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A B S T R A C T

Cigarette filters, widely discarded and slow to degrade, represent a significant source of environmental pollution. 
This study presents a novel eco-friendly protocol for recovering cellulose acetate (CA) from smoked cigarette 
butts using a solvent-based solubilization–desolubilization method with acetic acid as the green solvent. The 
novelty of this approach lies in its ability to extract and purify CA under mild conditions while avoiding toxic 
solvents and multi-step processing, commonly found in previous methods. The recovered cellulose acetate (RCA) 
was thoroughly characterised using FTIR, TGA, DSC, XRD, and mechanical testing, confirming its chemical and 
physical equivalence to commercial-grade CA. To validate the functional performance of the recycled material, 
RCA was repurposed into membranes and tested in a proof-of-concept study for water remediation. These pre
liminary tests involved the adsorption of methylene blue (MB), with removal efficiencies reaching 55.1 ± 4.8 %, 
and up to 92.0 ± 13.7 % upon surface modification with TiO2 under solar lamp irradiation. While not the central 
focus of this work, the membrane experiments serve to confirm the applicability of RCA in established cellulose 
acetate use cases. Overall, this work highlights a scalable and sustainable strategy for converting cigarette filter 
waste into valuable polymeric materials, supporting circular economy principles and offering an alternative to 
conventional CA recovery processes.

1. Introduction

Despite a decline in global smoking prevalence, about 6 trillion 
cigarettes are consumed annually. A large number of smokers (75 %) 
improperly dispose of their butts (corresponding to the cigarette filter) 
(Wright and Kelly, 2017) making them the most common litter item and 
significantly contributing to urban and coastal pollution (Mohamed, 
2023). Indeed, improperly discarded cigarette butts can release 
approximately 7000 chemicals (e.g., chromium, cadmium, nicotine, and 
other carcinogens (Slaughter et al., 2011–05-01,; Mahto et al., 2022 
Cesaris et al., 2024) and microplastics during their slow degradation (M, 
S, xxxx). Consequently, they can contribute to soil and water contami
nation, reduction in plant growth and they can represent a direct and 
indirect risk for human and animal health, especially when contami
nation spreads along the food chain (e.g. they have been found in the 
stomach of birds and fishes (Novotny at al., 2009; Lamanna et al., 2024; 

Zhang et al., 2025).
Recycle could be a possible way to reduce cigarette butt’s incorrect 

disposal (Mahto et al., 2022; Afroz et al., 2023). Cigarette filters are 
made of cellulose acetate (CA), a polymer that has a large range of ap
plications (e.g. composites, fabrics for clothing, sound-absorbing mate
rials, nanocrystal cellulose, supporting materials for construction, and 
supercapacitor electrodes) (Shah et al., 2023).

Several approaches have been developed for recovering and purify
ing CA from cigarette filters, each employing different washing and 
solvent treatment strategies. Mahto et al. (Mahto et al., 2022)proposed a 
multi-step process that begins with hexane washing, followed by solvent 
recovery through rotary evaporation and drying at room temperature. 
The filters are then immersed in acetone and dimethylformamide, 
centrifuged, precipitated, filtered, and finally dried at 60 ◦C, ensuring a 
thorough purification of CA. De Cesaris et al. (Cesaris et al., 20245) 
focused on polymer purification but highlighted the significant solvent 
consumption required, using 200 mL per 1.5 g of burned filters. Their 
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process involves sequential washing, starting with hot water for 15 min, 
followed by ethanol under gentle stirring, to enhance purification effi
ciency. Afroz et al. (Afroz et al., 2023) developed a method aimed at 
repurposing CA for yarn production. This process requires manual 
removal of filter paper, tobacco, and ash, followed by sequential 
washing with hydrogen peroxide, sodium hydroxide (NaOH), hot water, 
and sulfuric acid (H2SO4), making it both labor-intensive and chemically 
demanding. Benavente et al. (Benavente et al., 2018) explored a 
comparative approach, testing different washing solutions such as so
dium chloride (NaCl), sodium acetate (NaAc), and diluted sulfuric acid. 
The process is completed with ethanol and organic solvent (diethyl 
ether, hexane) washes, followed by CA solubilization in acetone and 
precipitation using distilled water.

