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Abstract

:

Storage of waste tyres causes serious environmental pollution and health issues, especially when they are left untreated in stockpiles and landfills. Waste tyres could be subjected to pyrolysis and activation in order to produce activated carbon, which is an effective adsorbent, and can find various applications, such as for wastewater treatment, removal of metals and dyes, energy storage devices, electrode materials, etc. Activated carbon (AC) is a non-polar and non-graphite material having high porosity and excellent adsorption capabilities, making it one of the most frequently used adsorbents in various industries. It is normally produced from carbon-rich materials such as coal, coconut shells, waste tyres, biowaste, etc. The use of waste tyres for the production of AC is a sustainable alternative to conventional sources (such as coconut shells and coal) as it supports the concept of a circular economy. Since AC sourced from waste tyres is a new area, this study reviews the methods for the preparation of AC, the types of activation, the forms of activated carbon, and the factors affecting the adsorption process. This study also reviews various applications of AC derived from waste tyres, with a specific focus on the removal of different pollutants from wastewater. Activated carbon derived from the waste tyres was found to be a versatile and economically viable carbon material, which can contribute towards safeguarding the environment and human health.
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1. Introduction


Activated carbon (AC) is one of the most frequently used adsorbent materials that has applications in various industries. The adsorption properties of charcoal have been well known for more than 2000 years. In the 18th century, it was observed that charcoal has a high capacity to decolorize some liquids in the sugar industry. Since 1920, the production of large-scale activated carbon (AC) gradually increased, and it has become one of the most versatile adsorbent materials. AC has been extensively studied by researchers due to its low cost and unique properties, such as high specific porosity, high surface area, high adsorption capacity, pore structure, and customizable surface functionalization [1]. Large-scale commercial AC can be produced from non-renewable sources, such as coal, wood, peat, coconut shell, and synthetic polymers [2,3]. These materials have low mineral content, high porosity, and high carbon content [4,5,6]. However, due to its impact on the environment and economy, recently researchers have become interested in finding low-cost biowaste substances as raw materials and low-cost processes for the production of AC. In addition to the use of natural products and biowaste materials for the production of AC, waste tyres [7,8,9] and waste plastics [10] have also generated significant interest in the recent past.



As far as waste tyres are concerned, their disposal is a challenging task and a major environmental issue throughout the world because it is non-biodegradable. It is reported that around 50% of scrap tyres are discarded without any treatment process. The discarded tyres create environmental and health issues such as soil pollution due to leakage of chemicals, release methane gas into the air causing air pollution, provide a breeding ground for mosquitoes, and moreover take up a lot of space by piling up in landfills and junkyards. Landfilling and burning are the two traditional solid waste treatment methods that are employed to dispose of waste tyres [11]. These methods of solid waste treatment comprise the traditional linear economy model of ‘‘extract-manufacture-consume-dispose”, which was globally adopted and resulted in urban solid waste of about 1.3 million tons per year in 2010 and which is expected to increase up to 2.2 million tons per year by 2025. Thus, these traditional methods of waste tyre disposal are becoming unsustainable because the availability of disposal sites for landfilling is decreasing rapidly, and the burning of the waste tyres in the open-air causes significant air pollution.



In order to make waste disposal more sustainable, the circular economy (CE) model is being implemented worldwide, wherein the word ‘disposal’ is replaced with ‘restore’. Initially, the CE model became popular in waste management plans around the world, which used the 3R model of waste management, namely “Reduce”, followed by “Reuse” and then “Recycle”. To further broaden this model, the 3Rs are upgraded to 7Rs i.e., Redesign, Renew, Reduce, Reuse, Repair, Recover and Recycle the resources so that they could generate value frequently, leading to rational and effective use [12].



The CE model of waste disposal is also being pursued and implemented in the tyre industry, especially with the recognition of the mismanagement of end-of-life tyres and its profound negative ecological implications [13]. Studying and comparing waste tyre management from several perspectives (scientific, industrial, and commercial) while innovating in search of the right combination of design, materials, and cutting-edge engineering are required when applying the CE model and the 7Rs to the management of waste tyres.



Moreover, the value of a waste commodity such as end-of-life tyres is directly linked to the physical composition of the material and the degree to which the constituent parts can be recovered, reused, and recycled. Tyres are composite products, made up of a mix of rubber (natural and synthetic), steel, fabric, carbon black and bonding agents, most of which can be recovered and recycled into useful commodities.



