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Abstract 
 

Plastic waste disposal continues to be a widespread issue, as plastic products are discarded at 

high rates and do not biodegrade in the environment. Although a portion of this waste is 

recycled, the limitations of conventional recycling methods have prompted the need to 

investigate alternative disposal methods. This thesis highlights the upcycling plastic waste 

through carbonization and activation to produce adsorbent material for wastewater treatment 

applications. This conversion method involves heat treatment at high temperature under an inert 

atmosphere with the addition of an activating agent to produce activated carbon (AC), a 

carbonaceous material of high surface area. This process can yield high value material with 

excellent adsorption properties and can be applied to a variety of plastics including thermosets, 

which are notoriously difficult to recycle. The first section of this thesis focused on the synthesis 

of AC from poly(ethylene terephthalate) (PET) bottle waste and its application as an adsorbent 

for dye contaminated water. A product of high surface area (1124 m2/g) was produced through 

KOH chemical activation and exhibited a high adsorption capacity (335 mg/g) for cationic 

methylene blue (MB) dye. The adsorption capabilities were investigated through detailed 

analysis of the MB adsorption mechanism in addition to the effects of solution pH and dye 

charge characteristic. The second section of this thesis focused on the synthesis of AC from 

epoxy thermoset plastic for the adsorption of nano-plastic pollution. A high surface area AC 

(1705 m2/g) was obtained through KOH activation after investigation of other potassium-based 

activators. It was found to adsorb PET nano-plastics through multilayer physical adsorption with 

a substantial monolayer capacity of 325 mg/g and maximum recovery of 94%. These studies 

confirmed the successful conversion of a thermoplastic and thermoset into AC material with high 

potential for adsorption of aqueous pollutants.  
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Chapter 1: Introduction  

1.1. Motivation 

The use of plastic products has been continuously increasing due to their lightweight, 

appealing cost structure, ease of processing, durability, and flexibility for various applications 

[1]. They are mass produced from hydrocarbons refined from petroleum, using coal powered 

plants resulting in large carbon footprints. Additionally, they do not biodegrade in the natural 

environment in a reasonable time frame. As a result, greenhouse gas (GHG) emissions from 

plastic production are rising in conjunction with plastic waste accumulation in landfills and spill 

to the environment accelerated by the quick disposal of most products after a single use 

consuming the global carbon budget [2]. Though plastics do not totally degrade in a short time, 

they can undergo fragmentation due to environmental factors causing the formation of 

microplastics [3] and even nano-plastics [4]. These highly mobile plastic fragments pollute 

marine environments, agricultural ecosystems, and other terrestrial and freshwater systems [4,5] 

which can affect drinking water sources. Therefore, the effective recycling of all plastics and 

alleviation of this pollution is a major topic of discussion.  

Currently, common methods used for plastic waste management include landfilling, 

incineration, mechanical recycling, chemical recycling, and thermal cracking [2]. Recycling 

mainly refers to thermo-mechanical recycling, in which plastics are collected, sorted, cleaned, 

ground, extruded and pelletized to form new products. This method helps extend the lifetime of 

plastics, but the resulting decline of product properties limits its continued product value. Both 

landfilling and incineration are also widely used disposal options but cause burdens on the 

environment due to the negative effects on soil environments and air pollution, respectively. 

Finally, thermal cracking to form fuels and valuable chemicals is a type of chemical recycling, 
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which has received substantial interest and helps to reutilize plastics while favoring reduced 

emissions [2].  

As a part of the efforts to divert this waste from inevitable buildup in landfills, this thesis 

aims to highlight an alternative method of upcycling plastic waste by carbonization to produce 

high value carbonaceous products. Carbonization differs from thermal cracking through 

pyrolysis as it focuses on the production of solid residue with high carbon content [1] as opposed 

to liquid or volatile fractions which are major pyrolysis products (oil and gas) [6]. It can generate 

valuable products such as carbon nanomaterials, carbon fibers, adsorbents and energy storage 

devices [1,2]. The product of interest in this work is activated carbon (AC), which is a 

carbonaceous material defined by a large surface area and porosity. This product is appealing 

because it is simply produced through the addition of an activating agent during the 

carbonization process and has widespread applications in waste treatment processes due to its 

excellent surface properties. 

1.2. Research objectives 

The goal of this thesis is to investigate the production of AC from plastic wastes for 

wastewater treatment applications. Two separate research studies were carried out, each using a 

different waste plastic to produce AC for adsorption of a different wastewater pollutant. In each 

case, key activation conditions were evaluated for their effect on AC surface properties and an 

optimal product was tested for adsorption of the chosen pollutant. The aim is that this work 

brings more understanding to both the conversion process and the adsorption behavior of 

aqueous solutes onto the plastic-derived AC such that the carbonization pathway of plastics to 

adsorbent material can be evaluated.  
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As will be discussed in the next chapter, there are a variety of studies which have 

investigated the conversion of plastics to AC and the adsorptive properties of AC. However, the 

research conducted in this thesis provides value through its adherence to the research objective. 

The goal of the first study on the conversion of PET to AC for adsorption of textile dyes, is to 

evaluate PET as a precursor for AC with the specific application in dye adsorption. Although 

PET has been converted to AC and similar products have been used for dye adsorption, this 

study considers the desired application during the optimization of the PET conversion process 

and evaluates the scope of PET-derived AC for its capabilities as a dye adsorbent. 

 The second study on the conversion of cured epoxy to AC for nano-plastic adsorption 

investigates an AC feedstock and application that are not well studied. Although some studies 

have used an epoxy precursor, the optimization of the activation conditions are lacking, and the 

AC product (or any other plastic derived product) has not been investigated for nano-plastic 

adsorption. Overall, these studies are meant to provide full evaluations of plastics as precursors 

to wastewater adsorbents using both thermoplastic (PET) and thermoset (epoxy) polymers for 

applications in two very impactful areas of wastewater treatment.  

1.3. Thesis outline 

The following sections of this thesis are organized as follows: Chapter 2 provides 

background information on plastic recycling techniques, the carbonization and activation of 

plastics, in addition to the applications of plastics-derived AC. Chapter 3 presents a research 

study on the production of AC from PET bottle waste for adsorption of textile dyes. In this work, 

the KOH chemical activation temperature and time were investigated to produce an AC with 

ideal surface properties, and the AC was analyzed for adsorption of methylene blue dye in detail 

and compared to other textile dyes. Chapter 4 presents a research study on the production of AC 
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from epoxy thermoset plastic for the adsorption of nano-plastics. In this work, chemical 

activators, activation temperature and activator levels were investigated for the conversion of 

epoxy to AC, and the resulting product was tested for adsorption of synthesized PET nano-

plastics.  
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Chapter 2: Background information1
 

2.1. Plastic recycling overview 

There are a variety of methods for reutilization of plastic waste, which generally can be 

categorized into recycling by mechanical methods, chemical methods and incineration for energy 

recovery. As shown in Figure 1, these can also be categorized according to ASTM D5033 

definitions of primary, secondary, tertiary and quaternary recycling. Primary recycling consists of 

mechanical recycling of products in a closed loop system, while secondary recycling is 

mechanical recycling into products with different purposes, often downgraded polymeric 

materials. Tertiary recycling refers to the use of waste polymers for generation of lower 

molecular weight materials such as monomers and valuable chemicals [7]. This 

depolymerization can be carried out by numerous chemical methods such as hydrolysis, 

ammonolysis, pyrolysis etc. For the purpose of this study, chemical recycling was divided into 

solvolysis methods used for monomer regeneration, and pyrolysis to produce oil and gas. 

Furthermore, carbonization was identified separately from pyrolysis because the production of 

carbon materials (mainly activated carbon) will be the focus of this review. Lastly, a final resort 

is the quaternary recycling of plastics by combustion with recovery of energy [7].  

 

 

                                                             
1 A version of this chapter is published: Blanchard, R., Mekonnen, T., RSC Applied Polymers, March 2024. 
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Figure 1: Schematic of the categorized plastic recycling methods.  

2.1.1. Mechanical recycling  

The most widely employed recycling technique is the mechanical recycling by melt 

processing of used plastic waste to form new products. This is conducted through sorting, 

washing and drying, crushing and compounding. It is a relatively simple and economical 

recycling technique but is limited by various shortcomings. Mainly, the effects of heat, light, 

oxidation, and mechanical shear lead to degradation of plastic products during their lifetime and 

during the mechanical reprocessing [8]. Additionally, post consumer plastics are usually laden 

with contaminants, co-blend partners, additives, and mixed with other plastics or non-plastics 

(e.g., paper), resulting in the need for additional costly washing, sorting, and separation 

processes. As a result, mechanical recycling can only be carried out for a few cycles. A very 

common example is poly(ethylene terephthalate) (PET) bottles, which are usually only recycled 

once into textiles. A small portion of mechanical recycling consists of primary recycling using 

the purest and cleanest streams while most mechanical recycling is downcycling [9]. Therefore, 

the other recycling techniques illustrated in Figure 1 (tertiary and quaternary) are required as 

complementary recycling options.  
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2.1.2. Solvolysis 

Because mechanical recycling can only be used for a fraction of plastic markets, chemical 

recycling is necessary in cases where mechanical recycling can not deliver the required 

mechanical performance or purity. As shown in Figure 2a, some plastics are more easily 

depolymerized into monomers while others can only be cracked through the more intense 

pyrolysis process to form hydrocarbon materials. In this mapping adapted from Lange (2021), 

the horizontal axis identifies the plastics which are easy to depolymerize based on heat of 

polymerization while the vertical axis indicates the incentive to recover the monomer based on 

the mass of resources consumed for its production [9]. As a result, the condensation polymers 

such as PET and polyamides (PA) in the upper left quadrant are recommended to be 

depolymerized into monomers through various solvent methods (solvolysis). These condensation 

polymers in the upper left quadrant of Figure 2a consist of monomers connected through bonds, 

such as ester, amide, urethane linkages etc., which are susceptible to chain-scission through 

various reactions. In Figure 2b select chemical approaches are illustrated for the 

depolymerization of PET, polyurethane (PUR), and PC. 

2.1.3. Pyrolysis 

As illustrated in Figure 2a, the chemical recycling of most polyolefins must also consider 

pyrolysis as a suitable alternative due to the strength of the constituent hydrocarbon bonds. 

Pyrolysis is a tertiary recycling method which converts high molecular weight polymers into oil, 

gases and char by high temperature decomposition under an inert atmosphere [10]. The oil and 

gas products are desirable since they are used as precursors to valuable fuels and chemicals. A 

recent study by Wang et al. (2023) also showed that the oil and gas products of plastic waste 

pyrolysis can be converted to valuable hydrogen and solid carbon products through subsequent 
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thermolysis [11]. The produced hydrogen fuel can generate clean electricity and the solid carbon 

has many applications including the investigated use as a reinforcing agent.  

In the pyrolysis of polyethylene, it is understood that degradation occurs by free radical 

initiation, random scission, followed by recombination of various chains through termination 

[12,13]. The pyrolysis results in gas products consisting of C1-C4 olefins and oil products 

consisting of C5-C20 olefins and aromatics [14]. Das and Tiwari (2018) reported similar 

pyrolysis products after slow pyrolysis of PE and PP plastics, which consist of paraffins, olefins 

and some aromatics. However, the proportion of branched paraffins (iso-paraffin) was higher in 

PP compared to PE. The gaseous products consisted of light paraffins and olefins, mainly 

propylene, ethane, methane etc.[15].  

For PS, the degradation is also known to occur through free radical reactions[16,17]. The 

pyrolysis results in complete conversion to oil products at 350 oC, but as temperature is increased 

char production is promoted with very small proportions of gas (max 2.5 wt.%). Therefore, the 

products are mainly oil (toluene, ethylbenzene, benzene, and styrene) and char due to the 

predominant presence of aromatic degradation products leading to char formation by 

condensation of aromatic rings. In comparison, LDPE began degradation at 450 oC, but 

increasing pyrolysis temperature promoted conversion to gases rather than char [18]. This 

phenomenon is shown in Figure 2c, in which the pyrolysis oils and following gaseous products 

are illustrated for the pyrolysis of PE and PP, while the aromatic oil products and following char 

at increased temperature are illustrated for the pyrolysis of PS.  
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Figure 2: a) Mapping of the recommended chemical recycling technique for different plastics 

[8]; b) schematic of the glycolysis of PET and methanolysis of PUR and PC; c) General 

pyrolysis products of PE, PP and PS. 

2.1.4. Carbonization 

The carbonization of plastic waste is considered a distinct treatment compared with 

pyrolysis, because it is specific to the production of value-added carbon materials rather than 

fuels and chemicals. For carbonization processes, a slow heating rate is employed to promote the 

production of solid products containing maximum carbon content from the precursor. This slow 

heating rate leads to a more sequential conversion of the feedstock into a carbonized material 

through many reactions. Additionally, higher temperatures of 600- 1200 oC are used in 

carbonization compared to pyrolysis for oil products generation, which occurs at temperatures 

around 500 oC [1]. During carbonization, the plastic is heat treated at high temperature under an 
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inert atmosphere to produce carbon material through aromatization, while some gases (H2O, 

CO2, CH4, NH3 etc.) are released through decomposition of the plastic constituents [2].  

Carbonization at different conditions (catalysts, templates, and pressures) can result in 

varying carbon products. As a result, different structures are obtained, including activated 

carbon, carbon fibres, carbon nanotubes, carbon spheres, and graphene [19]. In terms of the 

plastic precursors, polyolefins such as PP and PE are ideal for producing carbon nanotubes, 

carbon spheres, and graphene because they form light hydrocarbons, which are catalyzed to form 

these structures during the carbonization process [19,20]. This can be achieved using combined 

catalysts, which act as both degradation and carbonization catalysts. The degradation catalyst 

helps to promote the formation of the required low molecular weight compounds, while the 

carbonization catalyst facilitates the degradation process such that carbon materials can be 

formed [21]. Templates may also be employed, in which a removable mold is used to create 

controlled voids in the material. Some materials used as rigid templates include silica, clays, 

MgO and CaCO3 [22].  

During the carbonization of PET and PS containing benzene rings in their structure, 

aromatics and oil products are formed which then lead to the formation of amorphous carbon 

[19]. This is due the occurrence of cyclization, aromatization and crosslinking rather than 

degradation into small molecules [20]. As a result, polyolefins, such as PP and PE are considered 

non-charring while aromatic plastics such as PET and PC are considered charring plastics, as 

shown in Figure 3. Non-charring plastics are beneficial for producing ordered carbon materials 

(graphene, carbon nanotubes etc.) through catalysis while charring plastics can produce 

amorphous carbon material. Activation by chemical or physical methods can then be used to 

enhance the surface area and porosity of the products.  
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Figure 3: a) Carbonization of non-charring plastics to produce carbon sheets/carbon 

spheres/carbon nanotubes; b) carbonization of charring plastics to produce porous carbon.   

2.2. Pre-carbonization stabilization 

It is generally known that carbonization of aromatic plastics leads to the formation of oils 

and aromatics which enhance char formation [19]. However, the oxygen content in the polymer 

also plays an important role in its conversion to carbon material. Plastic which contains oxygen, 

such as PET and epoxy resins, are more easily carbonized through heat treatment, while non-

oxygen containing plastics may require a stabilization pre-treatment. The preliminary treatment 

allows for an increased yield of carbon residues rather than gaseous organic molecules [2]. 

Therefore, polyolefins can be converted into amorphous carbons (eg. activated carbon, carbon 

fibres) if a stabilization through oxidation or other chemical treatment is preformed before 

carbonization. 
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In terms of stabilization treatments, sulfonation and oxidation treatments are commonly 

used. For LLDPE, Choi et. al. (2017) has shown that oxidation in air introduces C=O bonds and 

C-O bonds, which occur in the main chain and as ether bonds bridging chains. As temperature 

increases, the linear chains are converted to a crosslinked structure with an increasing 

composition of oxygen. The cyclized structure can then be carbonized at higher temperature 

under inert atmosphere to yield a carbonaceous product [23]. Alternatively, PE can be sulfonated 

using sulfuric acid to result in sulfonic acid groups among other sulfur containing groups 

(sultones, sulfates). Subsequently during carbonization, unsaturated polyolefin is obtained 

through release of sulfur and oxygen, and carbonized material can then be achieved. The 

sulfonation mechanism is investigated in detail by Younker et. al. (2013) [24]. The general 

mechanism of the oxidation and sulfonation pre-treatments are illustrated in Figure 5a. 

Sulfonation can also be used for PS, as was reported by Hines et. al. (2004) to produce 

porous carbon [25]. Additionally, PS can be stabilized by the Friedel-Crafts reaction in which 

crosslinking occurs through carbonyl bridging using a carbon tetrachloride reagent and Lewis 

acid catalyst (Figure 5b). This leads to enhanced carbonization due to the crosslinked structure 

and increased oxygen content [26]. In the case of PVC, stabilization usually occurs through heat 

treatment in air, during which oxygen functional groups are introduced during this treatment, 

leading to crosslinking and aromatization [27]. A list of various carbon materials obtained from 

plastic precursors with or without pre-treatments is presented in Table 1. Evidently, the 

sulfonation of PE is a very common method, especially to produce carbon fibers [24,28,29]. 

Carbon fibres are often used in polymer composites reinforcement as alternatives to heavier 

construction materials like steel and are mainly produced from poly(acrylonitrile) (PAN) by melt 

spinning and oxidation pre-treatment [28]. Alternatives like PE are of interest due to the costs of 
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PAN precursor and conversion yield, which limit the applications in industries requiring lower 

cost products [28].  

 

 

Figure 4: a) General schematic of oxidation and sulfonation pretreatments for carbonization of 

plastics based on the mechanisms of PE stabilizations [2]; b) Friedel-Crafts reaction as a 

pretreatment for polystyrene carbonization [26].  

 

 

 

 

 

 



14 
 

Table 1: List of carbon products obtained through anoxic pyrolysis of plastic precursors with or 

without stabilization pre-treatments. 

 

2.3. Activation methods 

As seen in the previous section, porous carbons are often produced from plastic 

precursors (Table 1). These products are very valuable due to their high surface area (SA) and 

pore volume, which allow them to be used as high-capacity adsorbents. However, activation 

processes are often used to further improve the SA of the carbonized materials to produce 

activated carbons (ACs), which are defined by large SA, porosity, and adsorption capacity [37]. 

The activation process involves reactions between carbon and an activating agent to produce new 

pores and open existing pores in the carbon structure through physical or chemical methods. The 

specific SAs of commercial ACs are in the range of 500-1500 m2/g [38], which is determined by 

the Brunauer-Emmett-Teller (BET) method of SA analysis through N2 adsorption.  

Physical activation involves heat treatment with an oxidizing gas such as O2, CO2 or 

steam at high temperature (800 -1200 oC). This takes place after carbonization of the material 

under an inert atmosphere, such that a two-stage process is required [39]. It can be considered a 

more environmentally friendly approach due to the lack of chemicals, but it has the downsides of 

Precursor  Stabilization treatment Carbon product Reference  

LLDPE Oxidation  Graphitic carbon  [23] 

LLDPE Chlorosulfonation Carbon fiber [29] 

LLDPE Sulfonation  Carbon fiber [28] 

LDPE Sulfonation Carbon scaffold [30] 

HDPE Sulfonation  Porous carbon [32] 

HDPE, LDPE Sulfonation Amorphous carbon 

chips 

[33] 

PS Sulfonation Porous carbon  [25] 

PS Crosslinking (Friedel-

Crafts) 

Porous carbon  [26][31] 

PVC Oxidation  Porous carbon [34] 

PVC - Char [35][36] 
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long activation times and high energy consumption [40]. Chemical activation on the other hand 

involves impregnation of the precursor with an oxidizing and dehydrating chemical, heat 

treatment at temperatures between 400 to 900 oC, and subsequent washing (e.g., HCl) to remove 

the chemical. In this case, the carbonization and activation can occur simultaneously such that a 

single stage process can be employed [40]. However, many studies also employ carbonization 

prior to activation, using a lower temperature of around 600 oC for carbonization where most 

mass loss occurs, followed by chemical activation at temperatures from 400 to 1000 oC [37]. 

