155]. Inbaraj et al. (2021) fabricated a magnetic activated carbon from 

green tea waste biomass (GTAC) to use for removal of B[a]A, CHR, B[b]F, B[a]P from aqueous 

medium. The surface characterization of the GTAC and the magnetic GTAC was determined by 

Figure 5.1. N2 adsorption-desorption isotherms and pore size distribution of GAC and MGAC 
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the BET method, and the results showed that the surface area decreased from 131.8 m2/g to 118.8 

m2/g and the total pore volume was reduced from 0.065 g/cm3 to 0.059 g/cm3, a reduction of 10 % 

for each of them. Based on the results of the adsorption experiments, 100% of all the four PAH 

compounds were removed from the solutions containing 1 µg/mL PAHs by use of 50 mg/L 

magnetic GTAC and 0.1% sodium chloride and after 30 min. This demonstrated that the produced 

magnetic GTAC retained a significant adsorption ability for PAH compounds after magnetization 

[155]. Castro et al. (2009) magnetized commercial GAC at different mass ratios of GAC to Fe3O4 

in order to remove atrazine from aqueous solutions. The BET tests of the prepared MGAC with 

mass ratios of 5:1 and 1:1 revealed a 15% and 36% reduction in the surface area due to 

magnetization, respectively. When compared to the bare AC, this reduction in the surface area 

reduced the maximum adsorption capacity of the magnetic composites by 20% and 48%, 

respectively [68]. In another study, Kalaruban et al. (2019) impregnated GAC with magnetite 

nanoparticles and then used the prepared composite in adsorption studies to remove arsenic from 

water. The surface area and micropore volume of the MGAC composite were reduced by 22% and 

3%, respectively, after magnetization. Despite the reductions, the adsorption capacity of MGAC 

was increased for the inorganic contaminant. The researchers speculated that the enhanced affinity 

was due to the inter- and outer-sphere complexation of arsenic on iron oxide particles in the MGAC 

[39]. Tu et al. (2021) observed that, following magnetization of GAC, its surface area decreased 

from 822 m2/g to 633 m2/g, with a minor reduction in the micropore volume from 0.39 to 0.26 

g/cm3. The GAC and synthesized MGAC were used in the adsorption tests for removal of dibenzo-

p-dioxin from aqueous solutions, and the analysis results showed no difference between the dioxin 

adsorption of GAC and MGAC (97% removal of dioxin after 1 h by each adsorbent). This 

confirmed that the changes in the morphology of GAC were minor after magnetization [84]. There 

are other studies that have reported similar results for the removal of inorganic and organic 

compounds using magnetic AC, with surface area reductions ranging from 10 to 70% following 

magnetization [38,41,67,123]. In this work, the 12% and 10% reduction in the surface area and 

pore volume of GAC after magnetization was not significant, suggesting that the MGAC 

composite could still have a high sorption affinity for the PAHs in the aqueous solutions. 

The XRD patterns of the GAC and MGAC samples are shown in Figure 5.2. Two broad diffraction 

peaks for GAC were indexed at 23.7° and 44.7°, respectively, reflecting the amorphous nature of 

the GAC particles. The XRD spectrum of MGAC shows multiple intense diffraction peaks at 2Ɵ 
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of 30.4°, 35.7°, 44.4°, 53.8⁰, 57.3°, and 62.8° for reflection planes of (220), (311), (400), (420), 

(511), and (440), respectively, indicating the formation of magnetite (Fe3O4) with cubic spinel 

structure onto GAC. The XRD results of the MGAC composite coincide with the iron oxide 

standard data published by Joint Committee for Powder Diffraction Studies (Card No.19-0629) 

[75]. The reflections of GAC in the MGAC XRD spectrum appeared as a very small distinctive 

peak, which is another evidence of formation of Fe3O4 on the GAC surface. The particle size of 

the synthesized magnetite can be calculated using the Scherrer equation, D=kλ/βcosƟ, where D 

represents the crystallite size of the particle (nm), K is the Scherrer constant (k=0.9), λ is the X-

ray wavelength of 1.5418 Å, β is the full width at half maximum of the diffraction peak for the 

reflection planes of (311) and (440), and Ɵ is the diffraction angle (Bragg angle). According to the 

Scherrer equation, the size of magnetite particles was obtained 21.6 and 7.9 nm for the two spinel 

reflections (311) and (440), respectively, confirming that they possess nano-size crystal structure 

in the MGAC composite [29,83,155].  

 

Figure 5.2. XRD patterns of the bare GAC and MGAC composite 

The morphological properties of GAC and MGAC were determined using FE-SEM at 2 kV. As 

shown in Figure 5.3a, GAC possessed a broken surface with porous and rough structure, which is 

(C) 

(C) 

(311) 

(420) 

(220) 

(400) 

(511) 

(440) 
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in agreement with the XRD reflection planes showed for GAC (Figure 5.2). After the 

magnetization process, however, the surface of GAC became more spherical, with the magnetite 

nanoparticles in the shape of spongy crust covering it. The same observation was reported in the 

literature for AC-based magnetic composites [68,73,99,155].  

a)                            GAC                                                                     MGAC  

 

 

b)    GAC       MGAC 

 

Figure 5.3. (a) The SEM images and (b) EDS spectra of GAC and MGAC 

The elemental analysis of the GAC and MGAC surfaces obtained by the EDS technique is shown 

in Figure 5.3b. The predominant content of carbon and narrow fractions of oxygen, aluminum, 
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silicon, and sulfur can be observed in the GAC spectrum. In contrast, the MGAC spectrum shows 

intense peaks of iron and oxygen along with the peak of carbon. The carbon content of MGAC 

(Figure 5.3b) remained significantly higher than the iron and oxygen contents, implying that 

carbon was the principal element of the MGAC structure. The morphological analysis results 

confirmed that the synthesis process was successful, and Fe3O4 nanoparticles were distributed 

evenly over the GAC surface [172]. 

The interactions between PAHs and MGAC were investigated using the FTIR analysis method 

performed on the MGAC samples before and after adsorption. From Figure 5.4, the major peaks 

at 492 and 525 cm−1 in the spectrum of pure MGAC and the sharp peaks centered at 482 cm-1 and 

536 cm−1 in the spectrum of PAH-loaded MGAC can be attributed to stretching vibration of the 

iron oxide ions. These changes confirmed presence of the Fe-O band, and therefore, the formation 

of a chemical bond between the magnetite nanoparticles and the GAC matrix [29]. The medium 

peak centered at 785 cm−1 in the pure MGAC shifted to 804 cm−1 after PAHs adsorption, which is 

correspondent to the deformation out of the plane of C-H bond in the MGAC composite. The peak 

at 903 cm-1 shifted to 887 cm-1 after PAHs adsorption, which may be attributed to the formations 

of bonds between the hydroxyl groups of MGAC and hydrogen components of PAH molecule 

[52,70,73,130]. Besides, the weak peaks that appeared at 1360 and 1640 cm−1 in PAH-loaded 

MGAC can be associated with the stretching vibration of C=C and C=O bonds in the carboxylic 

groups (O=C−O) after the PAHs adsorption. Finally, the broad band emerged at 3340 cm−1 in the 

spectrum of PAH-loaded MGAC belonged to the stretching vibration of hydroxyl‒OH groups 

[30,132]. All these changes imply the formation of interactions between the hydroxyl and carboxyl 

groups of MGAC and PAH molecules during the adsorption process. 
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Figure 5.4. FTIR spectra of MGAC before and after PAHs adsorption 

 

5.4.2 Adsorption isotherms 

The adsorption affinity of MGAC for PAHs was described using Langmuir, Freundlich, and 

Temkin. The non-linear regression analysis method (SOLVER) was utilized to fit these models to 

the experimental data and estimate their isotherm variables as well as correlation coefficient (R2) 

and error parameter (RMSE). As shown in Table 5.1, the R2 values for the Langmuir model were 

in the range 0.82 – 1.0. The R2 values for the two other isotherm models were lower than Langmuir 

ranging from 0.80 to 0.98 for the Freundlich and 0.72 to 0.99 for the Temkin models. In addition, 

Langmuir exhibited lower RMSE values (0.12-0.92), implying that this model is the best fit to the 

experimental isotherm data. As a result, the adsorption of both LMW and HMW PAHs onto 

MGAC can be considered as monolayer adsorption, in which the MGAC adsorption sites were 

homogeneously distributed on its surface and the PAH molecules did not interact during the 

adsorption process [67,73,178].  

The values of the separation factor (RL) were between 0.01 (ACE and FLU) and 0.44 (B[ghi]P) 

(Table 5.1), confirming the favourability of the PAHs adsorption (0<RL<1) by the magnetic 

composite [73,179]. The rate of PAHs adsorption by MGAC is represented by the Langmuir 
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affinity constant (KL). As seen in Table 5.1, the 3-ring ACE, FLU, and PHE have greater KL values 

than the heavier PAHs (except for FLUO), with values of 21.89, 57.47, and 2.94 mL/ug, 

respectively, indicating that the LMW PAHs were adsorbed onto the magnetic adsorbent more 

quickly [180]. The Langmuir model was also used to attain the maximum adsorption capacity 

(qmax) of the MGAC composite for PAHs. The qmax values for the LMW PAHs varied from 7.93 

to 9.89 µg/mg, whereas these values for the HMW PAHs were obtained in the range 6.22-12.42 

µg/mg for the 4-ring PAHs, 14.18-18.41 µg/mg for the 5-and 6-ring PAHs. These findings imply 

that the MGAC affinity for the PAH compounds increased with the rise in the PAH aromatic ring, 

although PAHs with more rings (≥4) showed slower sorption onto MGAC than LMW PAHs.  

Table 5.1. The parameters of Langmuir, Freundlich and Temkin isotherm models for the adsorption of 

PAHs onto MGAC 

  Langmuir Freundlich Temkin 

 

PAH 

qmax   

(µg/mg) 

KL 

(mL/µg) 

R2 RL RMSE 

µg/mg 

1/nf KF 

(µg/mL) 

R2 RMSE 

µg/mg 

B 

J/mol 

KT 

(L/mg) 

R2 RMSE 

µg/mg 

3
-r

in
g

 P
A

H
s ACE 9.89 21.89 0.92 0.01 0.92 0.33 10.44 0.87 1.20 1.38 268.88 0.92 0.90 

FLU 8.82 57.47 0.92 0.01 0.87 0.23 9.02 0.93 0.84 1.68 496.57 0.76 1.55 

PHE 7.93 2.94 0.98 0.03 0.33 0.37 4.87 0.89 0.83 1.53 30.62 0.98 0.35 

ANT 9.18 1.65 0.99 0.06 0.31 0.47 4.93 0.96 0.53 1.34 20.79 0.99 0.17 

4
-r

in
g

 P
A

H
s FLUO 6.22 7.60 0.82 0.01 0.81 0.38 3.55 0.80 0.84 3.07 182.23 0.72 1.00 

PYR 8.36 1.00 0.96 0.09 0.47 0.49 3.56 0.89 0.76 1.28 8.67 0.98 0.31 

B[a]A 9.65 0.31 1.00 0.24 0.12 0.63 2.23 0.98 0.25 1.73 7.57 0.92 0.55 

CHR 12.42 0.18 0.94 0.36 0.52 0.83 1.71 0.93 0.53 1.30 3.33 0.87 0.73 

5
-r

in
g

 P
A

H
s B[b]F 16.13 0.13 0.93 0.43 0.55 0.84 1.76 0.93 0.58 1.23 3.20 0.87 0.76 

B[k]F 15.05 0.19 0.98 0.35 0.31 0.70 2.43 0.97 0.36 1.57 7.82 0.86 0.80 

B[a]P 15.65 0.26 0.95 0.28 0.48 0.74 2.98 0.94 0.56 2.08 38.39 0.88 0.80 

D[a,h]A 14.18 0.22 0.98 0.31 0.31 0.73 2.50 0.97 0.38 1.44 6.85 0.87 0.80 

6
-r

in
g
 

P
A

H
s B[ghi]P 18.41 0.13 0.88 0.44 0.80 0.96 1.78 0.89 0.77 1.04 2.75 0.83 0.96 

IDP 17.69 0.18 0.98 0.35 0.30 0.74 2.75 0.98 0.36 1.36 7.21 0.88 0.82 

The adsorption of LMW and HMW PAHs by MAC composites has not been thoroughly explored 

in the literature. Inbaraj et al. (2021) studied the adsorption capability of magnetic PAC obtained 

from the powdering and activation of green tea waste for the removal of four HMW PAHs, B[b]F, 

B[a]P, CHR, and B[a]A, from aqueous solutions. For the PAH compounds, the maximum 

adsorption capacity of the magnetic PAC was estimated 28.08, 22.75, 19.14, and 15.86 µg/mg, 

respectively, which were greater than the results attained in this work [155]. The researchers, 
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however, did not determine the adsorption uptake of the synthesized composite for LMW PAHs 

and other toxic HMW PAHs such as D[a,h]A and IDP. Eeshwarasinghe et al. (2019) utilized GAC 

to adsorb LMW ACE and PHE from water samples. The isotherm modelling of their experimental 

data showed a maximum adsorption capacity of 2.63 µg/mg for ACE and 7.36 µg/mg for PHE 

[18]. GAC was also employed by Valderrama et al. (2008) for the removal of NAP, ACE, FLU, 

ANT, PYR, and FLUO from water. The maximum adsorption capacity of the adsorbent for the six 

PAH compounds was estimated by the Langmuir model to be 0.14, 0.11, 0.15, 0.23, 0.11, and 0.09 

µg/mg, respectively [175]. The results of the two aforementioned studies showed a lower 

maximum adsorption capacity of GAC for the LMW PAHs compared to those achieved by MGAC 

in this work (Table 5.1). Furthermore, neither of the two studies assessed the efficiency of GAC 

for adsorption of the heavier PAHs such as B[a]P, B[ghi], D[a,h]A, and IDP. 