In order to achieve a circular economy and enhance the sustainability of the tyre industry, it is necessary to recycle tyres and reuse the by-products. Tyre recycling would address the huge accumulation and disposal of waste tyres, as well as cost savings arising from the use of recovered materials, and the reduced detrimental effects on the environment. Traditional methods may be effectively replaced by new recycling processes, such as thermochemical conversion technologies, which have a long history of applications in other fields (such as biomass) [14]. This process enables the recovery of materials, specifically carbon, that may be utilized to produce carbon black, one of the raw materials used in the manufacture of tyres. Recycling comprises techniques such as retreading, pyrolysis, incineration, milling, pulverizing, reclaiming, etc.



Among the various techniques available to recycle waste tyres, pyrolysis has nowadays gained interest from industries because this process transforms waste tyres into useful organic compounds in the absence of oxygen at high temperatures. This process is eco-friendly and recovery of 30 to 40% by weight of pyrolytic char is achieved. The recovered pyrolytic char can be used to produce AC in the presence of steam or CO2 at high temperatures [15]. Figure 1 presents the steps involved in the production of AC from waste tyres, which can be listed as follows:




	(1)

	
Collecting waste tyres from retailers, waste tyre depots, etc.




	(2)

	
Shredding and pulverizing the waste tyres to form granules. This step also involves the removal of steel and reinforcing fabric.




	(3)

	
In the next step, an acid solution is used to pre-treat the granulated waste tyres.




	(4)

	
Pyrolysis is then carried out to convert the waste tyre into carbon black and other by-products such as oil.




	(5)

	
The carbon black is activated using physical or chemical processes to obtain the AC.




	(6)

	
The AC can then be utilized for various applications such as wastewater treatment, water purification, use in energy storage devices, and so on.









AC possesses the micro-crystal porous form of carbon, which acts as an excellent adsorbent material for the isolation and recovery of trace materials in the food, beverage, cosmetic, pharmaceutical, and chemical industries. In addition, AC finds application in water treatment and purification, where physical or chemical adsorption mechanisms play a major role in removing impurities. The application of AC in water purification is made possible due to its adsorption capacity, low cost, durability, and safety. The quality of AC depends on its structure, as most of these structures are tridisperse, meaning that they have micropores (radii—18–20 Å), macro pores (radii—18–20 Å), and mesopores (radii—500–20,000 Å). The quantity of each pore size is crucial in determining the type of impurity that is adsorbed. As different sizes will adsorb different-sized molecules in their structure, only a few micropores will align directly toward the outer surface of the carbon particles. Generally, most of the pore structures are organized in the following pattern: macropores open directly to the external surface of the carbon particle; mesopores and micropores branch off from macropores and mesopores, respectively. The specific area of the micropores usually amounts to at least 90% of the total surface area. Microporous materials are important in the water treatment process because of their ability to adsorb a wide variety of contaminants in the aqueous phase. This gives rise to its application as a substitute for conventional advanced water treatment technologies that require high maintenance and operational costs [16,17]. The selection of a suitable type of AC for a specific application depends upon the physical and chemical properties of the specific species to be adsorbed. The production process also contributes to the high porosity and surface area of the activated carbon. A summary of recent reviews reported in the literature on the applications of AC derived from waste tyres is presented in Table 1. It was observed that the AC made from waste tyres finds applications in various fields such as wastewater treatment, removal of dye and other pollutants by adsorption, energy storage, gas phase adsorption, etc. The challenges and difficulties in producing and activating carbon were also discussed by the authors.



Since AC has excellent adsorbent properties, this study reviews the processes involved in the production of AC from waste tyres, the types of activation, the forms of AC, and the factors affecting the performance of AC. Various applications of AC derived from waste tyres are reviewed in this study, with a focus on its potential use in removing contaminants from wastewater. To the best of the knowledge of the authors, there are not many studies in the open literature that focus on these aspects of AC. Most of the reviews reported so far have focused on the application of pyrolytic carbon such as energy, catalysis, liquid, and gas phase applications, and so on. The findings obtained from this study would be beneficial for the recycling of waste tyres into AC as an adsorbent, especially for water treatment and purification. It can serve as a useful guideline to enhance the processes involved for improved performance of AC, so that it becomes more efficient and economically viable for water treatment, especially for the removal of heavy metals and other pollutants. This study also aims to provide useful information to future researchers about the most recent discoveries, limitations, and advancements in the field of carbon-based materials derived from waste tyres.



