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ARTICLE INFO ABSTRACT

Keywords: Cigarettes are the globally consumed product that contributes to public health problems and is
Cigarette butt the source of the most prevalent form of litter in the world, Cigarette butts. Cigarette butts are a
Filter major source 4000 toxic chemicals, affecting the health of wildlife, humans, and the environment
E:lcl}:iese and their decomposition can take years due to the resistance of cellulose acetate to bacterial and
Environment fungal degradation. In 2016, the world production of cigarettes exceeded 5.7 trillion, with the

Porous carbon majority of them consisting of cellulose acetate filters. Consequently, a massive amount of haz-

Management ardous waste leaches out in the environment. Incineration and landfilling are methods of disposal,
but they can result in the emission of harmful fumes and be costly. To combat this environmental
issue, researchers have explored the recycling of cigarette butts in various materials, including
asphalt concrete, fired clay bricks, and as a carbon source, among others. Various approaches can
be used to reduce cigarette butts pollution, but efficient collection logistics by consumers remains
a crucial factor for successful recycling. This paper provides innovative solutions to mitigate the
cigarette butts litter problem and the feasibility of recycling methods. Despite recent progress in
cigarette butts recycling solutions, there is still much room for research in this area.

1. Introduction

In order to achieve sustainable and ethical development, it is essential to confront the environmental obstacles. Nowadays Cigarette
butts (CBs) become widespread forms of anthropogenic waste on the planet. According to a 2012 study by the World Health Orga-
nization (WHO), tobacco consumption poses a significant threat to many of the Earth’s resources [1] and highlights the detrimental
effects of tobacco products and its industry on the environment, including waste creation and environmental damage. The disposal of
non-degradable waste, importantly CBs, into the environment, is a significant global pollution problem [2]. Around 20% of the global
population smokes cigarettes [3], and the figure of cigarettes smoked has risen from 4.96 trillion in 1980 to 5.5 trillion in 2016 [4], and
is projected to reach 9 trillion by 2025 due to growing cigarette consumption [5]. Despite the decline in the number of tobacco users,
the huge volume of CBs produced is a major contributor to urban litter. Each year, people discard more than 340-680 million kilo-
grams of CBs and above 2 million tons of paper, glue, foil, and cellophane used in cigarette wrapping [6]. The tobacco plant is treated
with insecticides, herbicides, and fungicides during its growth, incorporating metals into its leaves [7]. Additionally, chemicals, fla-
vors, enhancers, preservatives, solvents, and plasticizers are used in the manufacturing process [8]. United States Department of
Health and Human Services reported smokers inhale approximately 7000 harmful chemicals [9], with 70 of them being carcinogenic,
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including benzene, 1,3-butadiene, nitrosamines (NNK and NNN), and formaldehyde [10,11]. These substances are associated with
serious health issues, including respiratory and cardiac problems, sexual disorders, and diseases such as cancer. While cigarettes do
contain some naturally occurring compounds, such as nicotine, the majority of the chemicals inhaled are produced through com-
bustion, including acrolein and ammonia [12,13]. A significant number of CBs, once smoked, are discarded on the ground. These butts
can still contain unburnt or partially burnt tobacco and ultimately make their way into marine environments [14]. Even if there is no
remaining tobacco, the CBs are still harmful to the environment due to the toxic chemicals left over from smoking [15]. This is because
typical CBs are made of plasticized cellulose acetate, which is wrapped in paper and resistant to biodegradation in natural environ-
ments [16]. These results show that CBs pose short- and long-term toxicity threats due to rapid leaching when wet, as well as slow
decomposition with periodic wettings [17].

Green et al. (2014) found that the distribution of CBs is strongly correlated with the location of sales and consumption. Addi-
tionally, the study highlighted how CBs tend to accumulate at locations that mark the transition from indoor to outdoor environments
[18]. The Cigarette Butt Pollution Project in the USA estimates suggest that one-third of all cigarettes produced globally are discarded
as litter. In Australia, CBs are the most frequently encountered form of waste in the “miscellaneous” category, making up 91.5% of such
rubbish collected [19]. The increasing prevalence of CB litter highlights the need for targeted waste management strategies.

As climate change continues to pose a significant global challenge, recycling waste materials for sustainable development has
become more essential than ever [20]. There is a-signifieant concern that should require in the recycling strategies of disposed CBs. It
can be deduced that the persistence of construction and demolition waste containing toxic substances in the environment demands
immediate attention. Numerous studies have demonstrated that CBs are toxic and can cause deformities in living organisms. Despite
the difficulty of altering people’s smoking habits and implementing a complete ban on cigarettes, it is required to establish a
comprehensive management and disposal system to effectively control the pollution caused by cigarette waste [130].

This study aims to gather and analyze important research related to the management and utilization of waste from construction and
demolition activities, specifically focusing on CBs. The feasibility and sustainability of recycling methods will be assessed, as well as
their impact on the engineering properties of resulting materials. The review is primarily focused on the various methods for valorizing
CB waste, and examines the practicality and sustainability of the recycling approaches being employed. The study includes an ex-
amination of fifteen different proposals and practices for CB recycling; (1) Cellulose nano crystals (CNCs) from CBs, (2) Fabrication of
lightweight fire bricks, (3) As a acoustic absorber, (4) As a inhibitor agent for corrosion, (5) As a source of porous carbon (6) Biofilm
carrier in bioreactors, (7) As a binder in asphalt concrete, (8) As a cheap source of cellulose, (9) As a sorbent for hydrophobic and
oleophilic materials, (10) As a insecticidal agent for mosquito vector, (11) As a material unit for supercapacitor electrodes, (12) As a
separator unit in Lithium ion batteries, (13) As a hot melt adhesive agent, (14) As in Estrogen hormone remediation, (15) As a energy
material for hydrogen storage.