For comparison purposes, the bare GAC was used in the adsorption isotherm experiments to 

determine its adsorption capacity for the PAH compounds. The experimental data were fitted to 

the Langmuir model, and the isotherm parameters were presented in Table 5.2. GAC had a higher 

maximum adsorption capacity than MGAC for both groups of PAHs (53.93 µg/mL for LMW 

PAHs and 154.45 µg/mL for HMW PAHs). The maximum adsorption capacity of GAC for the 

total PAHs was determined to be 190.30 µg/mL showing a difference of 20% with that of MGAC 

(153.50 µg/mL). 

Table 5.2. Estimated variables of the Langmuir model for adsorption of PAHs by GAC and MGAC 

  Langmuir 

AC PAHs qmax  KL R2 RL RMSE 

 

GAC 

LMW 53.93 0.20 0.80 0.33 5.18 

HMW 154.45 0.01 0.98 0.88 2.60 

Total 190.30 0.02 0.98 0.85 4.55 

 

MGAC 

LMW 37.52 0.94 0.99 0.10 0.98 

HMW 109.52 0.03 0.98 0.75 2.86 

Total 153.50 0.03 0.99 0.74 3.22 

These findings indicate that the magnetization procedure reduced the MGAC adsorption capacity; 

however, the magnetic adsorbent still retained a high affinity for the PAHs. Furthermore, the 

difficulty of retrieving the bare GAC would limit their employment in the treatment of aqueous 

solutions, especially in larger-scale projects [80]. Hence, the MGAC composite could be 
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considered a more practical choice for adsorption of PAHs from aqueous solutions than the bare 

GAC. 

Figure 5.5 shows the adsorption isotherms data for the 14 PAH compounds adsorbed onto MGAC 

for a range of PAH concentrations from 0.5 to 10 µg/mL. The Langmuir model was used as the 

best model fit to the experimental data (Table 5.1 and Table 5.2) to describe the adsorption 

behaviour of PAHs onto MGAC. According to Figure 5.5a, the amounts of three-ring PAHs, ACE 

and FLU, adsorbed by the magnetic composite significantly increased when the PAH 

concentration was increased to 1 µg/mL. However, as it is evident, the adsorption capacity of 

MGAC for these two compounds reached a plateau (9.8 and 8.8 µg/mL) after rising the initial 

PAH concentration to 10 µg/mL. The adsorption uptake of MGAC for PHE and ANT appeared to 

be lower at the same concentration range, probably due to their higher molecular weight than ACE 

and FLU. For the 4-ring PAHs (Figure 5.5b), the highest uptake by MGAC was obtained for PYR 

and FLUO at the initial PAH concentration of 0.5 -10 µg/mL. As illustrated in Figure 5.5b, the 

FLUO isotherm pattern was similar to that of LMW PAHs, which was likely due to its molecular 

structure being close to that of LMW PAHs. The MGAC adsorption uptake for PYR, B[a]A, and 

CHR was not significant at their lower initial concentrations (Figure 5.5b), however, when the 

PAH concentration was raised to 10 µg/mL, greater amounts of these three compounds were 

sorbed onto MGAC, with CHR showing the highest sorption affinity to the adsorbent (qmax =12.4 

µg/mg).  

The adsorption capacity of MGAC for the 5-ring and 6-ring PAHs (Figure 5.5c and d) followed a 

similar pattern, showing the lowest sorption affinity to MGAC at the PAH initial concentrations 

of 0 to 1 µg/mL and the highest affinity at the PAH concentration of 10 µg/mL compared with the 

lighter PAH compounds. According to the Langmuir affinity constant (KL) (Table 5.1 and 

Table 5.2), the LMW PAHs were rapidly attracted by the adsorption sites of MGAC, and 

subsequently, connected with the adsorbent carboxyl and hydroxyl functional groups via the π-π 

and H-π interactions. The hydrophobicity of HMW PAHs in aqueous solution, however, could 

have an effect on how rapidly they are adsorbed on the adsorbent surface. In fact, water molecules 

surround the HMW PAHs in aqueous solution and form stronger hydrophobic interactions with 

them, causing this group of PAHs to be stabilized in water. As a result, the MGAC functional 

groups adsorb HMW PAHs slower than the less hydrophobic PAHs such as LMW FLU and PHE 

[129]. However, as it is evident from the isotherm patterns of Figure 5.5, the MGAC composite 
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had the highest adsorption capacity for the 5-ring and 6-ring PAHs. One possible explanation is 

that the increased number of aromatic rings in HMW PAHs provided them with the opportunity to 

establish more π- π interactions and stronger bonds with the MGAC surface than LMW PAHs. 

 

 

 

Figure 5.5. The experimental data fitted to the Langmuir model for (a) 3-ring LMW PAHs (b) 4-ring HMW 

PAHs (c) 5-ring HMW PAHs (d) 6-ring HMW PAHs adsorption onto MGAC 

a) b) 

c) d) 
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5.4.3 Combined soil washing and adsorption with MGAC  

The soil samples were characterized as a well-graded sand with silt (SW-SM), containing 36.7% 

gravel, 58.0% sand, 4.0% silt, and 1.3% clay. The pH of the soil was 8.3 at 20% (W/V) soil in 

deionized water, indicating that it was alkaline soil. The soil organic matter level was determined 

4.14%, which was not significant. For the soil washing experiments with MGAC, the soil sample 

was stored in the refrigerator to prevent any potential loss of the analytes.  

The effects of various washing factors on PAHs removal with MGAC were investigated in a series 

of soil washing experiments. For this purpose, the critical factors were assessed in the following 

sequence: MGAC dose (0, 1, 2, and 5% (w/w)); liquid to soil ratio (L:S) (10:1, 15:1 and 20:1); 

Shaker speed (75, 100, 125, and 150 rpm); washing time (6, 24, 72, and 168 h), pH (7.0, 8.3, and 

10),  and Temperature (5 and 25 ˚C). For each set of the tests, one factor was examined at different 

values, while the others remained constant. The most efficient value was then employed in the 

following set of experiments to examine the next factor.  

5.4.3.1 MGAC dose 

The first set of the soil washing tests was conducted at different doses of MGAC, constant L/S 

ratio of 10:1 (30 mL DI water: 3g soil), washing time of 24 h, pH of 8.3 (the pH of the contaminated 

soil), and temperature of 25 ̊ C. As shown in Figure 5.6a, the total removal of the LMW and HMW 

PAHs with the addition of only water (0% MGAC) was ≈10%, indicating that the soil washing 

process without the addition of removal agents such as adsorbents or surfactants would be 

ineffective in removing PAHs from soil. The removal percentage of LMW PAHs increased 

significantly by increasing the MGAC dose up to 5% w/w (150 mg). One possible reason is that 

by increasing the dose of MGAC, the physical contact between the magnetic adsorbent and soil 

particles increases, causing PAHs to segregate from soil particles and be removed by MGAC. 

Also, in comparison with the LMW PAHs (Figure 5.6a), the uptake of the HMW PAHs was higher 

at low dosages of the MGAC composite, which can be attributed to the higher affinity of MGAC 

for these compounds [59]. Regarding the PAHs removal percentages shown in Figure 5.6a, the 5% 

MGAC achieved the maximum total PAHs removal (29.5%), which was slightly higher than the 

26.5% total PAHs removal by 2% MGAC. From the practical point of view, the difference between 

the PAHs removal efficiencies of 2% and 5% MGAC in soil washing was negligible. Therefore, 

the 2% dosage was selected for the next soil washing experiments to reduce the quantity of MGAC 

in the remediation process and lower the associated cost. 
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5.4.3.2 Liquid:soil ratio 

Different washing water to soil (L:S) ratios ranging from 10:1 to 20:1 were assessed for the PAHs 

removal with MGAC in the second set of the experiments, while the other effective parameters of 

soil washing were kept constant. After the 24 h soil washing with MGAC (Figure 5.6b), the L:S 

ratios of 20:1 and 15:1 could remove 47.5% and 46.5% of the total PAHs from the soil, 

respectively. According to Figure 5.6b, the removal patterns for LMW and HMW PAHs were 

similar, suggesting that the increase in the liquid phase could facilitate the separation of all the 

PAHs from the soil and their uptake by MGAC [59–61].  

The effect of higher L:S ratios on PAH removal in the soil washing process has also been reported 

in the literature. Peng et al. (2011) stated that raising the L:S to 20:1 enhanced the efficacy of soil 

washing for PHE removal in a nonlinear pattern (Peng et al., 2011). Gan Xinhong et al. (2017) 

reported the same L:S leading to the maximum PAH removal from soil using nano-sulfonated 

graphene, although they ultimately selected the L:S of 10:1 as the optimal L:S due to the similar 

PAHs removal efficiency [59]. Considering the slight difference in PAHs removal efficiency 

between the L:S of 20:1 and 15:1, the L:S of 15:1 was taken as the optimal ratio to avoid using 

more water. A higher L:S means that there will be more wastewater discharge and that more energy 

will be required to handle it [195]. A smaller L:S ratio also has a less adverse impact on the 

physicochemical characteristics of soil [59]. 

5.4.3.3 Stirring speed 

The influence of shaker speed on PAH removal from soil was explored in the third set of soil 

washing studies. The samples were washed at a shaker speed of 75-150 rpm, MGAC dose of 2%, 

and L/S ratio of 15:1 for this purpose, with the rest of the soil washing parameters remaining the 

same as set 1. According to Figure 5.6c, the removal of LMW PAHs was close to zero at 75 rpm 

and then it sharply increased when the stirring speed was raised, with the maximum removal 

efficiency achieved at 125 rpm (53.5%). The removal percentages of HMW PAHs also increased 

from 28.2 to 48.0% by increasing the stirring speed to 100 rpm; however, the pattern fluctuated 

when the stirring speed was adjusted to 125 and 150 rpm. The removal percentages of total PAHs 

followed the same pattern as HMW PAHs, peaking at the 100 rpm stirring speed with 47.5% 

removal. Peng et al. (2011) discovered that increasing the stirring speed leads to more collision 

between soil particles, which can result in more adsorbed or crusted contaminants being stripped 
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away. They also proposed that further increase in the stirring speed may cause the soil slurry to 

move in bulk formation with less relative movement, leading to fewer soil collisions and lower 

adsorbate removal from the soil [60]. 

5.4.3.4 Washing time  

The optimal values of the soil washing parameters determined in the previous sets of tests were 

used in set 4 with a washing time ranging from 6 to 168 h. Figure 5.6d shows that the patterns of 

LMW, HMW, and total PAHs removal followed a similar trend for the varied washing time 

periods. The PAHs removal significantly increased after changing the washing time to 24 h, with 

the highest removal percentages of 45.8, 48.0, and 47.4% for the LMW, HMW, and total PAHs, 

respectively. However, increasing the washing period to 72 h resulted in a 5% reduction in the 

removal of all the PAHs from the soil, and an additional slight reduction of 2% in the total PAHs 

removal with further increase of time to 168 h (Figure 5.6d). One possible reason is the difficulty 

in recovering some small MGAC particles trapped in the soil after the long washing period. As a 

result, a portion of PAHs sorbed onto these MGAC particles was extracted along with the soil 

during the analysis phase, raising the residual PAHs concentration for the treated soil. 

PAHs can form incrustation on the soil surface, with some of them being water-soluble. They 

could also be trapped in soil pores or absorbed by soil organic matter and fine soil particles [60]. 

The enhanced removal of PAHs during the 24 h washing time could be explained by uptake of 

water-soluble PAHs and a fraction of PAHs that were weakly attached to soil particles [196,197]. 

The fraction of PAHs trapped in the pores of soil particles and some organically bound fraction of 

PAHs can also be removed from the soil within the first hours of the washing process [59,195]. As 

a result, the most potentially accessible PAHs were eliminated during the 24 h soil washing 

process. However, further increase in the washing period would negatively affect the PAHs 

removal, either due to the precipitation of a portion of the PAH-loaded MGAC in the soil or re-

sorption of some fractions of the dissolved PAHs by soil particles [59,60]. 

5.4.3.5 pH 

The influence of pH on removing the LMW, HMW, and total PAHs is illustrated in Figure 5.6e. 

When the pH was reduced from 8.3 to 7.0, the removal efficiency significantly decreased from 

45.8 to 29.3 % for LMW PAHs, 48.0 to 26.3% for HMW PAHs, and 47.4 to 27.1% for the total 

PAHs. The same tendency was observed when the pH was elevated to 10.0, with the reduction in 
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the PAH removal from 45.8% to 27.2% for LMW PAHs, 48.0% to 28.7% for HMW PAHs, and 

47.4% to 28.3% for total PAHs. These results demonstrated that soil washing with MGAC 

performed in the original soil condition yielded better PAHs removal. A possible reason is that the 

magnetite particles might hydrolyze to form iron (II) hydroxide (Fe(OH)2) precipitate under 

neutral (pH 7) or alkaline (pH 10) conditions, which negatively affected the performance of the 

MGAC composite in soil washing [29]. These findings were in line with those of Egbosiuba et al. 