This paper is structured as follows. Firstly, the different activation methods for the production of AC are presented in Section 2. This is followed by a discussion on the different types of AC that can be generated, along with their properties and potential applications in Section 3. Section 4 presents the factors affecting the performance of AC in terms of its ability to remove various types of contaminants. This is followed in Section 5 by a detailed review of various applications of AC derived from waste tyres, with a focus on its application in the removal of various contaminants from wastewater. Section 6 finally presents the conclusions drawn from this study and directions for future studies.




2. Production of Activated Carbon


Activation is the most vital step in the preparation of activated carbon. The selected raw materials such as biowaste, polymers, coal, waste tyres, etc., are converted into a more crystalline form with several possible random sizes and shapes of pores during the activation process [25]. These distributed pores provide a high internal surface area. In the manufacturing of activated carbon, traditional methods such as coking or carbonizing do not meet the current standards. As the pulverized charcoal contains an external surface area of only 2 to 4 m2/g, it is not suitable for industrial applications. Therefore, it is desirable to develop a high surface area material with high porosity, which would be economically viable and meet environmental standards. Activated carbon meets these requirements and can be produced via the carbonization and activation processes, which are discussed in the following sub-sections.



2.1. Carbonization or Pyrolysis


Waste tyres are manufactured with almost 200 compounds which are composed of natural and synthetic rubbers, 5–22 wt% carbon, 16 to 25 wt% steel, 5% textile materials, ZnO, sulphur, and TiO2 and SiO2 as additives. Therefore, carbon black (68–75 wt%) is one of the main constituents of tyre rubber. These features make the rubber from waste tyres a good candidate to be used as a precursor for preparing AC [26]. After washing the raw material with deionized water, drying, sizing, and upstreaming, it is impregnated with some reagent such as methanol, acid, or base. The material is then subjected to the carbonization process leading to the formation of carbon. This process involves heating the raw biowaste material in the absence of air (inert atmosphere) at below 800 °C temperature, leaving behind the solid porous carbon material. Then, the elements such as nitrogen, sulphur, hydrogen, and oxygen are removed through the gasification process and only the pyrolytic char is left as a solid carbon product. After the gasification process, again the pyrolytic char is washed, dried, and impregnated with another reagent. The carbonization process is followed by the activation process, which involves the development of pores in biochar or carbon material [27].




2.2. Activation


The activation of pyrolytic char or carbon black can be conducted through physical or chemical activation, as shown in Figure 2. Physical activation involves the treatment of pyrolytic char obtained from the carbonization process, which is subjected to gasification using CO2 or steam at 800 °C–900 °C. CO2 improves the pore structure and steam widens the micropores. Mostly, CO2 is preferred over steam due to its ease of handling and cleanliness. On the other hand, the chemical activation process is a single-step process that uses chemicals such as NaOH, KOH, H3PO4, and ZnCl2, followed by pyrolysis, in the absence of air at 500 to 900 °C. The utilization of chemicals reduces the formation of tar and by-products during the pyrolysis process and also increases the yield and pore volume [28]. The physical or chemical activation process may be chosen depending on the type of raw material. However, the chemical activation process is more advantageous than the physical activation process, as the former produces a higher yield and pore volumes in a single-step process. while cutting down the time, energy, and temperature. However, care must be taken during the handling of chemicals such as ZnCl2, KOH, and NaOH, as they are corrosive, toxic, unfriendly to the environment, and creates issues with the disposal of waste. For further improvement of activity and surface area, the pyrolytic char obtained during the gasification or hydrothermal process is subjected to heating at a high temperature [29].



There is another activation process, namely a microwave-assisted activation process, which is a blend of physical and chemical activation processes. It is a versatile technique that can produce higher-quality AC via either a one-step or a two-step activation process [30]. This process is an alternative to conservative approaches in the production of AC, due to its excellent features such as volumetric heating, and indirect contact between heated resources and the heating foundation. The factors which affect the microwave-assisted activation process are activation period, radiation strength, properties of raw materials, the interaction of chemicals with microwave, etc. This process produces AC with excellent pore volume (textural properties) and pore size distribution. The self-activation process is also one of the activation processes which decreases the gases emitted during pyrolysis and saves the cost of reagents used for the activation process, and also saves the environment from pollution. It is a green process that does not use chemicals, but the raw material is heated at high temperatures in the range between 900 °C and 1100 °C [31].