2. Materials and methods
2.1. Conducting a literature review and gathering data

The literature search procedure included articles published up until January 2023 and focused on the harmful effects of CBs and
possible recycling solutions. The search was conducted in international journals through online databases such as Web of Science,
Science Direct, and Scopus, using keywords such as “cigarette butt”, “cigarette litter”, and “cigarette butt recycle.” The search was
limited to articles with titles that contained these keywords, and plural variations were also considered. To eliminate personal bias, a
set of criteria was established beforehand to ensure that only articles with quantitative data on the toxicity of CBs were included. The

screening, a multi-step evaluation process was carried out for each result found in the literature search.

2.1.1. Title and abstract
A preliminary evaluation of the title and abstract was performed to ensure that the articles pertained to cigarette butt toxicity and/
or potential recycling solutions.

2.1.2. Abstract
The abstracts of the articles selected in step 1 were thoroughly read to determine their relevance to the review article.

2.1.3. Full content
The full content of the articles filtered in step 2 was thoroughly evaluated.

2.1.4. References
A comprehensive evaluation of all the documents cited in the “References” section of the articles filtered in step 2 was conducted.
After completing all the evaluation steps, a total of 110 papers were selected for review.
Bottom of Form.

3. Recycling strategies for litter CBs management

Bottom of Form.
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3.1. Cellulose nano crystals (CNCs) from CBs

Nowadays CNC is very demanding due to its advance and versatile characters for commercialization. CNC can commercialize
distinctly because of its high strength, high crystallinity index, bio-compatibility, biodegradable, low density, nonpoisonous and
specific surface area [21]. Plants, animals, and bacteria’s are the major natural source of cellulose while newspapers [22], old ribbed
container fibers [23], waste tissue papers [24], recycled pulp [25], and woods [26] are the artificial source of cellulose. In account of
the pollution emitted by CBs, it is utilized as a source of cellulose [27]. Millions of cellulose acetate fibers are used in the construction of
cigarette filters, which have a low rate of environmental deterioration and a long lifespan. Cigarette filters can store energy and
efficiently reduce oxygen [28]. CNC is isolated by acid hydrolysis reaction of cellulose. Isolation of cellulose from CBs went through
four-step process, orderly- Ethanolic extraction, bleaching, de-acetylation and acid hydrolysis (sulfuric acid). Subsequently, after
extraction cellulose acetate converts into cellulose fibers (Cel-CF), then nanocrystalline cellulose (CNC-CF). 60% Cel-CF obtain after
deacetylation and 49% CNC-CF was obtained from Cel-DCF [29]. Percentage yield of CNC from discarded cigarette filters is higher
than old ribbed containers and waste papers that is 13.3% and 19.0%, respectively [23,30]. When CNC will be modified with negative
phosphate ion by treating acid hydrolysis through H>SO4 the resultant HPO-CNFs is using the scavenging of the diclofenac from water
media. HPO-CNFs absorb diclofenac with maximum eradication capacity of 107.90 mg g ! [31]. A systemic flow chart is representing
in Fig. 1.

Extracted cellulose from cigarette fibers can exploit as corroboration agents in composites and as imbibing agent for heavy metals
[32]. Additionally, transmission electron microscope illustrate the mean width of CNC is 8.3 nm, crystallinity is 96.77% and specific
surface area is 7.78 m2g! [31]. The process of recycling cigarette filters into cellulose is challenging because it is difficult to remove the
acetate group and a variety of heavy metals without disrupting the new structure of cellulose.

3.2. Fabrication of light weight fire bricks

Firing bricks industry is facing two major crisis, 1st is production of energy efficient bricks meaning around 2 to 3 MJKg ! energy is
required for transformation of clay into brick which acquired 30-35% of total production costs [33]. 2nd is the production of high
insulation power bricks meaning according to the European standard EN832 only those building materials are allowed which a heat
coefficient is 0.4-0.7 Wm ™~ 'K ! but thermal conductivity of normal bricks is 1.4 W m~K! [34]. In order to lessen these two issues, the
manufacturer is proposing to incorporate waste materials into the bricks. Currently several waste materials are incorporate in bricks
like rubber [35], fly ash [36], polystyrene, sludge [37], limestone, dust and wood sawdust. Undertaken to the above determination CBs
are the best source for enhancing the shell life of bricks and also improvise the thermal behavior, porosity, shrinkage, and strength of
bricks. Mixing of CBs in bricks depends on the disintegration constant, physical, mechanical and leaching properties of CBs. Differ-
ential mixing time and heat time influenced the mechanical properties of fired clay bricks. A novel brick sample goes in a leachate
analytical test for detecting toxicity of CBs chemicals [38].

Incorporation of 1% CBs can minimize energy consumption up to 8 times; along with 2% CBs can enhance porosity from 3.96% to
20.57% as shown in Table 1. CBs homogenously distributed in a brick which produces micro and macro pores having 0.035 and 1.365
mm diameters [39]. These pores are supportive to decrease the thermal conductivity up to 15.12% value ranging from 0.463 Wm K
to 0.393 Wm ™K' compared with traditional bricks as mentioned in some physical properties of clay bricks in Table 1. Moreover, the
incorporation of CBs can decrease the brick density resulting light weight bricks which indirectly reduces the labor and transportation
cost. Consequently, it will reduce the required energy for cooling and heating in households [5].