(2020) and Hung et al. (2020), who discovered that acidic and alkaline conditions negatively 

affected the adsorbent capacity to extract methylene blue and PAHs from aqueous solutions, 

respectively [29,198]. Therefore, the MGAC/soil washing system was pH-dependent, and the PAH 

removal was most efficient at the original pH of the soil samples.  

5.4.3.6 Temperature 

Figure 5.6f shows the effect of temperature on the PAHs removal during the soil washing process 

with MGAC. The test was carried out at temperatures of 5 and 25˚ C, with the optimal values of 

the influencing parameters remaining constant. Evidently, lowering the temperature from 25 to 5˚ 

C had an adverse impact on the treatment process, reducing the PAHs removal efficiency from 

45.8 to 37.9% for LMW PAHs, 48.0 to 32.3% for HMW PAHs, and 47.4 to 33.8% for the total 

PAHs. These significant reductions indicate that the PAH adsorption via MGAC in the soil 

washing process was temperature-dependent and endothermic. Barman et al. (2021) achieved 

similar results when they used modified biochar to remove two LMW PAHs, naphthalene (NAP) 

and ACE, from aqueous solutions. According to their findings, the increase in temperature to 35˚C 

could assist the adsorbent in removing 94.0 and 92.5% of the two PAHs from solutions, 

respectively, implying that PAH adsorption was endothermic [188]. Awoyemi (2011) proposed 

that water molecules form hydrogen bonds with the oxygen groups of the AC surface at lower 

temperatures, resulting in a steric impediment to the PAH adsorption. However, when the 

temperature rises, the steric impediment is reduced, which consequently leads to an increase in the 

AC adsorption capacity [52,121]. From these findings, it can be inferred that the efficiency of the 

MGAC-based soil washing for the removal of PAHs from soil may be affected in cold climates. 
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Figure 5.6. Removal of PAHs from soil with MGAC in soil washing at different washing parameters (a) 

MGAC dose, (b) Liquid/ soil ratio, (c) stirring speed, (d) washing time, (e) pH, (f) temperature 
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The soil washing process was optimized at MGAC dose of 2% (w/w), L:S ratio of 15:1, stirring 

speed of 100 rpm, washing period of 24 h, natural pH of the soil, and temperature of 25 C, 

removing 47.4% of the total PAHs from the soil. The employed remediation method had the 

benefit of using an adsorbent with high PAH uptake capacity which removed PAHs from a real 

contaminated soil within a short time. Furthermore, in this method, the PAH-loaded MGAC 

particles were easily retrieved from the soil using a magnetic field, suggesting that no secondary 

source of pollution would be left in the soil after treatment. 

5.4.4 Thermodynamic study  

The difference in bond energies between adsorbate and the adsorbent is denoted by the enthalpy 

parameter (ΔH°). A negative ΔH° indicates that the heat is released from the reactions, while a 

positive ΔH° means that the heat is absorbed in the adsorption process. The affinity of the MGAC 

towards the PAHs can be reflected by a positive value of the entropy parameter (∆S°), implying 

that the PAHs adsorption becomes more disordered (randomness) during the treatment process. 

On the other hand, when ∆S° is negative, the system is more ordered [188,190]. Spontaneous 

reactions have a negative Gibb’s free energy (∆G°), which implies they release energy during the 

adsorption process and can proceed without energy input. On the other hand, reactions with a 

positive ∆G° (non-spontaneous reactions) require energy input to proceed. Table 5.3 shows the 

thermodynamic parameters for the LMW, HMW, and total PAHs adsorption onto MGAC in the 

soil washing process. The quantities of enthalpy (∆H°) and entropy (∆S°) were obtained by 

plotting LnKc versus 1/T (Eq. 5.6), where the slope represented enthalpy and the intercept was 

entropy. Positive ∆G° values of 1.14, 1.71, and 1.55 kJ/mol at 5 ̊ C and 0.41, 0.19, and 0.25 kJ/mol 

at 25 ̊ C suggested that the reactions between the PAHs and MGAC during the soil washing process 

required energy/heat, and therefore, were endothermic [88]. The increase in ΔG° values as the 

temperature was reduced to 5˚ C and the positive values of ΔH° (11-23 KJ/mol ) were other 

evidence indicating the process favoured heat to progress [136,188]. Besides, as shown in 

Table 5.3, the ΔH° values for the LWM, HMW, and total PAHs fell in the range of 1-40 kJ/mol, 

which implies that adsorption of the PAHs onto the magnetic adsorbent was physical (Cheng et 

al., 2021; Egbosiuba et al., 2020). The positive values of ΔS°: 36.29, 75.82, and 65.11 for the 

LMW, HMW, and total PAHs, respectively, confirmed that MGAC had a high affinity for all the 

PAHs and that the randomness at the MGAC/soil slurry interface increased after PAH adsorption 

[158,199].  
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Table 5.3. Thermodynamic parameters for LMW, HMW, total PAHs adsorption onto MGAC 

 ΔH° (kJ/mol) ΔS° (J/mol.K) ΔG°(kJ/mol) 

Temperature    5˚ C 25˚ C 

LMW PAHs 11.23 36.29 1.14 0.41 

HMW PAHs 22.80 75.82 1.71 0.19 

Total PAHs 19.67 65.11 1.55 0.25 

 

5.4.5 Adsorption mechanism 

In a well-stirred soil–liquid mixture (soil slurry), PAH uptake by adsorbents such as MGAC takes 

place in four steps: (1) desorption  of PAH from soil particles using the washing solution (2) 

diffusive transport of the PAH molecule to the exterior surface of MGAC via a boundary layer; 

(3) PAH intra-particle diffusion over the interior pores of MGAC; and (4) PAH adsorption on 

MGAC adsorption sites [121]. The mechanisms of PAH adsorption on the GAC/PAC surface has 

been investigated by several studies [59,73,121,153]. These mechanisms involve π- π stacking 

interactions and H-bonding. The π- π interaction is a type of dispersion force derived from van der 

Waals forces that occurs between the PAH molecule and the carbon surface. Since PAHs and 

carbonaceous products, such as GAC/PAC and graphene, have the same hexatomic rings of a 

carbon atom, they can stack with each other by stabilizing the π- π interactions [73]. H-bonding is 

another electrostatic force that can be formed between a PAH molecule and a GAC/PAC surface, 

in which the hydrogen atom of the PAH is covalently bonded to oxygen on the carbon surface. . 

In this study, the interactions formed between the LMW and HMW PAHs and the carbon layer 

and functional groups of MGAC, as stated in section 5.4.1 (FTIR analysis), played the main role 

in adsorbing the PAH analytes during the soil washing process. 

The concentrations of PAHs in the soil before and after the treatment process are presented in 

Table 5.4. For LMW PAHs, the removal % was in the range 34.6-57.7%, with the highest being 

recorded for ANT. The removal efficiency for the HMW PAHs ranged from 27.9% (B[a]A) to 

67.1% (FLUO), indicating that the MGAC composite was also capable of adsorbing this group of 

PAHs from the soil. Furthermore, these findings (Table 5.4) revealed that the adsorption efficiency 

of MGAC for most of the LMW and HMW PAHs was almost in the same range, although the 

removal % was slightly higher for the total HMW PAHs (45.8% LMW PAHs vs. 48.0% HMW 

PAHs). The adsorption capacity of the MGAC for each PAH compound was also presented in 
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Table 5.4. The PAH uptake of the magnetic adsorbent from the soil slurry was determined to be 

38.1, 110.5, and 148.6 µg/mg for the LMW, HMW, and total PAHs, respectively, which was in 

agreement with the range of maximum adsorption capacities obtained using the Langmuir isotherm 

model for the PAHs (Table 5.1 and Table 5.2).  

Table 5.4. PAHs removal by soil washing combined with adsorption (MGAC) 

PAH 

Component                

Initial PAH 

concentration 

in soil (µg/g) 

Final PAH 

concertation 

(µg/g) 

PAHs 

Removal 

(%) 

MGAC 

qe 

(µg/mg) 

No. of 

aromatic 

rings 

Molecular 

weight 

(g.mol-1) 

 ACE 3.9 2.4 37.3 1.1 3 154 

 FLU 1.4 0.7 46.3 0.5 3 166 

 PHE 52.9 34.6 34.6 13.7 3 178 

 ANT 52.8 22.3 57.7 22.8 3 178 

Ʃ4LMW 110.9 60.1 45.8 38.1 - - 

 FLUO 131.3 43.2 67.1 66.1 4 202 

 PYR 77.0 51.1 33.6 19.4 4 202 

 B[a]A 26.5 19.1 27.9 5.6 4 228 

 CHR 14.6 10.0 31.4 3.4 4 228 

 B[b]F 12.5 8.7 29.9 2.8 5 252 

 B[k]F 6.6 4.1 38.4 1.9 5 252 

 B[a]P 16.7 10.1 39.3 4.9 5 252 

 B[ghi]P 4.8 2.7 43.7 1.6 6 276 

 IDP 7.7 4.6 40.2 2.3 6 276 

 D[a,h]A 9.0 5.7 35.9 2.4 5 278 

Ʃ10HMW 306.7 159.4 48.0 110.5 - - 

Ʃ14PAHs 417.6 219.5 47.4 148.6 - - 

 

There are some previous studies on the bare (unmodified) activated carbon for treatment of the 

PAH-contaminated soil; however, very limited information exists on the application of magnetized 

activated carbon. Hale et al. (2012) applied a GAC amendment method to a PAH-contaminated 

soil in a field-scale study. According to their findings, the adsorbent reduced the concentration of 

the total PAHs in the soil by 56% 12 months after amendment [33]. Despite the relatively 

successful PAH removal by the bare GAC, the researchers did not report any method for the 

adsorbent recovery from the soil. Besides, a twelve-month treatment process was very long and 

expensive as it could demand significant energy consumption and system maintenance. In another 
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study, Jakob et al. (2012) investigated the amendment of GAC to PAH-contaminated soil samples 

for 28 days. Their results showed that the amendment of 2% GAC (w/w) decreased the PAHs 

concentration in the soil by nearly 47 % after the treatment period. The researchers used an 

excavator to mix GAC with soil; however, they did not determine how the PAH-loaded GAC 

particles were retrieved from the soil after treatment [34]. The GAC amendment method discussed 

in both studies was time-consuming with higher operational costs and unclear retrieval of the GAC 

after use. In this study, however, the results obtained for removing PAHs by the magnetized GAC 

(Table 5.4) are comparable to those reported above. Aside from the shorter remediation time, 

another advantage of utilizing MGAC in the soil washing process was its high recovery percentage 

after adsorption (more than 95%), suggesting that the magnetic susceptibility of the MGAC 

particles was at an optimal level.  

 Conclusions 

This study examined the performance of soil washing in combination with adsorption by 

magnetized granular activated carbon (MGAC) to remove PAHs from a real contaminated soil 

sample. The presence of magnetite nanoparticles on the MGAC surface was confirmed by XRD, 

FTIR, and EDS techniques used to characterize the synthesized adsorbent. The BET test results 

revealed that the specific surface area and total pore volume of GAC were reduced by 12% and 

10%, respectively, after the magnetization procedure. The Langmuir isotherm model was found to 

fit the experimental data the best, demonstrating monolayer adsorption of PAHs onto MGAC. The 

maximum PAH adsorption capacity of MGAC was estimated in the range 7.9-9.9 µg/mg for the 

LMW PAHs, 6.2-18.4 µg/mg for the HMW PAHs, which showed a higher affinity of the magnetic 

adsorbent for the HMW PAHs than LMW PAHs. 

For the contaminated soil sample used in this research, the optimum soil washing parameters were 

determined as: 2% MGAC (w/w), L:S of 15:1, stirring speed of 100 rpm, washing time of 24 h, 

pH of 8.3 (original soil pH), and temperature of 25°C. The performance of soil washing under the 

optimal conditions resulted in the highest removal efficiency of 45.8, 48.0%, and 47.4% for the 

LMW, HMW, and total PAHs, respectively. After treatment, 95% of the MGAC particles were 

recovered from the soil, indicating that only a small amount of the PAH-loaded MGAC remained 

in the soil, which would not constitute a significant source of pollution. Considering the adsorption 

affinity of MGAC for PAHs and the proportion of MGAC particles recovered from the treated 

soil, it can be concluded that the optimized soil washing using MGAC as the adsorbent was 
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relatively efficient in removing PAHs from the soil. According to the thermodynamic study, the 

PAH adsorption onto MGAC was endothermic and non-spontaneous. The thermodynamic results 

also indicated the physical adsorption of LMW and HMW PAHs onto MGAC through the 

formation of the π- π interactions and H-bonding between PAHs and the magnetic adsorbent.  
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6 The Application of Surfactant-Enhanced Soil Washing Process Combined with Adsorption 

using a Recoverable Magnetic Granular Activated Carbon for Remediation of PAH-

Contaminated Soil  

 

 Abstract 

The efficiency of surfactant-enhanced soil washing combined with adsorption for PAHs removal 

from a real contaminated soil and the feasibility of surfactant recycling were investigated in this 

study. A synthesized magnetic granular activated carbon (MGAC) was used as the adsorbent and 

Tween 80 was the surfactant employed in this research. The experimental data for the adsorption 

of PAHs from aqueous phase by the MGAC composite were fitted the best with the Dubinin–

Radushkevich isotherm model (0.66<R2<0.91), with the maximum adsorption capacity of MGAC 

for the PAHs being in the range 6.2-10.9 µg/mL. According to the PAH solubilization tests, the 

increase in the Tween 80 dose from 1% to 5% (v/v) resulted in an increase in the total PAHs 

solubility up to ≈ 40%. The optimum range of the operational parameters of Tween 80 enhanced 

soil washing were determined as 5% Tween 80, a liquid to soil ratio of 10:1, and a 72h washing 

time at 20°C. Under these conditions, the average PAHs percent removal from soil was 67.6 %. 