For waste tyre-derived AC, physical activation using steam is the commonly used method for the production of AC. It was reported that steam-activated carbons showed higher surface areas (1000 m2/g) than CO2-activated carbons (270–980 m2/g). Since the surface area is one of the key factors that are attributed to the adsorption features, physical activation using steam is the more regularly used method. Moreover, the steam activation was found to be two to three times faster than the CO2 activation. This could be explained by the phenomenon that the water molecules are smaller than the CO2 molecules and thus could diffuse rapidly into the pore matrix and develop micropores [32].



Two steps make up the overall process for producing AC from waste tyres. Firstly, thermal pyrolysis typically takes place at low temperatures in the range of 400 °C to 700 °C with nitrogen or helium to reduce the cross-linking of carbon atoms. Secondly, the activation process, which uses an activating gas (Steam or CO2) at temperatures between 800 and 1000 °C to generate a certain specific surface area and specific porosity. The degree of activation, activation temperature, and the type of activating gas (steam or CO2) have a significant impact on the properties of carbon [33].





3. Forms of Activated Carbon


Depending on the precursor materials chosen and the activation agents utilized for the manufacture of ACs, different kinds of activated carbon can be generated. Granular activated carbons and powdered activated carbons are the two commercially available types of AC.



3.1. Granular AC (GAC)


GACs are usually derived from the biowaste materials such as coconut shells, palm kernels, and olive stones during the activation process. Granulation can be done by using low-density soft biowaste materials and also by adding binders. In some cases, granulation can be achieved without binders also. For instance, Cai et al. reported the preparation of GAC without using binders, however, the disadvantage is that if the biowaste material contains high cellulose content, then GAC will become more fibrous and brittle, which is not desirable [34]. This can be overcome by using binders that give better density and strength. Besides the selection of biowaste materials, process parameters that may influence the quality of GAC, include the moulding pressure, temperature, moisture content, the mixture of powder to binder ratio, and activation method.



Because the regeneration of carbon is essential for both environmental and financial reasons in designs where continuous columns are more practical, GACs are a kind of AC that can be employed in the water treatment process. During the operation, there is no need to separate the carbon from the bulk quantity of the fluid which defines the adaptability of GACs [35]. GAC is used as a water treatment material that effectively removes the colour and odor, turbidity, microplastics, micro-pollutants, carcinogenic substances, and heavy metals such as Se, Zn, Mn, and Ar. A typical application for GAC is as a substrate for biological media, in a treatment process known as biological activated carbon (BAC). Recent research has explored its benefits in a water treatment train following oxidation where a BAC stage enhanced the downstream performance of membrane filtration [36,37].




3.2. Powdered AC (PAC)


PACs are proven to be cost-effective and eco-friendly materials, which can be prepared from wood, coal, lignite, waste tyre, and biowaste materials such as groundnut shells, and peanut shells [38,39]. The density of PAC depends on the type of raw material and the manufacturing process. Usually, PACs show high surface area and high micro-porosity, which are the characteristic of their adsorption capacity [40,41]. In general, PAC processes are typically employed in a batch mode, particularly in wastewater treatment. PAC removes micropollutants and other contaminants from water, air, liquids, and gases. Though PACs are known for their higher adsorption tendency, they cannot be regenerated because of their difficulty in separating them from the liquid phase. One approach is to use durable ceramic membranes which can filter both the PAC as well as other particulate contaminants from the water, as shown in treating wastewater generated for firefighting purposes [42]. The PAC was found to assist with enhancing the water quality by removing low-level organics and reducing COD.





4. Factors Affecting the Performance of AC


4.1. Raw Materials


Biowaste with high carbon content is generally suitable for the production of AC. The factors such as low ash (inorganic), high carbon content, low degradation, economy, safety, low volatility, low moisture content, and high density may be considered while choosing the raw material to obtain activated carbon with a high degree of porosity. Coconut shells and olive stones are most widely used commercially, because of their volatility, hardness, and high density [43]. In the last decade or so, waste tyre-derived AC has also been used for various applications such as electrode materials in energy storage devices, hydrogen storage, and removal of heavy metals such as lead, cadmium, copper, zinc, chromium, cadmium, manganese, and arsenic from the wastewater [44].