3.3. As an acoustic absorber

Noise pollution is widespread in many populated areas, resulting from sources such as transportation, industry, and human ac-
tivities, such as the use of technology, machinery, and nighttime events [40]. In recent years, Lambda Acoustics Laboratory is trying to
fabricate commercial brick and sound attenuators from waste CBs [41,42]. Distinct chemicals in CBs have different physical activities,
and a few chemicals are well acoustic absorbers [42]. These properties disclaim a new absorption phenomenon. The porous nature of
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Fig. 1. A diagrammatical illustration of the process of creating Cellulose Nano Crystals (CNC) from cigarette butts. The cigarette filters undergo
deacetylation, transforming into Cellulose Nano Fibers (CNFs), which are then processed to produce CNCs.
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Table 1

Determining the numerical values of some physical properties when 0% and 5% cigarette butts are incorporated into fire clay bricks [38].
S. No. Physical characteristics CB (0%) CB (5%)
1. Compressive strength (MPa) 25.65 5.22
2. Flexural strength (MPa) 2.79 2.40
3. Water absorption (%) 5 15
4. Initial rate of absorption (kg m~2 min~*) 0.2 2.3
5. Average density (kg m~>) 2118 1611
6. Thermal conductivity (W m~! K1) 1.08 0.53
7. Reduction of thermal conductivity (%) 0 51
8. Percentage of energy saved % (A E) 30.8 58.4
9. Modulus of rupture M Pa 2.79 2.40
10. Initial rate of absorption (IRA) kg m ™2 min~* 0.2 2.3

CBs promotes absorption [43]. The length, wrapping material, and burnt sections of CBs can easily alter their acoustic absorption
properties [44]. The absorption coefficient directly depends on the thickness and density of CBs. According to experimental findings
firstly, density increases will increase the overall absorption, however absorption maxima will drop. In short fluctuation in the density
of CBs can diminish the absorption maxima but did not impose alteration in overall absorption [45]. Secondly, an increment in the
thickness of CBs enforces absorption maxima at a lower frequency. This frequency shipment from high to low improvises acoustic
nature through the attainment of a new maximum velocity of sound waves in the air particles. Frequency around 500-5000 Hz octave
bands concludes that enhancement in density from 110 to 160 kg m~? alters absorption spectra positively. Among all the frequencies,
the maxima of absorption coefficient (0.8) were obtained at 2000 Hz [45]. The performance index of CBs as noise absorbent is high
among other absorbents but presents few drawbacks. Likewise, the absorption coefficient is only valid for perpendicular incidence of
sound waves, and also absorption coefficient might be accompanied by flow resistivity, porosity, tortuosity, fiber diameter, and
skeletal density of the sample [46]. For that, the absorption capacities of CBs are still ambiguous and not commercialized. Fig. 2
conclude the acoustic absorption behavior-

3.4. As an inhibitor agent for corrosion

The petroleum oil industry employs an acidization process, utilizing 15-20% HCI, for the improvement of oil production. This
process, however, leads to corrosion in equipment and lead to potential leaks of extraction liquids. It requires a $1.372 billion in-
vestment to address the damage caused [47]. To combat this corrosion, inhibitors are added to the acids. Some research suggests that
certain chemicals found in CBs, such as nicotine, have antiseptic properties and are effective as corrosion inhibitors, with nicotine in
particular showing high inhibitive efficiency against corrosion [48]. Investigations have shown that extraction of CBs can reduce
corrosion on N80 steel when exposed to 90 °C with HCI. The inhibiting effect increases as the concentration of CBs increases, reaching a
maximum of 94.6% and 91.7% in 10% and 15% HCI solutions, respectively. Additionally, the addition of 10% of the extract to 20%
HCl resulted in a maximum inhibition capacity of 88.4% [49]. Furthermore, the extraction of CBs with 15% HCI at 30 °C was found to
be a good inhibitor for J55 steel, with inhibition rates of 99% and 61% at 30 °C and 105 °C, respectively. The inhibition observed in this
research follows Temkin’s adsorption isotherm at both temperatures [50].

Extending to the above observation, novel research examines the effects of adding 15% CuCl (by weight) to cigarette butt extract on
the inhibition of corrosion. The results showed that the efficiency of inhibition increased from 95% to 97% when a 9% total solution
(consisting of cigarette butt extract and CuCl) was used [51]. However, the specific experimental procedure used in the study is not
specified, and there is no information on whether toxicants from the CBs may leach into the solution and impact its efficacy.

3.5. As a source of porous carbon

Activated carbon is a widely used material in various industries due to its porous structure, high surface area, and high surface
energy. It has multiple applications such as purification, storage, absorption, disinfection, decolorization, and separation [52].
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Fig. 2. Cigarette butts in sound absorption.
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However, traditional raw materials for producing activated carbon such as coal, wood, and coconut shells are expensive and have
regeneration issues [53]. To address these challenges, CBs are being considered as an alternative raw material, as they contain a high
amount of carbon and cellulose, which imparts a porous structure. Approximately 58% of cigarette filters consist of carbon. The
production of activated carbon from CBs is done by treating it with KOH solution at a temperature of 900 °C, resulting in a high surface
area on the Brunauer-Emmett-Teller graph, with a value of 2726 m2g™*. The produced carbon also has mesopores of an average size of
2.651 to 2.4809 nm [54].