Extraction processes often rely on toxic solvents such as dime
thylformamide, diethyl ether, and hexane to improve their yield. 
Furthermore, protocols involve multiple labor-intensive and time- 
consuming steps, including manual separation and washing. These fac
tors contribute to significant environmental impact and high operational 
costs, ultimately limiting the widespread use of RCA. Additionally, 
RCA’s applicability is often restricted by residual contaminants or 
degraded material properties, making it unsuitable for certain applica
tions (Friuli et al., 2020). Consequently, the development of easy, 
environmentally friendly and cost-effective methods for recovering CA 
from cigarette butts is essential to enhance collection and recycling ef
forts while promoting a circular economy (Oprea et al., 2023).

To ensure that cellulose acetate recovery is not only environmentally 
sound but also practically viable, it is crucial to prove that CA obtained 
through the presented method can be effectively processed to replicate 
already existing CA-based applications (Rehman et al., 2021). Among 
these, CA membranes employed as sorbent substrates to remove heavy 
metals, pharmaceutics and dyes from water (Lamanna et al., 2023; V, A. 
S., et al., 2024). Although widely studied CA membranes represents a 
useful benchmark for validating the material’s performance. To this aim, 
preliminary studies on RCA-based membranes for the removal of dyes 
pollutants were done, in particular for methylene blue (MB) (Nasab 
et al., 2023).

MB is one of the most widely used synthetic dyes and is commonly 
employed as a model compound in adsorption studies due to its well- 
characterized properties. Although MB has some medical applications, 
its uncontrolled release into water can cause serious ecological harm and 
health risks, including respiratory, cardiovascular, and neurological 
toxicity (A, f., e, a., h, d., h, s., mm, f., 11/27/2024). Its known carci
nogenic and mutagenic effects further underline the urgency of its 
removal. To address this challenge, bio-based adsorbents such as bio
char, chitosan, and cellulose-derived materials have been applied alone 
(Zh et al., 07/12/2023) or in combination with other active elements, 
showing promising results in MB removal.

To date titanium dioxide (TiO2) is the most extensively used photo
catalyst with exceptional photo, thermal, and chemical stability (Atalı 
et al., 2024). Although TiO2 in its nanometric powder form shows the 
best efficiency, recovering it from the treated aqueous solution is very 
difficult (Sun et al., 2021/10/01). One way to exploit the photocatalytic 
effect is to integrate TiO2 with CA membranes to enhance its removal 
efficacy as well as to minimize the loss of it after the photocatalytic 
reaction (Pal et al., 2023; Aljawrneh et al., 2022).

In this study, a green and cost-effective process was developed to 
recover CA from cigarette butts and repurpose it for membrane fabri
cation through solubilization-desolubilization process, using a green 
solvent (i.e., acetic acid) that is also highly selective for cellulose ace
tate. Two recovery procedures were explored. A first approach (Protocol 
1) included a washing step while a second one (Protocol 2) avoided 
washing treatment, simplifying the procedure. Each membrane was 
characterized using FTIR, TGA, DSC, XRD, and mechanical testing and 
the results were compared with a virgin membrane. The RCA membrane 
with better characteristics was then investigated for dyes water reme
diation, using MB as dye model. In detail, batch experiments and kinetic 
studies were conducted to evaluate MB removal percentage. Finally, to 
improve efficiency in MB removal process, RCA modified with TiO2 was 
also tested by using a solar lamp.This work demonstrates that using 
acetic acid (a green and not flammable solvent) and a recovery method 
via precipitation in a non-solvent (desolubization), it is possible to 
obtain a shorter and effective protocol to recover CA from cigarette 
litters. Moreover, the work explores the possibility of replicating com
mon CA-based membranes for water remediation using the recovered 
material, demonstrating its effective potential in practical applications..