4.2. Activation Temperature and Time


In the commercial production of AC, the activation process is normally carried out at 800 °C. Several studies reported that the higher temperature influences surface area, volatile content, and AC production. It also decreases the viscosity of the solution due to an increase in diffusion rate, leading to an increase in the adsorption process. Generally, a low water temperature increases the adsorption because high temperatures can interrupt the adsorptive bond, causing a slight decrease in adsorption depending on the organic compound being removed [45,46].



Activation time also influences the yield of AC and the volatilization of organic compounds from agricultural biowaste. It was observed in the past few decades, that for raw materials such as a banana peel and coconut shells, the activation time increased the surface area and yield of ACs. However, recent studies also showed that excessive activation time reduced the yield and efficiency of ACs [47].




4.3. pH


The pH of the liquid or aqueous solution is one of the key factors that determine the surface charge density as well as the cationic or anionic nature of the surface. The solution with high pH will attract cations and that with low pH values will attract anions. In other words, the acidic carbons will be more suitable for retaining cations, and basic carbons more effective for anion removal. Hence, by proper adjustment of the pH of the solution, the uptake of the cationic and anionic groups can be controlled. When pH increases, the removal of contaminants decreases, which means that the adsorption rate will be less. Most organic compounds are adsorbed at low pH, and they are less soluble [48]. A thumb rule for effective adsorption is that for every pH unit > 7.0, there must be an increase in the size of the carbon bed by 25%.




4.4. The Concentration of Contaminants


The removal capacity of AC depends on the contaminant concentration, which must be high because the diffusion of impurity molecules penetrates the pores and become adsorbed. However, when concentration increases, effluent leakages also increase. The upper limit for contaminants is around 100 ppm. More contact time with activated carbon is required for higher concentrations of contaminants [49].




4.5. Molecular Weight


When the molecular weight increases, the adsorption capacity of activated carbon is more effective because the molecules are less soluble in water. However, the carbon pore structure should be large enough to allow the molecules to migrate within. For the removal of a greater number of difficult-to-remove particles, designing a mixture of low and high-molecular-weight molecules would be necessary.




4.6. Pore Size and Pore Volume


Different-sized pores are essential for the adsorption behaviour of various adsorbents. Steam-activated carbon showed micro and mesopores in waste tyre-derived carbon and the adsorption capacity of the carbon increased with an increase in pore volume. It also revealed experimentally that during the initial stages of steam activation of tyre char, narrow micropores were developed. When the activation time was extended, micro to a more mesoporous structure was observed. The nature of chemicals employed during chemical activation also affects the pore volume of the AC.





5. Applications of Activated Carbon from Waste Tyres


AC has many direct or indirect applications in the medical industry, due to its exceptional level of purity coupled with adsorptive features. In 1830, ACs were successfully used as a remedy for treating poisons [50], resorption of agents involved in enterogastric cycling, and gastrointestinal dialysis [51]. In the blood dialysis process, AC has been used as a filtering medium and acts as a sorbent that eliminates the waste products such as urea, indoxyl sulphate, and other toxic radicals [52]. In wastewater treatment, AC has been employed to improve the quality of water by removing excess chlorine, and substances causing odour and taste. Due to water scarcity, overpopulation, and high pollution levels all over the world, it is crucial to treat the water using a harmless and economically viable method to meet the water quality requirements [53].



Rechargeable batteries and supercapacitors are composed of electrodes whose performance depends on the properties of an electrode material such as conductivity, surface area, and porosity. Various electrode materials such as metal oxides, metal hydroxides, and conducting polymers have been explored for a high-energy performance. Recently, lithium-ion batteries and supercapacitors have used biowaste to derive hardcore carbon as electrode materials, due to the limited resource of fossil fuels, and the need to search for an alternative material to satisfy the future need. Carbon materials such as activated carbon, carbon black, graphene, and carbon aerogels have been used as electrode materials [54,55,56,57]. The utilization of waste tyre, bio waste, polymers, and coal-based AC as electrode materials make the process easier, cheaper, and eco-friendly. AC can either serve as a sole electrode or can be tunable by attaching it to the heteroatoms to improve the electrochemical performance. As mentioned in the previous sections, the quality and property can be improved through pyrolysis and activation processes [58,59].