Furthermore, considering the massive consumption of cigarettes, it would be feasible for large-scale industrial applications of
cigarette butt-derived porous carbon by installing dedicated recycling bins in public places for the collection of CBs. This strategy not
only provides a new method of recycling and reusing discarded CBs, but it also triggers a new path for the enlargement of porous
carbon materials for environmental appliances. Additionally, cigarette filter-derived porous carbon has the potential for various other
applications-

3.5.1. As a separator

The modification of carbon with nitrogen doping (N-CB-800), introduces compound with a high specific surface area, high nitrogen
content, defective structure, and high capacity for absorbing CoH,. These properties give it excellent catalytic capabilities for acetylene
hydrochlorination, with an activity level of 71.8%. This makes N-CB-800 one of the most active metal-free catalysts, and advances the
development of non-mercury-based catalysts [55].

3.5.2. As a disinfectant

Excessive use of antibiotics in clinical areas poses a significant risk for the development of various diseases. It is crucial to neutralize
these antibiotics. KoCO3 activated carbon derived from CBs has been shown to be effective in removing chloramphenicol and other
antibiotics, with a surface area of 1421.27 m?g™ and a maximum absorption capacity of 450.13 mg g~'. However, the basic pH and the
presence of fulvic acid can have a detrimental impact on the adsorption of chloramphenicol [56].

3.5.3. As absorbent

A recent study has shown that carbon composites with porous structures effectively absorb microwaves and can be used as
microwave-absorbing materials. The structure is made of carbonized nickel nitrate and impregnated with CBs, resulting in a hybrid
nickel-carbon structure. This structure increases the saturation level to 16-71 emu g~'and decreases the coercive force to 30-110 Oe
[57].

The results of this study are directly related to environmental pollution and provide a new avenue for exploring sustainable energy
storage materials, purifying agents, and replaceable elements made of carbon. Additionally, it raises the intriguing possibility that
utilizing these materials could help solve the persistent problem of cigarette butt waste.

3.6. Biofilm carrier in bioreactors

Biofilm reactors are utilized in the biological treatment of waste water to remediate organic carbon and nitrogen contamination.
Biofilm, which improves the efficiency and stability of reactors [58], is traditionally produced using expensive carriers with storage
and transportation challenges [59]. As an alternative, meal boxes, liquorice (Glycyrrhiza glabra), giant reed (Arundo donax), cotton, and
waste products such as straw and sisal fiber are used to produce biofilm [60]. Recently, CBs have been explored as an inexpensive
source of bio-carrier in the anaerobic moving bed biofilm reactor (AMBBR) and integrated fixed-film activated system (IFAS). Their
porous, rough, and high surface area make them a suitable environment for microbial colonization and allow for easy entrapment of
microbial cells in biofilm reactors [61,62]. While cost-effective, further research is required for commercial application.

3.7. As a binder in asphalt concrete

Asphalt concrete is a combination of aggregates, bituminous binders, and fillers, and is a crucial component in flexible road sur-
faces. Its ability to withstand heavy traffic and various environmental conditions makes it an ideal material for paving roads [63].
However, there are several common modes of failure in asphalt concrete, including rutting from excessive deformation, cracking from
fatigue, raveling from oxidation, and solidifying of the binder [64]. Incorporating waste materials into the mixture of asphalt concrete
has gained popularity as it addresses environmental concerns, reduces the need for natural aggregates, and improves its performance.
The characteristics of asphalt concrete, such as flow, Marshall Stability, air void percentage, resilient modulus, and density, are
enhanced with the use of 10 kg m 3 or 15 kgm ° of bitumen-encased CBs. This encasement is necessary due to the toxicity of CBs and is
achieved through the use of bitumen and paraffin. Bitumen, derived from petroleum oil, has waterproof and viscoelastic properties [5,
65]. The stability and flow values met the requirements for light, medium, and heavy traffic conditions [66], with a minimum stability
of 5.5 kN for light traffic and 6.5 kN for medium and heavy traffic [67].

Enhancing this process, explore the possibility of recycling encapsulated CBs in Stone Mastic Asphalt (SMA). Stone Mastic Asphalt is
favored for its interlocking structure, usage on heavy-duty roads, and superior resistance to stable deformation. For SMA, PMB A10E
Bitumen is used [68]. Marshall Stability, flow number, and resilient modulus increase and reduces the mineral aggregate voids and
total air voids in 2% encapsulated CBs (Fig. 3).

Physical and rheological results support that CBs is the best source for fiber modifier for bitumen. Along this the study showed
encouraging results that recycling CBs encapsulated in bitumen and paraffin can be used in asphalt concrete and stone mastic asphalt
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[64]. Further research is advised to explore the advanced rheological impact of this material on fatigue, creep behavior, moisture
damage, and rutting is required [64].

3.8. As a cheap source of cellulose

Cellulose is an essential component in many industries, including paper, cosmetics, biomedicine, textiles, and linens. The primary
source of cellulose is plants, and the eradication of plants creates a change in biodiversity. As a result, government organizations are
seeking alternative sources of cellulose to reduce dependence on plant-based materials and ensure a sustainable supply [69]. Recently,
waste materials such as CBs are being utilized as a renewable source for cellulose. The filters in cigarettes contain millions of
non-degradable cellulose acetate fibers [70]. A new technology has been developed by Brazilian scientists to convert CBs into cellulose
pulp. The process involves four steps: separation of trap chemicals and tar from the filter, conversion of cellulose acetate to cellulose
using NaOH, removal of lignin to liberate cellulose, and lastly, disaggregation of the remnant paper. The end result is a dark viscous
mixture is cellulose pulp, which requires additional purification [71]. Purification is achieved through a series of reactions including
acidification, coagulation, and ozonation, which result in the precipitation of impurities. The complete process is explained in Fig. 4.