This two-stage chemical activation is illustrated in comparison to physical activation in Figure 

5a. 

The main parameters affecting activation include the activating agent, treatment 

temperature, time, and the impregnation ratio (IR), which is the mass ratio of chemical activating 

agent to precursor in the case of chemical activation. In general, chemical activation is preferred 

compared to physical activation due to the advantages of lower activation times and 

temperatures, generation of high specific SAs, and high carbon yield [41]. The most used 

chemical activating agents include alkaline chemicals, such as KOH, NaOH and K2CO3, acidic 

chemicals such as H3PO4 and H2SO4, and metal salts such as ZnCl2 [40]. Of all activating agents, 

KOH is known to be the most effective due to its capacity to produce high SAs in AC [39]. As a 

result, much of the work that will be explored has focused on activation using KOH.  
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Figure 5: a) Illustration of activated carbon production through physical versus chemical 

activation; b) KOH activation mechanism adapted from ref. [42]. 

The mechanism of pore formation using KOH activation occurs through physical 

activation by the evolved CO2 and H2O, redox reactions between potassium compounds and 

carbon, and through the formation of potassium metal at high temperatures [43], as illustrated in  

Figure 6b. Gases such as CO and CO2 are formed through the reaction of carbon with surface 

and internally bound water (Equations (1)-(2)), and water is released through the dehydration of 

KOH (Equation (3)). As the decomposition continues, K2CO3 is produced due to the 

transformation of K2O (Equation (4)). At high temperatures exceeding 700 oC, metallic 
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potassium is formed through the reduction of K2O and K2CO3 (Equations (5)-(6)) [39,43,44]. 

The potassium metal is important for the continued pore formation due to its ability to penetrate 

and expand the carbon structure. It also helps to form more active sites for reaction with carbon 

and improves the wettability of the surface. These effects are unique and can not be achieved 

through activation by acidic or neutral activating agents [39]. This is why strong alkali activating 

agents are very effective, especially KOH.  

 

With respect to the feedstock, commercial AC is mainly produced from charcoal, lignite, 

wood, peat shells and coconut, but any carbonaceous organic material are viable precursors [40]. 

Therefore, plastics are an enticing option for AC feedstocks since they possess high carbon 

content, and the utilization of plastic waste is of high concern. Currently, the production of AC 

from plastic waste has not been commercialized, although it is under ongoing investigation. For 

example, an Australian company called ByGen has reported the success in converting plastics 

including PET into AC [45], although they do not yet produce any AC products at full scale. 

Therefore, sections 2.4 and 2.5 will reflect on the current understanding of AC production from 

plastics based on the relevant research studies.  

2.4. Conversion of plastics to AC 

The conversion of plastics to AC can occur through various methods. As discussed 

previously, the composition of the plastic can necessitate preliminary stabilization treatments 

(Section 2.2) and the activation process itself can follow various paths. In this chapter, the 

 𝐶 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂 (1) 

 𝐶𝑂 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂2 (2) 

 2𝐾𝑂𝐻 → 𝐾2𝑂 +𝐻2𝑂 (3) 

 𝐾2𝑂 + 𝐶𝑂2 → 𝐾2𝐶𝑂3 (4) 

 𝐾2𝑂 + 𝐶 → 2𝐾 + 𝐶𝑂 (5) 

 𝐾2𝐶𝑂3 + 2𝐶 → 2𝐾 + 3𝐶𝑂 (6) 



18 
 

conversion process for common plastics will be reviewed, with a focus on chemical activation 

methods. The BET SAs are investigated as the main indication of AC quality due to the wide 

range of applications in the investigated works. The SAs achieved in ACs through activation of 

various thermoplastics (Table 2), chemical activation of PET (Table 3), and chemical activation 

of thermosets (Table 4) have been tabulated below. Based on these tables, it is evident that most 

research focuses on KOH activation of plastics in both single stage and two-stage 

carbonization/activation processes. The various process pathways utilized in these works have 

been illustrated in Figure 6b to showcase the combination of steps required to produce 

chemically activated AC from the most common types of waste plastics (PP, PE, and PET) based 

on Figure 6a.   

 

 

Figure 6: a) composition of plastic waste managed in the US in 2019. Data obtained from ref. 

[46]; b) Illustration of various pathways for the chemical activation of oxygenated and non-

oxygenated plastics. 
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Table 2: List of activated carbon BET SAs produced from various thermoplastics with or without 

stabilization pre-treatments. 

 

2.5. Conversion of PET to AC 

Poly(ethylene terephthalate) (PET) plastic is a special example because it is the most 

researched plastic feedstock for AC production. PET is an ideal precursor to AC due to its 

aromatic and oxygenated structure, high carbon content (> 60 wt.%) and high char yield 

compared to other waste plastics [57]. Most studies have employed chemical activation for the 

synthesis of PET AC, which is the focus of this section. The various carbonization conditions, 

chemical activation conditions, and resulting AC SAs have been summarized in Table 3, and the 

trends with respect to operational conditions will be discussed.  

2.5.1. Physical Activation  

Despite the large number of studies and focus on chemical activation of PET (Table 3), it 

should be noted that the physical activation has also been explored using CO2 [58–62] and steam 

[63–65] as activating agents. For CO2 activation, Esfandiari et. al. (2012) found optimal 

conditions of 975 oC for 240 min to produce ACs with a SA of 790 m2/g [61]. Compared to much 

Precursor Stabilization 

treatment 

Activation 

type 

Activating 

agent 

AC Surface 

area (m2/g) 

Reference 

LLDPE Sulfonation Chemical KOH 156-1803 [46] 

PVC Oxidation Physical Steam 1096-2096 [47] 

PVC Oxidation Physical CO2 528-1211 [27] 

PVC Oxidation Chemical KOH 4-2507 [48] 

PVC - Chemical KOH 2666 [49] 

PS Sulfonation Physical Air, Steam 567, 842 [50] 

PS - Chemical KOH 2109-2712 [51] 

PS - Chemical KOH 393-1250 [52] 

PS Crosslinking 

(Friedel-

Crafts) 

Chemical KOH 2637 [53] 

PC - Chemical KOH Max. 2098.7 [54] 

PC - Chemical NaOH 348-815 [55] 
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of the chemical activation results presented in Table 3, the CO2 activation requires a higher 

temperature and longer treatment time to produce a product of lesser SA. Mandoza-Carrasco et. 

al. (2016) compared steam activation (8.33 mL/min) of PET to KOH activation at an IR of 2 

[63]. It was found that KOH activation caused an optimal SA (1002 m2/g) at 850 oC, while steam 

activation resulted in a higher SA (1235 m2/g) at 800 oC under the same treatment time of 1 h. 

Although the results are influenced by the levels of activating agent used, this showcases that 

steam activation can produce similar SAs as KOH at a reasonable IR of 2.  

2.5.2. Alternatives to KOH activation  

In terms of the chemical activation of PET, a number of studies have investigated 

chemical activators other than the widely used KOH activator. For example, NaOH activation 

was found to produce very similar SAs to that of KOH using a two-stage carbonization/ 

activation process [66]. Both activating agents (IR=2) produced maximum SAs of ~2000 m2/g at 

850 oC (KOH activation) and as low as 800 oC (NaOH activation). Castro et. al. (2018) 

investigated K2CO3 activation at 800 oC and ZnCl2 activation at 500 oC [67]. Through analysis of 

the K2CO3 IR, it was found that an optimal SA of 1390 m2/g was achieved at a relatively low IR 

of 0.5. In a separate study, a greater SA of 1439 m2/g was achieved using a K2CO3 IR of 2, which 

was greater than that of the equivalent KOH activation (1206 m2/g) [68]. However, ZnCl2 

activation at 500 oC was not as effective as it produced an AC of 700 m2/g using an IR of 1 [67]. 

Adibfar et al. also achieved a similar SA (682 m2/g) by ZnCl2 activation up to a temperature of 

800 oC [69], indicating that an increased activation temperature did not improve the SA 

development. This study also emphasized the significance of KOH activation, because it reported 

that KOH produced the highest SA compared to H3PO4, H2SO4 and ZnCl2 activators under the 

same conditions.  
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2.5.3. Single stage KOH activation  

The operational conditions during KOH activation can be analyzed in more detail than 

other activators due to the increased number of studies performed. As shown in Table 3, the most 

prevalent process used is the single stage KOH activation. The activation temperature and time 

were investigated by Mendoza-Carrasco et. al. (2016) at an IR of 2, in which activation at 800 oC 

was found to be optimal at 1h (SA=844 m2/g) due to the decreased SA upon further increases in 

time [63]. Additionally, increasing temperature to 850 oC caused the highest SA of 1002 m2/g. 

Another key factor is the IR, which was investigated by Sarici-Ozdemir & Onal (2018) in the IR 

range of 1-5 [70]. At the standard activation conditions of 800 oC for 1h, the SA continuously 

increased with IR up to 1889 m2/g at an IR of 5. A second study employing this high IR at even 

higher temperatures of 900 to 1100 oC, produced ACs with a maximum SA of 1808 m2/g at 900 

oC [71]. Evidently, an elevated IR may be necessary to achieve SAs as high as 1800 m2/g but 

increasing temperature beyond 800 oC does not seem to be worthwhile.  

2.5.4. Two-stage KOH activation  

Despite the ease of implementing a single stage carbonization/activation process, it is 

evident from Table 3 that the separation of carbonization and activation can result in the highest 

PET AC surface areas reaching greater than 2000 m2/g. This may be attributed to the interaction 

of activating agent solely with carbon rather than uncarbonized precursor. Using a 600 oC 

carbonization step and a KOH IR of 2, two studies have found optimal surface areas of 2006 

m2/g [66] and 1937 m2/g [72] at an activation temperature of 800 oC. The decrease in SA as 

activation temperature is increased beyond this point results from pore expansion due to 

excessive activation. Based on the latter study of Yuan et. al. (2020), a higher IR was necessary 

to further increase the SA to a superior value of 2650 m2/g at only 700 oC [72]. A separate study 
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employing a higher carbonization temperature of 700 oC found that an IR of 3 was optimal for 

activation at 700 oC. However, a comparatively lower surface area of 1690 m2/g was achieved in 

this study [73]. Therefore, the carbonization conditions may also play a significant role in the 

final AC properties due to the differences observed in these two studies.  

Table 3: List of the ranges in activated carbon BET surface areas produced through chemical 

activation of PET plastic. 

Carbonization 

conditions 

Activating 

agent 

IR Activation 

conditions 

AC Surface 

area (m2/g) 

Reference 

- ZnCl2 1 500 oC 2 h 700 [66] 

- K2CO3 0.25-1 800 oC 2 h 680-1390 

- K2CO3 2 800 oC 1439 [67] 

KOH 1206 

- ZnCl2 1 400 oC 1 h then 

800 oC 1 h 

682 [68] 

H3PO4 1223 

H2SO4 583 

KOH 1338 

- KOH 2 700 oC 30 min 1418 [73] 

- KOH 2 700 oC 1334 [74] 

- KOH 2 700 - 850 oC 1 h 566-1002 [62] 

800 oC 0.25 - 2 h 666-844 

- KOH 1-5 800 oC 1 h 817-1889 [69] 

- KOH 5 900 - 1100 oC 1 h 1092-1808 [70] 

600 oC 1 h KOH 2 850 oC 1.5 h 2831 [49] 

600 oC 2 h KOH 2 700 - 1000 oC 1 h 1689-2006 [65] 

NaOH 1926-2060 

600 oC 1 h KOH 2 600 - 1000 oC 1 h 1636-1937 [71] 

1-3 700 oC 1 h 736-2650 

700 oC 2 h KOH 1-4 700 oC 2 h 591-1690 [75] 

 

2.6. Conversion of thermosets to AC 

Another important category of plastic precursors is thermoset plastics, which are often 

found in composite materials. Thermosetting resins are used as a matrix to hold a structural filler 

in place and are chemically cross-linked such that they can’t be reshaped after curing. Therefore, 

conversion of thermoset resins to carbon is a promising treatment as they cannot be recycled 
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conventionally. Some examples of AC production from commonly used phenolic and epoxy 

resins are summarized in Table 4.  

2.6.1. Phenolic resin  

Phenolic resin (PR) is an example of thermosetting resin material which is commonly 

used to make fiber reinforced composites [2]. It is a good candidate for carbonization due to its 

complex structure of phenol and aldehydes that facilitate high carbon yield [77]. Dong et. al. 

investigated the production of PR derived AC for application in supercapacitors using K2FeO4 as 

both an activating and graphitization agent [77]. An activation temperature of 950 oC was 

required to produce an electrode material with a SA above 1000 m2/g; However, this was not the 

only parameter of importance given its application. With respect to SA development alone, KOH 

has been shown to be most effective compared to K2CO3 and ZnCl2 in the activation of phenol-

melamine-formaldehyde resin [78]. Within this study, the benefit of PR was also apparent due to 

the excellent SA of 2376 m2/g achieved, which is superior to that of PET ACs synthesized using 

similar single-stage activation conditions (Table 3). Additionally, Zheng & Gao (2011) produced 

a PR derived AC of even higher SA (2653 m2/g) using an increased IR of 5 [79]. Similar to PET, 

PRs do not require a stabilization step; however, the impact of an oxidative pretreatment was 

investigated by Teng & Wang (2000). Oxidation after impregnation was found to increase the 

carbon yield and enhance SA but only at high KOH levels (IR = 4) [80].  

2.6.2. Epoxy resin  

Epoxy resin is another very commonly used thermosetting plastic. In addition to its 

application in composite materials it is also a large component of electronics, specifically printed 

circuit boards (PCBs). The non-metallic portions of PCBs, which comprise 70% of the material, 

are mainly composed of epoxy resin (~60 %) [81]. Therefore, it has been of interest to convert 
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the non-metallic portions of waste PCBs to high SA AC using KOH activation [82] and steam 

activation [81]. Both studies employed carbonization prior to activation at 800 oC. However, the 

KOH activation (IR = 3) produced a much higher SA (2573 m2/g) using a shorter treatment time 

of 1 h compared to steam activation, which required 1.5 h to produce ACs of SA = 803 m2/g. 

Epoxy ACs were also produced for application in supercapacitors using a similar two-stage 

process with the same proportion of KOH [83]. However, a lower SA of 1353 m2/g was reported, 

likely due to the lower activation temperature of 600 oC. Evidently, the KOH activation of epoxy 

resin is limited to relatively lower activation temperatures and does not investigate any single 

stage activation methods.  

Table 4: List of the ranges in activated carbon BET SAs produced through chemical activation of 

various thermoset plastics. 

 

2.7. Applications of AC 

Activated carbon (AC) is mainly used as an adsorbent for a variety of pollutant 

molecules. At its origins in ancient Egypt (1500 BC) it was used for water purifications, and 

Precursor Stabilization 

treatment 

Carbonization 

conditions 

Activating 

agent 

IR Activation 

conditions 

AC surface 

area (m2/g) 

Reference 

Epoxy - 500 oC 1 h KOH 3 600 oC 3 h 1353.78 [82] 

Epoxy (PCB) - 650 oC 2.5 h KOH 3 800 oC 1 h 2573 [81] 

Phenolic resin - - K2FeO4 19.8 750 – 950 
oC 1 h 

416 - 1086 [76] 

Phenol 

formaldehyde 

resin 

- - KOH 5 750C 1h 2653 [78] 

phenol–

melamine–

formaldehyde 

resin 

- - KOH 2 800 oC 1 h 2376 [77] 

K2CO3 800 oC 1 h 1610 

ZnCl2 700 oC 1 h 1296 

Phenol 

formaldehyde 

resin 

Oxidation 

(pre-

impregnation) 

- 

 

KOH 1 - 4 700 oC 2 h 960 - 2800 [79] 

- 1200 - 2200 



25 
 

during the first world war it was implemented in gas masks to remove toxic gases [84]. In recent 

times, AC is often applied for purification of air and color removal from industrial wastes. For 

many applications, the most important property of the AC adsorbent is the specific surface area, 

which refers to the total internal and external surface area (SA) of the material per unit mass. 

Other parameters affecting adsorption include the pore structure, surface functional groups and 

elemental composition [85]. However, it is also dependent on the treatment conditions and the 

specific mechanism of adsorption.  

Various adsorption isotherm models are used to describe the adsorption process, 

specifically the relationship between adsorbate concentration (liquid phase) or pressure (gas 

phase) and the resulting equilibrium adsorption (mg adsorption/ g adsorbent). For example, it is 

generally known that the equilibrium adsorption of dyes increases with dye concentration until 

the binding sites are filled and the adsorbent is saturated with dye [86]. This adsorption point is 

called the monolayer capacity (qm) and is a relevant parameter in many adsorption models, such 

as the Langmuir model, which is a very popular isotherm describing the adsorption of a single 

layer of solute on an adsorbent surface (Figure 7). It is a very simple model assuming adsorption 

onto homogenous surfaces but can accurately predict the adsorption behavior of a wide variety of 

molecules. As shown in Table 5 and Table 6 outlining various plastic derived AC adsorption 

capacities, most plastic derived ACs exhibit adsorption behaviors which have been described by 

the Langmuir model. However, there are other models used to describe monolayer and even 

multilayer adsorption, which will be discussed as necessary within the research studies of this 

thesis. 
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Figure 7: Langmuir adsorption isotherm and corresponding illustrations of adsorption onto AC 

at low and high solute concentrations [86].  

2.7.1. Dye adsorption 

One very large application of AC is in the treatment of dye contaminated wastewater 

produced from textile industries. For this application an additional process consideration is the 

pH due to its effect on the ionization degree of the adsorbate dye in addition to the chemical state 

of the AC [86]. This is important because textile dyes are often charged molecules, so 

electrostatic interaction with the AC plays a large role in the adsorption process. For example, the 

adsorption of a cationic dye such as methylene blue (MB) is enhanced by a negatively charged 

AC surface [57]. As shown in Figure 8b, a basic pH improves MB adsorption as explained by 

the development of negative charge on AC through deprotonation of acidic functional groups 

such as hydroxyls (Figure 8a). Therefore, not only does the pH influence the electrostatic 

interaction with charged dyes but also the amount and types of AC surface functional groups. 

Kuang et al. (2020) reported increased MB adsorption onto AC modified by anionic surfactants, 
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while AC modified by a cationic surfactant reduced MB adsorption (Figure 8d) [88]. The effect 

of dye type as it relates to charge is exemplified in Figure 8c in which PET ACs selectively 

adsorb cationic MB dye over anionic methyl orange (MO) dye (Figure 8c). The monolayer 

capacity (qm) of MB dye and other aqueous pollutants by plastic derived ACs can be seen in 

Table 5 alongside their corresponding AC surface areas.  

 

 

Figure 8: a) Adsorption of methylene blue (MB) by AC in basic solution with hydroxyls as 

representative surface functional groups facilitating electrostatic interactions; b) Adsorption 

isotherm of MB onto unmodified AC (Virgin-C), and AC modified with anionic sodium lauryl 

sulfate (SLS-C), anionic sodium dodecyl sulfonate (SDS-C), and cationic hexadecyl trimethyl 

ammonium bromide (CTAB-C). Adapted from ref. [88].  
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Table 5: Tabulated BET surface areas and monolayer adsorption capacities (qm) exhibited by 

plastic derived ACs during the adsorption of various pollutants in liquid phase. 