The remediation of contaminated soil samples using recycled 5% Tween 80 and 2% (w/w) MGAC 

(with no regeneration) was assessed in 7 successive cycles. The results indicated that removal 

efficiencies were 68.6, 70.7, 70.3, 61.6, 55.5, 50.2, and 39.4% for the repeated washing cycles, 

respectively. Tween 80 and the non-regenerated MGAC did not produce any waste or effluent 

after six times reuse in the treatment. The surfactant adsorption tests showed that only 5 to 10% of 

Tween 80 would be adsorbed to the soil particles, suggesting the high recovery of the surfactant 

solution from the soil. 

 

Keywords: Polycyclic aromatic hydrocarbons; Surfactant (Tween 80); Magnetic granular 
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 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) have been designated as hazardous pollutants by several 

environmental bodies, including the US Environmental Protection Agency and the Canadian 

Council of Ministers of the Environment [14,127,200]. The majority of these persistent 

hydrocarbons originate from human-made sources such as coal combustion, vehicle emissions, 

and leakage from storage tanks and transport pipes [31,155,184,186]. They may then accumulate 

in soil or leak into water resources, therefore, contaminating the food chain and water supplies, 

and posing a risk to human health [59,155].  

PAH-contaminated soil has been found in a vast number of industrial sites (e.g., coking factories) 

and transportation infrastructure (e.g., gas stations) around the world, threatening human health 

and the environment. These contaminated sites, designated as superfund sites in US or brownfields 

in Canada, require cleanup to meet existing regulations and policies. In addition, with the 

expansion of metropolitan areas over the last few decades, many of these sites are now located 

within urban areas and are being considered for redevelopment. Thus,  there is a need for the 

implementation of rapid and cost-effective remediation strategies [8,59,201–203]. 

Solidification/stabilization, soil vapour extraction, vitrification, supercritical fluid extraction, 

bioremediation, soil washing, and soil replacement are some of the technologies utilized to 

remediate PAH-contaminated soils [12,55,204]. Bioremediation, which is known to be affordable, 

may not be effective in areas with cold climatic conditions as it takes a long time (i.e., several 

months) to remove the contaminants from soil [55]. Although most of the above-mentioned 

remediation techniques have been reported to remove significant amounts of PAHs from 

contaminated soil, they can be expensive due to the required treatment facilities and maintenance 

services or severely impacted by cold climatic conditions [55,204]. 

Soil washing with surfactant is one of the potential remediation techniques that can effectively 

remove contaminants from soil in a relatively short time duration [60,61]. This remediation process 

has been implemented in the USA, Canada, and many European countries in accordance with 

regulatory standards and best management practices in recent years [59]. A major step in 

successful soil washing process is identifying and utilizing a proper surfactant for the soil and the 

type of target contaminants (e.g., PAHs as organic and heavy metals as inorganic contaminants). 

In the case of PAH-contaminated soils, the efficiency of surfactants such as Triton X-100 (TX100), 

Polysorbate 80 (Tween 80), and Sodium dodecyl sulfate (SDS) has been reported in literature [59–
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61]. However, one major drawback of surfactant-enhanced soil washing is that it generates 

polluted washing effluent, which could be subject to discharge standards and needs to be treated 

before final disposal or recycle [55,61]. Therefore, it is essential to treat the contaminated washing 

effluent. 

Adsorption using activated carbon (AC) is a potential method to remove PAHs from washing 

effluent due to its high efficiency, easy implementation, and low cost [33,66]. However, the 

recovery of AC from soil slurries after the treatment is a very challenging task, and the separation 

methods such as filtration or centrifugation are ineffective or impractical for this purpose. As a 

result, the PAH-loaded AC particles may remain in the soil after treatment, forming a secondary 

source of contamination that is toxic to soil organisms and plants. The use of a magnetized AC 

(MAC) in the combined soil washing and adsorption process can address this issue and be more 

practical since the MAC particles can be readily separated from soil using an external magnetic 

field. 

Considering the above, the primary goal of this study was to employ a surfactant-enhanced soil 

washing process combined with adsorption by MAC composite to remove PAHs from 

contaminated soil. Also, the feasibility of recycling and reuse of surfactant was investigated, which 

could result in decreasing the washing effluent volume and operating costs. Mirzaee and Sartaj 

(2021) demonstrated the use of magnetic powder and granular activated carbons (MPACs and 

MGACs) for the removal of PAHs from aqueous solutions [153]. The PAH removal efficiency of 

MGAC synthesized by co-precipitation (MGAC-Cop) was obtained at 98.3%, and this MGAC 

was selected for the current research to be used in conjunction with the surfactant-enhanced soil 

washing process. Although MPAC synthesized by the precipitation method also showed high 

removal percentage (99.3%), the findings from preliminary tests indicated much greater recovery 

of MGAC particles from the soil washing stage compared with MPAC particles (95% vs 67%). 

Moreover, the ionic and non-ionic surfactants, SDS and Tween 80, were used in the soil washing 

preliminary tests, and Tween 80 showed better performance in removing PAHs from soil. This 

surfactant has also been reported to be more environmentally friendly and cost-effective than SDS 

[61,205,206]. Hence, Tween 80 was selected for remediation of a real PAH-contaminated soil. 

The recovery and reuse of MGAC by a regeneration method or just simple washing was another 

objective of this work.  To the best of the authors’ knowledge, there is no similar study employing 

a combined surfactant-magnetic adsorbent system for remediation of PAH-contaminated soil.    
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 Experimental  

6.3.1 Materials  

The Tween 80 surfactant (density: 1.064 g/cm3; critical micelle concentration (CMC): 0.012 mM) 

was purchased from VWR (Radnor, PA, USA). Granular activated carbon with particle sizes 

mostly in the range of 250-850 µm was supplied by Calgon Carbon (Pittsburgh, PA, USA). The 

iron precursors, Iron (II) Sulfate Heptahydrate (FeSO4·7H2O) and Iron (III) nitrate nonahydrate 

(Fe(NO3)3·9H2O), used for the synthesis of the MGAC composite were obtained from Sigma-

Aldrich (St. Louis, USA).  The PAH standard solutions containing LMW PAHs: phenanthrene 

(PHE), acenaphthene (ACE), anthracene (ANT), and fluorine (FLU), and HMW PAHs: pyrene 

(PYR), benzo(a)pyrene (B[a]P), benzo[a]anthracene (B[a]A), benzo[ghi]perylene (B[ghi]P), 

fluoranthene (FLUO),  benzo[b]fluoranthene (B[b]F), chrysene (CHR), benzo[k]fluoranthene 

(B[k]F), dibenz[a,h]anthracene (D[a,h]A), and indeno[1,2,3-c,d]pyrene (IDP) were purchased 

from AccuStandard (New Haven, CT, USA). HPLC-grade solvents such as acetonitrile, hexane, 

and acetone were provided from VWR (Radnor, PA, USA) for PAH analysis and soil extraction 

purposes. Sodium azide (NaN3) and Potassium nitrate (KNO3) used as the biological inhibitors 

were purchased from Sigma Aldrich (St. Louis, MO, USA). 

6.3.2 MGAC synthesis 

The MGAC (GAC/Fe3O4) composite was synthesized using a modified co-precipitation method 

[124]. Briefly, solutions of 1 M Fe(NO3)3·9H2O and 0.1 M FeSO4·7H2O were prepared separately, 

and then, mixed with 350 mL deionized water inside a 500mL reaction vessel. On a magnetic 

stirrer, the mixture was aggressively stirred at 650 rpm for 10 min, and the agitation was 

supplemented with nitrogen bubbling to prevent ferrous ion oxidation. After that, 2 g GAC was 

added to the mixture as the magnetic composite base, and the agitation was continued for another 

10 min. Finally, 35 mL of 1M NaOH solution was added dropwise to the reaction vessel to enable 

the magnetic composite to precipitate. The reaction vessel was then taken from the stirrer and the 

black precipitated particles were separated from the supernatant. To eliminate impurities and 

neutralize the pH of the prepared magnetic composite, the MGAC particles were rinsed three times  

6.3.3 MGAC characterization  

The surface area of GAC and the synthesized MGAC was determined by Brunauer-Emmet-Teller 

(BET)-N2 adsorption using the Micromeritics Accelerated Surface Area & Porosimetry technique 
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(2020) (GA, USA). The pore size distribution of GAC and MGAC was measured using the Barrett-

Joyner-Hanlenda (BJH) technique at 77.3 K. To characterize the surface morphology of the bare 

and magnetic adsorbents, a small amount of each sample (<10 mg) was placed on a carbon-coated 

grid, and then, analyzed by a field emission scanning electron microscope (FE-SEM, JSM-7500F, 

JEOL, USA) [155]. A Nicolet 6700 Fourier transform infrared (FTIR) spectrometer (Thermo 

Fischer, USA) was used to collect the MGAC FTIR spectra before and after PAHs adsorption. The 

FTIR spectra were recorded at a pressure of 150 kg/cm2 and in the wavenumber range of 4500–

400 cm-1, with 32 scans per spectrum at a resolution of 4 cm-1. 

6.3.4 Preparation of the mixed PAHs working solutions 

In order to evaluate the PAH adsorption capacity of MGAC using the adsorption isotherms 

experiments, a series of PAH working solutions were prepared according to method TO-13A 

[207]. For this purpose, a 500 µg/mL PAH standard solution (1mL) was diluted in a 5 mL 

volumetric flask using acetonitrile to obtain a final PAH concentration of 100 µg/mL. The diluted 

solution was then serially diluted with acetonitrile in separate volumetric flasks and used to provide 

the PAH working solutions with concentrations ranging from 0.5 to 10 µg/mL. Before the 

adsorption isotherm tests, all of the PAH solutions were agitated on an orbital shaker for 1 h to 

ensure that they were sufficiently homogenized. 

6.3.5 PAHs adsorption experiments 

The adsorption isotherms experiments were carried out by loading 125 mL conical flasks with 30 

mL deionized water and different amounts of PAHs to obtain final PAH concentrations of 0.5-10 

µg/mL. Potassium nitrate (1 g/L) and sodium azide (0.2 g/L) were added to the flasks to prevent 

the potential growth of microorganisms, followed by homogenizing the solutions on the orbital 

shaker at 50 rpm for 0.5 h. Then, 30 mg of the magnetic composite (MGAC-CoP) was applied to 

each sample, and the solutions were shaken at 100 rpm and 20°C until the PAH adsorption reached 

equilibrium (24 h) [137,141,153,157]. Prior to analysis, the MGAC particles were separated from 

the flasks using a magnetic bar. The solutions were extracted with methylene chloride by hand 

shaking and stirring on a vortex mixer for 2 min [193].  The methylene chloride containing residual 

PAHs were then separated from the solution by centrifugation at 7000 rpm for 3 min and using a 

pipette. The extraction process was repeated three times and all the extracts were combined, and 

subsequently, concentrated into 2-4 mL in acetonitrile for HPLC analysis [127]. The adsorption 
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tests were conducted in duplicate, and control samples without the addition of MGAC were run in 

parallel to estimate the recoveries of PAH compounds from the solutions [141]. 

The following equation was used to calculate the amounts of PAHs sorbed onto the magnetic 

composite at equilibrium: 

qe=
(C0−Ce)V

M
      (6.1) 

Where qe (µg/mg) represents the PAHs adsorption capacity of MGAC-CoP, and C0 and Ce 

(µg/mL) are the initial and final concentrations of PAHs in the solutions, respectively. V describes 

the solution quantity (mL) and M is the mass of the magnetic composite (mg) added to each 

solution [137,158]. 

The PAHs adsorption isotherms of MGAC-CoP were investigated by fitting the Dubinin–

Radushkevich and Redlich-Peterson isotherm models to the experimental adsorption data. The 

Dubinin–Radushkevich (D-R) isotherm model was employed to determine the type of adsorption 

mechanism that occurred during the treatment process [208]. The D–R model takes into account 

the impact of the porous structure of the adsorbent on the adsorption process and correlates the 

contaminant adsorption to pore volume filling rather than layer-by-layer adsorption on the pore 

wall [209]. This model describes the characteristic porosity and mean free energy of adsorption 

using the following equations:  

qe =  qm. exp (−Kad(RT. ln (1 +
1

Ce
))2   (6.2) 

E = √(
1

−2Kad
)                  (6.3) 

where qe shows the adsorption capacity of MGAC-CoP at equilibrium, qm is the theoretical 

maximum adsorption capacity of the MGAC composite (µg/mg); Kad is the D-R constant 

associated with the mean adsorption energy (kJ/mol); R is the universal gas constant (J/mol.K), T 

is the temperature (K), and E represents the mean adsorption energy (kJ/mol) [208].  