Similar to other carbon adsorbents, waste tyre-derived AC has also been employed in the last two decades for various applications in the field of wastewater treatment, dye removal, and energy storage. Important properties such as porosity, surface area, adsorption capacity, low cost, and eco-friendliness have led to the use of AC derived from waste tyres as a suitable material for various applications. A few applications of waste tyre-derived AC are presented in the following sub-sections. Among various applications of AC, since this review focuses on wastewater treatment and water purification for the removal of different pollutants from water, this application is reviewed in more detail in the next subsection.



5.1. Wastewater Treatment


For the purification of air and liquid, amorphous carbon material with a specific surface and specific porosity makes it an ideal medium for adsorption and is considered an inexpensive and technically viable method. It is well known that solid carbon adsorbents produced from waste tyres are useful for applications such as wastewater treatment. Due to the high surface area and high pore volume, AC derived from tyres is considered an excellent adsorbent in the water treatment process as it removes organic pollutants such as phenol and p-chlorophenol. Experimental results demonstrated that AC derived from waste tyres is promising, as the amount of uptake was comparable to conventional AC derived from coal, wood, and biowaste [27].



For instance, Quek et al. studied the AC derived from the waste tyres, which were pyrolyzed in the presence of CO2 and nitrogen at various temperatures. The obtained char was activated in situ by post-pyrolysis oxygenation. It was reported that nitrogen-pyrolyzed char exhibited good Cu and Pb removal capabilities than the CO2-pyrolyzed char [60]. However, for both types, activation with post-pyrolysis oxygenation improved the efficiency of metal removal at faster rates as compared to that of commercially available activated carbon. Alexandre-Franco et al. investigated the cadmium adsorbed by AC developed from the waste tyres. The waste tyre was heated at 400 to 900 °C for 2 h in a nitrogen atmosphere and at 850 °C for 2 h in a steam environment [26]. Concentrated solutions of NaOH, HCl, H2SO4, HNO3, and H2O2 were also used. Waste tyre pyrolyzed at 900 °C was made to react with ozone at 25 °C for 1 h and with air at 250 °C for 1 h and 24 h. Highly porous carbons are achieved when the waste tyre is treated in presence of steam. Thermal and thermo-chemical treatments are found to be more effective than chemical treatments to increase the adsorption of Cd2+ in an aqueous medium. The adsorption process is strongly dependent on the pH of the Cd2+ solution which is higher at pH 4.6 or 7.0 based on the nature of the adsorbent. Other examples of using waste tyre-derived activated carbons in wastewater treatment include the removal of chromium, lead, copper, dyes, and phenol [61,62,63].



For the removal of dyes, Nunes et al. studied the activated carbon derived from the treads of the waste tyre which contains a small amount of inorganic compound and a high amount of carbon content. The material was made to react with KOH and ZnCl2 and pyrolysis was done at 500 °C and also at 700 °C [64]. The adsorption capacity was high for the carbon obtained from KOH at 700 °C. Carbon produced through KOH activation seems to be the best and showed the pore size distribution and adsorbs methylene blue and methylene orange dyes at neutral pH. Dyes such as Procion Turquoise H-A and Procion Red H-E3B were adsorbed effectively by the AC produced by waste tyres that was carbonized at a temperature between 450 °C (36 mg/g adsorbent) and 800 °C (30 mg/g adsorbent). The absorption of Procion Red was over 300 mg/g when the chars were further activated by steam, demonstrating a strong adsorption ability for species with significant molecular weight [65]. In comparison with other commercial AC, activation by steam also showed improved dye-Black 5 adsorption ability and slightly reduced phenol adsorption capacity [66].