Precursor Activating 

agent 

Adsorbate AC 

surface 

area 

(m2/g) 

qm 

(mg/g) 

Isotherm 

model 

Reference 

PVC KOH Trichloroethylene 2666 1418.9 Polanyi-

Dubinin-

Manes 

[49] 

Dichlorobenzene 1308.3 

Dinitrobenzene 1193.6 

Hexachlorocyclohexane 2326.5 

PET Trichloroethylene 2831 1510.9 

Dichlorobenzene 1381.8 

Dinitrobenzene 1277.6 

Hexachlorocyclohexane 2471.9 

PS Steam Ni(II) 842 40.82 Langmuir [50] 

PET KOH Methylene blue 1334 326.2 Langmuir [74] 

Chloromethylphenoxyacetic 

acid 

298.9 

PET K2CO3 Methylene blue 1390 625 Langmuir 

 

[66] 

Victoria blue 137 

ZnCl2 Methylene Blue 700 333 

Victoria blue 196 

PET KOH Phenol 1418 207 Langmuir [73] 

nitrophenol 278 

Epoxy KOH Methylene blue 2572 737.19 Langmuir [81] 

Commercial AC Methylene blue 900 303 Langmuir [66] 

 

2.7.2. Nano-plastic adsorption 

Another noteworthy application of AC is in the adsorption of micro- and nano-plastic 

(NP) pollution from wastewater. This waste is caused by human activities such as laundering and 

exfoliant products which introduce small plastic particles into wastewater effluents [4]. These 

particles breakdown into microplastics (MPs) and further into nano-plastics (NPs), which can 

escape wastewater treatment operations much more easily [89]. With respect to MPs, various 

studies have investigated biochar within columns [90–92] and AC filters [93]. Similarly, the 

adsorption of the more difficult to treat NPs using biochar [94,95] and commercial AC [96] have 
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been studied using batch mixing experiments. All these studies were limited to testing charged 

polystyrene (PS) NPs, which followed monolayer adsorption described well by the Langmuir 

model (Figure 9 a and b). 

 

 

Figure 9: Adsorption isotherm curves of a) PS NPs onto sugarcane Bagasse biochar at varying 

adsorption temperatures. Adapted from [94] with permission from Elsevier. Copyright ©2021; 

and b) PS NPs onto oxidized and non-oxidized corncob biochar. Adapted from ref. [95] with 

permission from Elsevier. Copyright ©2021.  

The NP adsorption capacity of the various carbonaceous adsorbents and the maximum 

percentage recovery of NPs are reported in Table 6. It is evident that the adsorption capacities 

are quite limited but were able to achieve high NP recoveries above 95%. This may be attributed 

to the oppositely charged NP and adsorbent combinations in these studies (Table 6) which 

enhance the adsorption even at low solute concentrations. Although these examples show 

promise in the usage of carbonaceous adsorbents for NP adsorption, the data is very limited with 

respect to the adsorbent material and NP properties. There is a need to investigate the adsorption 
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of non-charged NPs due to the great influence of surface charge on the adsorption process. 

Additionally, it is of interest to utilize higher surface area sustainable adsorbents such as 

chemically activated ACs derived from plastics or biomass.  

Table 6: Comparison of polystyrene nano-plastic adsorption capacities and recovery using 

various carbon-based adsorbents.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adsorbent 

type 

Adsorbent 

Surface 

area 

(m2/g) 

pH NP zeta 

potential 

(mV) 

AC zeta 

potential 

(mV) 

Monolayer 

capacity 

(mg/g) 

Isotherm 

model 

Maximum 

NP 

recovery 

(%) 

Reference 

Bagasse 

biochar 

540.36 5.5 -39.8 +2.85 44.9 Langmuir >99 [92] 

Corncob 

biochar 

36.3 7 -48 -45.1 20.89 Langmuir - [93] 

Commercial 

AC 

1150 7.4 ~(+40) ~(-28) 2.15 Langmuir 98 [94] 
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Chapter 3: Synchronous pyrolysis and activation of poly(ethylene 

terephthalate) for the generation of activated carbon for dye 

contaminated wastewater treatment2 
 

3.1. Introduction  

Poly (ethylene terephthalate) (PET) is the most popular packaging material for beverages 

worldwide [95], possessing many ideal properties, including transparency, lightweight, and 

barrier [96]. As a result, PET bottle use has continued to increase over the years, leading to a 

buildup of waste that takes about180 years on average to degrade [97]. Although thermo-

mechanical recycling has been attempted for bottle-to-bottle recycling processes, it cannot be 

used successively due to the property degradation after each cycle [98]. Additionally, the 

challenges associated with sorting and cleaning bottles have limited the recycling rate to 29% in 

the US, as reported in 2018 [99]. With large amounts of plastics reaching landfills, incineration at 

landfill sites for heat generation has been a common approach for dealing with the waste despite 

the harmful emissions produced [100].  

Since it is of interest to utilize this waste while avoiding the production of harmful 

effluents, the carbonization of PET under an inert atmosphere appears to be a promising way to 

create valuable carbonaceous products. PET is an excellent candidate for carbonization processes 

due to its large carbon composition of over 60 wt.% and low inorganic content [101]. 

Additionally, controlled PET carbonization results in high char production compared to other 

waste plastics [102]. This may be attributed to the thermally stable benzene rings on PET’s 

backbone structure, which do not easily crack to form gaseous compounds upon degradation 

[103]. In this study, PET was investigated as a precursor to produce activated carbon, which is 

                                                             
2 A version of this chapter is published: Blanchard, R., Mekonnen, T., Journal of Environmental Chemical 

Engineering Volume 10, Issue 6, December 2022, 108810. 
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currently obtained from a variety of carbonaceous synthetic and biomass feedstocks. While 

activated carbons are conventionally produced through the heating and activation of coal, lignite 

and peat, the non-renewable feedstock is a major drawback. The environmental impact of coal 

and hence its decreasing availability has caused biomass feedstocks to become popular [104].  

For example, sources such as coconut shell [105] and lignin [107] present attractive alternatives 

to coal that are sustainable, inexpensive and can be regenerated easily [108]. Similarly, waste 

plastics such as PET are available with seemingly unlimited supply, and their utilization benefits 

the environment.  

Production of activated carbon from PET is mainly accomplished by physical activation 

by steam [63,97] or CO2 [109,110]. However, chemical activation using chemicals such as 

NaOH [111,112], KOH [65,73,97], H2SO4 [69,115] and H3PO4 [111,114] have also been 

investigated. Using chemicals to produce porous activated carbon has many advantages over 

physical activation such as lower processing times and temperatures in addition to higher char 

yield and surface areas. In terms of activating agents, potassium salts are very popular, with 

KOH specifically well known for its ability to produce very high surface areas [41]. A literature 

review by Sharifian & Asasian-Kolur (2022) reported that KOH was the most popular activating 

agent and was used in 70% of the studies investigating the chemical activation of PET [101]. 

Additionally, Adibfar et al. [69] found that KOH activation of PET waste resulted in activated 

carbon with the highest surface area compared to other common activators, such as H3PO4, 

H2SO4, and ZnCl2.  

The high surface area activated carbons have many useful applications, with outstanding 

potential as adsorbents due to their porosity [115]. The treatment of waste effluents is a very 

important area of research with many recent advances in the purification of hard-to-treat wastes 
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such as oily water streams [117][118], raw biogas streams [119], and produced water [120][121]. 

Activated carbons are specifically very useful in the adsorption of small contaminant molecules 

from wastewater by the porous surface of the carbon. For example, some recent applications of 

biochar derived adsorbents include their application in treatment of dye contaminated [122] and 

metal contaminated waters [123]. Activated carbons derived specifically from KOH activated 

PET have also been investigated for applications including the adsorption of carbon dioxide 

[114,124,125], hydrophobic organic compounds [49], phenolic compounds [73],  pesticides [67], 

Bisphenol A [126], Iron(III) and p-Nitrophenol [97], aqueous drug components [69] and 

nitrogenous organic pollutants [74]. 

 One very common organic waste compound is methylene blue dye, which is heavily 

produced by the textile industry in the production of jeans. In general, coloured wastewater is a 

major concern because 10-15% of the applied dye remains in wastewater streams after the dying 

process [127]. This results in an enormous amount of waste, as textile wastewater accounts for 

17-20% of all industrial wastewaters [128] and is expected to grow with the increasing demand 

for textile products [129]. Due to this effluent, around 200,000 tonnes of dye is lost as waste 

yearly, which is difficult to clean using traditional wastewater treatments [130]. Activated carbon 

is a very appealing option for the treatment of such wastes since it is inexpensive and simple to 

implement. For this reason, a lot of work has focused on the use of low cost activated carbons for 

the recovery of methylene blue dye. Some relevant works include the study of mesoporous 

zeolite activated carbon from oil palm ash [131], mesoporous NaOH activated carbon from 

chitosan flakes [132], mesoporous NaOH activated carbon from rattan hydrochar [133], 

nanoporous KOH activated carbon from karanj fruit hulls [134], cross-linked composites of 
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chitosan and sepiolite [135], and cross-linked NaOH activated oil palm ash zeolite/chitosan 

composite beads [136].  

The goal of this study was to convert PET into an activated carbon product for the 

intended adsorption of dyes from textile wastewater. Although PET has been previously 

investigated as a precursor for the production of activated carbon [101], AC has not been 

produced with intended application as an adsorbent of charged dye molecules. Therefore, the 

surface charge has not been considered in the optimization of the processing conditions and the 

effects of adsorbent-adsorbate electrostatic interactions on the adsorption process have not been 

studied. In this study, the activation conditions (temperature and time) were investigated to 

provide a preliminary optimization of the activated carbon properties (surface area and surface 

charge) for the prospective adsorption of textile dyes. In addition, the adsorption of methylene 

blue dye was studied in detail and compared to a second cationic dye (Brilliant Green) and an 

anionic dye (Methyl Orange) to analyze the effects of surface charge interactions on the 

adsorption process as they relate to dye recovery.  

3.2. Materials and methods  

3.2.1. Materials  

Used water bottles (Real Canadian Brand) were collected and used as the source of 

(polyethylene terephthalate) (PET). Sodium hydroxide (NaOH) (ACS reagent grade, ≥97.0%), 

Potassium hydroxide (KOH) (ACS reagent grade, ≥97%), hydrochloric acid (HCl) (ACS reagent 

grade, 37%), methyl orange (ACS reagent grade, dye content 85%), and Brilliant Green (BG) 

(dye content 90%) were all purchased from Sigma-Aldrich, Canada. Methylene Blue (MB) 

(Baker Analyzed reagent) and Sodium Chloride (NaCl) (ACS reagent grade, ≥ 99%) were 

purchased from Fisher Scientific, Canada.  
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3.2.2. Methods 

3.2.2.1. Preparation of AC 

Used water bottles were cut into small pieces of approximately 1 cm x 1 cm dimensions 

after removing caps and attached labels. They were then soaked in liquid nitrogen, ground, and 

sieved to obtain flakes of 2-3.35 mm particle size. The ground product was agitated within a 

KOH solution (1:1 mass ratio of PET: KOH) at room temperature for 1 h in batch sizes of 1.5 g 

of PET. The water was then boiled off by heating at 80 °C overnight. The KOH coated PET was 

carbonized under nitrogen flow using a tube furnace (Thermo Scientific Lindberg/Blue M 18.4L 

B2 Moldatherm Box Furnace) by heating at a rate of 10 oC/min to a temperature of 600 oC, 700 

oC and 800 oC and holding for 1 h and 2 h. Additionally, one sample of sieved PET before KOH 

impregnation was treated at 600 oC for 1 h to observe the effects of chemical activation. The 

samples are designated based on their activation conditions according to the labels in Table 7. 

After carbonization, the samples were washed with 1M Hydrochloric Acid (HCl) for 1 h. The 

carbon was removed from the HCl solution by centrifugation (Heraeus Megafuge 1.0 Centrifuge) 

and washed thrice with DI water. The final product was obtained after drying overnight at 80 oC 

and grinding using a mortar and pestle.  

Table 7: Activation conditions used to produce PET AC. 

Sample Treatment Conditions 

Control Carbonization at 600 oC for 1 h  

AC-600C1h KOH activation at 600 oC for 1 h 

AC-600C2h KOH activation at 600 oC for 2 h 

AC-700C1h KOH activation at 700 oC for 1 h 

AC-700C2h KOH activation at 700 oC for 2 h 

AC-800C1h KOH activation at 800 oC for 1 h 

AC-800C2h KOH activation at 800 oC for 2 h 
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3.2.2.2. Surface area analysis and yield of ACs 

The surface area of the carbon was characterized by nitrogen adsorption at 77 K using a 

Micromeritics Gemini VII 2390a. The samples were first degassed at 300 oC for 1 h under 

vacuum, and then analyzed using relative pressures of 0.005 ≤ p/po ≤ 0.05. The surface areas 

were calculated using the BET (Brunauer–Emmett–Teller) method in the specified pressure 

range. The mass percentage yield for each activated carbon product was calculated using 

Equation (7), in which 𝑚𝑃𝐸𝑇 is the initial mass of PET carbonized and 𝑚𝐴𝐶  is the final mass of 

activated carbon recovered after the acid wash and drying procedure. Duplicate runs of the 

optimized product were used to estimate the percentage error in the yield values for all samples.  

 %𝑌𝑖𝑒𝑙𝑑 = 100 𝑥
𝑚𝐴𝐶
𝑚𝑃𝐸𝑇

 
(7) 

 

3.2.2.3. DLS analysis of ACs 

Activated carbon solutions of 0.001 wt.% concentrations in DI water were prepared by 

sonicating for 20 minutes. The samples were then analyzed using a Malvern Zetasizer Nano-

series (Westborough, MA, United States) DLS to measure zeta potential using a folded capillary 

zeta potential cell (Zetasizer nano series, DTS 1061). Three scans of each sample were collected, 

and the averages were reported.  

3.2.2.4. FTIR analysis and SEM imaging of ACs 

FTIR spectra were obtained using a Thermo Scientific Nicolet 6700 equipped with ATR. 

Data were collected in the range of 650–4000 cm-1 in absorbance mode using 16 scans. SEM was 

conducted using an Oxford Instruments Quanta FEG 250 Environmental SEM (Abingdon, UK) 

without any sputter coating. The supported energy dispersive X-Ray spectroscopy (EDX) was 

used to conduct elemental surface analysis and mapping of carbon and oxygen. 
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3.2.2.5. pH of zero charge  

Various solutions were prepared by adjusting 25 mL of 0.1M NaCl in DI water to pH 

values between 2-12 using HCl and NaOH. Activated carbon (10 mg) was sonicated in 5 mL of 

their respective solution, then added to the remaining 20mL and placed in a shaker for 24 h at 72 

rpm. The pH of the solutions was measured after reaching equilibrium at 24h and plotted against 

the initial solution pH. The pH of zero charge was determined by plotting this curve against the x 

= y line and taking the intersection point.  

3.2.2.6. UV-vis spectroscopy  

UV-Vis spectrophotometry (Cary 300 Bio UV-Visible Spectrophotometer) was used to 

calculate the concentrations of Methylene Blue (MB), Brilliant Green (BG) and Methyl Orange 

(MO) dyes. Sample spectra were obtained between 300 - 800 nm, and their absorbance at 

maximum wavelengths of 664 nm (MB), 624 nm (BG) and 424 nm (MO) were used to calculate 

concentration. Calibration curves were produced for each dye by preparing a 100 mg/L stock 

solution and diluting to form a range of concentrations. Absorbances at the corresponding 

maximum absorbance wavelengths were correlated to the known concentrations to produce a 

linear calibration equation for all dyes at low concentrations. For MB, an additional calibration 

curve was produced for concentrations outside the linear region in which a polynomial 

calibration function was applied. All calibration curves and raw UV-vis data can be found in the 

Appendix (Figure 34 - Figure 37). 

3.2.2.7. Adsorption isotherm study  

Methylene blue adsorption tests were carried out in batch sizes of 25 mL using initial 

concentrations of 100, 150, 200, 250 and 300 mg/L. For each run, 10 mg of AC was sonicated in 

5 mL deionized water for 10 min while submerged in cold water for temperature control. 
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Methylene blue solutions were either adjusted to pH 10 using 0.1 M NaOH, pH 4 using 0.1 M 

HCl or left at the unadjusted pH of 6. The sonicated AC was added to 20 mL of each methylene 

blue solution and placed in a shaker for 24 h at 72 rpm. Solutions were then centrifuged, and 

sequential dilutions (1/10) of the supernatant were used to measure dye concentration via UV-Vis 

spectroscopy. Similarly, samples of the initial methylene blue solutions were also measured. For 

each run, the equilibrium adsorption (mg MB/g AC) was determined according to Equation (8), 

in which 𝐶0 (mg/L), 𝐶𝑒 (mg/L), 𝑉 (L), and 𝑚 (g) refer to initial dye concentration, equilibrium 

dye concentration, batch volume, and mass of AC respectively.  

 
𝑞𝑒 =

(𝐶0 − 𝐶𝑒)𝑉

𝑚
 

(8) 

Langmuir, Freundlich and Sips adsorption isotherm models were fitted to the 

experimental data by non-linear regression using excel’s solver function. Parameters were 

determined based on the minimization of the sum of squared errors (SSE). The Langmuir model 

was expressed using Equation (9), in which 𝑞𝑚𝑎𝑥 is the maximum monolayer adsorption 

capacity (mg/g) and 𝐾𝐿 is the Langmuir constant (L/mg) which represents the affinity of the 

binding sites. This model assumes a homogenous adsorbent surface and monolayer formation 

[137].  

 

 
𝑞𝑒 =

𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

 
(9) 

The Freundlich model was expressed by Equation (10), in which 𝐾𝐹 is the Freundlich 

constant (𝐿1/𝑛𝑚𝑔1−
1

𝑛𝑔−1) and 𝑛𝐹 indicates the heterogeneity of adsorbate sites [138]. The 

Freundlich model is often used to describe multilayer adsorption on heterogenous surfaces [86]. 
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𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛𝐹  

(10) 

Lastly, the Sips model, a combination of Langmuir and Freundlich models, is expressed 

by Equation (11), in which 𝐾𝑠 (𝐿
𝛽𝑚𝑔1−𝛽𝑔−1), 𝛼 (𝐿𝛽𝑚𝑔−𝛽) and 𝛽 are parameters. The model 

approaches the Langmuir isotherm at high solute concentrations and the Freundlich isotherm at 

low solute concentrations. Unlike the Langmuir model, it can describe adsorption onto 

heterogeneous surfaces [138].  

 

𝑞𝑒 =
𝐾𝑠𝐶𝑒

𝛽

1 + 𝛼𝐶𝑒
𝛽

 
(11) 

3.2.2.8. Adsorption kinetics study  

Dye Adsorption tests were carried out in batch sizes of 200 mL using activated carbon 

concentrations of 25, 50 and 75 mg/L. The activated carbon was first sonicated at 1 mg/mL for 

10 min while submerged in cold water for temperature control. Next, the sonicated carbon was 

added to 25 mg/L dye solutions and stirred at 400 rpm for 30 h during which 5 mL samples were 

collected over time. The samples were centrifuged, and the concentration of the supernatant dye 

was determined based on UV-Vis spectroscopy. For each run, the adsorption (mg dye/g AC) was 

determined over time according to Equation (12), in which 𝐶𝑡 (mg/L) is the dye concentration at 

time t (min). Additionally, the percentage recovery of dye was calculated according to Equation 

(13) and plotted over time. For one experiment, a dye mixture containing 8 mg/L MB, and 10 

mg/L methyl orange was used as the initial dye solution. Due to negligible peak overlapping, 

UV-Vis spectrophotometry was used to determine the concentration of each dye in the mixture 

over time.  

 
𝑞𝑡 =

(𝐶0 − 𝐶𝑡)𝑉

𝑚
 

(12) 
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% Removal = 100 × (1 −

𝐶𝑡
𝐶0
) 

(13) 

 Pseudo First Order (PFO), Pseudo Second Order (PSO), Weber and Morris (W&M) 

intraparticle diffusion (IPD), and Elovich kinetic models were fitted to the experimental data 

using linear regression using Excel’s linear least squares best fit lines. Parameters were 

determined based on the obtained slope and intercept of the linear least squares model. The PFO 

model is expressed in its linear form by Equation (14), in which 𝐾1(g/mg/min) is a parameter 

describing how fast equilibrium is reached [139], and t (min) is the adsorption time. 

 ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝐾1(𝑡) (14) 

The PSO model was expressed in its linear form by Equation (15) in which 𝐾2 

(g/mg/min) is the parameter similar to 𝐾1 that describes the speed of equilibrium. For a variety of 

adsorbent/adsorbate systems it was found that at low initial solute concentrations the PSO model 

is most suitable [139].  

 𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒2
+
𝑡

𝑞𝑒
 

 (15) 

The Weber and Morris Intraparticle diffusion model was expressed by Equation (16) 

which is already in a linear format. The parameter 𝐾𝑖𝑛𝑡 (mg/g/min1/2) is the intraparticle diffusion 

rate constant and C (mg/g) is a constant. The intercept C is zero if intraparticle diffusion is the 

rate limiting step [139]. This model often exhibits separate regions corresponding to an external 

mass transfer stage followed by intra particle diffusion [94], so the separate parameters 𝐾𝑒𝑥𝑡 and 

𝐶𝑒𝑥𝑡  were used to describe the external mass transfer region.  

 
𝑞𝑡 = 𝐾𝑖𝑛𝑡𝑡

1
2 + 𝐶𝑖𝑛𝑡 

(16) 

Lastly, the Elovich model is expressed in its linear form by Equation (17), in which a 

and b are parameters. This version of the model was derived from its original non-linear form 
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with the assumption of 𝑎𝑏𝑡 >> 1. This model assumes that the adsorption energy increases with 

adsorption time and that the surface of the adsorbent is heterogenous. It is often used to describe 

the adsorption of gas onto solid but has also been applied to solid-liquid systems more recently 

[139].  

 

 

3.3. Results and discussion  

To alleviate the impact of PET waste buildup and take advantage of the highly 

carbonaceous aromatic structure of PET, waste bottles were carbonized to form activated carbon 

(AC). The conversion of waste PET bottles to a high value activated carbon product is 

schematically illustrated in Figure 10. The process involves the carbonization of PET by thermal 

decomposition combined with the simultaneous activation of the produced char using KOH. The 

chemical activation developed the required surface area of the char to produce high-capacity 

adsorbent material. This activation of PET- carbon by KOH can be described by Equation (18) 

[140,141], resulting from many simultaneous and consecutive reactions. Initially, carbon is 

consumed by water-gas and water-gas shift reactions to produce H2, CO, and CO2 gases, with 

KOH being consumed towards the production of K2O followed by K2CO3. At temperatures 

exceeding 700 oC a significant amount of potassium metal is produced by reducing the 

mentioned potassium products [44]. Therefore, the activation occurs through the gasification of 

carbon, the consumption by redox reactions with potassium products, and the intercalation of 

potassium metal which helps expand the carbon lattice and enhance pore formation [143].  

 6𝐾𝑂𝐻 + 2𝐶 →  2𝐾 + 3𝐻2 + 2𝐾2𝐶𝑂3 (18) 
 

 

    

  
𝑞𝑡 =

1

𝑏
ln(𝑎𝑏) +

1

𝑏
ln (𝑡) 

(17) 
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Figure 10: Schematic of activated carbon production from water bottle waste.  

In this study, the activation process was carried out at various temperatures and times, as 

outlined in Table 7. Activation performed at 700 oC and 800 oC resulted in highly carbonized 

black char, as shown in Figure 33 (see Appendix), while activation at 600 oC resulted in a light 

grey product. Carbonization at 600 oC in the absence of KOH resulted in a black char and was 

used as the control. The yield of all samples and surface properties of the successfully carbonized 

ACs are presented in Table 8. 

Table 8: BET surface area, Zeta potential and yield of PET Activated Carbon and carbonized 

PET.  

   Sample Yield (%) BET Surface Area (m
2
/g)* Zeta Potential (mV)** 

Control  17.34 ±1.0 407.50 ±0.87 -34.5 ± 1.6a 

AC-600C1h 40.0 ± 3.7 - - 

AC-600C2h 39.0 ± 3.7 - - 

AC-700C1h 29.6 ± 2.9 625.63 ± 0.70 -35.3 ± 1.6a 

AC-700C2h 27.4 ± 2.5 816.48 ± 3.85 -34.1 ± 1.2a 

AC-800C1h  25.4 ± 2.5 1124.07 ± 1.66 -39.6 ± 0.7b 
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AC-800C2h 21.8 ± 2.1 1214.74 ± 4.90 -39.9 ± 1.8b 

*BET Surface area uncertainties are model related errors determined by the instrument. **Data = mean 

± standard deviation, varying superscript letters within a column indicate statistically different (P < 0.05). 
 

3.3.1. BET surface area  

The surface area was used as the primary indication of the AC adsorption capability. As 

seen by the BET surface area data in Table 8, there is an increase in surface area as the activation 

temperature increased from 700 oC to 800 oC and time increased from 1 h to 2 h. The produced 

char from carbonization alone exhibited a substantial surface area of 407 m2/g (control) but 

required activation by KOH for further increase. Adibfar et al. [69]  also reported a similar 

surface area of 362 m2/g for carbonized PET. The extent of activation reaction has substantially 

increased at 800 oC where surface areas above 1000 m2/g were achieved. 

The surface areas achieved in this study are comparable to those from literature compiled 

in Table 9. Many of these studies used a higher amount of KOH, with some performing the 

activation after first carbonizing PET at 600 oC to achieve surface areas beyond 2000 m2/g. 

However, the use of carbonized PET as a precursor to activation is not appealing due to the low 

yield (17%) observed in this study, which would be further reduced by the subsequent activation. 

Others have also reported a yield of 17% [116] and 17.1% [144] for the carbonization of PET. 

The KOH incorporation methods also cause variations in the achieved surface areas. For 

example, the higher surface area of 1338 m2/g achieved by Adibfar et al. [69]  using the same 

amount of KOH may be attributed to the 6 h KOH treatment at an elevated temperature (85-95 

oC) to facilitate its incorporation. In comparison, this study considers the feasibility of the PET 

conversion process by avoiding long process times, additional energy inputs and unnecessary 

amounts of the activating agent. For these reasons, activation at 800 oC for 1 h is suggested. It 

was concluded that increasing activation time to 2 h is not worth the 100 m2/g increase in surface 
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area when considering the effects on the processing time, yield, and ultimately process cost. 

Overall, the results indicate that high surface areas can be achieved without an excessive amount 

of KOH, pre-treatment step, or an activation time above 1 h.  

Table 9: Comparison of BET surface areas for various ACs produced by KOH activation of PET.  

KOH: PET 

Ratio 

Pre-treatment Activation 

Conditions 

BET 

Surface 

Area (m
2
/g) 

Reference 

1:1 - 800 oC 1 h 1124 This study 

2:1 - 700 oC 1334 [75] 

2:1 - 700 oC 1418 [74] 

2:1 - 800 oC 30 min 1439 [68] 

2:1 Carbonize 600 oC 1 h 850 oC 1.5 h  2831 [50] 

2:1 Carbonize 600 oC 1 h 800 oC 1 h  2006 [66] 

2:1 - 800 oC 1 h 844 [99] 

1:1 - 800 oC 1h 817 [70] 

1:1 - 850 oC 2 h 1060 [127] 

1:1 - 400 oC 1 h, 800 oC 1 h 1338 [69] 

 

3.3.2. AC yield 

The mass yield of carbon obtained from PET is an important parameter affecting the cost 

efficiency of the overall conversion process. Additionally, it has been used as an indication of the 

degree of activation due to the reduction in yield as pore development progresses [99]. This trend 

was clearly observed as both activation time and temperature increased (Table 8), leading to a 

decrease in yield from 40.0% (AC-600C1h) to 21.8% (AC-800C2h). Similar yields of 30.07%, 

28.45%, and 24.62% were reported at activation temperatures of 700 oC, 800 oC and 850 oC [99], 

in addition to a higher yield of 31% at a maximum activation temperature of 800 oC [116].  

The decrease in yield upon increasing the temperature from 600 oC to 700 oC is mainly 

due to the increased carbonization of PET. Both the FTIR spectra and colour of the product 



45 
 

(Figure 33) indicated that the 600 oC treatments did not completely carbonize PET leaving 

behind a higher yield of lower carbon material. At 700 oC and 800 oC the decreasing yield 

correlates with the increased surface area due to activation reactions. Both trends were 

considered when choosing the most suitable processing conditions of 800 oC 1 h.      

3.3.3. Zeta potential  

The zeta potential is used to indicate the surface charge and therefore affinity of the 

adsorbent towards charged dye molecules. The primary dye of interest in this work is cationic 

methylene blue, so a negative surface charge would facilitate the attraction of the dye to its 

surface. The charge on the AC is generated from residual functional groups on the surface, which 

participate in ion or electron exchange [145]. The control (carbonized PET) likely has residual 

oxygen groups that cause it to exhibit a negative zeta potential (-34.5 mV) as presented in Table 

8. This zeta potential ultimately remained the same after activation at 700 oC but decreased to 

almost -40 mV after activation at 800 oC. This can be explained by the surface functional groups 

imparted onto the AC due to the activating agent. According to Equation (19) the KOH 

activating agent can incorporate oxygen into the carbon structure to form R-O-K groups. Upon 

washing the AC with aqueous solutions, the incorporated O-K groups can become -OH groups 

via ion exchange [146].  

 𝐾2𝑂 + 𝑅 → 𝐾 + 𝑅 − 𝑂 − 𝐾
𝐻2𝑂 𝑤𝑎𝑠ℎ
→      𝑅 − 𝑂𝐻 

 (19) 

Surface charges can then be generated by the interaction of the functional groups with the 

surrounding environment. Typically, acidic and basic sites can be formed on the AC surface 

based on the following two reactions proposed by Ko et al. [147].  

 𝑅 − 𝑂𝐻 +𝐻+ → 𝑅 − 𝑂𝐻2
+  (20) 

 𝑅 − 𝑂𝐻 → 𝑅 − 𝑂− + 𝐻+ (21) 
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The development of acidic groups, as expressed by Equation (21), contributes to the 

negative surface charge of the material. This proposed generation of surface charge due to the 

KOH activation significantly affected the zeta potential of the produced ACs at the higher 

activation temperature (800 oC). Still, it did not change upon increasing the activation time. 

Therefore, the activation at 800 oC is expected to enhance the affinity toward cationic dyes. The 

effect of pH on the surface charge and adsorbent/adsorbate charge interactions will be discussed 

in the adsorption analysis of AC-800C1h.  

3.3.4. FTIR analysis  

  The characteristic IR peak of PET is the carbonyl (C=O) typically seen at ~1730 cm-1 

[148,149], which provides a good indication of PET conversion based on its disappearance. This 

peak occurred at around 1718 cm-1 in pristine PET and 1685 cm-1 in the treated samples. As seen 

in Figure 11, its intensity reduced greatly through carbonization but remained prominent in the 

samples treated at 600 oC, indicating incomplete conversion of PET at this temperature. Thus, 

higher pyrolysis temperatures (700 oC and 800 oC) were necessary to cause the significant 

conversion of PET to carbon. The carbonized PET control exhibits the greatest reduction of all 

peaks, indicating that the carbonization proceeds more effectively in the absence of the 

competing KOH activation reactions.  

The activated carbons treated at 600 oC exhibit a new group of peaks at 2963, 2826, 2665 

and 2578 cm-1. These peaks indicate a carboxylic acid intermediate, such as benzoic acid, which 

exhibits an OH stretching vibration from the carboxylic acid group between 2500 and 3300 cm-1 

[150]. The specific benzoic acid peaks have been reported at 3072, 2839, 2677 and 2561 cm-1 

[150], which match up very closely with those observed. The presence of this intermediate can 

explain the lighter colour of samples (Figure 33 in the Appendix) treated at 600 oC, since 
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benzoic acid is a white solid that would not have solubilized during the aqueous washing step. 

Due to the significant impurity, AC-600C1h and AC-600C2h were excluded from the surface 

characterization analyses.  

For the high conversion activated carbons, the C-H peak at 2960 cm-1 [151] can no longer 

be seen and is replaced by the broad peak around 1550 cm-1 attributed to the C=C vibration of 

aromatic rings [152,153]. It is understood that the unsaturated carbon remaining after 

devolatilization reactions leads to aromatic crosslinking during polymer decomposition [148]. 

The other broad peak around 1150 cm-1 indicates the bending and stretching of OH groups in C-

OH [153,154]. This supports the formation of OH surface groups due to the KOH activator, 

which contributes to surface charge generation when in solution. Although there are no peaks 

seen in the typical OH group region (3200-3600cm-1), similar results were reported by Liakos et 

al. [154], in which the peak around 1150 cm-1 was the only indication of C-OH in activated 

carbons produced from various agricultural sources.  
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 Figure 11: FTIR Spectra of PET Activated carbon, carbonized PET, and untreated PET. 

3.3.5. SEM imaging  

The EDX elemental mapping of carbon and oxygen onto the AC-700C1h, AC-800C1h 

and the control are shown in Figure 12. The results agree with the FTIR spectra, which exhibit 

increased carbonization with activation temperature and the highest level of conversion observed 

in the control samples. This can be seen by the increased density of carbon detected on the 

surface of AC-800C1h compared to AC-700C1h. As expected, the control, which does not entail 

KOH activation, exhibited a much higher amount of carbon and lower amount of oxygen than 

the AC samples due to the high level of carbonization. However, the oxygen content in the AC 

does not change significantly as activation temperature increases due to the competing effect of 

oxygen incorporation by the activating agent.  
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Figure 12: Surface elemental spectra and EDX mapping of carbon and oxygen on PET activated 

carbons and carbonized PET.  

The SEM images of all samples presented in Figure 13 support the development of a 

porous structure after activation. Compared to the control, the ACs are highly textured with a 

distribution of pores that are especially defined in some areas of AC-800C2h (Figure 13e). The 

other ACs exhibit more depth in their structure due to the progressive KOH reactions towards the 

inside of the carbon [66,99]. It is possible that the highest activation treatment (800 oC 2h) 

caused the breakdown of the macropores in some areas, leaving a flatter mesoporous structure. 

This may explain the relatively lower increase in surface area between AC-800C1h and AC-

800C2h (Table 8). Others have even reported decreases in surface area of PET activated carbon 

when increasing activation temperature past 800 oC [66] and increasing to 2 h activation time at 

800 oC [99] based on similar reasoning.  
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Figure 13: SEM images of a) control; b) AC-700C1h; c) AC-700C2h; d) AC-800C1h; e) AC-

800C2h at 50,000X magnification.   

3.3.6. pH of zero charge  

The ACs exhibited surface charges due to the surface functional groups containing 

oxygen, as demonstrated by their negative zeta potentials. However, the magnitude is highly 

dependant on the solution pH surrounding these oxide particles. To understand the effect of pH 

on the tendency towards a positive or negative surface charge, the pH of Zero charge (pHzc) is 

often used as an index [155]. This pH value indicates the point above which the surface is 

negatively charged and below which the surface becomes positively charged. As shown in 

Figure 14a, the pHzc of AC-800C1h was determined to be around 3.7. This confirms that the AC 
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sustains a negative surface charge for all pH values greater than 3.7, making it an ideal adsorbent 

for cationic dyes.  

 

 

 

Figure 14: Effect of solution pH on electrostatic charge as indicated by a) pHzc analysis of AC-

800C1h; and b) speciation of MB.  

Another important consideration is the speciation of the solute dye molecule, which may 

also change with respect to pH. Methylene blue (MB) can exist with a positive (MB+) or neutral 

(MBo) surface charge according to the speciation diagram (Figure 14b) obtained from Salazar-

Rabago et al. [156]. According to this diagram, MB exists as both MBo and MB+ in equal 

amounts at the pKa of 3.8. When pH < pKa the dye is predominantly in its protonated form, and 

when pH > Pka it is predominantly in its deprotonated form [75]. Therefore, this specific 

adsorbent/adsorbate system works well because the AC will have an opposite charge to the dye 

for all pH values in which the dye exhibits a positive charge. Still, the pH will affect this 

electrostatic attraction due to the changes in surface charge distributions on the dye and the AC. 
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3.3.7. Methylene blue adsorption isotherm   

As shown in Figure 15a, the pH affected the adsorption isotherms of MB onto AC-

800C1h. At pH 4, the MB is very close to its pKa where it exists as 50% MB+ and 50% MBo. 

Therefore, around half of the MB molecules possess a neutral charge and do not experience 

electrostatic attraction to the negatively charged adsorbent. This explains the lower Langmuir 

monolayer capacity observed at pH 4 (288 mg/g) compared to pH 6 (324 mg/g) and pH 10 (335 

mg/g). In addition to the Langmuir model, the Freundlich and Sips isotherm models were applied 

to the data, with the resulting parameters presented in Table 10. The Langmuir adsorption model 

provided a good fit for pH 4 (R2= 0.946), pH 6 (R2= 0.991), and pH 10 (R2= 0.989) indicating 

that adsorption follows monolayer formation. However, the Sips model provided a better 

representation of the isotherm curvature, as illustrated by the pH 4 isotherm in Figure 15b. 

Although a monolayer is formed on the AC, the mechanism does not follow ideal monolayer 

adsorption likely due to the heterogenous nature of the surface. Therefore, the Sips model 

provided the best fit for all solution pH values because it approaches Freundlich adsorption at 

low adsorbate concentrations, which describes the curvature better but approaches Langmuir 

adsorption at high adsorbate concentrations, which describes the monolayer equilibrium [139]. 
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Figure 15: a) Effect of pH on the adsorption isotherm of MB onto AC-800C1h with dotted lines 

representing Sips model prediction; b) model comparison to adsorption of MB onto AC-800C1h 

at solution pH 4. 

Table 10: Isotherm model parameters describing adsorption of MB onto AC-800C1h at pH 4, pH 

6, and pH 10.  

Isotherm model Parameter pH 4 R
2
 pH 6 R

2
 pH 10 R

2
 

Langmuir qm 288.22 
0.946 

324.49 
0.991 

335.60 
0.989 

KL 63.51 22.43 70.62 

Freundlich KF 235.66 
0.925 

263.39 
0.774 

281.60 
0.623 

nF 18.79 19.33 22.38 

Sips Ks 1465.35 

0.986 

4486.84 

0.996 

84339.78 

0.998 α 4.74 13.72 253.29 

β 0.325 0.816 1.323 

 

Based on the isotherm plots, increasing the pH from 6 to 10 does not significantly affect 

the monolayer capacity of the material. Presumably, the speciation of MB has the most influence 

on the adsorption capacity because 100% of the molecules are in their positive form at pH 6 and 



54 
 

above (Figure 14b). The speciation of negative and positive charge sites on AC is not as 

influential because the existence of some positively charged groups does not change the overall 

negative surface charge on each particle at pH values above 3.7. At pH 6, only negative charges 

are likely present with increasing charge density at higher pH values. This is expected because 

the hydroxide ions may cause unreacted surface hydroxyl groups to be converted to acidic 

groups (Equation (21)) to a greater extent as pH increases. It should be noted that the hydroxyl 

groups are likely to be associated with carboxylic acid groups due to their lower pKa. The 

increased electrostatic attraction would explain the lower concentration and driving force 

required to reach the maximum monolayer capacity at pH 10 compared to pH 6. This proposed 

explanation for the observed changes in adsorption isotherms is illustrated in Figure 16.  

 

  

Figure 16: Proposed explanation for pH dependent changes in MB adsorption.  

As a result of this analysis, the monolayer capacity at pH 10 (335 mg/g) is taken as the 

maximum adsorption capacity of the material across all pH values. This value is compared to 
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ACs produced from other feedstocks in Table 11. The high adsorption capacity is attributed to 

the surface area of the highly activated carbon providing many adsorption sights combined with 

the charge interaction from functional groups. The effect of functional groups alone was 

demonstrated in the work of Cheng et al. [157] by the adsorption of charged metal ions onto 

biochar of low BET surface area. Overall, the AC produced from PET is very competitive with 

other feedstocks without requiring a separate carbonization pre-treatment like many of the listed 

products. It should be noted that this adsorption capacity has only reduced by about 47 mg/g at 

the low (pH = 4), so the adsorbent is expected to perform well across all wastewater pH values. 

Alternatively, pH adjustment can be used to enhance the charge characteristic of the specific dye 

in relation to the AC.  