Equation 6.3 is used to assess the type of adsorption process, which can be physical or chemical. 

To do this, the model determines the mean free energy of adsorption per molecule of adsorbate in 

solution as it is transferred from infinity to the adsorbent surface. When the E value lies between 

1 and 8 kJ/mol, the adsorption behaviour is physical, and when E is over this value, it means that 

the adsorption is chemical [158]. 

Redlich-Peterson (R-P) is an empirical isotherm model consisting of three parameters that 

incorporates the features of the Langmuir and Freundlich isotherm models into a single model. 
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The R-P model represents the adsorption equilibrium over a wide concentration range and can be 

utilized for both homogeneous and heterogeneous adsorption surfaces[157]. This isotherm model 

is expressed using the following equation: 

qe =  
KRPCe

1+∝RPCe
β      (6.4) 

where KRP and αRP are the adsorption capacity and isotherm constants of the R-P model, and β is 

the exponent factor which ranges from 0 and 1. When β=1, the R-P model equation changes to the 

Langmuir equation, and when this parameter equals 0, the R-P equation becomes Henry’s Law 

equation [157,210–212]. A value of β between 0 and 1 indicates that the adsorption process is 

favorable. In the case of KRP and αRP, they suggest an approximation of the Freundlich model when 

their values are far above 1 [157,211].  

6.3.6 PAHs solubilization  

Batch solubilization experiments with solutions containing 1 µg/mL PAHs and various doses of 

Tween 80 (0.5-5% v/v) were conducted to determine the maximum solubility of PAHs in the 

surfactant solution [60,208]. The quantity of the solutions and doses of Tween 80 were the same 

as in the soil washing tests for the sake of comparison. After adding potassium nitrate and sodium 

azide to the samples, they were sealed and mixed on the orbital shaker at 150 rpm for 24 h. The 

solutions were then extracted by methylene chloride on the vortex mixer [193], and the solvent 

was condensed to a more compatible HPLC solvent, acetonitrile.  25 µL of the extracts were 

injected into HPLC to measure the concentration of residual PAHs in the solutions. The 

solubilization rate was obtained by plotting the PAH solubility (%) versus the surfactant doses 

[61].  

6.3.7 Surfactant (Tween 80)-enhanced soil washing combined with adsorption by MGAC 

As the first phase, a series of soil washing experiments were performed to investigate the effects 

of different parameters on the removal of PAHs using Tween 80-enhanced soil washing. The soil 

samples were collected from an abandoned industrial site in Canada containing residues of coal 

and ash. The soil samples were air-dried, and then, passed through a 0.425 mm sieve to remove 

coarse particles and debris [120]. The pH of the soil samples was found to be 8.3 due to the 

industrial activities in the contaminated site. The soil contained 36.7% gravel, 58% sand, 4% silt, 

and 1.3% clay, and 4% soil organic matter (ASTM D2487-06), indicating a sandy soil with silt 

and low organic matter content. The critical washing parameters were examined in the following 
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order: washing time (3, 10, 24, and 72 h), liquid to soil ratio (5:1, 10:1, and 15:1), temperature (4 

°C and 20 °C), and Tween 80 dose (0, 1, 2, and 5% v/v). For each set of tests, one parameter was 

examined at different values, while the others were maintained constant. The optimal value 

achieved was used in subsequent tests to optimize the remaining parameters. The first set of tests 

was carried out with different time periods, a Tween 80 dose of 2% (v/v), an L/S ratio of 10:1, and 

a temperature of 20 °C. In 125 mL conical flasks, the 2% Tween 80 was added to 30 mL deionized 

water and the solution was homogenized for half an hour. The biological inhibitors were added to 

the solutions, followed by placing 3g of the contaminated soil in each flask. The flasks were 

covered with aluminum foils, and subsequently, agitated at 150 rpm on the shaker for certain time 

periods.  

To evaluate the feasibility of the surfactant solution recycling, the MGAC composite (2%, w/w) 

was added to the samples after 24 h, and the agitation was continued for another 48 h. After 

shaking, the flasks were set aside for a few minutes to allow the soil particles to settle. Then, the 

surfactant solutions were separated from the treated soils and poured into centrifuge tubes, 

followed by centrifuging at 7000 rpm for 8 min. The soil residue in the centrifuge tubes and the 

soil in the flasks were air-dried and then combined. The MGAC particles were separated from the 

dried soils using a magnetic bar and rinsed with distilled water to remove the fine soil particles. 

The treated soil was extracted using 1/1 (v/v) acetone/hexane in an ultrasonic bath for 10 min 

according to method 3045, USEPA [127]. The soil extraction procedure was repeated three times 

for each sample, and the extracts were then mixed and concentrated into acetonitrile for analysis 

purposes [59,60,72].  All the soil washing experiments were performed in triplicate and the parallel 

control samples were also tested without the addition of Tween 80 and MGAC. 

The adsorption of Tween 80 onto soil particles was measured using DR6000 UV-VIS Laboratory 

Spectrophotometer (HACH, Canada). For this reason, 10 mL of the Tween 80 solution was tested 

in the spectrophotometer at a wavelength of 282 nm after each washing cycle. The adsorbed 

portion of the surfactant solution was determined based on the difference between the acquired 

concentration and the concentration of the solution in the previous washing cycle. 

6.3.8 PAH measurement 

The supernatants extract containing PAHs in methylene chloride or acetone/hexane (1/1 v/v) were 

exchanged to acetonitrile according to method 8310 [127]. After filtration with 0.45 µm PTFE 

filter, 25 µL of the PAH extracts were injected into the High-Pressure Liquid Chromatography 
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(HPLC, Hewlett–Packard 1100, Agilent Technologies, USA) instrument equipped with a reverse 

phase HPLC column (ZORBAX Eclipse PAH, 95Å, 4.6×250mm×5µm). The calibration samples 

for the HPLC analysis were prepared at concentrations ranging from 0.5 to 100 µg/mL. The mobile 

phase for the HPLC chromatography column was determined as 95/5 (v/v) acetonitrile and 

deionized water with a flow rate of 0.6 mL/min. The PAHs in the HPLC column were detected 

using a multiple wavelength detector (MWD, Agilent Technologies, USA) at the wavelengths of 

210.8, 224.4, 230, 8, 254.4, and 270.9 nm.  

 Results and discussion 

6.4.1 Characterization of GAC and MGAC-CoP 

According to the BET technique, the surface area of the MGAC-CoP composite was measured at 

837.9 m2/g, which was nearly 12% less than the GAC surface area (949.5 m2/g). The total pore 

volume and micropore volume of MGAC were obtained as 0.53 and 0.26 cm3/g, respectively, 

whereas these were 0.58 and 0.29 cm3/g for the bare GAC. The difference in surface area and total 

pore volume between MGAC and GAC was due to the blocking of the GAC pores by iron and 

oxygen groups due to the magnetization process [141,155]. However, with regard to the results 

obtained in similar studies for GAC magnetization [39,68,84,155], these reductions (≈10%) would 

not negatively impact the MGAC adsorption capacity for the PAH compounds. 

The nitrogen adsorption-desorption isotherm of the MGAC composite is illustrated in Figure 6.1a. 

The isotherm has the shape of a type I isotherm with an H4 hysteresis loop that appeared at the 

relative pressure (P/P0) of 0.4–1.0. This type of isotherm is regarded by the IUPAC classification 

for adsorbents with a significant number of mesopores, micropores, and macropores in their 

matrices [141,190]. The pore-filling phenomenon occurs without capillary condensation in the low 

relative pressure region (Figure 6.1a). After filling the micropores, adsorption continues on the 

external surface of the adsorbent. However, at the high relative pressures, the majority of the 

adsorption sites are occupied, lowering the sorption capacity of the adsorbent [213,214]. The type 

H4 hysteresis loop is tied to the type I isotherm, as shown in Figure 6.1a, indicating the presence 

of micropores in the MGAC matrix [171,213,215]. 

The pore size distribution of the prepared MGAC composite was presented in Figure 6.1b. The 

shape of the graph reflects the fraction of the total pore volume in MGAC that is accessible to the 

PAHs molecules. MGAC has an average pore size of approximately 5.5 nm, with some micropores 
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and the greatest peaks falling between 0.4 and 3 nm in the pore size distribution (Figure 6.1b). The 

average diameter of a Tween 80 micelle, on the other hand, was estimated to be around 7 nm [216], 

and the average width and length of the PAH compounds were in the range 0.85-1.05 nm and 0.92-

1.18 nm, respectively [217,218]. It means that the Tween 80 micelles were unable to penetrate the 

MGAC micropores, whereas the majority of the PAHs could be adsorbed by the MGAC 

micropores during the treatment process [208]. 

a) 

 

b) 

Type I isotherm 
H4 hysteresis loop 
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c)    GAC      MGAC-CoP 

 

d) 

 

Figure 6.1. (a) N2 adsorption-desorption isotherm (b) pore size distribution (c) and FE-SEM images of 

MGAC-CoP (d) FTIR spectra of MGAC-CoP before and after PAHs adsorption 

Figure 6.1c illustrates the morphological properties of GAC and MGAC obtained using the FE-

SEM instrument. The SEM image of GAC indicates that it was a porous adsorbent with an irregular 

shape, while the image for MGAC clearly shows that the clusters of iron oxide particles covered 

Fe-O 
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the porous surface of AC. The Fe3O4 nanoparticles were evenly dispersed in a form of spongy 

crust across the GAC matrix, providing the adsorbent with appropriate superparamagnetic 

properties [99,219]. The SEM image of the MGAC composite was also analyzed using the ImageJ 

software, of which the length of the nanoparticles we found to be in the range 5-25 nm. 

Figure 6.1d presents the FTIR analysis results for the MGAC composite before and after the PAHs 

adsorption. The sharp peaks emerged at 492 and 525 cm-1 in the MGAC spectrum before 

adsorption as well as the peaks centered at 482 cm-1 and 536 cm-1 in the PAH-loaded MGAC 

spectrum are correspondent to stretching vibration of Fe-O band in the magnetite nanoparticles of 

MGAC [29]. The medium peak centered at 785 cm-1 in the spectrum of the pure MGAC shifted to 

804 cm-1 after the PAHs adsorption, which is attributed to the deformation out of plane of the C-

H bond in the PAHs molecules. The other medium peak located at 903 cm-1 in the spectrum of the 

pure MGAC shifted to 887 cm-1 after PAHs adsorption, which can be associated with the stretching 

vibration of bonding of the MGAC hydroxyl groups and PAHs hydrogen [52,70,130,153]. The 

spectrum of MGAC after the PAHs adsorption shows some weak signals emerged at 1360 and 

1640 cm−1, which can be assigned to the stretching vibration of C=C and C=O bonds in the 

carboxylic groups (O=C−O) of MGAC. Also, the two broad bands that appeared at 3160 and 3340 

cm−1 in the spectrum of PAH-loaded MGAC may be related to the stretching vibration of 

hydroxyl‒OH groups of MGAC after PAHs adsorption [132,153]. All of these changes observed 

in the spectrum of MGAC after the adsorption tests are evidence of the formation of physical bonds 

(van der Waals forces) between PAHs and MGAC. 

6.4.2 PAHs adsorption isotherms 

The experimental data obtained from the PAHs adsorption tests were fitted with the R-P and D-R 

isotherm models using a non-linear regression method (SOLVER, Microsoft Excel). As can be 

seen from Table 6.1, the range of correlation coefficient (R2) of the D-R model for most of the 

PAHs were relatively higher than those calculated by the R-P model, except for ACE, FLU, and 

PHE. The same condition has been observed for the calculated root mean square error (RMSE), 

with lower values for D-R model compared with R-P (Table 6.1), indicating that D-R fits the 

experimental data better than the R-P model.  

According to the D-R model, the maximum adsorption capacity of MGAC for the LMW PAHs 

(ACE, FLU, PHE, and ANT) was greater than the HMW PAHs. It implies that the MGAC had a 

stronger affinity for the LMW PAHs. The maximum PAHs adsorption capacity values obtained 
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for MGAC were lower than those reported by Inbaraj et al. (2021) for B[b]F, B[a]P, CHR, and 

B[a]A (28.08, 22.75, 19.14, and 15.86 µg/mg) using magnetic AC, and Zhang et al. (2019) for 

PHE (74.6 µg/mg) using carbon nanotubes. Despite the higher adsorption capacity of the 

carbonaceous adsorbents, the researchers did not provide any information on the efficiency of the 

employed adsorbents for other USEPA priority PAHs. Eeshwarasinghe et al. (2019) reported a 

maximum adsorption capacity of 2.63 µg/mg for ACE and 7.36 µg/mg for PHE using GAC. 

Valderrama et al. (2008) used GAC to remove NAP, ACE, FLU, ANT, PYR, and FLUO from 

aqueous solutions. According to their isotherm modeling results, the maximum adsorption 

capacities of GAC for the six PAHs were as 0.14, 0.11, 0.15, 0.23, 0.11, and 0.09 µg/mg, 

respectively. Although the two latter studies used the bare GAC, which has a larger adsorption 

capacity than MGAC, their estimated maximum adsorption capacities of GAC for PAHs were 

significantly lower than those determined in this study (Table 6.1). 