The production of AC from waste tyres under different conditions and their applications in wastewater treatment are presented in Table 2. It can be observed from the table that most of the reviewed papers have used the chemical activation process. A wide range of chemicals such as potassium hydroxide (KOH), zinc chloride (ZnCl2), phosphoric acid (H3PO4), and hydrogen peroxide (H2O2) were used for the activation process. The surface area of the AC ranged from a minimum of 27.44 m2/g to a maximum of 928 m2/g, whereas the pore volume ranged from 0.034 cm3/g to 1.223 cm3/g. It can also be observed from Table 2 that the pollutants removed from the wastewater ranged from dyes (such as malachite green, methyl orange, and methylene blue) to heavy metals (such as arsenic, cadmium, chromium, lead, nickel, etc).




5.2. Energy Storage Devices


Energy storage devices such as lithium-ion batteries, microbial fuel cells, and supercapacitors can benefit from the AC made from the waste tyres through pyrolysis and steam activation. It is well known that AC with high surface area and high porosity is the most common electrode material used in supercapacitors. Zhao et al. examined that AC displayed good electrochemical properties with a specific capacitance of about 200 F g−1, long cycling life, low equivalent series resistance, and relaxation time which indicate that the AC is suitable for supercapacitors. Activation time and temperature (4 h and 800 °C respectively) have a significant role in achieving excellent electrochemical properties [67]. The impact of KOH activation and iron oxide doping on the physical, chemical, and electrochemical properties of waste tyre-derived carbon was investigated by Appiah et al., [68]. The activation was carried out at 900 °C for 3 h, followed by the incorporation of iron oxide. This iron-incorporated AC as electrode material recorded the highest electrochemical performance with a capacitance of 1400 F/g at 1 A/g. In microbial fuel cells, AC produced from waste tyres is used as anode materials. In the study by Wei et al., carbonization that took place at 800 °C displayed a current density of 23.1 ± 1.4 Am−2 which is greater than that achieved with traditional graphite anodes (5.5 ± 0.1 Am−2) [14]. Recently, waste tyre-derived AC was used as potential anode material for a Li-ion battery which exhibited a specific capacity of 350 mAhg−1 with 80% capacity retention after 100 cycles [15]. In this study, AC was prepared through calcination in the CO2 atmosphere. Hence, waste tyre-derived AC exhibited good electrochemical properties, making them cost-effective and eco-friendly electrode materials.




5.3. Hydrogen Storage


Waste tyre-based AC finds applications in hydrogen storage where the synthesis of AC following the mechanochemical or compactivation procedure has been successfully achieved. This procedure aims to increase reactive sites by the compaction of the solid char with an activating agent before the activation process. The solid char was first treated with water, HF, and HNO3 before the mechanochemical approach was implemented. The surface area was found to have increased by 3% to 24% when compared to conventional activation methods. Hydrogen uptake measurements showed that the H2 storage capacity of 1.4 wt% at 1 bar was achieved at the highest surface area carbon using the HNO3-compactivation method [69].
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Table 2. An overview of recent studies on the production of waste tyre-derived activated carbon for wastewater treatment.






Table 2. An overview of recent studies on the production of waste tyre-derived activated carbon for wastewater treatment.





	Authors, Year
	Type of Activation
	Activation Temperature (°C)
	Activation Time (h)
	pH
	Surface Area (m2/g) and Pore Volume (cm3/g)
	Type of Pollutants Removed from the Wastewater





	Nieto-Marquez et al., 2017 [34]
	Chemical (KOH)
	750
	2
	7
	265 & 358 and 0.30 & 0.63
	Pb2+, Cd2+, and Cr3+ using two different ACs.



	Khan et al., 2017 [70]
	Chemical (KOH)
	700
	2
	7
	490 and 0.24
	Dyes such as Malachite green and Methyl orange



	Daraei et al., 2017 [71]
	Chemical (ZnCl2)
	700
	3
	3
	396 and 0.59
	Methylene blue dye



	Dimpe et al., 2017 [72]
	Chemical (H3PO4 and H2O2)
	200
	2
	6.5
	33.567 to 48.792 and 0.334 to 1.034
	Cd(II) and Pb(II)



	Dimpe et al., 2018 [73]
	Chemical (H2O2)
	200
	2
	6.5
	27.44 and 0.154
	As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, and Zn



	Aida et al., 2019 [74]
	Chemical (KOH)
	700 and 900
	3
	7
	42 to 528 and 0.31 to 0.67
	Triton X-100 (Non-ionic surfactant



	Niksirat et al., 2019 [75]
	Physical
	719–930
	1–3
	2–11
	550 and 1.223
	Manganese