Table 11: Comparison of the methylene blue adsorption capacity of AC-800C1h to other ACs.   

Feedstock Pre-treatment Activating 

agent 

Impregnation 

Ratio 

Activation 

conditions 

Surface 

Area 

(m
2
/g) 

Methylene 

Blue 

adsorption 

(mg/g) 

Reference 

Commercial 

Product 

- - - - 950-

1050 

355 [158] 

PET - KOH 1 800 
o
C 1 h 1124 335 This 

study 

Coconut shell Carbonization 

300 oC 

Steam NA 700 oC - 278 [159] 

Rice husk 454 

Straw 472 

Rattan saw 

dust 

- KOH 1 700 oC 1 h - 294 [160] 

Peach stone - H3PO4 0.68 500 oC 2 h 1298 412 [161] 

Oil Palm Shell Carbonization 

700 oC 

KOH and 

CO2 

1 (KOH) 850 oC 2 h 596 244 [153] 

Tire Char - Steam NA 900 oC 602 227 [162] 

S. Vermiculata 

Leaves 

Carbonization 

600 oC 

ZnCl2 - 650 oC 2 h - 130 [163] 

Rubber seed 

coat 

Carbonization 

700 oC 

KOH 1 850 oC 2h 1225 227 [164] 
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3.3.8. Methylene blue adsorption kinetics  

The kinetics of the methylene blue (MB) adsorbent was analyzed using a constant MB 

concentration of 25 mg/L. Based on the results presented in Figure 17, the adsorption reached 

equilibrium after 24 h and achieved 100% dye recovery at an AC loading of 75 mg/L. The lower 

loading levels (25 mg/L and 50 mg/L) resulted in 40% and 72% dye recovery. In agreement with 

the maximum monolayer adsorption of 335 mg/g, the equilibrium adsorption of 333 mg/g was 

observed at the lowest AC concentration of 25 mg/L. This indicates that the AC has reached its 

maximum adsorption at this AC concentration due to the higher ratio of MB to the adsorbent. It 

also supports the previous conclusion that the adsorption capacity at pH 6 approaches the same 

value as pH 10.  

The adsorption curves for each AC loading were modelled by four kinetic models and 

their respective parameters are presented in Table 12. The regression was performed using the 

linearized forms of the model equations and are plotted in Figure 18. Evidently, the PFO model 

did not describe the data well, resulting in large discrepancies between the predicted and 

experimental equilibrium adsorption (qe). The PSO model provided the best fit of the linearized 

data with R2 values of 0.999 for all three concentrations. However, when observing the modelled 

adsorption curves compared to experimental data (Figure 17c) it was evident that the Elovich 

model captured the curvature of the two lower AC concentrations more precisely. The PSO 

model was better suited for the highest concentration AC in which 100% dye recovery was 

achieved. This model exhibits a steeper rise at the onset of adsorption, which is more applicable 

to high AC concentrations but provides very accurate equilibrium data (qe) for all AC 

concentrations. 
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Figure 17:  a) UV-vis Spectra of MB over time with 75mg/L AC-800C1h; b) MB solution over 

time after addition of 75 mg/L AC-800C1h; c) Percentage removal of MB using different AC 

concentrations over time with dotted lines representing Elovich model predictions and solid lines 

representing PSO model predictions; f) MB solutions after addition of different AC-800C1h 

concentrations after 24 h.  

Table 12: Kinetic model parameters describing the adsorption of MB (25 mg/L solution) onto 

AC-800C1h (25 mg/L, 50 mg/L, 75 mg/L) based on regression of linearized data.   
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*Correlation of parameters was not investigated and should be considered when applying these models to 

other data. 

The last kinetic intraparticle diffusion model can exhibit three distinct stages: external 

diffusion, intraparticle diffusion, and slow equilibrium [165]. All three stages were reported in 

the adsorption of MB via bamboo-activated carbon, which was attributed to the strong 

electrostatic attraction of the dye to the adsorbent surface followed by the diffusion of dye into 

adsorbent pores, then the slow diffusion under low solute concentrations in the final stage [166]. 

As shown in Figure 18c these stages were also observed in this study for all AC concentrations. 

 

Kinetic models 

 

Parameter* 

Concentration of AC (mg/L) 

25 50 75 

Experimental  qe (mg/g) 333.81 300.61 275.29 

 

Pseudo First Order 

qe (mg/g) 147.14 119.68 81.760 

K1 (g/mg/min) 0.00406 0.00502 0.00595 

R
2
 0.906 0.909 0.826 

 

Pseudo Second Order 

qe (mg/g) 334.21 303.31 276.59 

K2 (g/mg/min) 0.000141 0.000223 0.000425 

h (mg/mg/min) 15.749 20.515 32.513 

R
2
 0.999 0.999 0.999 

 

Elovich 

a 10293.363 12297.441 256671.053 

b 0.0413 0.0455 0.0606 

R
2
 0.992 0.993 0.976 

 

 

 

Intra-

Particle 

Diffusion 

Stage 1 

 

Kint (g/g/min) 40.115 20.348 17.019 

C (mg/g) 105.286 124.004 141.925 

R
2
 NA 0.992 0.999 

Stage 2 Kint (g/g/min) 6.042 5.504 7.132 

C (mg/g) 185.221 179.650 173.591 

R
2
 0.991 0.970 0.972 

Stage 3 Kint (g/g/min) 1.697 1.269 0.844 

C (mg/g) 257.987 249.854 241.547 

R
2
 0.998 0.960 0.973 
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The initial stage of external diffusion lasted up to 10 min for the two higher AC concentrations 

and only 5 min for the lowest concentration. The second stage lasted up to 5 h for the two lower 

AC concentrations and only 2 h for the highest concentration due to the solute being eliminated 

before the adsorbent reached its capacity. The intraparticle diffusion model fits very well with 

each stage, but the nonzero intercepts indicate that intraparticle diffusion was not the only rate-

limiting step in each stage. This was also the case for bamboo-activated carbon adsorption [166] 

and may be due to the differences in mass transfer rate throughout adsorption [157]. The 

decreased mass transfer rate can be seen by the initial adsorption rate constant (h) based on the 

pseudo second order model (Equation (22)) [157]. As listed in Table 12, the K2 values are much 

smaller than the initial adsorption rate constant which suggests that the adsorption proceeds 

much faster at the onset and slows over time [157]. Additionally, both rate constants increase 

with AC concentration due to the increased number of adsorption sites facilitating faster 

recovery.  

 

 ℎ = 𝐾2𝑞𝑒
2  (22) 

 

 

 



60 
 

 

Figure 18: Linear modelling of MB adsorption kinetics onto AC-800C1h at various 

concentrations using a) PFO; b) PSO; c) M&W Intraparticle diffusion; and d) Elovich models.  

3.3.8. Brillian green adsorption 

AC-800C1h was also used to treat brilliant green (BG) dye, another commonly used 

cationic dye for paper printing and textile dying [167]. As shown in Figure 19a, the AC did not 

recover as much BG dye as MB dye at the same concentrations. At a loading of 50 mg/L AC the 

BG dye was adsorbed at an equilibrium capacity of 194 mg/g, while MB was adsorbed at 300 

mg/g. BG followed the same adsorption kinetics as MB, with the kinetic parameters of the PSO 

and Elovich models listed in Table 13.  
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Figure 19: a) Adsorption of MB (25 mg/L pH 6) and BG (25 mg/L pH 7) onto AC-800C1h (50 

mg/L) with solid lines representing PSO model prediction and dotted lines representing Elovich 

model prediction; b) Speciation of Methylene blue; and c) Brilliant green dye with respect to pH.   

The differences in adsorption capability for the two dyes result from the difference in 

charge. As illustrated in Figure 19c, BG does not retain a positive charge for as wide a range as 

methylene blue (Figure 19b). The resonance diagram, which was adapted from Rao et al. [168] , 

indicates that the neutral resonance structure of BG becomes stable at pH values above 6. At the 

unadjusted adsorption pH of 7, the neutral form of BG is present because at this point a portion 

of the molecules have undergone reaction with OH-. The analysis by Rao et al. [168] indicated 

that the mono-cationic form of BG is still present at the investigated pH values of 7 and 8, and in 

the opposite direction it does not entirely disappear until below pH 2. For the case of MB, the 

conversion to the cationic species occurs rapidly above pH 3.8, such that all species exist in this 
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form at the adsorption pH of 6. Therefore, the adsorption process facilitated by electrostatic 

attraction to the negatively charged carbon is more robust in the case of MB, leading to a 50% 

increase in dye recovery compared to BG at their natural pH values. Adjustment of the solution 

pH below 6 would help enhance the affinity of BG towards the activated carbon.  

3.3.9. Methyl orange adsorption  

To predict the performance of the AC within a mixture of textile wastewater containing 

both cationic and anionic dyes, adsorption tests were carried out on a mixture of Methyl Orange 

(MO) (10 mg/L) and MB (8 mg/L). MO was used as a representative anionic dye which is also 

applied in the textile, paper, food and cosmetic industries [169]. The UV-vis spectra and solution 

images of the mixture over time (Figure 20) indicate the strong selectivity of the AC towards the 

cationic MB dye. At an AC concentration of 50 mg/L 96% of the MB was adsorbed while only 

31% of the MO was adsorbed after 22 h leaving behind a yellow-coloured solution from the 

initial green mixture. It should be noted that the AC still adsorbed a significant portion of the 

methyl orange despite the opposite charge, indicating that the adsorption process takes place 

through mechanisms other than electrostatic attraction.  
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Figure 20: UV-vis spectra of a mixed dye solution (10 mg/L MO, 8 mg/L MB) over time after 

treatment with 25mg/L and 50mg/L AC-800C1h and corresponding solution images.  

The kinetics of the dye mixture adsorption was also analyzed using the PSO and Elovich 

models, as shown in Figure 21. The kinetics of both MB and MO adsorption within the mixture 

are better described by the Elovich model except at the higher AC concentration, in which the 

MB adsorption follows the PSO kinetics more closely. This same observation was made in the 

previous MB study in which the PSO model was more accurate in describing the adsorption at 

the highest AC concentration, which reached equilibrium faster. Additionally, the PSO model 

was able to provide very accurate estimations of the equilibrium solute adsorption, as listed in 

Table 13. The overall recovery of dye from the mixture was 47.7% (25 mg/L AC) and 59.3% (50 

mg/L AC), which is very good considering one of the dyes carries an opposite charge to the 

adsorbent. The MO adsorption accounted for 26.1% (25 mg/L AC) and 29.3% (50 mg/L AC) of 

the total dye recovery despite the greater amount present initially due to it having a much lower 

affinity toward the adsorbent. The results indicate that the AC favours the adsorption of cationic 

dyes as expected but can still recover a significant portion of oppositely charged dye. 
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Figure 21:  Linearized PSO and Elovich modelling of MB and MO adsorption onto AC-800C1h 

(25 mg/L and 50 mg/L) from a mixed dye solution and corresponding predictions of percentage 

removal over time. Solid lines represent PSO model predictions, dotted lines represent Elovich 

model predictions. 

Table 13: Kinetic model parameters describing the adsorption of A) MB and MO dye within a 

mixture; and B) BG dye onto AC-800C1h based on regression of linearized data.  

 

Kinetic models 

 

Parameter* 

A) Mixed Dye Solution B) BG Solution 

(25 mg/L) MB (8 mg/L) MO (10 mg/L) 

AC Concentration (mg/L) 

25 50 25 50 50 

Experimental qe (mg/g) 243.28 144.56 86.73 60.47 194.74 

 

Pseudo Second 

Order 

qe (mg/g) 247.83 145.88 87.81 60.67 201.05 

K2 (g/mg/min) 0.000274 0.00407 0.000677 0.00359 0.00139 

R
2
 0.999 0.999 0.999 0.999 0.997 

 

Elovich 

a 1296.153 9.48029 x1011 386.032 8.688 x 1011 263.768 x 104 

b 0.0457 0.224 0.128 0.567 0.0982 

R
2
 0.997 0.721 0.997 0.969 0.944 
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*Correlation of parameters was not investigated and should be considered when applying these models to 
other data. 

 

3.4. Conclusions 

Due to the significant need to reduce the growing amount of plastic water bottle waste 

entering landfills, the conversion of PET waste to activated carbon was optimized and validated 

for the treatment of dye-contaminated wastewater. The activation conditions required to produce 

an effective adsorbent of charged dye molecules was determined to be 800 oC for 1 h based on 

conversion to carbon, surface area, surface charge, and yield. The resulting product with a yield 

of 25% exhibited a high surface area (1124 m2/g) and negative zeta potential (-40 mV) leading to 

outstanding cationic dye recovery. Through the study of methylene blue dye adsorption (qm = 

335 mg/g) and subsequent comparison to cationic brilliant green and anionic methyl orange, the 

adsorption behaviour was found to be dependent on the type and speciation of the dye across 

various pH values. Despite this dependence on the dye chemistry, the adsorbent retains its 

affinity towards cationic dyes in a wide range of pH values, as indicated by its pHzc of 3.7. 

Therefore, it has the potential to effectively recover a variety of cationic dyes using pH 

adjustments to enhance the charge characteristic of the dye. The high surface area of the product 

also enables it to adsorb a considerable amount of anionic dye, providing sufficient recoveries in 

dye mixtures. Overall, the charge characteristic and high surface area of the activated carbon 

produced from PET results in superior potential as an adsorbent of waste dyes from the textile 

industry. The product should be further investigated for applications in other similar industries 

requiring negatively charged adsorbents and can potentially become more economically 

appealing through improvements in process yield. 
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Chapter 4:  Utilization of epoxy thermoset waste to produce 

activated carbon for the remediation of nano-plastic contaminated 

wastewater3 
 

4.1. Introduction  

Plastics continue to be produced and discarded at alarming rates, leading to a build-up of 

post-consumer waste. Over time, this waste not only persists in the environment but disintegrates 

into tiny particles called microplastics (MPs) and nano-plastic (NPs), which are highly mobile 

and have the potential to threaten the health of marine life [4]. These particles are also infiltrating 

freshwater and land environments due to human activities which introduce plastic debris into 

wastewater effluents. For example, laundering of synthetic clothing and common products such 

as exfoliants and toothpaste cause significant release of MPs into water systems. NPs can then be 

generated from further breakdown of MPs or directly release from exfoliating hygiene products, 

abrasive cleaning supplies and plastic powders for example [4].  

The proposed size ranges for MPs and NPs are 1-1000 µm and 1-1000 nm, respectively 

[4,170]. While MPs can be treated relatively easily in wastewater treatment plants (WWTP), NPs 

are more likely to escape during filtration and settling operations, leading to surface water 

pollution [89]. As a result, WWTP effluents are a major source of plastic particles that end up in 

freshwater systems [171], eventually impacting drinking water sources as well [172]. Therefore, 

MPs and NPs pose a human health risk which is expected to be more severe in the case of NPs 

due to their smaller size [4]. NPs are capable of penetrating cell membranes and accumulating in 

any organism, which has been shown to cause a variety of health complications in marine 

                                                             
3 A version of this chapter is published: Blanchard, R., Mekonnen, T., Separation and Purification Technology 

Volume 326, December 2023, 124755.  
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animals such as breaching of the blood-brain barrier in Japanese rice fish [173], and 

physiological and metabolic shifts in crucian carp [174].  

The treatment of MP and NP-contaminated waters is primarily accomplished through 

conventional wastewater treatment plants (WWTPs) that utilize preliminary, primary, and 

secondary stages. In some cases, subsequent advanced treatments, such as ultrafiltration, reverse 

osmosis, or chemical disinfection, may be necessary [175]. For MPs, advanced treatments are 

necessary to achieve over 97% recovery [176]; However, the release of wastewater after the 

second stage allows MPs to persist in treated effluents[175]. Although some advanced treatments 

(ultrafiltration, ultracentrifugation) for NPs have shown efficiency rates of up to 99% based on a 

laboratory study [89], the feasibility and cost of implementing these techniques on a large scale 

must be considered. The use of advanced filtration, for example, requires high pressures, slow 

flow rates, and membrane regeneration [175]. 

Several methods have been investigated for the treatment of NPs and MPs that require 

modifications to typical WWTPs [177–179]. Of these technologies, activated carbon (AC) is 

particularly well-suited for NP recovery, due to its small-sized pores and ease of implementation. 

Consequently, AC and similar carbon adsorbents have been studied for the recovery of MPs 

within filters [93], as well as in continuous column studies [90–92]. However, when it comes to 

NPs, only a few studies have explored the use of carbon-based adsorbents, such as the batch 

adsorption charged poly(styrene) (PS) NPs using biochar [94,95] and granular activated carbon 

[96]. Additionally, NP studies are limited to commercially available PS, as it is difficult to detect 

and obtain NP debris for testing [180]. Therefore, there is a need to investigate the adsorption of 

other common plastics which do not carry a surface charge. 
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Consequently, this study has investigated the use of activated carbon for treatment of NP 

contaminated water by adsorption. A key aspect of this investigation involved the use of a cured 

epoxy waste feedstock to produce the AC product. The choice to produce AC from waste 

thermoset plastic is important to the study due to the environmental impacts of traditional AC 

production from fossil-based products and lack of investigation into thermoset plastic waste as a 

feedstock. While many common plastics have been explored in the literature because of their 

high carbon content and abundance [23,26,57,181,182], these technologies are often limited to 

thermoplastics, which can be recycled via thermomechanical processes. This study, therefore, 

seeks to investigate the utilization of cured epoxy waste, which is a very commonly used 

thermoset plastic containing cross-linked structures that cannot be conventionally recycled.  

Epoxy is widely used in the matrix of composites, adhesives, coatings, and in electronic 

materials due to its excellent mechanical properties combined with thermal, chemical and 

electrical resistance [183]. However, most chemical recycling methods utilized to recover value 

from end-of-life epoxy waste lead to degraded material with significantly reduced value [184]. 

An alternative method for valorizing non-recyclable plastic waste is by pyrolysis to produce 

useful products such as fuels and oils [185], and when applied to epoxy resin can produce liquid 

products such as phenols and brominated organics along with gaseous CO2, CH4 and H2 [186]. 

On the other hand, an AC product has potential to provide greater value due to its excellent 

surface properties and can not be obtained from pyrolysis alone, which yields non-porous solid 

residue [186]. Therefore, the activation of epoxy waste into a high surface area AC was 

investigated to upcycle this waste to a high valued product. This may also be achieved by 

activation of the spent chars derived from pyrolysis [187] [188]. However, this work proposes a 

direct method for producing AC from epoxy waste due to the increasing feedstock of 



69 
 

decommissioned epoxy waste requiring a disposal pathway. This buildup is especially influenced 

by the growing demand for clean energy and the application of epoxy thermosets in large scale 

wind turbines [189].  

Existing research on the production of activated carbon (AC) from epoxy-based 

feedstock, has focused on the activation of the epoxy resin component from waste circuit boards 

using various activating agents [82,190–192]. In general, activation by chemical agents is 

advantageous compared to physical activation methods using steam or CO2 due to lower 

processing temperatures, shorter processing times, higher carbon yields, and more developed 

surface areas [39]. Among the activating agents used, chemicals such as NaOH and KOH help to 

improve the product composition and promote new pore formation [193]. Specifically, potassium 

hydroxide (KOH) is known to be the most effective, producing high surface areas of up to 3000 

m2/g [44,194]. With respect to epoxy, there is a need to investigate and optimize the activation by 

KOH because, to the best of the authors’ knowledge, there is no study investigating the 

production of AC from cured epoxy. While one study employed KOH as an activator for epoxy 

resin [82], it was also limited to one activation condition and used a costly two-stage 

carbonization/ activation process. 