Table 6.1. Evaluation of the PAHs adsorption isotherms using the D-R and R-P isotherm models  

 Dubinin–Radushkevich (D-R)   Redlich-Peterson (R-P) 

PAH 

qmax 

(µg/mg) 

Kad 

(mol2/kJ2) 

E 

(kJ/mol) 

R2 

 

RMSE 

 

KRP 

(L/mg) 

αRP 

(L/mg) 

β R2 

 

RMSE 

ACE 10.87 0.01 6.98 0.66 2.15 0.26 0.026 1.19 0.80 1.64 

FLU 10.11 0.01 8.98 0.81 1.58 0.58 0.062 1.06 0.85 1.40 

PHE 8.54 0.05 3.30 0.83 1.30 0.02 0.002 1.24 0.86 1.20 

ANT 8.29 0.06 2.80 0.91 0.93 0.02 0.002 0.94 0.90 0.98 

FLUO 6.19 0.02 5.47 0.77 1.28 0.34 0.064 0.84 0.76 1.31 

PYR 7.96 0.12 2.04 0.87 1.05 0.03 0.004 0.64 0.68 1.65 

B[a]A 7.15 0.36 1.19 0.84 1.02 0.79 0.272 0.43 0.73 1.33 

CHR 7.94 0.56 0.95 0.82 1.14 0.44 0.178 0.30 0.67 1.53 

B[b]F 8.16 0.54 0.96 0.82 1.14 0.46 0.181 0.29 0.68 1.55 

B[k]F 8.15 0.37 1.16 0.87 0.99 0.36 0.113 0.38 0.75 1.37 

B[a]P 7.65 0.15 1.85 0.87 1.01 0.04 0.009 0.54 0.85 1.09 

B[ghi]P 8.93 0.54 0.96 0.78 1.35 0.11 0.039 0.22 0.65 1.71 

IDP 8.74 0.32 1.24 0.89 0.96 0.02 0.005 0.37 0.78 1.34 

D[a,h]A 8.40 0.36 1.18 0.87 1.00 0.23 0.069 0.36 0.75 1.39 

 

Table 6.1 also shows that the mean energy sorption (E) of PAHs calculated using Equation 6.3 fell 

in the range of 1 kJ/mol and 8 kJ/mol, suggesting that the adsorption of PAHs was physical 

adsorption [158]. Besides, the majority of the PAHs had a β value between 0 and 1 according to 



(128) 

 

the R-P isotherm model, which indicates that the adsorption process was favourable. For all HMW 

PAHs, the β values ranged from 0.22 to 0.84, while these values for LMW PAHs were estimated 

to be nearly 1 (0.94-1.24), showing that the R-P model was approaching the ideal Langmuir model 

[209,212]. Furthermore, KRP and αRP values were found to be lower than 1, implying that the 

adsorption process did not exhibit the characteristics of the Freundlich model. As a result, the 

MGAC surface could be considered homogeneous, and the adsorption sites were distributed 

uniformly on the adsorbent surface[190,211]. 

6.4.3 PAHs solubilization 

The relationship between PAHs solubility and Tween 80 dosage is shown in Figure 6.2. The initial 

concentration of each PAH compound in the solution was set at 1 µg/mL. As it is apparent from 

the figure, increasing the surfactant dose resulted in an increase in the solubility of both LMW and 

HMW PAHs and hence the total PAHs in a nonlinear pattern. The total solubility of the LMW 

PAHs (ACE, FLU, PHE, and ACN) was raised from 0.05 to 1.14 µg/mL after the Tween 80 dose 

was increased from 1% to 5% (v/v). The solubility of the HMW PAHs, likewise, increased from 

1.38 µg/mL to 4.85 µg/mL. Ahn et al. (2008) investigated the efficiency of soil washing using four 

different surfactants (Tween 40, Tween 80, Brij 30, and Brij 35) for removal of PHE from the soil, 

as well as the PHE adsorption by GAC during the surfactant recovery process. According to their 

findings, Brij 30 (2 g/L) had the highest PHE solubilizing capacity (84.1%) and the lowest 

adsorption to the soil particles (11%) compared to the other surfactants. However, the PHE 

adsorption onto GAC in the Brij 30 recovery process was only 33.9%, while the highest efficiency 

for GAC was obtained during the Tween 80 recovery with 56.4% PHE uptake (Ahn et al., 2008). 

Surfactant recycling is only considered successful if the adsorbent eliminates a significant amount 

of contaminants from the surfactant solution; otherwise, the solution is processed as wastewater 

[61]. In the present work, the MGAC-CoP composite was employed in soil washing to remove the 

PAHs from the surfactant solutions and clean them up before they were reused.  
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Figure 6.2. Solubility of the LMW, HMW, and total PAHs in surfactant solution at different doses of 

Tween 80 

 

 Soil washing tests with Tween 80 

6.5.1 Washing time 

A series of soil washing tests were performed at different washing periods (6-72 h), 2 % (v/v) 

Tween 80, stirring speed of 150 rpm, and temperature of 20 ˚C. Figure 6.3a demonstrates that the 

PAHs removal rate rapidly increased from 13.1% to 42.9% when the soil washing time was 

increased from 6 h and 24 h. The maximum PAHs removal rate was obtained 56.6% after the 72h 

washing period, which was relatively higher than the result of the first 24 h. One speculative 

explanation for the faster PAH removal during the first 24 h of washing can be faster desorption 

of PAHs from the coarse soil particles and uptake of residual fractions of PAHs trapped in the soil 

pores [59,60]. Furthermore, as shown in Figure 6.3b, c, and d, the 3-ring PAHs (LMW PAHs) 

were removed from the soil more quickly than the higher molecular weight PAHs, with removal 

percentages ranging from 55.4% (PHE) to 83.6% (FLU). According to Figure 6.3c, the removal 

efficiencies for the 4-ring HMW PAHs fell in the range 47.9-70.4% after 72 h, with FLUO having 

the greatest rate. In the case of the 5- and 6-ring PAHs, however, the PAH removal efficiency was 

attained between 36.6% (b[B]f) and 53.5% (B[k]F) for the same washing period (Figure 6.3d), 

indicating that the HMW PAHs were more strongly bonded to soil particles, and therefore, they 
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might need more time to desorb. Based on the above findings, the 72 h washing period was taken 

as the optimum for the next soil washing tests. 

a)       b) 

 

c)       d) 

Figure 6.3. PAHs removal rates at different washing periods; (a) total PAHs, (b) 3-ring LMW PAHs, (c) 4-

ring HMW PAHs, (d) and 5-and 6-ring HMW PAHs 
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6.5.2 Liquid:soil ratio 

The surfactant solution to soil ratio (L:S) is another key element in the soil washing process. To 

study the effect of surfactant solution volume on PAHs removal, different ratios of liquid to soil 

were examined in the soil washing tests for 72 h. As shown in Figure 6.4a, the shift in L:S from 

5:1 to 10:1 resulted in a significant increase in the total PAHs removal from 39.9% to 55.4%. 

However, further increase in the L:S from 10:1 to 15:1 led to a minor decline in the surfactant 

solution ability to remove the total PAHs. One possible reason is that the number of micelles 

generated in the surfactant solution with L:S of 15:1 was lower than the effective critical micelle 

concentration (CMC) required for PAH removal from the soil [220]. The formation of a sufficient 

amount of micelles in the surfactant solution would solubilize higher amounts of PAH compounds 

and increase their removal from the soil particles [205,221].  In this study, the effective CMC was 

formed in the L:S of 10:1, resulting in the greatest removal of total PAHs from the soil using 2% 

Tween 80 (Figure 6.4a).  This trend can also be seen in Figure 6.4c and d, where the largest 

quantities of 4- ring PAHs and 5- and 6-ring PAHs were desorbed from the soil at the L:S of 10:1. 

For LMW PAHs (Figure 6.4b), the trend was different (except for FLU), as the greatest removal 

efficiency was gained at L:S of 15:1, with the lowest removal for PHE (66.7% ) and the highest 

removal for ACE (100 %). However, because of the priority of HMW PAHs, the L:S of 10:1 was 

selected as the optimal value for the soil washing experiments. Furthermore, greater L/S ratios 

necessitate more water use in a large-scale project, resulting in higher expenditures for providing 

required equipment and energy as well as more effluents for post-treatment. As a result, the L:S of 

10:1 appeared to be the best option in this case [60]. 
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a)       b) 

c)       d)  

 

6.5.3 Temperature 

The influence of temperature on PAH removal performance of Tween 80 was investigated by 

running tests at 4 and 20˚ C with 2% Tween 80, L:S of 10:1, stirring speed of 150 rpm, and washing 

time of 72 h. As presented in Figure 6.5a, the total PAHs removal efficiency decreased 

significantly from 55.3% to 35.7% after the temperature was reduced to 4 ˚C. The observation of 

Figure 6.4. PAHs removal efficiencies at the different liquid to soil ratios; (a) total PAHs, (b) 3-ring LMW 

PAHs, (c) 4-ring HMW PAHs, (d) and 5-and 6-ring HMW PAHs 
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Figure 6.5b, c, and d reveal how the low temperature had an adverse effect on the removal of the 

LMW, 4-ring HMW, and 5- and 6-ring HMW PAHs throughout the 72h soil washing procedure. 

Among the LMW PAHs (Figure 6.5b), the removal of ANT fell dramatically from 65.9% to 25.6% 

after the temperature reduction. In contrast, the ACE removal efficiency was only reduced by 3.5% 

at 4˚ C, indicating that the removal of the lightest PAH component was less sensitive to the 

temperature change. According to Figure 6.5c, all the 4-ring HMW PAHs showed a similar trend, 

with an average reduction of about 20% after the temperature reached 4˚ C. The PAHs removal 

efficiency of soil washing decreased the most at the cold temperature for 5- and 6-ring PAHs as 

demonstrated in Figure 6.5d. At 20 ˚C, the removal percentages for B[b]F, B[k]F, B[a]P, B[ghi]P, 

IDP, and D[a,h]A were 36.6, 53.5, 47.2, 45.3, 46.8, and 43.0%, respectively. These values 

plummeted to 27.1, 25.8, 23.9, 18.8, 18.5, and 23.7%, respectively, after the temperature was 

reduced to 4 ̊ C, showing a 22.4% decline in Tween 80 removal performance for these compounds. 

The remarkable changes in the PAHs removal as a function of temperature indicated that the 

desorption and dissolution of PAHs in Tween 80-enhanced soil washing were temperature-

dependent, and hence the treatment process was endothermic [60]. The effect of temperature on 

removal of organic contaminants from soil using soil washing has also been reported in the 

literature [205,222,223]. Kuyukina et al. (2005) indicated that the efficiency of Tween 60 in soil 

washing for removal of crude oil was 40% lower at 15 ̊ C than it was at 28 ̊ C [205,223]. In another 

study, Urum et al. (2004) employed sodium dodecyl sulfate (SDS) surfactant in the soil washing 

process to clean-up soil contaminated with crude oil. Their findings demonstrated that crude oil 

removal from soil at temperatures over 20 ̊ C was significantly higher than at 5 ̊ C. The researchers 

concluded that raising the temperature will decrease crude oil viscosity, and increase the oil 

mobility and interaction with the surfactant micelles [222]. 



(134) 

 

a)       b) 

  

c)       d) 

6.5.4 Surfactant dosage 

In the following set of tests, varying surfactant doses (0.5 to 5%, v/v) were utilized in soil washing, 

while other parameters with optimal values remained constant. The results showed that the rise in 

the Tween 80 dosage had a significant impact on the PAHs removal from the soil. As shown in 

Figure 6.6a, the total PAHs removal rose dramatically from 20.3 to 67.6% after increasing the dose 

Figure 6.5. PAHs removal efficiencies of soil washing at different temperatures; (a) total PAHs, (b) 3-

ring LMW PAHs, (c) 4-ring HMW PAHs, (d) and 5-and 6-ring HMW PAHs 
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of Tween 80 to 5%. The detailed results obtained for the LMW and HMW PAHs were presented 

in Figure 6.6b, c, and d. Among the LMW PAHs (Figure 6.6b), FLU showed the highest affinity 

to the Tween 80 with 100% desorption from the soil at the surfactant dose of 5%.  More than 80% 

of ANT and ACE were also removed from the soil when the Tween 80 dose was risen to 5%. PHE 

was the only LWM PAH that did not demonstrate significant desorption from the soil at high 

Tween 80 doses (59.8% removal at 5% Tween 80). The amounts of 4-ring PAHs (including FLUO,  

a)       b) 

c)       d) 

Figure 6.6. The effect of the Tween dose on the removal of (a) total PAHs, (b) 3-ring LMW PAHs, (c) 4-ring 

HMW PAHs, (d) and 5-and 6-ring HMW PAHs 
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PYR, B[a]A, and CHR) removed from soil at 5% surfactant were slightly lower than the LMW 

PAHs (Figure 6.6c), with PYR having the lowest removal (59.8%) and FLUO having the highest 

removal (79.3%). As can be observed from Figure 6.6c and d, the increase in the number of 

aromatic rings resulted in a decrease in the PAH removal efficiency of the surfactant. For the 5- 

and 6-ring PAH compounds, the removal percentages varied from 53.4% for B[b]F to 64.2% for 

B[a]P, which could be explained by the distribution coefficient equation as follows [91]: 

Kd = Foc × Koc    (6.6) 

where Kd describes the amount of sorbed PAH in its aqueous phase equilibrium, Foc is the organic 

carbon fraction of soil, and Koc is the soil organic carbon-water partition coefficient. HMW PAHs 

have a larger Koc value than LMW PAHs indicating a greater affinity to soil particles [91]. In other 

words, the values of Koc and Kd go up with the increase in the number of aromatic rings, signifying 

the formation of stronger bonds between the PAH molecule and soil particles. As a result, 

extraction of the HMW PAHs from soil would be more difficult for the surfactant solution 

compared to the LMW PAHs [59,91,197]. 