2. Materials and methods

2.1. Materials

Cigarette butts (CBs) from various brands and types, different lengths 
and amounts of unburned tobacco, were collected from designated 
containers at the Engineering for Innovation Department of the Uni
versity of Salento. Pure cellulose acetate (CA, Sigma-Aldrich Mw ~ 
30,000 g/mol, Milano, Italy) and commercially available virgin ciga
rette filters (filter tips Rizla slim) were used as control samples to 
compare the properties of the recovered material. TiO2 (Aeroxide P25 ~ 
21 nm average size, surface area ~ 50m2g− 1 Anatase /Rutile weight 
ratio ~ 80/20) was supplied by Evonik Industries AG (Essen, Germany). 
Methylene blue (MB), acetic acid (≥99.7 %), hexane (95 %) and abso
lute ethanol (≥99.5 %) were purchased form Sigma-Aldrich, (Milano, 
Italy).

Nomenclature

CA Cellulose Acetate
RCA Recovered Cellulose Acetate
CBs Cigarette Butts
MB Methylene Blue
TiO2 Titanium Dioxide
FTIR Fourier Transform Infrared Spectroscopy
TGA Thermogravimetric Analysis
DSC Differential Scanning Calorimetry
XRD X-Ray Diffraction
SEM Scanning Electron Microscopy
WCA Water Contact Angle
ASTM American Society for Testing and Materials
Q Adsorption capacity (mg of dye per g of membrane)

Ci Initial concentration of dye (mg/L)
Ce Equilibrium concentration of dye (mg/L)
Cf Final concentration of dye at time t (mg/L)
Qe Amount of dye adsorbed at equilibrium (mg/g)
Qt Amount of dye adsorbed at time t (mg/g)
Qmax Maximum adsorption capacity (mg/g)
KL Langmuir constant (L/mg)
K1 Pseudo-first-order rate constant (min− 1)
K2 Pseudo-second-order rate constant (g mg− 1 min− 1)
M1-RCA RCA membrane prepared via Protocol 1
M2-RCA RCA membrane prepared via Protocol 2
M2-RCA-TiO2 M2-RCA membrane modified with TiO2
λ Wavelength (used in XRD: Cu Kα = 0.154 nm)
R2 Coefficient of determination (for regression models)
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2.2. Cellulose acetate extraction and membrane preparation protocols

Recycled cellulose acetate (RCA) fibrils were recovered using two 
distinct experimental procedures, Protocol 1 and Protocol 2, both based 
on the precipitation method but presenting some differences, obtaining 
two different membranes, M1-RCA and M2-RCA respectively (Fig. 1). 
The precipitation method involves the solubilization of CA into a solvent 
(acetic acid) and then desolubilization in non-solvent (distilled water) 
precipitates CA as fibrils that were the raw material for recycled mem
branes preparation. In Protocol 1, cigarette butts were preliminarily 
hand-sieved to remove ash and tobacco residues. The material was then 
stirred in abundant tap water (1L, three times) for one hour to eliminate 
water-soluble substances. After overnight drying at 50 ◦C, the filters 
were stirred in 0.5Lhexane (twice) for one hour to remove non– polar 
chemical components, then dried at room temperature in a fume hood. 
The cleaned filters were then stirred to solubilize in acetic acid at a 1:2 
solid-to-solvent ratio for two hours. Precipitation was induced by adding 
water in a 1:5 vol-to-volume (v/v) ratio relative to the volume of acetic 
acid used, causing the polymer to desolubilize. The fibrils were collected 
using a sieve and oven-dried at 50 ◦C to accelerate solvent evaporation. 
Then, membranes were prepared by dissolving RCA in acetic acid (4.5 % 
by weight), drop casting the solution into Petri plates, and allowing it to 
dry overnight in a fume hood at room temperature. Protocol 2 (M2-RCA) 
followed a more streamlined approach, using only acetic acid as organic 
solvent. After sieving to remove ash and tobacco residues, the cigarette 
butts were directly solubilized in acetic acid (5 g per 100 mL) under 
stirring for two hours. The precipitation process mirrored that of Pro
tocol 1, with water added at a 1:5 ratio, followed by fibril recovery 
through sieving and drying. For M2-RCA membrane preparation, the 
RCA fibrils were dissolved in acetic acid (4.5 wt%) and drop casted into 
Petri plates, followed by drying in the fume hood.