Therefore, a chemical activation process using KOH was investigated for the conversion 

of cured epoxy to AC. Additionally, other potassium containing activating agents were compared 

to KOH due to the known role of potassium (K) metal in the development of AC surface area and 

for the prospect of finding less harmful (toxic, corrosive) alternatives to KOH. At high 

temperature, potassium metal is produced during the activation process and intercalates into the 

carbon network to further facilitate pore formation [41]. Therefore, two other less toxic 

potassium compounds including potassium carbonate (K2CO3) and potassium Acetate (KOAc) 
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were compared to the KOH activating agent. Activation by K2CO3 has produced high surface 

areas above 1800 m2/g in bamboo [195] and lignin feedstocks [196], which was superior to the 

performance of KOH reported in the latter study. KOAc is an ideal substitute because of its very 

low hazard rating [41], and has been reported as an effective activating agent in the synthesis of 

porous carbon from resol [197].  

Overall, this study aims to explore the production of activated carbon (AC) from waste 

epoxy thermosets through a one-stage heating process, and to evaluate the AC product's ability to 

adsorb NPs in contaminated water. It therefore addresses the current research gaps associated 

with 1) the chemical activation of epoxy plastic [82,190–192] which have not focused on cured 

epoxy thermosets and 2) the adsorption of NPs onto carbon material which is limited to the 

investigation of charged PS particles [94–96]. The optimization of activation conditions was 

carried out by first comparing the performance of various potassium containing activating 

agents, then examining the impact of activation temperature and impregnation ratio of the 

superior activating agent. The AC product was then evaluated for its potential to adsorb 

polyethylene terephthalate (PET) NPs, which are among the most widely used thermoplastics in 

textiles, packaging, and containment [198]. As such, the study addresses two key ecological 

challenges simultaneously: the upcycling of epoxy thermosets into high surface area activated 

carbon and its utilization for the treatment of NP contaminated wastewater.  

4.2. Materials and methods 

4.2.1. Materials 

Epoxy thermoset was produced using diglycidyl ether of bisphenol A (Araldite 506) and 

poly(propylene glycol) bis (2-aminopropyl ether) curing agent obtained from Sigma-Aldrich 

(Oakville, ON, Canada). Potassium hydroxide (KOH) (ACS reagent grade, ≥97%), hydrochloric 
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acid (HCl) (ACS reagent grade, 37%), trifluoroacetic acid (TFA) (≥99%), and potassium acetate 

(KOAc) crystals were all purchased from Sigma-Aldrich (Oakville, ON, Canada). Potassium 

carbonate (K2CO3) anhydrous was purchased from VWR Life Science, (Mississauga, ON, 

Canada). Used water bottles (Real Canadian Brand) were collected as the source of 

poly(ethylene terephthalate) (PET). 

4.2.2. Methods 

4.2.2.1. Preparation of AC 

Epoxy resin was produced by mixing Araldite 506 with the curing agent poly(propylene 

glycol) bis (2-aminopropyl ether) in a mass ratio of 10:3. The mixture was homogenized at 7000 

rpm for 2 min then cast onto silicone sheets. The resin was cured overnight at 60 oC then post 

cured at 120 oC for 2h. The cured resin was grinded (IKA MF 10 basic) to <1 mm particle size, 

then agitated within an aqueous solution containing a chemical activating agent at a 

predetermined impregnation ratio (mass of activating agent: epoxy) at room temperature for 1 h. 

The water was then boiled off by heating at 80 °C overnight followed by further heating at 110 

oC until completely dry. The activator coated epoxy was carbonized under nitrogen flow using a 

tube furnace (Thermo Scientific Lindberg/Blue M 18.4L B2 Moldatherm Box Furnace) by 

heating at 10 oC/min to the final activation temperature and holding for 2h. After carbonization, 

the samples were washed with 1M HCl under agitation (400 rpm on a magnetic stir plate) for 1h 

at room temperature. The carbon was separated from the HCl solution by centrifugation (3500 

rpm, 5 min) (Heraeus Megafuge 1.0 Centrifuge) and washed three times with deionized (DI) 

water. The final product was obtained after drying at 80 oC overnight and grinding using a mortar 

and pestle.  

 An activator study was first conducted using KOH, K2CO3, and KOAc activating agents. 

For this study the samples were treated at an activation temperature of 800 oC and an 
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impregnation ratio of 1:1. After choosing the best activator, the activation conditions were 

investigated using high and low levels of the activation temperature (600 oC and 800 oC) and the 

impregnation ratio (1:1 and 2:1). The samples were designated according to the format AC-XC-

YZ, in which X refers to the activation temperature in Celsius, Y refers to the impregnation ratio, 

and Z refers to the activating agent as shown in Table 18 (in the Appendix). An additional 

sample designated as ‘control’ was produced by heat treatment at 600 oC in the absence of an 

activating agent. 

4.2.2.2. Preparation of PET NPs 

PET nanoparticles were synthesized based on a trifluoroacetic acid (TFA) precipitation 

method adapted from Rodriguez-Hernandez et. al. (2019) [199]. PET plastic waste was cut up 

and grinded (IKA MF 10 basic) to <1 mm particle size, then 50 mg of the powder was dissolved 

in 10 mL of a 90% (v/v) TFA solution in DI water. The solution was then added dropwise (~0.01 

mL/drop) into 80 mL of DI water while agitating vigorously at 550 rpm. The precipitated PET 

was separated from the TFA solution by centrifugation then washed twice with DI water. It was 

then diluted with more DI water to an approximate concentration of 400 mg/L and sonicated for 

20 min. The sonicated dispersion was further diluted to produce stock dispersions of 100 mg/L, 

200 mg/L, and 350 mg/L concentrations.  

4.2.2.3. Surface area analysis and yield of AC 

The specific surface area of the AC was characterized by nitrogen adsorption at 77 K 

using a micromeritics ASAP 2020 Plus. The samples were first degassed at 300 oC for 3 h under 

vacuum then analyzed based on five adsorptions data points in the relative pressure range of 

0.005 ≤ P/Po ≤ 0.05. The surface areas were calculated by the equipment software using the BET 

(Brunauer–Emmett–Teller) method. The mass percentage yield for each activated carbon product 
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was calculated using Equation (23), in which 𝑚𝐸 is the initial mass of cured epoxy , 𝑚𝐴𝐶  is the 

final mass of activated carbon recovered after the acid wash and drying procedure. For the 

control sample the value refers to the yield of char obtained after carbonization. Triplicate runs of 

the optimized product were used to estimate the percentage error in the yield for all AC samples, 

and the same was done for the control sample.  

 
%𝑌𝑖𝑒𝑙𝑑 = 100 𝑥

𝑚𝐴𝐶
𝑚𝐸

 (23) 

4.2.2.4. Spectroscopy analysis of AC 

Fourier transform infrared spectroscopy (FTIR) analysis was conducted using KBr 

pellets. The KBr pellets were prepared by mixing 1 mg of AC sample with 200 mg of dried KBr 

powder and pressed with a pellet mold at 13,000 psi for 1.5 min. The pellets were then analyzed 

using a Thermo Scientific Nicolet 6700 with a pure KBr pellet as the background. An ATR 

component was attached for the measurement of pristine epoxy directly in grinded form by ATR 

FTIR using air as the background. Additionally, ATR FTIR was conducted for analysis of an AC 

sample before and after adsorption of NP, and for grinded PET such that the adsorption of PET 

NPs onto AC could be confirmed. Spectra were collected in the absorbance mode using 16 scans 

and an automatic baseline correction was applied to all spectra before plotting. For X-ray 

Photoelectric spectroscopy (XPS) analysis, AC samples were dried (48 h at 80 oC) and the XPS 

spectra were collected using a ThermoVG ESCALAB 250 X-ray photoelectron spectrometer. 

The CasaXPS software was used to estimate the overall surface compositions of C, N and O 

based on the survey spectra, and to produce the deconvoluted peaks associated with the carbon 

spectra.  

4.2.2.5. DLS analysis and SEM imaging  
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AC samples were prepared by sonicating mixtures of 1 mg/mL AC in DI water for 20 

min. The samples were then analyzed using a Malvern Zetasizer Nano-series (Westborough, MA, 

United States) DLS to measure zeta potential using a folded capillary zeta potential cell 

(Zetasizer nano series, DTS 1061). Three scans of each sample were collected, and the averages 

were reported with standard deviation. SEM was conducted on AC samples using an Oxford 

Instruments Quanta FEG 250 Environmental SEM (Abingdon, UK) without any sputter coating. 

The supported energy dispersive X-Ray spectroscopy (EDX) was used to conduct elemental 

surface analysis and mapping of carbon and oxygen on the surface of one AC sample before and 

after adsorption of NPs to validate the presence of adsorbed PET NPs. 

4.2.2.6. Characterization of PET NPs 

DLS analysis of the NP dispersion was conducted by sonicating 20 mL of a 200 mg/L 

stock dispersion of NP for 10 min. For SEM analysis, the NP dispersion was prepared by 

sonicating 20 mL of a 200 mg/L stock dispersion for 10 min. One drop of the dispersion was 

then placed on a glass slide and the water was dabbed off using a paper towel. The glass slide 

was placed on top of a metal stub covered by carbon tape and was then imaged using an Oxford 

Instruments Quanta FEG 250 Environmental SEM (Abingdon, UK) without any sputter coating. 

Similarly, the NP dispersion was prepared for transmission electron microscopy (TEM) analysis 

by the same sonication procedure. One drop of the dispersion was placed on a 300 mesh carbon 

grid and dried under vacuum for an hour. Images were then taken using a Zeiss Libra 200MC 

TEM.  

4.2.2.7. UV-vis spectroscopy  

UV-Vis spectroscopy (Cary 300 Bio UV-Visible Spectrophotometer) was used to 

calculate the concentrations of NP dispersions. Sample spectra were obtained between 300 - 800 
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nm, and the absorbance at 400 nm was used to calculate NP concentration based on a fitted 

calibration equation (R2=0.999). The calibration curve was produced by preparing a 400 mg/L 

stock solution of NPs and diluting to form a range of concentrations. The UV-vis spectra were 

collected for all samples after sonicating for 10 min, and the absorbances values at 400 nm were 

correlated to the known concentrations. For each sample, two spectra were collected by rotating 

the cuvette due to the main source of error being the noise affecting the low signal spectra. The 

average of the two runs were used to calculate concentrations and standard deviations, which 

were propagated to determine the error in adsorption and percentage recovery. The calibration 

curve and all raw UV-vis data can be found in the Appendix (Figure 38). 

4.2.2.8. NP adsorption kinetics 

An adsorption test was carried out in a batch size of 200 mL using an initial NP 

concentration of 250 mg/L. The NP dispersion was first sonicated for 10 min, then the exact 

initial concentration was measured by UV-vis spectroscopy. Next, the AC (100 mg) was added to 

the NP dispersion and the mixture was stirred at 400 rpm for 29 h during which 5 mL samples 

were collected over time. The samples were passed through a syringe equipped with a 20-micron 

filter to separate the AC, and the NP concentration in the filtrate was measured by UV-Vis 

spectroscopy. The adsorption (mg NP/g AC) was determined over time according to Equation 

(24) in which 𝐶0 (mg/L) is the initial NP concentration,  𝐶𝑡 (mg/L) is the NP concentration at 

time t (min), 𝑚 (g) is the mass of AC used, and 𝑉 (L) is the batch volume. Additionally, the NP 

percentage recovery was calculated according to Equation (25) and plotted over time.  

 
𝑞𝑡 =

(𝐶0 − 𝐶𝑡)𝑉

𝑚
 

(24) 

 
% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 100 𝑥 (1 −

𝐶𝑡
𝐶0
) 

(25) 
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Pseudo First Order (PFO), Pseudo Second Order (PSO), Weber and Morris (W&M) 

intraparticle diffusion (IPD), and Elovich kinetic models (Equations (14) - (17)) were fitted to 

the data using linear regression. The resulting kinetic parameters were also obtained by non-

linear regression for confirmation.  

4.2.2.9. NP adsorption isotherm  

Adsorption tests were carried out in batch sizes of 20 mL using initial NP concentrations 

of 100 mg/L, 200 mg/L and 350 mg/L. For each run, the NP dispersion was sonicated for 10 min, 

then the exact initial concentration was measured by UV-vis spectroscopy. Next, AC (2.5 mg, 5 

mg, 10 mg, 15 mg, and 25 mg) was added to the dispersion and the mixture was stirred at 400 

rpm for 20 h. After treatment, the mixture was passed through a 20-micron filter by vacuum 

filtration to separate the AC, and the NP concentration in the filtrate was measured by UV-Vis 

spectroscopy. For each run the adsorption (mg NP/g AC) and NP percentage recovery were 

determined according to Equation (26) and Equation (27) in which 𝐶𝑒 (mg/L) is the equilibrium 

NP concentration.  

 
𝑞𝑒 =

(𝐶𝑒 − 𝐶𝑡)𝑉

𝑚
 

 (26) 

 
% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 100 𝑥 (1 −

𝐶𝑒
𝐶0
) 

 (27) 

The Brunauer-Emmett-Teller (BET) adsorption isotherm model was then fitted to the 

experimental data by non-linear regression. This model developed by Brunauer et. al. (1938) 

[200] is a very widely known physical adsorption isotherm that can describe various 

phenomenon such as monolayer and multilayer filling. Due to its capabilities, it is well known 

for its application in surface area calculations of various materials. It was originally developed to 

describe adsorption of gases, but it has been adapted for application in liquid phase systems 



77 
 

[201]. This version of the isotherm model (Equation (28)) is defined by the adsorption 

equilibrium parameter for the first layer 𝐾𝐵𝐸𝑇1 (L/mg), the adsorption equilibrium parameter for 

upper layers  𝐾𝐵𝐸𝑇2 (L/mg), and the BET monolayer adsorption capacity 𝑞𝑚𝐵𝐸𝑇  (mg/g) [87]. 

 
𝑞𝑒 = 𝑞𝑚𝐵𝐸𝑇

𝐾𝐵𝐸𝑇1𝐶𝑒
(1 − 𝐾𝐵𝐸𝑇2𝐶𝑒)(1 − 𝐾𝐵𝐸𝑇2𝐶𝑒 + 𝐾𝐵𝐸𝑇2𝐶𝑒)

 
(28) 

The Aranovich model (Equation (29)) developed by Aranovich (1992) [202] was also 

applied to the adsorption isotherm data. The Aranovich model is another physical adsorption 

isotherm known to describe multilayer adsorption and is intended to model adsorption over 

broader adsorbate concentrations. It contains three parameters which are the Aranovich constant 

𝐶𝐴 (mg/L), the adsorbate monolayer saturation concentration 𝐶𝑠𝐴 (mg/L), and the Aranovich 

monolayer adsorption capacity 𝑞𝑚𝐴 (mg/g) [87].  

 

𝑞𝑒 =
𝑞𝑚𝐴𝐶𝐴 (

𝐶𝑒
𝐶𝐴
)

(1 − (
𝐶𝑒
𝐶𝐴
))

0.5

(1 + 𝐶𝐴 (
𝐶𝑒
𝐶𝐴
))

  

 

 

 (29) 

Additionally, the equilibrium data was modelled by the AD-Langmuir isotherm model 

developed by Aranovich and Donohue (1995) [203]. This model, intended for multilayer 

adsorption of gas molecules, uses two additional parameters to extend the Langmuir monolayer 

isotherm for the modelling of multilayer filling [204]. In this work it was adapted to describe 

liquid phase adsorption by expressing the isotherm equation in terms of concentration rather than 

pressure. The resulting version of the AD-Langmuir model is described by Equation (30) based 

on the AD model parameters including the adsorbate saturation concentration 𝐶𝑠𝐴𝐷  (mg/L) and 

the AD exponent 𝑛, in addition to the Langmuir model parameters including the Langmuir 

constant 𝐾𝐿 (L/mg) and the Langmuir monolayer adsorption capacity 𝑞𝑚𝐿 (mg/g).  
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𝑞𝑒 =

𝑞𝑚𝐿𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

(1 −
𝐶𝑒
𝐶𝑠𝐴𝐷

)
𝑛𝐴𝐷

 

(30) 

Lastly, the Frenkel-Halsey-Hill (FHH) model for multilayer adsorption was used to 

describe the equilibrium data. This model is also intended to describe adsorption of gas 

molecules but was adapted to describe liquid phase adsorption. The resulting version of the FHH 

model (Equation (31)) is defined by the constant 𝐾𝐹𝐻𝐻 (mg/g), index 𝑛𝐹𝐻𝐻 , and the adsorbate 

saturation concentration 𝐶𝑠𝐹𝐻𝐻  (mg/L) [203]. 

 

 
𝑞𝑒 =

𝐾𝐹𝐻𝐻

(ln(
𝐶𝑠𝐹𝐻𝐻
𝐶𝑒

))
𝑛𝐹𝐻𝐻

 
(31) 

 

4.3. Results and discussion  

4.3.1. Activation by K compounds 

In the first study on epoxy activation, the effectiveness of potassium hydroxide (KOH), 

potassium carbonate (K2CO3), and potassium acetate (KOAc) activating agents was compared. 

One of the main performance indicators used to assess the ACs is the BET surface area because 

of its known correlation with the amount of material which can be adsorbed [205]. All activating 

agents caused a significant increase in BET surface area, from 52 m2/g in the carbonized epoxy 

(control) to above 1000 m2/g (Figure 22a). The sample AC-800C-1K2CO3 exhibited the highest 

surface area (1844 m2/g) due to the thermal stability of K2CO3, which enabled direct activation 

solely at high temperature. On the other hand, KOH first decomposes into K2O and K2CO3 

(Equations (32)-(33)), which then participate in activation reactions above 700 oC (Equations 

(34)-(35)) [196]. While some activation occurs through the release of H2O and CO2 at low 

temperature [43], the decomposition products of KOH react directly with carbon at high 
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temperature (Figure 23a). In a study of AC production from lignin, the superior surface area 

produced using K2CO3 (1803 m2/g) compared to KOH (1562 m2/g) was also attributed to K2CO3 

being the effective activating agent at high temperature [196].  

 2𝐾𝑂𝐻 → 𝐾2𝑂 +𝐻2𝑂  (32) 

 𝐾2𝑂 + 𝐶𝑂2 → 𝐾2𝐶𝑂3   (33)  

 𝐾2𝐶𝑂3 + 2𝐶 → 2𝐾 + 3𝐶𝑂 (> 700𝑜𝐶)             (34)  

 𝐾2𝑂 + 𝐶 → 2𝐾 + 𝐶𝑂 (> 700𝑜𝐶)             (35) 

 

 

 

Figure 22: a) Comparison of BET surface area and yield of ACs produced using different K-

containing activating agents, and b) using KOH under various activation conditions. See the 

Appendix (Table 19, Table 20) for tabulated values.  

Similarly, the surface area of AC-800C-1KOAc (1495 m2/g) was less than that of AC-

800C-1 K2CO3 due to KOAc first decomposing into K2CO3 (Equation (36)) at around 303 oC 

before activation [197]. Still, KOAc was able to achieve a high surface area and could potentially 

provide value in some applications as a less corrosive alternative to KOH. It was also reported to 

produce a high surface area (1201 m2/g) in the activation of resol (3:1 impregnation ratio) at 800 

oC [197].  
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𝐶𝐻3𝐶𝑂𝑂𝐾 → 𝐶𝑂2 +𝐾2𝐶𝑂3     (303
𝑜𝐶)     

 

(36) 
 

During the thermal decomposition of bisphenol A diglycidyl ether (DGEBA) epoxy, there 

is a significant release of bisphenol A (BPA), among other volatile molecules, as illustrated in 

Figure 23b [206]. Typically, the bonds between epoxy monomer units are weaker than those 

within them, leading to the predominant release of BPA molecules at temperatures below 600  oC 

[207]. The introduction of KOH may suppress the release of fragmented decomposition products, 

such as BPA, through the formation of more stable compounds. This results in the observed 

reduction in epoxy volatilization. A similar effect on yield was observed during the activation of 

PE with KOH, in which the yield increased with elevated activation conditions [47]. The study 

also reported an opposite trend in yield in the absence of KOH, indicating that the effect was a 

result of the interaction with KOH.   

 

 

a) 

 

 

b) 
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Figure 23: a) Schematic of the KOH activation of epoxy (low temperature activation reactions 

referenced from [44] and high temperature activation reactions referenced from [43]), and b) 

Illustration of a main epoxy thermal degradation pathway [207]. 