	Mozaffarian et al., 2019 [76]
	Chemical (KOH)
	550 to 750
	0.25 to 1.25
	5.6
	928 and 1.10
	Mercury



	Özbaş et al., 2019 [77]
	Chemical (KOH)
	400
	6
	6.5
	2.945
	Dye removal



	Shahrokhi-Shahraki et al., 2021 [40]
	Chemical (KOH)
	750
	1
	7
	82 and 0.3024
	Pb2+, Zn2+, and Cu2+ ions



	Hu et al., 2022 [78]
	Chemical (KOH)
	650 and 750
	12
	-
	150.49 and 0.034
	p-Nitrophenol



	Chigova et al., 2022 [79]
	Chemical (ZnCl2)
	250
	24
	7
	-
	Cr(VI) using Nano-ZnO doped waste tyre AC










6. Conclusions and Future Directions


AC derived from waste tyres has a high potential to be used as an adsorbent and replace commercial AC due to the low cost as well as eco-friendliness of the waste tyre-based raw materials. A large number of studies on coal-based and biowaste-derived-AC are available in the literature, however, further investigation is warranted on AC that is derived from precursors such as waste tyres. This review highlights the preparation of activated carbon through pyrolysis and the activation process, the different forms of ACs that are commercially available and used by industries, and the factors affecting the adsorption. Different applications of AC derived from waste tyres were reviewed and it was observed that the AC derived from waste tyres fulfil the needs of removal of pollutants such as heavy metals and dyes from all types of wastewater, such as stormwater, wastewater treatment effluent, etc.



Even though several methods for recycling waste tyres are available, there is still a significant knowledge gap or limitation, because of which a large percentage of waste tyres are still not being recycled. This could be because it has proven difficult to construct large-scale pyrolysis facilities. The extraction and disposal of harmful gases from such facilities have also been a challenge. Another possible reason could be that the necessary characterization of the rubber waste has not been undertaken, thus real-time waste tyre recycling is still lagging behind approaches developed at the laboratory scale. Moreover, the production of value-added goods may suffer without an adequate understanding of the chemical characteristics of rubber-based materials. Consequently, there is a great responsibility not just on the researchers, but also on the policymakers, government officials, and the industry to find possible ways to increase the production, quality, and yield of activated carbon from waste tyres.
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Figure 1. Steps involved in the production of activated carbon from waste tyres. 
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Figure 2. The activation process for the production of AC from waste tyres. 
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Table 1. Summary of recent reviews on activated carbon derived from waste tyres.
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	Authors, Year
	Highlights





	Xu et al., 2021 [18]
	Pyrolytic carbon and its utilization in various fields have been pointed out. The development of policy and technology of the Chinese government on waste tyres was explained.



	Kusmierek et al., 2021a [19]
	Gas phase adsorption using AC in environmental applications such as gas fuel storage, VOC adsorption, and adsorption of Hg, As, mercuric chloride, dioxins and furans, NOx, SO2, and CO2 were reviewed.



	Kusmierek et al., 2021b [20]
	The applications of AC for the removal of organic compounds such as phenols, drugs, aromatic hydrocarbons, pesticides, and inorganic compounds from aqueous solutions have been reviewed.



	Jones et al., 2021 [21]
	The influence of the processing conditions of AC on the properties and the adsorptive capacity were reviewed. The comparative study on the applications of AC in the aqueous, vapor phase, gas phase adsorption and heavy metal removal with commercially available AC was also reviewed. The physical activation method was found to be effective for the development of porosity and surface area.



	Mavukwana et al., 2022 [22]
	The issue of waste tyre recycling in South Africa was reviewed. This review focused on the research and development in gasification and pyrolysis of waste tyres and tried to identify the difficulties and challenges involved. Thermochemical conversion technologies were also discussed.



	Doja et al., 2022 [23]
	The challenges currently facing the activation of carbon made from waste tyres, factors influencing the activation process, and the potential applications for energy, adsorption of pollutants, and catalysts were explored.



	Gao et al., 2022 [24]
	Production of tyre-derived AC, factors affecting the production of pyrolytic char such as pyrolysis reactor, processes, conditions, and activation methods were mentioned. The applications of tyre-derived AC in various fields such as catalysis, construction, and building, energy storage devices, adsorption, etc. were reviewed.
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