 Soil washing with Tween 80 and MGAC 

To investigate the possibility of recycling the Tween 80 solution, MGAC composite was employed 

in the soil washing process to extract PAHs from the solution and clean it up for more soil washing 

cycles. For this purpose, a series of soil washing experiments were carried out according to the 

washing procedure discussed in section 6.3.7, and the 2% (w/w) MGAC composite was added to 

each sample after 24 h to remove the desorbed PAHs from the washing solutions. The reason for 

incorporating the magnetic adsorbents into the samples after 24 h was to provide the surfactant 

solution with sufficient time to separate PAHs from the soil. To control the residual PAHs 

concentration in the Tween 80 solution after treatment, one sample of the solution was extracted 

(section 6.3.8) and the extracts were analyzed using HPLC. The analysis result revealed that 86.3% 

LMW PAHs and 94.7% HMW PAHs (accounting for 92.3% of the total PAHs) were eliminated 

from the surfactant solution either by dissolution or adsorption.  

With regard to the PAHs solubilization and PAHs adsorption isotherms results, the magnetic 

adsorbent was shown to be capable of adsorbing the majority of residual PAHs from the surfactant 

solution during soil washing, indicating that the solution could be used for additional washing 

procedures. To reuse the MGAC composite, it was regenerated with acetone: hexane (1:1 v/v) 

[127] or just rinsed with deionized water (no-regeneration). The regenerated/non-regenerated 
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MGAC was then dried overnight (80 ̊ C) and stored in sealed vials before being used in subsequent 

washing processes.  As presented in Figure 6.7a, Tween 80 treated with regenerated MGAC during 

the process removed 53.7, 52.8, 51.1, 46.8, and 43.4% of the PAHs from the soils in the five 

consecutive washing cycles. The results for soil washing cycles with the Tween80 and non-

regenerated MGAC were determined as 54.4, 53.9, 55.6, 49.0, and 45.8%, which were totally 2.5% 

higher than those with the recycled Tween80 and regenerated MGAC. One tentative explanation 

for this difference is the adverse impact of regenerating the MGAC particles with the solvents, 

which could reduce the number of active adsorption sites onto MGAC due to saturation with the 

solvent molecules.  

Besides the better results obtained with the non-regenerated MGAC, the solvents used in the 

regeneration process would produce waste, which was another reason for selecting the non-

regenerated MGAC as the ideal adsorbent for Tween 80 cleanup in soil washing. In addition, as 

the tests results for optimal values of the soil washing parameters showed, the use of 5% (v/v) 

Tween 80 in the treatment procedure yielded the highest PAH removal from the soil. Hence, this 

dose of Tween 80 along with 2% (w/w) MGAC, being added after 24 h, were employed in the soil 

washing process and could remove 68.6% of the total PAHs from soil, as shown in Figure 6.7b. 

The reuse of the surfactant solution (5%) and non-regenerated magnetic adsorbent (2%) were 

examined in 6 consecutive cycles, leading to the elimination of 70.7, 70.3, 61.6, 55.5, 50.2, and 

39.4% of PAHs from the soil samples, respectively (Figure 6.7b). The decrease in PAH removal 

efficiency after the third washing cycle could be due to the PAH uptake by MGAC approaching 

the saturation level. These results were significantly greater than the PAHs removal efficiencies 

obtained by 2% Tween 80 and non-regenerated/regenerated MGAC (Figure 6.7a). Furthermore, 

after five times reuse in the soil washing process, the recycled 5% Tween 80 and non-regenerated 

MGAC were able to remove more than 50% PAHs from soils without producing any waste or 

effluent. This implies that soil washing with Tween 80 and MGAC is a very affordable, efficient, 

and practical method for PAH-contaminated soil remediation.  

The constant partitioning between soil particles and the Tween 80 solution appears to be the 

primary strategy for desorption of PAHs from soil [60]. The MGAC composite did not contribute 

significantly to the PAH removal from soil particles due to the difficulty in adsorption of the PAHs 

which were strongly bonded to the soil. Moreover, since the surfactant was able to desorb and 

mobilize the majority of PAHs during the first 24 hours (Figure 6.7), the addition of MGAC had 
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no specific effect on the separation of these PAHs from the soil particles. However, the magnetic 

composite successfully adsorbed most of PAHs from the Tween 80 solution during the washing 

process, resulting in a clean solution that could be used in subsequent washing cycles. 

a) 

 

b) 

 

Figure 6.7. (a) The use of Tween 80 (2% v/v) in combination with regenerated/non-regenerated MGAC 

(2% w/w) in five successive soil washing cycles, (b) the use of Tween 80 (5% v/v) with non-regenerated 

MGAC (2% w/w) in seven successive soil washing cycles 
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The Tween 80 adsorption onto the soil was measured at the end of each cycle according to the 

procedure described in section 6.3.7 (Spectrophotometer), and the results indicated a reduction in 

the concentration of the surfactant solution ranging from 5% to 10%.  An equivalent dose of Tween 

80 was added to the solution before the next washing cycle to compensate for the reduced 

concentration. 

A separate surfactant recovery process requires additional equipment and facilities, and their 

relevant costs could be a potential issue for large-scale projects. Besides, a surfactant recovery is 

operationally successful only if the adsorbent removes the majority of the contaminants from the 

surfactant, otherwise, the recovery process will be ineffective, and the amount of effluent to be 

treated will increase [61,208]. In this study, almost 70% of the LMW and HMW PAHs were 

successfully removed from the soil using the Tween 80-enhanced soil washing combined with 

adsorption by MGAC. The amount of soil organic matter in the examined soil of this study was 

low (4%), and therefore, its adverse impact on the Tween 80 efficiency and PAHs adsorption by 

MGAC was not significant [224,225]. Another factor that could affect the performance of MGAC 

in the soil slurry is a reduction in the number of the MGAC adsorption sites due to the pore-

clogging by fine soil particles. The more the amount of clay particles in soil, the lower the 

adsorbent capacity is for removal of contaminant from the solution [61]. The percentage of fine 

particles in the soil studied was 5%, indicating that the soil is mostly comprised of coarse particles. 

As a result, the effect of soil particle size on PAH adsorption was minor. 

 Conclusions 

The performance of surfactant enhanced-soil washing combined with adsorption was investigated 

using Tween 80 and a recoverable magnetic granular activated carbon (MGAC-CoP) to clean up 

a real PAH-contaminated soil. The Dubinin–Radushkevich isotherm model revealed that the 

MGAC composite had a high affinity for PAHs, with maximum adsorption capacities ranging from 

8.3 to 10.9 µg/mL for LMW PAHs and 6.2 to 8.9 µg/mL for HMW PAHs. According to the PAHs 

solubilization results, the solubility of the analytes increased as the dosage of Tween 80 solution 

increased. The Tween 80 surfactant showed high efficiency to transfer PAHs from soil to liquid 

phase, while its adsorption onto the soil particles was not significant.  

The soil washing experiments using Tween 80 indicated that 67.6% of the total PAHs were 

removed from the contaminated soil investigated in this research and under the optimal conditions 

(washing time of 72 h, L:S of 10:1, Tween dose of 5% (w/w), and temperature of 20˚C). The 
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possibility of recycling the Tween 80 solution was assessed by adding the MGAC composite to 

the soil washing process. Because the non-regenerated MGAC sorbed PAHs more efficiently than 

the regenerated MGAC, it was selected for the successive washing cycles with 5% Tween 80. The 

5% Tween 80 solution, recycled with MGAC, was able to remove almost 70% of the PAHs in the 

first three washing cycles, and more than 50% of PAHs in the next three washing cycles. The 

number of PAH rings, the age of the contaminated soil, and the bonding of PAHs with fine soil 

particles and organic matter could all influence the PAH removal efficacy of Tween 80 in the soil 

washing process. The findings of this study suggest that soil washing with tween-80 and MGAC 

is an efficient method for the removal of PAHs from soils with a high portion of coarse particles. 

However, further studies are needed to explore the efficiency of this technique for the 

contaminated soils which mostly consist of fine particles. 
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7 Synthesis, Integration and General Discussion of Results 

The USEPA, CCME, and other environmental protection agencies and organization have 

categorized polycyclic aromatic hydrocarbons (PAHs) as one of the most hazardous groups of 

petroleum hydrocarbons released into the environment. In the present work, the removal of PAHs 

from contaminated water and soil was investigated using magnetic powder activated carbon 

(MPAC) and magnetic granular activated carbon (MGAC) as recoverable adsorbents. The 

magnetic adsorbents were prepared via the precipitation, co-precipitation, and impregnation 

methods in the first phase of the work, and then characterized and evaluated (Chapter 3). A series 

of adsorption experiments was subsequently conducted in the second phase (Chapter 4) to 

investigate the PAH removal efficiency of the prepared magnetic activated carbons (MACs) in 

more details through comprehensive adsorption kinetics and isotherm studies of the MAC with the 

highest PAHs removal efficiency (MPAC). In the third phase (Chapter 5), the application of 

MGAC in a series of soil washing tests was investigated. The major goal of this phase was to 

determine the role of effective washing parameters in the remediation of a PAH-contaminated soil. 

These included the adsorbent dosage, liquid to soil ratio, stirring speed, washing time, pH, and 

temperature. In the fourth and last phase, the MGAC composite was used in conjunction with a 

surfactant (Tween 80) to enhance the soil washing performance for PAH removal from soil 

(Chapter 6). The feasibility of recycling the surfactant and recovery and reuse of MGAC composite 

was assessed as well. The main findings of this work are integrated and presented below. 

 The effect of synthesis methods on PAH adsorption capacity of MACs 

The MPAC and MGAC composites were synthesized and then characterized by BET, XRD, FE-

SEM, and FTIR methods. According to the BET data, the surface area of MPAC and MGAC was 

reduced by 65% and 12%, respectively, after magnetization. The XRD patterns confirmed the 

presence of Fe3O4 nanoparticles on surface of the magnetic adsorbents. The SEM images showed 

that the magnetic composites had spherical morphologies, with clusters of iron oxide nanoparticles 

dispersed throughout the PAC/GAC pores and surface. As seen in the FTIR spectra, the PAH 

analytes were sorbed onto MACs via π-π and H-π interactions formed between PAHs and the 

magnetic adsorbents.  The six synthesized MACs were then used in a series of adsorption tests, 

and the results showed that all the magnetic composites were very effective in removing PAHs 

from aqueous phase with removal percentages ranging from 87.2% and 99.3%. Among them, the 
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MPAC prepared by the precipitation method and using powder AC as the supporting base showed 

the greatest PAHs removal efficiency (99.3%) in the aqueous solutions. Besides, the MGAC 

synthesized by the co-precipitation method and using granular AC as the base obtained the next 

highest PAHs removal (98.3%) efficiency. 

The PAHs desorption tests indicated that the low molecular weight (LMW) PAHs were more 

easily desorbed from the magnetic composite surface (38.1-60.1%) compared with the high 

molecular weight (HMW) PAHs (23.4-57.2%). This indicated that the increase in the number of 

PAH rings would lead to the formation of stronger bonds between the adsorbate and the adsorbent, 

making desorption of these PAHs from the MAC surface more challenging. 

 Kinetics and adsorption isotherm studies of MPAC synthesized by the precipitation 

method for PAHs adsorption in aqueous solutions 

The adsorption kinetics and isotherms of MPAC with the highest PAHs removal efficiency were 

thoroughly studied using a series of adsorption experiments. According to the kinetics data, the 

PAHs adsorption onto MPAC was relatively fast, reaching equilibrium in 6 h with adsorption rates 

ranging from 95.6 to 100.0 %. The pseudo-second order model was the best fit for the kinetics data 

(0.83R20.95), suggesting that the adsorption rate relies on adsorption capacity, not on the 

concentration of the adsorbate and that the adsorption process was chemical. The results of the 

kinetic experiments also revealed that higher molecular weight PAHs had lower adsorption rates 

in the first hours of the experiments due to a slower transfer of these analytes to the accessible 

adsorption sites of MPAC. The Langmuir model described the experimental adsorption data well 

with an R2 in the range of 0.73-0.96, therefore, implying the monolayer adsorption of PAHs onto 

the magnetic adsorbent. This model also showed that the MPAC particles had a maximum 

adsorption capacity ranging from 8.74 to 11.37 µg/mg for LMW PAHs, and 8.43 to 20.21 µg/mg 

for HMW PAHs, respectively. 