The pulp produced in this process is suitable for the paper and textile industries, as it can meet the desired quality standards. It is
considered environmentally friendly and a renewable solution for managing solid waste. However, despite these benefits, it has not
gained widespread acceptance. This is because the byproducts of the process contain high levels of resistant organic compounds and
hazardous nitrogenous compounds, which produce in a high chemical oxygen demand (COD) and require additional purification
treatments. As a result, this solution is limited in its ability to support sustainable practices [71].

3.9. As a sorbent for hydrophobic and oleophilic materials

The extraction and transportation of crude oil have led to significant pollution in aquatic bodies, and this has increased interest in
oil remediation techniques [72]. Natural materials such as wood, kapok fibers, keratinous matters, zeolite, inorganic meshes and
poplar [73]have been used as oil-absorbent materials, but they have limitations, such as low oil absorption and low recovery rates
[74]. Waste CBs have been found to be a useful raw material for making oil-absorbing materials, which can use as hydrophobic and
oleophilic materials. By modifying the fibers of CBs with SiO,, methyltrimethoxysilane (MTMS), and octadecyltrichlorosilane (OTS) as
shown in Fig. 5, the fibers become hydrophobic and efficient in absorbing oil from oil-water mixtures [75]. With a 3:2 vol ratio of OTS
and MTMS, the highest oil-absorbing capability is achieved, with a separation efficiency of over 98%. These materials can also separate
surfactant-stabilized emulsions with a flux rate of Lm 2h~! [76]. Another research suggested that polypyrrol-coated cigarette filter
which is modified by the low surface energy material N- dodecanethiol can increase the hydrophobicity and oleophilicity of cigarette
filters. The separation efficiency increases up to 99% for heavy and lightweight oils and also absorbs some amount of organic solvents
[771.

3.10. As an insecticidal agent for mosquito vector
Combating malaria and other health issues caused by mosquitoes, parasites, and pathogens is a major threat [78]. The use of indoor

residual spraying (IRS) and insecticide-treated nets has shown limited success and has negative effects on human health and the
environment [79]. Therefore, developing eco-friendly mosquito control methods is necessary for effective integrated vector
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Fig. 5. The utilization of cigarette butts as a superhydrophobic absorbent material through a specific process.

management [80]. Nicotine and its derivatives, the major component of CBs, have been found to be toxic to mosquitoes and other
insects, as well as to the chloroquine-resistant malaria parasite Plasmodium falciparum and microbial pathogens [79]. The combination
of nicotine and silver nanoparticles has been shown to reduce egg hatchability and larval activity in Anopheles stephensi. Additionally,
incorporating nicotine into lethal traps has been shown suppression in dengue vector populations.

Further studies have shown that exposure to CBs can affect the egg-laying behavior, hatching, and development of Aedes albopictus
and Aedes aegypti, both of which are carriers of dengue fever [81]. CBs can also decrease the fertility and lifespan of their larvae,
leading to a higher mortality rate. The use of 2% CBs solution has been found to reduce the survival of Aedes aegypti larvae [82]. This
research suggests that CBs waste, which is abundant and hazardous, has the potential to be converted into a low-cost and
environment-friendly source for the production of insecticides and antimalarials. However, additional research is needed to examine
the effects of CBs on non-target organisms and humans [83].

3.11. As a material unit for supercapacitor electrodes

The world is facing a shortage of energy and there is a need to maximize energy storage devices to replace conventional fossil fuels
[84,85]. One such solution is supercapacitors which have a wide range of applications in mobile communication, electrical vehicles,
micro-sensors, portable electronics, and aerospace [86]. To improve the performance of supercapacitors, it is crucial to develop carbon
electrode materials with well-structured mesopores/micropores and pseudo-capacitive properties [87]. However, most methods of
preparing nitrogen-doped carbon materials are energy-intensive and multi-step processes [88]. Fortunately, CB-derived carbon is a
promising material for supercapacitor electrodes. By doping the carbon with nitrogen, adjusting the pyrolysis temperature, and adding
an activator, the specific capacitance can achieve up to 330.1 F g~ *at 0.5 A g1, rate performance up to 45.75% from 0.5 to 10 Ag~land
high cycling stability up to 93.48% after 10,000 cycles. This not only solves the environmental problem of discarded CBs but also
provides a potential solution to the consumption of nonrenewable energy [89].

Additionally, a novel method was developed to fabricate high-performance carbon for supercapacitor applications using cigarette
filter and polypyrrole (PPy). The resulting carbon-derived from CBs-PPy material has a large specific surface area and a 3D hierarchical
porous structure, with high nitrogen content. This results in a high specific capacitance of 263 F g~! and good capacitance retention
after 5000 cycles. The performance is due to the synergistic effects of CB’s porous backbone structure and PPy’s nitrogen functionality
[90]. This process aims to design a stable and easy-to-implement recycling method.

3.12. As a separator unit in Lithium-ion batteries

Lithium-ion batteries are widely used in electronic devices, electric vehicles, and portable devices [28,91]. However, they are prone
to internal short-circuits, which can be prevented by using a separator. Polyolefins are commonly used as separators but they have low
absorption capacity for liquid electrolytes, leading to slow down ionic conductivity and high electrolyte outflow [92]. To overcome
these problems, cellulose membrane-based separators are used, as they provide exceptional thermal strength and hydrophilic assets.
CBs are a rich source of cellulose acetate and can be used as separators in Li-ion batteries. Electro-spinning is used to produce ultra-fine



G. Shah et al.

Heliyon 9 (2023) e16642

Table 2

All recycled process from cigarette butts are summarized with their advantageous and drawbacks.
Recycle techniques Modifications Comments Drawbacks References
Cellulose nano Deacetylation of CBs done by the e CNC can commercialize Leachate analysis and life cycle (Abu-Danso

crystals (CNCs)
from CBs

alkalization process than add
phosphate ion

distinctly because of its high
strength, high crystallinity
index, and bio-compatibility.