The use of KOAc as an activating agent also resulted in an improved yield (14.4%), 

although not to the same extent as the more reactive KOH activator. Both activating agents still 

produced a higher yield compared to K2CO3, which is a much less reactive and more thermally 

stable. For comparison, K2CO3 melts at 891 oC and decomposes above 1200 oC while KOH 

melts at 380 oC and decomposes at 769 oC [208]. Although these transition temperatures are 

reduced after impregnation onto AC [208], K2CO3 still does not interact with AC until very high 

temperature is achieved. This means that carbon consumption by activation occurs after complete 

carbonization, resulting in a lower yield (8.55%) than that of the control. Therefore, KOH is the 

superior activating agent when considering yield and was further investigated in the following 

section. Tabulated yield and surface area data for the activator study can be found in the 

Appendices (Table 19). 

Although it is known that KOH is an effective activating agent for producing high surface 

areas in activated carbon, its effect on yield is not often reported. This is a very important 

consideration because not only does increased yield improve the economic feasibility of the 

process, but it also corresponds with the suppression of gaseous emissions. Therefore, there is an 

environmental benefit of using KOH despite the hazards associated with its use (toxic, 

corrosive). More work is required to fully understand the mechanism of yield increase and 

potentially investigate less harmful alternatives to KOH which show similar effect on activated 

carbon yield.  
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4.3.2. Activation by KOH  

The main observation of the KOH activation study is that temperature has a significant 

impact on the BET surface area, with values increasing from below 1000 m2/g at 600 oC to above 

1700 m2/g at 800 oC (Figure 22b). This can be attributed to the effectiveness of the high-

temperature activation reactions (Equations (34)-(35)), which cause extensive pore 

development. Furthermore, at temperatures above 700 oC, the formation of potassium metal 

further facilitates pore development by intercalating into the carbon network and causing 

expansion (Figure 2a) [43]. Still, there was significant activation occurring at 600 oC as evident 

by the increases in surface area from 52 m2/g in the control to 788 m2/g and 996m2/g. At this 

temperature the porosity is developed through physical activation by H2O and CO2 rather than by 

redox reactions of the potassium compounds [43]. Therefore, the dehydration of KOH (Equation 

(32)) and the subsequent water-gas reaction (Equation (37)) and water-gas shift reaction 

(Equation (38)) occurring below 700 oC [44] contribute greatly to pore development despite the 

superior activation at 800 oC.  

 𝐶 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂 (37) 

 𝐶𝑂 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂2 (38) 

A comparison of the maximum surface area sample (AC-800C-1KOH) with other ACs 

produced by KOH activation of plastic feedstocks is presented in Table 14. The surface areas 

were contextualized by comparison to the typical surface areas of commercial products (500-

1500 m2/g). Evidently, the ACs obtained from epoxy and other plastic feedstocks meet or exceed 

that of commercial ACs, so the epoxy AC is expected to possess a comparable capacity to these 

commercial products. The key distinction which incentivizes the epoxy AC and was the 
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motivation for this activation study, is the environmental impact of utilizing a non-recyclable 

waste plastic feedstock.  

Table 14: Comparison of BET surface areas achieved through KOH activation of various plastic 

feedstocks. 

Feedstock Pre-treatment KOH 

impregnation 

ratio 

Activation 

conditions 

BET 

Surface 

Area (m2/g) 

Reference 

Cured 

Epoxy  

- 1 800 oC 2 h 1728 This study 

Commercial 

products 

 

- - - 500-1500 [38] 

Epoxy Resin Carbonization 3 800 oC 1 h 2572 [82] 

PET - 1 800 oC 2 h 1215 [57] 

PVC Oxidation 3 800 oC 2 h 2507 [49] 

PE Sulfonation 3 900 oC 1803 [47] 

PS foam Carbonization 4 800 oC 1 h 2712 [52] 

Tires - 4 800 oC 411 [209] 

 

When comparing the BET surface areas of ACs obtained from cured epoxy to other 

plastic precursors (Table 14), it was observed that most plastic feedstocks necessitate pre-

treatment to achieve higher surface areas than observed in this study. However, epoxy activation 

proved to be an effective one-step process, as it does not require oxidation due to the 

composition of epoxy, and the KOH treatment during carbonization helps restore the carbon 

yield. While a previous study on epoxy resin activation reported a higher surface area of 2572 

m2/g [82], they utilized a two-step process that incurs higher costs in terms of processing time 

and low yield of the carbonization step. In contrast, the simultaneous carbonization and 

activation process used in this study improved the yield while still achieving a maximum surface 

area of 1728 m2/g.  
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Increasing the KOH impregnation ratio was observed to decrease the BET surface area 

(Figure 22b), which can be explained by the inverse relationship between yield and pore 

development [41]. This relationship between yield and surface area has been observed in the 

KOH activation of PE as well, where yield increased as surface area decreased with respect to 

temperature [47].The decrease in surface area with respect to KOH impregnation ratio was much 

more pronounced at the lower activation temperature (600 oC) because the associated 

suppression of gaseous carbonization products may have hindered the physical activation which 

dominates at lower temperatures (Figure 23a). At the higher activation temperature (800 °C), the 

resulting decrease in surface area was not as significant (~23 m2/g), so the effect of KOH on 

yield is more consequential to the high temperature conversion process.  

The positive impact of KOH on the yield was further demonstrated by the increase 

associated with the impregnation ratio (Figure 22b). On the other hand, decreasing yield was 

observed with respect to activation temperature due to the increased effect of pore-forming 

reactions [41]. As activation at 800 °C is necessary to develop surface areas above 1700 m2/g, an 

impregnation ratio of 2:1 should be used to mitigate the loss in yield. Consequently, the product 

AC-800C-2KOH was deemed optimal based on both surface area and yield. For a tabulated 

account of yield and surface area data for the KOH activation study, please refer to Table 20 in 

the Appendices. Future work is required to further optimize the conversion process by 

investigation of a wider range of activation conditions. For example, it would be worthwhile to 

investigate further increases in the yield of activated carbon to ensure that the conversion process 

is economically feasible.   
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4.3.3. FTIR analysis 

The degradation of epoxy resin was confirmed by the conversion of characteristic epoxy 

peaks into a broad AC spectrum (Figure 24). The pristine epoxy featured distinct DGEBA peaks, 

such as the oxirane group C-O-C (823 cm-1), oxirane group C-O stretching (936 cm-1), aromatic 

ring C=C stretching (1600 cm-1), ether C-O-C stretching (1040 cm-1), and C-H stretching 

(2870-2960 cm-1) [43]. In the control sample, the visible peaks at 2870-2960 cm-1 indicated the 

presence of aliphatic C-H after carbonization. These peaks almost fully disappeared in the ACs 

treated by KOH due to their conversion to more stable aromatic bonds, which is known to occur 

during thermal decomposition at high temperature [210]. This evidence suggests that interactions 

with KOH facilitated the formation of an aromatic structure during decomposition. 

The ACs exhibited peaks at 1700 cm-1, 1600 cm-1, and 1420 cm-1, along with a broad 

peak centered at 1090 cm-1. These peaks were attributed to COOH [47,82], C=C (1600 cm-1 and 

1420 cm-1) [186,211], and the general C-O bond group [211]. The broad C-O peak suggests the 

presence of oxygen from various functional groups. In aromatic carbon materials, the C-O peak 

at 1090 cm-1 may indicate the presence of hydroxyl (1000-1220 cm-1), carboxylic acid (1120-

1200 cm-1), or lactone (1160-1370 cm-1) groups [212]. However, the presence of COOH and OH 

can be confirmed based on the carboxyl peak at 1700 cm-1 and the broad hydroxyl peak at 3400 

cm-1 [213,214].  

The incorporation of oxygen in the form of OH is known to be affected by KOH 

activation according to Equation (39), which may also extend to the formation of COOH based 

on the increased carboxylic peak in the ACs compared to the control. However, the surface 

functional groups are not entirely due to KOH activation, as indicated by the presence of 

hydroxyl groups in the control sample. In the pyrolysis of epoxy resin from waste circuit boards, 
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the pyrolysis char was also found to be rich in functional groups such as OH and C=O in 

addition to C=C bonds from benzene ring backbones [186]. Overall, the FTIR results indicated 

the presence of oxygen containing functional groups in the control and KOH activated ACs in 

addition to the aromatic structure of the ACs. Although COOH and OH bonds were confirmed, 

the presence of other oxygen containing functionalities were unclear due to overlapping peak 

locations. Therefore, the surface structure is further analyzed by XPS in the subsequent section to 

identify all surface bond types and their trends with respect to activation conditions. 

 

Figure 24: FTIR spectra of ACs produced by KOH activation of cured epoxy at various 

conditions.  

4.3.4. XPS analysis  

XPS analysis was carried out to investigate the presence of oxygen-containing bonds on 

the surface of the ACs, which can affect their polarity as an adsorbent material. The 

deconvoluted carbon spectra (Figure 25a) revealed four peaks at binding energies of 284.6-

284.9 eV, 285.8-286.0 eV, 288.6-288.9 eV, and 290.4-291.9 eV. These peaks were assigned based 
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on the relative peak locations reported for commercial ACs as C-C/C-H, C-O (hydroxyl or ether), 

C=O, and O-C=O (carboxyl or ester), respectively [215]. The C-C peak was specifically 

identified as predominantly C=C in this study based on its alignment with the aromatic carbon 

bond typically located at 284.5 eV [212]. 

The contribution of each carbon bond type to the overall carbon peak was quantified and 

is presented in Figure 25b. Based on the 9% decrease in C=C/C-H proportion in AC-600C-

1KOH compared to the control, there is indication that KOH may facilitate the development of 

surface functional groups on the AC. According to Equation (39), KOH can react with carbon to 

form C-O-K groups, which later transform into OH groups after the washing step [145]. This 

effect of KOH was also observed during the activation of PET, where the oxygen content 

increased from 18.99% to 34.33% by increasing the KOH impregnation ratio from 1 to 3 [76]. 

The surface atomic compositions of the synthesized epoxy ACs were also estimated (Figure 

26b) based on the XPS survey spectra (Figure 26a), indicating increased oxygen content in the 

activated samples (13.3-19.1%) compared to the control (10.6%).  

 

 𝐾2𝑂 + 𝑅 → 𝐾 + 𝑅 − 𝑂 − 𝐾
𝐻2𝑂 𝑤𝑎𝑠ℎ
→       𝑅 − 𝑂𝐻 

(39) 
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Figure 25: a) Deconvoluted XPS carbon spectra of ACs produced by KOH activation of cured 

epoxy at various conditions and b) the corresponding estimates of carbon bond composition.  

The changes in surface functional groups through activation were also observed based on 

the composition of carbon bond types (Figure 25b). Although C-O bonds represent the majority 

of oxygen bonds, there were also increases in other bond types as a result of KOH activation. 

The higher O-C=O composition supports the indication from FTIR that carboxyl groups may 

also be imparted by KOH. The composition of O-C=O is small in all samples, but it is much 

a) 

 

 

Sample Surface carbon bond Composition (%) 

C=C/C-H C-O C=O O-C=O 

Control 71.35 19.42 6.07 3.16 

AC-600C-1KOH 62.32 26.55 7.63 3.5 

AC-600C-2KOH 65.27 22.2 8.56 3.97 

AC-800C-1KOH 57.48 22.77 14.9 4.85 

AC-800C-2KOH 57.75 26.44 11.44 4.36 

b) 
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more apparent in the ACs activated at the higher temperature of 800 oC (Figure 25a). In terms of 

the activation conditions, the proportion of oxygen containing functionalities increased at a 

higher activation temperature (800 oC) while the KOH impregnation ratio did not have a 

significant effect. Therefore, the selection of AC-800C-2KOH as the optimal sample was further 

supported by the increase in oxygen containing functional groups achieved through activation at 

800 °C.  

a) 

b) 
Sample Surface atomic composition (%) 

Oxygen Carbon Nitrogen 

Control 10.61 87.62 1.76 

AC-600C-1KOH 13.3 86.7 - 

AC-600C-2KOH 15.5 84.5 - 

AC-800C-1KOH 19.13 80.17 0.7 

AC-800C-2KOH 15.24 84.76 - 

 

Figure 26: a) XPS survey spectra of Acs produced by KOH activation of cured epoxy at various 

conditions and b) the corresponding atomic composition estimates. 

The increased oxygen content in the ACs will likely enhance the affinity of the carbon 

towards organic solutes due to the imparted surface polarity [145]. Additionally, the negative 
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surface charges of all ACs (< -30 mV) determined by zeta potential measurements (Figure 27a), 

suggest the presence of acidic OH and COOH surface groups. The zeta potential of the ACs is 

fully analyzed in the following section.  

4.3.5. Zeta potential  

The zeta potential of the ACs (Figure 27a) was measured to further investigate the 

surface chemistry based on electrostatic charge. The KOH activation was expected to influence 

the surface charge through the introduction of oxygen groups. Because this charge characteristic 

is affected by pH, it is often expressed in terms of surface acidity or basicity, quantified by the 

point of zero charges (PZC). The PZC refers to the pH above which the surface charge is positive 

and below which the surface charge is negative [216]. The high proportion of acidic surface 

groups causes a PZC below 7, while predominantly basic surface groups increase the PZC above 

7 [217]. Therefore, in a system at neutral pH an acidic AC surface would correlate with a 

negative net charge, while a basic surface would result in a positive net charge.  

The acidic nature of AC is imparted by functional groups such as carboxylic acids and 

phenol groups due to the deprotonation of the hydroxyl group [217,218] (Figure 27b). The 

negative charge is then generated on the deprotonated oxygen as expressed in Equations (40)-

(41)[147]. Therefore, the negative zeta potential exhibited by the control (-45 mV) indicates the 

acidic hydroxyl groups, which comprise the majority of the oxygen bond types (C-O). However, 

it is likely that the carboxyl groups contribute more to the negative charge (Equation (40)) due 

to their lower pKa. Although the oxygen groups increased with KOH activation based on XPS, 

the zeta potential did not change significantly after activation at 600 oC and even became less 

negative after activation at 800 oC. This is due to the increasing content of basic functionalities 

along with the acidic hydroxyl-containing groups.  
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One of the features causing surface basicity in carbon is functional groups, such as N-

containing groups, ketones, and pyrones [218]. Therefore, the increase in the more basic C=O 

groups indicated by XPS is likely limiting the development of a negative charge. It has been 

suggested that the basicity of carbonyl-containing groups like pyrones is significant when 

existing across a double ring [219] as shown in Figure 27b. The occurrence of such groups in 

the ACs is a possibility, given the variety of surface oxygen bonds observed. Another cause of 

surface basicity is delocalized pi electrons of the aromatic structure, which can attract positive 

hydrogen ions to the surface (Figure 27b) [218]. This phenomenon is a major contributor to the 

basic nature of ACs due to the high proportion of aromatic carbon compared to other functional 

groups [217]. Therefore, the trend towards less negative zeta potentials with elevated activation 

conditions may result from a combination of aromatization and increases in basic groups like 

pyrones.  

 Overall, the negative zeta potentials exhibited by all samples confirm the presence of 

acidic functional groups such as COOH and OH. Additionally, the trend in zeta potential 

indicates the presence of basic groups in addition to acidic groups. Therefore, the FTIR, XPS and 

zeta potential results all indicate the abundance of various types of oxygen-containing groups, 

which may improve the interaction of the AC with solute molecules. However, further studies are 

required to confirm the effect of oxygen content at various levels on NP adsorption. 

 𝑅 − 𝐶𝑂𝑂𝐻 → 𝑅 − 𝐶𝑂𝑂− +𝐻+ (40) 

  𝑅 − 𝑂𝐻 → 𝑅 − 𝑂− +𝐻+ (41) 
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Figure 27: a) Comparison of ACs produced by KOH activation at various conditions, and b) 

illustration of the acidic and basic groups expected on the AC surface [219]. 

4.3.6. SEM imaging  

The SEM images of the epoxy ACs (Figure 28) confirmed their highly porous structure 

compared to the carbonized epoxy control, which exhibited a completely smooth surface due to 

the absence of activation by KOH. Furthermore, the ACs activated at 800°C exhibit smaller 

particle and pore sizes, consistent with the increase in BET surface area with increasing 

activation temperature (Figure 22b). The SEM images also confirmed the general magnitude of 

pore sizes which dictates the size of molecules that can be adsorbed. At higher magnification, the 

optimal sample AC-800C-2KOH shows the presence of micron sized pores (Figure 28f), which 

can effectively accommodate the targeted nano-sized plastic particles. Overall, the BET surface 

areas confirmed that the ACs have a high capacity for adsorption while the SEM images 

confirmed that the NPs are of an appropriate size to be adsorbed in the AC porous structure.   

Sample Zeta potential 

(mV) 

Control -44.93 ±0.90 

AC-600C-1KOH -46.73 ±1.60 

AC-600C-2KOH -46.17 ±2.02 

AC-800C-1KOH -40.30 ±0.98 

AC-800C-2KOH -33.77 ±0.32 

a) b) 
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Figure 28: SEM images of a) Control, b) AC-600C-1KOH, c) AC-600C-2KOH, d) AC-800C-

1KOH, e) AC-800C-2KOH, and f) AC-800C-2KOH (high magnification).  

4.3.7. Characterization of NPs 

The size distribution of the PET NPs was analyzed using DLS, and it was found that all 

particles had sizes below 350 nm, with an average size of 148 nm (Figure 29a and c). SEM 

imaging confirmed that the particles were uniformly distributed and were consistent with the 

DLS data (Figure 29b) while TEM imaging revealed that the particles had an irregular shape 

(Figure 29d). The zeta potential of the NP dispersion was measured to be -0.074 mV (Figure 

29c), indicating a neutral surface charge. Thus, electrostatic interactions are not expected to be 

the primary mechanism for adsorption of the NPs by the AC or other particles. 
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Figure 29: a) DLS particle size distribution of PET NPs, b) SEM images of PET NPs, c) 

Average particle size and zeta potential of PET NPs, d) TEM images of PET NPs, e) ATR-FTIR 

of AC-800C-2KOH before and after adsorption of PET NPs (1.6:1 mass ratio of NP:AC) and 

corresponding EDX elemental mapping f) before and g) after adsorption, and h) SEM images of 

PET NPs lodged in the crevices of AC-800C-2KOH after adsorption of NP (NP:AC ratio of 

0.16). 

4.3.8. NP adsorption confirmation 

Confirmation of NP adsorption onto the surface of AC-800C-2KOH was achieved 

through analysis of the AC after treatment with an NP dispersion (NP:AC mass ratio of 1.6). The 

appearance of PET peaks in the FTIR spectrum (Figure 29e) provided evidence of the PET NPs 

on the surface of the AC. Furthermore, EDX elemental mapping of the same sample before 
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(Figure 29f) and after (Figure 29g) adsorption indicated an increased density of oxygen and 

carbon due to the adsorption of PET particles. The NPs formed layers on the surface of the AC, 

which reduced the visibility of underlying pores. After the adsorption of a more dilute NP 

dispersion (NP:AC ratio of 0.16), SEM imaging showed clusters of NPs located within the pores 

and crevices of AC-800C-2KOH (Figure 29h), highlighting the importance of the surface 

features in the adsorption process. The effect of surface area on adsorption was observed by the 

drastic increase in adsorption when comparing treatment using AC-800C-2KOH to the low 

surface area control sample (Figure 31d).  

4.3.9. NP adsorption kinetics 

To determine the equilibrium time for NP adsorption onto AC-800C-2KOH, the 

adsorption process was monitored over time. As illustrated in Figure 30a, the adsorption reached 

equilibrium after 19 hours of agitation, so 20h was used as the treatment time in subsequent 

studies. Adsorption kinetics were then analyzed by fitting the data to several models, as shown in 

Figure 30b. The pseudo second order (PSO) model proved to be the most accurate with an R2 

value of 0.999, closely predicting the experimental data (Figure 30a). Based on the PSO model, 

the initial adsorption rate constant (ℎ) was calculated according to Equation (42) [220]. As 

shown in Table 15, the initial adsorption rate (h = 5.22) is larger than the average adsorption rate 

constant (K2 = 3.21 x10-5), indicating that the adsorption rate is much faster at the start of the 

process and decreases over time [220]. All the kinetic parameters for the fitted models are 

presented in Table 15 with comparison to the values obtained by non-linear regression. 