 The use of MGAC synthesized by the co-precipitation method in soil washing for the 

removal of PAHs from contaminated Soils  

The application of soil washing combined with adsorption using MGAC (synthesized by the co-

precipitation method) was studied for removal of PAHs from a real contaminated soil. According 

to the BET test results, the surface area and total pore volume of MGAC were determined to be 

837.9 m2/g and 0.5 cm3/g, respectively, approximately 10% smaller than those for the bare GAC. 
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Modelling of the experimental data using different isotherm models indicated that Langmuir 

provided the best fit. Therefore, the monolayer adsorption was regarded to be predominant in the 

treatment process with MGAC. The maximum PAH adsorption capacity of MGAC in liquid phase 

was estimated to be 157.0 µg/mg for the total PAHs, which was nearly 18% lower than that of 

GAC (190.3 µg/mg), confirming the minor impact of the magnetization process on the MGAC 

adsorption capacity.  For the soil washing tests, the PAH-contaminated soil sample was 

characterized as well-graded sand with silt (SW-SM) containing 4.14% soil organic matter content. 

The effects of various soil washing factors on PAHs removal with MGAC were investigated in a 

series of soil washing experiments and summarized below.  

7.3.1 MGAC dose 

The first set of soil washing tests was conducted at different doses of MGAC (0 to 5% w/w). 

Raising MGAC dose to 5% w/w resulted in a considerable increase in the percentage of LMW 

PAHs removed from soil. The total PAH adsorption by 2% and 5% (w/w) MGAC in the soil 

washing process was determined to be 26.5% and 29.5%, respectively. With regard to the small 

difference in the PAHs removal efficiency, the 2% MGAC was selected as the optimal MGAC 

dose for the next experiments. 

7.3.2 Liquid:soil ratio 

Different liquid to soil ratios (L:S) from 5:1 to 20:1 was assessed for the PAHs removal with 

MGAC (2% w/w) in the second set of the experiments. The results showed that the increase in the 

liquid volume could facilitate the removal of PAHs from the soil using MGAC by providing 

greater accessibility of the MGAC particles to the analytes. The L/S ratio of 15:1 and 20:1 could 

remove 46.5% and 47.5% of the total PAHs from the soil, respectively. To avoid producing more 

effluent and since there is a slight difference in PAHs removal efficiency of L:S of 20:1 and 15:1, 

the L:S of 15:1 was taken as the optimal ratio for the next soil washing experiments. 

7.3.3 Stirring speed 

The soil samples were washed at shaker speeds of 75, 100, 125, and 150 rpm, with the 100 rpm 

speed showing the highest PAH removal (47.5%). The further increase in the stirring speed caused 

the soil slurry to move in bulk formation with limited movement (due to the disintegration of soil 

clumps) and consequently lower PAHs removal from the soil.  
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7.3.4 Washing time  

The assessment of the soil washing period (6-168 h) showed an upward pattern for removal of 

PAHs by MGAC as the time increased from 6 to 24 h. However, further increase in the washing 

period to 72 h resulted in a 5% reduction in the PAHs removal, which was followed by a steady 

rate until 168 h. Based on this finding, it was concluded that the 24 h washing period was more 

practical, and therefore, was selected as the optimal time for the next experiments. 

7.3.5 pH 

The natural pH of the soil was determined to be 8.3, which could be attributed to the industrial 

activities in the contaminated site. When the pH was reduced to 7.0, the PAHs removal efficiency 

significantly dropped from 47.4 to 27.1% for the soil washing with MGAC. The same tendency 

was observed when the pH was raised to 10.0, with the reduction in the PAHs removal from 47.4% 

to 28.3%. These reductions were probably due to the hydrolysis of the magnetite nanoparticles 

under neutral (pH 7) or alkaline (pH 10) conditions, leading to the formation of iron (II) hydroxide 

(Fe(OH)2) precipitate on the surface, and therefore, the adsorption sites of MGAC. 

7.3.6. Temperature 

Lowering the temperature from 25 ˚C to 5 ˚C reduced the PAHs removal efficiency from 47.4% 

to 33.8%. As a result, the removal efficiency of the treatment procedure may be affected to some 

extent if it is applied to the PAH-contaminated soils in cold weather. Thermodynamic studies 

confirmed that the adsorption of PAHs onto MGAC was non-spontaneous (∆G˚>0) and 

endothermic (∆H˚>0). 

The six key soil washing parameters were optimized as an MGAC dose of 2% (w/w), washing 

time of 24 h, liquid to soil ratio of 15:1, stirring speed of 100 rpm, pH of 8.3, and temperature of 

25 ˚C, removing 47.4% of PAHs from the soil. Among the PAHs, the LMW ANT and HMW 

FLUO showed the greatest affinity to MGAC during the treatment process, with 57.7% and 67.1% 

removal from the soil, respectively.  

 The application of surfactant-enhanced soil washing for remediation of PAH-

contaminated soil and the role of MGAC in the surfactant solution recycling 

A surfactant-enhanced soil washing process combined with adsorption using the MGAC 

composite was employed to remove PAHs from a real contaminated soil sample. Also, the 
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feasibility of recycling the surfactant (Tween 80) was explored to reduce volume of the soil 

washing effluent and operational costs. The PAHs solubility in the Tween 80 solution was 

examined at different doses of the surfactant (1- 5% v/v), and the results indicated that the LMW 

and HMW PAHs were more soluble at higher doses of the Tween 80 solution. The total PAHs 

solubility at 5% Tween 80 was measured at nearly 40%, with the majority of PAHs remaining 

non-dissolved in the surfactant solution. This confirmed the need for treatment of the solution 

before reuse.  

According to the surfactant adsorption tests, up to 19% of the Tween 80 concentration could be 

sorbed onto the soil particles during the remediation process, implying that most portion of the 

surfactant is retrievable from the soil. The effective parameters of soil washing with Tween 80 

were also evaluated, including washing period, liquid/soil ratio, temperature, and Tween 80 

dosage. 

7.4.1 Washing period 

Different soil washing periods (6-72 h) were examined in the soil washing tests using 2 % (v/v) 

Tween 80 at stirring speed of 150 rpm and temperature of 20 ˚C. It was observed that the increase 

in the washing time from 6 h and 24 h elevated the PAHs removal rate from 13.1% to 42.9%. The 

maximum efficiency for the remediation process was determined to be 56.6% after the 72h 

washing period. Thus, this period was selected as the optimum to allow the surfactant solution to 

remove more strongly bound PAHs from the soil.  

7.4.2 Liquid: soil 

Changing L:S from 5:1 to 10:1 led to a significant increase in the total PAHs removal from 39.9% 

to 55.4%. However, a further increase in L:S from 10:1 to 15:1 slightly declined the surfactant 

ability to remove the total PAHs from the soil. The formation of an insufficient amounts of micelles 

in the surfactant solution with L:S of 15:1 was the main reason for its lower PAHs removal 

efficiency than the L:S of 10:1. 

7.4.3 Temperature 

The removal of total PAHs from soil was reduced from 55.3 % to 35.7 % after lowering the 

temperature from 20 to 4 ° C. The reduction in PAHs removal efficiency was greater for the 5- and 

6-ring HMW PAHs (22.4%) than the 3- ring LMW PAHs (20.7%). These findings implied that 
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the desorption of PAHs from soil in the Tween 80-enhanced soil washing was temperature-

dependent.  

7.4.4 Tween 80 dosage 

Increasing the Tween 80 dose from 0.5% to 5% significantly improved the PAHs removal from 

soil by 47.3% (from 20.3 to 67.6%). It was also observed that the increase in the number of 

aromatic rings resulted in a decrease in the PAH removal efficiency of the surfactant due to the 

formation of stronger bonds between the PAH molecule and soil particles. Therefore, extraction 

of the HMW PAHs from soil was more difficult for the surfactant solution compared to the LMW 

PAHs. 

7.4.5 Soil washing with TW80 and MGAC 

To investigate the possibility of recycling Tween 80, MGAC was employed in the surfactant-

enhanced soil washing process (after 24 h) to extract PAHs from the Tween 80 solution. The 

MGAC composite was either regenerated with solvents (acetone: hexane) or simply rinsed with 

deionized water (no-regeneration) to be reused in the next washing cycles. According to the results, 

the soil washing with 2% (v/v) Tween 80 and 2% (w/w) MGAC was able to remove 54.4% of 

PAHs from the solutions. In the next four washing cycles, the recycled Tween 80 with the non-

regenerated MGAC eliminated 53.9, 55.6, 49.0, and 45.8% PAHs from the soil, which were totally 

8.5% higher than those with the recycled Tween80 and regenerated MGAC.  

The no-regeneration method was therefore selected to clean up MGAC before it was utilised in 

the successive washing cycles with the optimal 5% Tween 80. The surfactant solution could 

remove nearly 70% of PAHs from the soil samples in each of the first three cycles and more than 

50% of PAHs in the next three successive washing cycles, respectively, without producing any 

waste or effluent. This indicated that the Tween 80 solution had been successfully recycled in soil 

washing with non-regenerated MGAC, and the magnetic composite successfully extracted most of 

the PAHs from the Tween 80 solution. The MGAC composite, however, did not contribute 

significantly to the PAH removal from soil due to the difficulty in adsorption of the PAHs, which 

were strongly bonded to the soil.  
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8 Conclusions and Recommendations for Future Work 

 Conclusions 

In this research, six different magnetic granular and powder activate carbons (MPAC and MGAC) 

were synthesized to assess their affinity for USEPA priority polycyclic aromatic hydrocarbons 

(PAHs) in aqueous solutions and in a combined soil washing process. Two of the magnetised ACs 

(MPAC-Prec. and MGAC-CoPrec.) outperformed the others in removing PAHs from the aqueous 

phase, and therefore, were selected for removal of PAHs from aqueous phase and soil washing 

experiments, respectively. Tween 80 surfactant was used in the last phase in conjunction with 

MGAC in soil washing process to enhance PAHs removal from a real contaminated soil. Under 

the conditions tested and the type of soil used in this study, the following conclusions can be drawn 

from this research:  

 The presence of magnetite nanoparticles on the MACs surface was confirmed by XRD, 

SEM, and EDS. 

 BET N2-adsorption tests indicated that the surface area of the synthesized MPAC and 

MGAC composites decreased 65% and 12%, respectively, compared with bare AC.  

 The electron-donor and electron-acceptor interactions (π-π interactions) were the main 

adsorption mechanism formed between the PAHs molecules and MPAC adsorption sites, 

according to the FTIR test results. 

 All the prepared MACs could effectively remove the PAH compounds from water with an 

efficiency ranging from 87.2% to 99.3%. The obtained PAH removal efficiency was a 

function of PAH concentration and mass of the magnetic adsorbent in in the samples. 

 The MPAC composite synthesized by the precipitation method showed the highest PAH-

removal efficiency from the aqueous solutions.  

 Among the adsorption isotherm models, the Langmuir model fitted the experimental 

isotherm data the best, suggesting the monolayer adsorption of PAHs onto MPAC and 

MGAC. 

 The pseudo-second order model showed the best fit to the kinetics data, implying that all 

the MPAC adsorption sites had an equal affinity for the PAHs molecules. 

 The results of PAHs desorption tests indicated that full recovery of the PAH compounds 

from the MACs is unlikely. 
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 The optimized scenario for the soil washing with MGAC was: 2% MGAC (w/w), L:S of 

15:1, stirring speed of 100 rpm, washing time of 24 h, pH of 8.3 and temperature of 25 ˚C, 

resulting in the removal of 47.4% total PAHs from a real contaminated soil sample.  

 According to the thermodynamic studies, the PAH adsorption onto MGAC was 

endothermic and non-spontaneous. The type of PAHs adsorption by MGAC in the soil 

washing process was also determined to be physical adsorption. 

 The Tween 80 surfactant was found to have a high efficiency in transferring PAHs from 

the soil to the liquid phase, while its adsorption to the soil particles was not significant. 

 Nearly 70% of the total PAHs were removed from soil under the optimal condition, which 

included a washing time of 72 h, an L:S of 10:1, a Tween dose of 5% (w/w), and a 

temperature of 20˚C. 

 In the soil washing cycles with 2% Tween 80, the non-regenerated MGAC sorbed PAHs 

from the surfactant solution more efficiently compared with the regenerated MGAC, 

probably due to saturation of some of the regenerated MGAC adsorption sites with the 

solvent molecules. 

 The 5% Tween 80 solution, recycled with the non-regenerated MGAC, removed 70% of 

the PAHs in the first three washing cycles and more than 50% PAHs in the six consecutive 

washing cycles. 

 Recommendations for future work 

The future works may involve investigation of the following topics: 

o The assessment of other synthesis methods and their effects on the PAH removal efficiency 

of MACs 

o The use of other characterization methods such as XPS for better understanding the 

mechanism of PAHs adsorption by MACs in water and soil. 

o The exploration of effective regeneration techniques for MACs in order to recycle them 

for more treatment processes. 

o The efficiency of MPAC/MGAC for remediation of soil with high proportion of fine 

particles. 

o The effect of soil organic matter content on the PAHs removal efficiency of MACs. It is 

hypothesized that PAHs have high affinity to sorb to organic content of the soil, and thus, 

adversely affect the efficiency of soil washing solution during remediation. 
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o The impact of soil organic matter (SOM) content and its effect on the desorption of PAHs 

and their removal in soil washing and MAC combined process.  

o The use of other types of or combination of surfactants (ionic or nonionic) with MACs in 

soil washing.  

o The application of surfactant-enhanced soil washing combined with adsorption for removal 

of other types of organic contaminants from soil.  
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