CBs have the potential to be used

as an absorbent for removing
diclofenac from water and
maximum removal capacity of
107.9 mg g~ ! of diclofenac was
achieved through the synthesis
of HPO-CNFs.

assessment, to understand the use
of celluloses extracted from CBs as
an absorbent for diclofenac
removal.

et al., 2019)

Fabrication of light ~ Insert CBs directly in bricks e The addition of CBs in the Life cycle assessment of CBs is (Kadir &
weight fire manufacturing process of fired required. Mohajerani,
bricks 2011).

As a acoustic
absorber

As a inhibitor agent
for corrosion

As a source of
porous carbon

As a carrier in
biofilm

As a binder in
asphalt
concrete

Insert CBs in different size holders

CBs treat with HCI or CuCl

Hydrolysis of CBs with Nitrogen at
certain heat

CBs incorporate in anaerobic
moving bed biofilm reactor
(AMBBR) and integrated fixed-film
activated system (IFAS)

Use directly in concrete

clay bricks can result in a
reduction of dry density and an
increase in porosity.

The use of CBs can result in a
30.8% saving in firing energy

due to their high heating range.

An increase in CBs content can
lead to a reduction in thermal
conductivity.

The modified material derived
from CBs can be used as an
absorbing material due to its
elevated acoustical
performance.

The results showed that the
material has a high absorption

coefficient of less than 0.90 from

mid-frequencies (above 2000
Hz).

A high level of corrosion
inhibition efficiency has been
observed, HCI and CuCl.

The corrosion inhibitor can be
applied to N80 steel and J55 in
construction.

Porous carbons with well-
defined positions on different
length scales have been pro-
duced using CBs.

The CBs have potential use as a
carbon source in electronic
applications due to its good
conductivity.

CBs can be used as Kaldnes
media for removing phosphate
and organic matter from
wastewater.

Asphalt mixes with CBs
encapsulated bitumen and
paraffin wax has shown
acceptable properties such as

bulk density, stability, air voids,

and resilience also reduce
thermal conductivity.

The toxicity of the filter has not
been considered, and research is
required to investigate the
potential release of heavy metals
and toxic chemicals during use.

Specifically a leachate analysis,
for the CBs extracted metal
surface to assess its potential
impact on the environment.

The method of removing the
coated paper to obtain the filter is
not practical on a large scale and
the disposal method of the coated
paper is not discussed.

Leachate analysis and life cycle
assessment is required, to
understand the potential use of
cigarette filter carrier.

Further research and testing
should be conducted to validate
the findings and ensure the long-
term performance of the asphalt
concrete mix.

(Gomez Escobar
et al., 2021)

(Vahidhabanu
et al., 2014)

(Koochaki et al.,
2020).

(Sabzali et al.,
2012, 2013).

(Rahman et al.,
2020b)

Substituting CBs waste in asphalt
concrete production can

decrease the demand for natural
aggregates and bitumen, leading

(continued on next page)
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Recycle techniques

Modifications

Comments

Drawbacks

References

As a source of
cellulose

As a sorbent for
hydrophobic
and oleophilic
materials

As a insecticidal
agent for
mosquito
vector

As a material unit
for
supercapacitor
electrodes

As a separator unit
in Lithium ion
batteries

As a hot melt
adhesive agent

As in Estrogen
hormone
remediation

Hydrolysis of CBs with NaOH

CBs treated with NaOH and than
SiO,, methyltrimethoxysilane
(MTMS) and
octadecyltrichlorosilane (OTS) add
as per requirement

Soaked CBs in distilled water

CBs-based carbon doped with
nitrogen and pyrolized with an
activator

Ultra thin fibers are produced using
vinylidene fluoride-
cohexafluoropropylene

Cellulose acetate of CBs treated with
sulfuric acid and acid anhydride

CBs go through Electro-spinning
process

to a more environmentally
friendly solution.

The use of waste materials in
construction should follow
regulations and standards to
ensure the safety and
performance of the final
product.

Cellulose pulp extracted from
CBs can be used as a substitute
for renewable wood raw
material in the paper industry.
The production of cellulose pulp
results in the creation of dark
liquor, which contains high
levels of resistant organic
content and potentially toxic
compounds.

Superhydrophobic fibers derived
from CBs can be used for
cleaning up water/oil spills.
The cellulose acetate fibers
showed acceptable wetting
behavior towards kerosene and
water.

The filters were able to absorb
oil 16 to 26 times their weight
and the separation efficiency of a
water/oil mixture was found to
be 99.9% after multiple cycles.
The study found that the
presence of CBs led to an
increase in the mortality of Aedes
albopictus.

CB waste has potential to be used
as a new approach for
controlling vectors such as Aedes
aegypti.

This electrode have specific
capacitance upto 330.1 F g7},
rate performance upto 45.75%
and high cycling stability upto
93.48% after 10,000 cycles.
Provides a potential solution to
the consumption of non
renewable energy.

CBs based fibers are using in
separator unit of batteries.
Separator that has excellent
mechanical properties, thermal
stability, and hydrophilic
properties, high performance in
terms of storage, cycling, and
rate.

CBs based adhesive have
degradation ability.

Enhances in the lap shear
strength and peel strength of hot
melt adhesives observed.

CBs absorb estrogen hormone in
sufficient amount.

A solution is needed to dispose of

or reuse the dark liquor, as it
poses potential environmental
and health risks.

A life cycle assessment is
necessary to assess the chemical
characteristics of the
superhydrophobic fibers when
they deteriorate and need to be
disposed of.