 

 ℎ = 𝐾2
2𝑞𝑒
2 (42) 
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Figure 30: a) Recovery of NP (250 mg/L) by AC-800C-2KOH (500 mg/L) over time compared 

to PSO model prediction and b) linearized kinetic modelling of the data.  

The Weber & Morris Intraparticle Diffusion (W&M IPD) model was used to gain insight 

into the adsorption process, as shown in Figure 30b. The appearance of three separate regions 

was observed and based on the analysis of other NP adsorption studies [94,96], these stages were 

attributed to external mass transfer, intraparticle diffusion, and equilibrium phases. Similar to 

adsorption reported by granular activated carbon (GAC), the rate constant for intraparticle 

diffusion (Kint) was much smaller than that of external mass transfer (Kext), indicating that 

external mass transfer occurs much more quickly [96]. This makes sense because the tortuosity 

of the diffusion is affected by porosity [221], which is high in the AC. As a result, the external 

mass transfer phase was concluded after 2 h, while the intraparticle diffusion extended until 

around 19 h. Additionally, the zero intercept of the IPD model indicates that intraparticle 

diffusion is the rate limiting step of the adsorption process [222].  
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Table 15: Kinetic model parameters describing the adsorption of NP onto AC-800C-2KOH 

based on linear and non-linear regression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Correlation of parameters was not investigated and should be considered when applying these models to 

other data. 

4.3.10. NP adsorption isotherm  

The results of the NP adsorption experiments (Figure 31a) show that the adsorption 

increases with increasing NP concentration, which acts as the driving force for mass transfer. The 

observed decrease in adsorption (mg NP/g AC) with increasing AC concentration has previously 

been attributed to the reduction in exposed surface area due to aggregation at high carbon 

Model  
Parameter* 

Value 

Linear Non-

linear 

Pseudo First Order qe (mg/g) 360.930 366.55 

K1 (1/min) 0.00675 0.00954 

R2 0.968 0.951 

Pseudo Second Order qe (mg/g) 403.32 402.21 

K2 

(g/mg/min) 

3.21 

x10-5 

3.09 

x10-5 

h (g/mg/min) 5.22 4.99 

R2 0.999 0.991 

Elovich a 15.288 15.288 

b 0.0148 0.0148 

R2 0.985 0.985 

 

Weber & 

Morris 

Intraparticle 

diffusion 

External 

mass 

transfer 

Kint 

(mg/g/min(1/2)) 

21.52 21.52 

Cint (mg/g) -0.10 0.00 

R2 0.995 0.995 

Intraparticle 

diffusion 

Kint 

(mg/g/min(1/2)) 

5.98 5.98 

Cint (mg/g) 185.40 185.40 

R2 0.961 0.961 
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loadings [223]. Another factor that can explain this trend is the reduction in concentration driving 

force as adsorption progresses with the addition of more AC. Furthermore, the percentage 

recovery of NPs (Figure 31b) is shown to increase with AC concentration as expected, while the 

trend with respect to NP concentration is not as clear. This is because percentage recovery is a 

measure of adsorption relative to the initial NP concentration, so this trend is dependant on the 

underlying adsorption isotherm describing the relationship between NP concentration and 

adsorption. Although the isotherm plot reports the equilibrium NP concentration, it is correlated 

with the initial NP concentration such that the effect of solely increasing initial concentration can 

be understood from the plot. Therefore, the equilibrium isotherm curve was plotted in order to 

better understand the nature of adsorption. 

The equilibrium data from all runs was used to produce the isotherm plot (Figure 31c). 

At lower equilibrium concentrations the adsorption follows a convex shaped isotherm curve 

indicative of monolayer filling, while at higher equilibrium concentration the adsorption follows 

a convex shaped isotherm curve indicative of multilayer filling. Therefore, the BET, Aranovich, 

FHH, and AD-Langmuir multilayer adsorption models were used to describe the data, resulting 

in predictions of R2 > 0.95. The AD-Langmuir model provided the best prediction of the data 

with R2 = 0.963 and an estimated monolayer adsorption capacity of 325 mg/g, as shown in Table 

16. The FHH model also described the data with the same R2 value, but the AD-Langmuir model 

was favoured due to the more fitting curvature at equilibrium concentrations approaching zero 

(Figure 31c). This may indicate that the initial adsorption of NPs resembles that of the Langmuir 

isotherm model, in which each adsorption site is held by one adsorbate molecule [224]. 

Therefore, interaction of NPs with AC is likely greater than between NPs such that monolayer 

filling predominantly occurs prior to the formation of layers.  
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Table 16: Isotherm model parameters describing the adsorption of NP onto AC-800C-2KOH 

based on non-linear regression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model Parameter Value 

BET KBET1 (L/mg) 0.0369 

KBET2 (L/mg) 0.0450 

qmBET (mg/g) 532.24 

R2 0.957 

Aranovich CA (mg/L) 3.418 

CsA (mg/L) 182.42 

QmA (mg/g) 870.58 

R2 0.954 

FHH KFHH (mg/g) 1264.34 

CsFHH (mg/L) 357.29 

nFHH 1.52 

R2 0.963 

AD-Langmuir KL (L/mg) 0.0967 

 qmL (mg/g) 325.03 

CsAD (mg/L) 1952.89 

nAD 20.54 

R2 0.963 
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Figure 31: Analysis of NP adsorption onto AC-800C-2KOH as shown by (a) adsorption (mg/g) 

at various concentrations, (b) NP recovery at various concentrations, (c) the corresponding 

adsorption isotherm with model predictions, (d) comparison of NP recovery (200 mg/L 

dispersion) by AC-800C-2KOH (500 mg/L) and the control (500 mg/L carbonized epoxy).  

To explain the NP percentage recovery trends, the effects of both AC and NP 

concentration on adsorption were illustrated in relation to the isotherm curve (Figure 32). As 

shown, increases in both NP and AC concentrations lead to a greater total mass of adsorbed NPs 

(Figure 32b and c); However, the recovery is dependent on the adsorbed NPs relative to the 

initial amount. Therefore, under a constant initial NP concentration the recovery increased with 

respect to AC concentration (Figure 32b). On the other hand, as the initial NP concentration 
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increases the resulting change in recovery is dependent on the proportionality between 

adsorption and NP concentration, which varies due to the changing curvature of the isotherm plot 

(Figure 32a). Furthermore, an increasing NP concentration may cause the adsorption to progress 

into different adsorption regions (Figure 32b) leading to unpredictable trends in recovery. Still, it 

can be noted that there is not much change in percentage recoveries for all NP concentrations 

(Figure 31b) because the observed isotherm plot (Figure 31c) does not present extreme 

curvature. Therefore, it can be concluded that the effect of NP concentration is minimal and high 

AC levels are required to achieve high recoveries regardless of the initial NP concentration. For 

the NP concentrations tested, an AC level of 750 mg/L was required to achieved recoveries 

above 90%, but further increases began to level off significantly beyond this point.  

 

Figure 32: a) Multilayer isotherm model labeled with filling stages and corresponding 

illustrations of NP adsorption onto AC under b) varying initial NP concentration and c) varying 

AC concentration.  

The main observation from the adsorption isotherm analysis is that the adsorption of NPs 

onto AC-800C-2KOH follows multilayer physical adsorption, which was best described by the 

AD-Langmuir model. In contrast, previous research examining NP adsorption has used charged 
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PS [94–96], and have shown that electrostatic charges can impact the adsorption process. All 

studies found that the Langmuir adsorption model best described their data, which is consistent 

with the chemical adsorption of charged NP molecules and inhibited formation of successive 

layers. In the case of PET NPs, the zeta potential was determined to be approximately zero, 

allowing the particles to form multiple layers mainly through physical adsorption. Still, it is 

expected that monolayer filling occurs prior to NP layering since the charge difference with 

respect to the AC is larger than that of another NP. Additionally, the many oxygen functionalities 

on the AC likely aided the physical adsorption process. 

The trends in NP recovery (Figure 31b) indicate that it may not be worthwhile to 

increase the AC concentration beyond 750 mg/L. Most notably, at the lowest NP concentration 

tested (100 mg/L) the recovery at 750 mg/L AC (94%) was not significantly changed when the 

AC concentration was increased to 1150 mg/L AC. This performance was compared with 

previous studies examining polystyrene (PS) NP recovery, as shown in Table 17. Comparatively, 

AC-800C-2KOH was able to treat a much greater NP concentration with a generally low AC 

loading. For example, a significantly greater amount of commercial GAC (5 g/L) was used to 

treat a more diluted NP dispersion (40 mg/L), achieving only 26% recovery [96]. Evidently AC-

800C-2KOH shows a much greater adsorption capacity than commercial AC, which can be 

attributed to the higher surface area of AC-800C-2KOH (1705 m2/g) compared to the GAC 

(1150 m2/g) which can accommodate more NPs. Despite the increased capacity, the achieved 

percentage NP recovery does not exceed those reported in previous NP studies (Table 17) due to 

the limited driving force for adsorption. Because the observed adsorption is a physical process it 

is facilitated mainly by Van der Waals forces which are relatively weak bonds.  

Table 17: Comparison of NP recovery and adsorbent dose to other NP/carbon systems. 
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NP type Solute 

concentration 

(mg/L) 
 

Adsorbent 

type 

Adsorbent 

concentration 

(g/L) 

NP recovery Reference 

PET 100 Epoxy AC 0.75 94% This study 

PS 10 Bagasse 

Biochar 

0.3 99% [94] 

PS 5 Commercial 

GAC 

5 98% [96] 

40 26% 

 

Overall, the adsorption analysis was used to identify the multilayer adsorption of NPs 

onto the epoxy AC and the high capacity of the product (qm = 325 mg/g). There was also 

indication of high efficiency in NP recovery (>90%) within the tested NP concentrations. Due to 

the method of NP detection by UV-Vis the study was limited to a minimum NP concentration of 

100 mg/L, under which the signal was too low for accurate analysis. Therefore, future work is 

required to confirm the adsorption efficiency of NPs onto AC at the even lower concentrations. 

Additionally, the results indicated that percentage recoveries begin to level off significantly 

beyond AC loadings of 750 mg/L making it difficult to approach 100% NP recovery. It is 

suspected that increased attraction between AC and NP is required to achieve higher recovery as 

a result of the weak physical bonds dictating the adsorption process. Improvements to the 

interaction between AC and NP should be investigated by modification of the AC structure in 

order to achieve higher NP recovery without significant increase in AC loading.  

4.4. Conclusions 

This study investigated the production of activated carbon (AC) from cured epoxy waste 

via controlled pyrolysis and activation, with a focus on utilizing the generated AC for NP 

adsorption from contaminated wastewater. It was found that KOH was an appealing activating 

agent due to its ability to increase the low char yield of epoxy (8.98%) to an observed maximum 
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of 39.8%. Although the maximum BET surface area was achieved by K2CO3 (1843 m2/g), its 

decreased reactivity at low temperatures resulted in the lowest yield product (8.53%). Therefore, 

KOH activation was preliminarily optimized to produce an AC product of high surface area 

(1705 m2/g), yield (31%) and significant oxygen content based on activation conditions of 800 

oC and a 2:1 KOH impregnation ratio. The epoxy AC demonstrated adsorption of synthesized 

PET NPs (<350 nm) through multilayer physical adsorption with an estimated monolayer 

capacity of 325 mg/g based on the AD-Langmuir model (R2 = 0.963). At low NP concentration 

(100 mg/L), the product achieved 94% NP recovery, indicating an improved capacity compared 

to that of commercial AC. In general, AC loadings of only 750 mg/L resulted in NP recoveries > 

90%, but there was difficulty in achieving full recovery. It is recommended for future research to 

explore milder activating agents, refine the activation process, and enhance NP adsorption 

efficiency through AC modification. Despite these limitations, the epoxy AC has shown potential 

to significantly reduce NP contamination in water by a simple batch agitation technique. Not 

only is this product effective and easier to implement in WWTPs compared to the alternative 

advanced treatment techniques, but the use of cured epoxy waste would simultaneously help 

divert this non-recyclable waste stream from the inevitable accumulation in landfills.  
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Chapter 5: Concluding remarks 

Plastic waste recycling is necessary to ensure the sustainability of the mass-produced and 

petroleum-based products being used daily. However, it is not an issue that can be easily solved, 

as recycling implementation faces many challenges which have limited recycling rates across the 

globe. As waste continues to grow it is of high interest to find sustainable methods of disposal 

and divert these plastics from the buildup in landfill sites. To address the concerns surrounding 

the current overflow of plastic waste in the environment, this thesis explored the validity of a 

specific disposal pathway involving the carbonization of plastics to produce activated carbon 

(AC) for wastewater treatment applications. Two distinct polymer types were converted to AC 

through chemical activation and applied as adsorbents for two prevalent wastewater pollutants. 

The conclusions from these studies are summarized below: 

PET bottle waste to AC for treatment of dye contaminated wastewater: KOH 

chemical activation was used to convert PET bottle waste into AC. It was found that 

increased activation temperature and time enhanced the surface area development, but the 

inverse relationship of carbon yield led to an optimal product at a lower activation time of 

1 h. The higher activation temperature of 800 oC was also found to increase the negative 

surface charge, which was ideal for interaction with cationic dye molecules. The product 

exhibiting a surface area of 1214 m2/g and zeta potential of -40 mV was found to adsorb 

cationic methylene blue (MB) dye through monolayer adsorption with a maximum 

capacity of 335 mg/g, aligning with commercial products. The adsorption was enhanced 

at higher pH values and the selectivity of the AC for cationic dyes was confirmed through 

the increased recovery of MB dye within a mixture containing anionic methyl orange 

dye. Lastly, the effects of cationic dye charge characteristics were observed by the 
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reduced adsorption capacity of brilliant green dye resulting from the lower proportion of 

positively charged molecules at the test pH. Overall, this work showcased the substantial 

capacity of PET AC for adsorption of cationic dyes and the expected impacts of AC 

surface composition, dye type, and their relation to solution pH.  

1) Epoxy thermoset plastic to AC for treatment of nano-plastic contaminated 

wastewater: Chemical activation by various potassium-based activators was used to 

convert cured epoxy plastic to AC. It was found that KOH was the best activator due to 

its ability to substantially improve yield, resulting in an optimal product at a higher 

impregnation ratio (2:1) to conserve yield and a high activation temperature (800 oC) to 

produce a large surface area. The resulting product exhibiting a surface area of 1705 m2/g 

and yield of 31% was found to adsorb neutral PET nano-plastics (NPs) through 

multilayer physical adsorption with an estimated monolayer capacity of 325 mg/g. This 

adsorption capability is very impressive compared to existing studies limited to 

adsorption of charged PS NPs; However, the NP recovery at representatively low NP 

concentrations did not exceed 94% due to the relatively weak polar interactions dictating 

the adsorption process. The neutrality of the NP surface limited electrostatic interaction 

with the AC; However, the resulting lack of inter-particle repulsion enables the NP 

particles to form multiple adsorption layers. Overall, this work showcased the potential of 

epoxy AC in adsorbing PET NPs, and provided valuable insight into both the chemical 

activation of thermoset waste and the adsorption mechanism of neutral NPs onto AC.  

 

In conclusion, there is a lot of potential for plastics as feedstocks to AC as they produce high 

surface area material with surface features that can facilitate adsorption through both electrostatic 
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interaction with charged molecules and polar interaction with neutral particles. This work 

exhibited the success in the conversion of both thermoplastic and thermoset material into AC and 

demonstrated the general adsorption behaviors that may be expected when treating textile dyes 

and nano-plastics in water. The applications of plastic derived AC may also extend beyond 

wastewater treatment applications, but these areas should be individually investigated due to the 

unique features of each absorbent/ adsorbate system. 

In terms of next steps, it is recommended that the feasibility of AC production from real 

waste plastic streams is fully analyzed for this conversion pathway to be realized. Although this 

method can produce a high value product from low quality and non-recyclable plastic waste, it 

must still overcome the issues of waste sorting due to the different degradation pathways for each 

plastic type. Additionally, the production cost and life cycle of the product must be analyzed to 

justify its implementation. One key aspect of this is the disposal of the AC post adsorption and 

the potential removal or decomposition of the adsorbed dye/ NP for reuse of the adsorbent. 

Lastly, the intended adsorption applications should be further validated through testing of real 

wastewater samples, which contain a variety of components and may exhibit lower NP 

concentrations than could be accurately tested in this work. Still, plastic wastes should not be 

overlooked as a precursor to AC products, as this usage could divert a significant portion of 

plastic waste from being landfilled while providing a sustainable alternative feedstock for 

valuable wastewater pollutant adsorbents.  
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APPENDIX 

SUPPLEMENTARY INFORMATION 

Chapter 3: Synchronous pyrolysis and activation of poly (ethylene terephthalate) for the 

generation of activated carbon for dye contaminated wastewater treatment 

 

Figure 33: Images of PET activated carbon products a) AC-600C1h; b) AC-700C1h; and c) AC-

800C1h. 

Figure 34: a) UV Vis spectra of methylene blue solutions at concentrations of 0.1-10 mg/L; and 

b) the corresponding calibration curve.  
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Figure 35: a) UV Vis spectra of methylene blue solutions at concentrations of 1-18 mg/L; and b) 

the corresponding calibration curve.  

 

Figure 36: a) UV Vis spectra of brilliant green solutions at concentrations of 1-15 mg/L; and b) 

the corresponding calibration curve.  
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Figure 37: a) UV Vis spectra of methyl orange solutions at concentrations of 1-10 mg/L; and b) 

the corresponding calibration curve.  

 

Chapter 4: Utilization of epoxy thermoset waste to produce activated carbon for the 

remediation of nano-plastic contaminated wastewater 

 

 

Figure 38: a) Calibration curve for the concentration of NPs in water based on UV-vis 

absorbance at 400 nm; and b) the corresponding UV-Vis spectra used to produce the calibration 

curve. 

 

Table 18: Experimental design for the activation of cured epoxy. 

Sample designation Chemical Activator Activator 

impregnation ratio 

(mass activator: mass 

cured epoxy) 

Final treatment 

temperature 

Control N/A N/A 600 oC 

AC-800C-1KOH KOH 1:1 800 oC 

AC-800C-1K2CO3 K2CO3 1:1 800 oC 

AC-800C-1KOAc KOAc 1:1 800 oC 

AC-600C-1KOH KOH 1:1 600 oC 

AC-600C-2KOH KOH 2:1 600 oC 

AC-800C-2KOH KOH 2:1 800 oC 
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Table 19: Comparison of BET surface area and yield of ACs produced using different K-

containing activators. 

 

*BET Surface area uncertainties are model related errors determined by the instrument. 

 
 
Table 20: Comparison of BET surface area, yield and zeta potential of ACs produced by KOH 

activation at various conditions.  
 

 

 

 

 

*BET Surface area uncertainties are model related errors determined by the instrument. 

 

 

Sample Surface area (m
2
/g)* Yield (%) 

Control 52.36 ±0.97 8.98 ± 0.62 

AC-800C-1KOH 1728.54 ±6.81 23.3 ± 0.80 

AC-800C-1K2CO3 1843.68 ±14.9 8.53 ± 1.35 

AC-800C-1KOAc 1494.57 ±11.0 14.4 ± 2.18 

Sample Surface Area (m
2
/g)* Yield (%) 

Control 52.36 ±0.97 8.98 ± 0.62 

AC-600C-1KOH 996.24 ±1.15 29.0 ± 2.71 

AC-600C-2KOH 788.10 ±0.847 39.8 ± 3.72 

AC-800C-1KOH 1728.54 ±6.81 23.3 ± 2.18 

AC-800C-2KOH 1705.20 ±12.6 30.8 ± 2.88 
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