Targeting dengue vectors in an
open environment is challenging
and requires more research.

Demand is low.

Electro-chemical parameter is not
include in performance of CBs
based batteries.

Lack of industrial acceptance.

Reverse osmosis and nano
filtration process are highly used.

(Teixeira et al.,
2017).

(Jialu Zhang
et al., 2020).

(Dieng et al.,
2014)

(Meng et al.,
2019).

(Huang et al.,
2015).

(Y.-H. Kim et al.,
2021).

(Yasir et al.,
2021).

(continued on next page)



G. Shah et al. Heliyon 9 (2023) e16642

Table 2 (continued)

Recycle techniques Modifications Comments Drawbacks References

o Absorption efficiency is around

2.14mgg
As a energy CBs treat with KOH e CBs use a huge storage house for Somehow commercial application (Blankenship &
material hydrogen due to its high porosity ~ is not found. Mokaya, 2017).

and thermal conductivity.

and nano-scale fibers from cellulose acetate and vinylidene fluoride-cohexafluoropropylene (PVDF-HFP) chemical. [93], resulting in a
separator that has excellent mechanical properties, thermal stability, and hydrophilic properties, as well as improved performance in
terms of storage, cycling, and rate performance [94]. Nitrogen-doped carbon powder obtained from CBs can also be used to improve
the performance of the anode by providing high reversible capacity, electronic conductivity, and improved electrochemical perfor-
mance [95].

Additionally, carbon obtained from cigarette filters can be modified with graphene to create carbon-graphene composites, which
are utilized in Lithium-sulfur batteries. The high porosity of these composites is advantageous as it slows down the diffusion rate of
polysulfide, enhances charge transfers, preserves structural integrity, and improves electrochemical performance and rate capability,
leading to excellent cyclability over 1000 cycles of the cathode electrode. The “trash-to-treasure” approach is a suitable and simply
scalable method, for discovering sustainable carbon-based power storage [96].

3.13. As a hot melt adhesive agent

Hot melt adhesives have become a ubiquitous material in many industries due to their benefits, such as the absence of harmful
solvents and the lack of emission of volatile organic compounds [97,98]. However, one drawback of hot melt adhesives is their low
degradation rate. To overcome this issue, biodegradable natural and synthetic polymers have been incorporated into hot melt ad-
hesives [99]. One such example is cellulose diacetate, which is found in abundance in CBs and can be extracted and treated with acetic
anhydride and sulfuric acid to produce a biodegradable compound. After that, the blend of cellulose acetate with polyvinyl alcohol
provides intermolecular hydrogen bonding and enhances the lap shear strength and peel strength of hot melt adhesives. This com-
bination also increases the biodegradability of hot melt adhesives [100].

3.14. As in Estrogen hormone remediation

Synthetic estrogen hormones can have negative impacts on human and other organisms’ health [101,102] due to their ability to
interfere with the body’s natural hormones by different types of mimicry [103-105]. Common types of synthetic estrogens include
estrone, estradiol, ethinylestradiol, and estriol. These substances can harm the reproductive abilities of aquatic species and disrupt the
natural hormones in the body. Effective elimination of estrogen hormones from water is necessary, but traditional treatment methods
are insufficient such as ozonation, membrane bioreactors, advanced oxidation, membrane filtration, photocatalytic degradation, and
coagulation-flocculation [106,107], because of the hormones’ low molecular weight and concentration, making them difficult to
detect [108]. However, these methods have limitations such as complexity, low efficiency, and the production of by-products that
require further purification. Nano-filtration and reverse osmosis have also been considered, but their high energy requirement
compose them unfeasible [109]. Adsorption has been found to be a promising technique for removing estrogen hormones, and the
choice of adsorbent material is crucial. Previous studies have used activated charcoal [110], carbon nano-tubes [111] chitosan,
activated carbon, fullerene [112], chitin, multi-walled carbon nano-tubes, carbon-based adsorbents [113] made from industrial waste,
and activated carbon fibers modified with iron hydroxide as adsorbents [114]. Therefore, CB-associated carbon is also an excellent
absorbent of estrogen hormones. Electrospun nanofibers made from cigarette filters are effective in removing estrogen hormones due
to their hydrogen bonding capabilities with the hormones. These nanofibers have a total absorption efficiency of 2.14 mg g~ [115].

3.15. As a energy material for hydrogen storage

Hydrogen is a popular energy source due to its high gravimetric energy capacity and lack of carbon dioxide generation. To store
hydrogen, a material with high surface area is needed, which can be achieved through the physiosorption method. Researchers are
therefore interested in using activated carbon (CBs) for hydrogen storage because of its high activation temperature, surface area, and
porosity. The hydrothermal carbonization of activated carbon produces hydrochar, which has a high surface area and excellent
porosity. Upon activation, hydrochar forms an oxygen-rich porous carbon structure that can store hydrogen with a weight capacity of
up to 9.4% [116].

Higher activation temperatures usually lead to higher porosities and surface areas, as seen in unsmoked activated carbon (CBs).
However, for smoked CBs, the optimal porosity and surface area properties were found at an intermediate activation temperature, and
higher temperatures resulted in lower results. This discrepancy is attributed to the presence of metal additives (such as potassium,
calcium, sodium, and magnesium) from the tobacco combustion process that acts as activation sites and enhances the activation effect
caused by KOH. This study reports exceptional results for hydrogen storage, with the highest hydrogen uptake capacity reported to
date for any carbons or porous materials. This combines the benefits of clean fuel emissions, waste disposal, and resource utilization in
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a single solution.

These 15 techniques for recycling, reuse, and reduce process of cigarette butts has been outlined in Table 2. These all recycled
techniques are trying to convert waste into treasure.

Top of form

Bottom of Form

3.15. Management for CBs pollution

Cigarette butt waste has a significant impact on the environment and public health, yet there is a lack of literature on its relative
costs of use and disposal [117]. This waste is not only a non-biodegradable nuisance, but it also contains toxic substances that require
proper management [118,119]. The issue of cigarette waste and its impact on the environment requires proper management and
reduction efforts. The accumulation of cigarette waste in public areas creates a substantial amount of garbage, putting a strain on
government and non-government resources to clean up. The economic impact of cigarette waste is felt not only by smokers who pay
taxes for their products but also by other communities who bear the indirect costs of cleaning. For example, cities such as Las Vegas and
Portland have invested 4 million USD, San Francisco 22 million USD, and New York City 80 million USD for cleaning efforts [120].
Additionally, the indirect impacts of cigarette waste on the environment can result in decreased natural beauty, reduced tourism and
cultural value, and a decrease in aesthetic economy [6]. The improper disposal of cigarette butts and e-cigarette lighters also increases
the risk of wildfires, with around 130,000 fires in the US alone being attributed to these pollutants and costing 2 billion USD in
firefighting efforts and 6 billion USD in property damage [121].

Several methods are being proposed to reduce cigarette litter, including the prohibition of smoking in public areas, the creation of
public policies by municipal corporations [122], the reprocessing of cigarette waste into secondary raw materials [116,123], and the
use of portable ashtrays [124]. Despite some initiatives taken by tobacco companies and research organizations to reduce the harm
caused by cigarette waste, there is still a need for a comprehensive and universally sustainable solution [125]. The governments of
various countries have a significant role to play in increasing public awareness and implementing effective policies to reduce the harm
caused by cigarette waste [126,127]. Efforts should also be made by the manufacturers to develop biodegradable filters and promote
the recycling process of cigarette waste [128,129].

4. Conclusions

Reckless disposal of toxic waste and CBs can cause significant environmental harm to a range of living species, from aquatic in-
vertebrates to rodents and plants. The widespread production and harmful properties of CBs require effective disposal and recycling
techniques. Current methods of incineration and landfilling are unsustainable and incompetent, leading to a global waste crisis.
Recycling CBs through chemical energy production, nonmaterial’s creation, adsorption, and civil construction is a way to minimize
hasty dumping and add worth to this litter. This study has reviewed 15 different proposals and practices for valorizing CBs waste,
including using it in construction materials, producing cellulose products, utilizing it as a corrosion inhibitor, and more Turning CBs
into a desirable raw material is key to reducing their negative impact on the environment. Despite the potential utilization of CBs
chemical and physical properties, it is crucial to conduct a comprehensive life cycle assessment before implementing a new recycling
method to prevent the creation of another environmental disaster.

In summary, the valorization of CBs as a waste management strategy has the potential to be environmentally friendly. However,
further research and analysis is needed to assess the environmental impact of the recycling methods. It is recommended to conduct a
life cycle assessment, implement new policies for CBs recycling through collaboration between government agencies and industries,
the impact of CBs on simpler organisms is well documented, and there is a gap in research on the long-term effects on mammals and
evaluate potential exposure to employees and consumers.

5. Future aspects and development prospects

The harmful and non-biodegradable nature of tobacco waste provides justification for the implementation of environmental
regulations and policies aimed at increasing the price of tobacco products and discouraging their use. However, there are practical
operational challenges, particularly at the regulatory level. For instance, the European List of Waste (EU, 2014) does not have a specific
category for CBs, which are instead classified as “Municipal waste including separately collected fraction/Separately collected frac-
tion/other fractions not otherwise specified”. Therefore, it is essential to adopt a “precautionary principle” and promote consumer and
producer awareness and accountability practices to significantly reduce the production and environmental dispersion of tobacco
waste. Current disposal methods such as landfilling or incineration have proven to be unsustainable and uneconomical. Thus, iden-
tifying a recycling methodology for tobacco waste would help mitigate the release of hazardous materials into the environment and
promote the recovery of materials in line with the principles of the circular economy and sustainable development which are
mentioned below-

e CBs are a widespread global waste problem, with higher concentrations observed in areas with a higher number of consumers.
China is a prominent example of this, where smoking rates are high, resulting in the largest number of CBs and packaging waste in

the world. This factor also affects the origin of studies on the topic, which tend to be concentrated in areas where the problem is
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particularly significant, such as India and Mexico, or where local conditions require specific solutions, like integrated vector
management strategies.

The authors of studies on CBs treatment often only use smoked CBs and do not provide comparative analyses of the same non-
smoked material. The samples are usually physically separated and crushed into small fragments to prepare them for treatment.
The resulting solid materials can be used in various sectors, such as building materials, energy, environment, and chemistry.
Authors of studies on CBs treatment rarely describe the methods of collecting CB samples, as laboratory applications do not require
large quantities of samples. However, the logistical aspect of collecting and handling CBs is critical to the effectiveness and eco-
nomic viability of the treatment process. Poor collection and handling of CBs may render the developed product ineffective and the
economic system unviable.

The treatment processes described for CBs management are mainly on a laboratory pilot scale, lacking large-scale analysis or
experimental application that simulates the operational process with greater quantities and critical barriers. While a few recent
scientific contributions exist, the majority are recent, highlighting the current global priority for effective CB management.

The article emphasizes that social factors related to CB management are often overlooked, and their inclusion could greatly impact
the effectiveness of treatment methods. For instance, citizens’ tendency to properly dispose of CBs could increase the collection of
samples at designated points.
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