The control membranes were prepared by dissolving virgin chemical 
grade cellulose acetate (Sigma) and virgin cigarette filters (Rizla) in 
acetic acid at the same concentrations as the membranes made with RCA 
(4.5 wt%), followed by solvent evaporation under a fume hood over
night at room temperature.

2.3. Preparation of RCA membrane with TiO2

M2-RCA membrane, produced by following Protocol 2, was modified 
with TiO2. In detail, a 10 %wt (with respect to M2-RCA membrane) of 
TiO2 was dispersed in ethanol with a final concentration of TiO2 equal to 
0.2 % (w/v) and sonicated for 5 min to ensure proper dispersion in the 
solution. Dispersion was drop casted to the dried M2-RCA membrane 
and the titanium dioxide layer was obtained via solvent evaporation at 
room temperature overnight to obtain a new modified membrane named 
M2-RCA-TiO2.

2.4. Characterization studies

FTIR spectroscopy was used to identify the functional groups present 
in RCA membranes. Spectra were obtained at room temperature using a 
Jasco FT/IR-660 plus ATR-FTIR spectrometer (Jasco, Palo Alto, CA, 
USA). in the range of 800 to 4000 cm− 1 with a resolution of 4 cm− 1. FTIR 
performance was regularly checked using polystyrene film standards 
provided by the manufacturer. A micro-ATR tool with a single diamond 
crystal was used for the spectroscopic investigation directly on the cel
lulose acetate fibrils. TGA and DSC analysis were performed on RCA 
membranes respectively with TA Instruments model SDT Q600 and 
Q2000. TGA was performed in the range 30 ◦C to 800 ◦C at a rate of 
10 ◦C/min in an air flow, using alumina pans. DSC experiments were 
carried out using a heating rate of 10 ◦C/min from 30 ◦C up to 250 ◦C in 
sealed aluminum pans and analyzed in an air flow. DSC was regularly 
calibrated using indium and zinc metal standards provided by the 
manufacturer while TGA routine maintenance and calibration were 
carried out by the TA Instruments service team, using certified mass 

standards during on-site visits.
Mechanical properties of the membranes were evaluated by using 

Zwick/Roell universal testing machine (Ulm, Germany) with a load cell 
of 100 N and a crosshead speed of 1 mm/min, to produce a stress–strain 
curve. Dogbone-shaped ASTM D638 Type V specimens were tested 
(obtained using a dogbone-shaped punch). All the tests were performed 
in triplicate.

XRD analysis was performed on a Rigaku Ultima X-ray diffractom
eter (Rigaku, Tokyo, Japan), employing monochromatic Cu Kα radiation 
(λ = 0.154 nm) with operating voltage of 40 kV and current of 20 mA. 
Diffractograms were recorded at 2θ angles ranging from 5 to 30 degrees 
and a scanning rate of 0.02◦ min− 1. The result for the XRD analysis is 
presented in Fig. S1 of the Supporting Information.

Water Contact angle (WCA) measurements were conducted on 
membranes to evaluate the wettability of Pure CA, Virgin Filters, M1- 
RCA and M2-RCA, and M2-RCA-TiO2 membrane surfaces. The mea
surements were performed with a FTA1000 goniometer (First ten 
Angstrom, Newark, California, USA) equipped with a CCD camera 
mounted on an optical bench, and a manual Gilmont micrometer syringe 
used to deposit water droplets on the membrane surface before and after 
30 min of solar lamp irradiation. (Sanolux, Radium Lampenwerk, Irra
diance 41.4 W m− 2 at wavelength range of 380–780 nm). Five WCA 
measurements were recorded for each membrane on different places, 
and the data were expressed as mean values with standard deviations.

Morphological analysis of the membranes was performed through a 
scanning electron microscope (SEM EVO® 40; Carl Zeiss AG) to compare 
the surface morphology of CA M2-RCA, and CA M2-RCA-TiO2. The 
surface and cross-sectional SEM images were acquired at an applied 
voltage of 20 kV.

Adsorption and kinetic studies were conducted using a Jasco V-660 
UV–visible spectrophotometer (Jasco, Palo Alto, CA, USA).

2.5. Pollutants adsorption assay on M2-RCA and M2-RCA-TiO2

Pollutants removal assays were performed to assess the capability of 
the M2-RCA membranes (with and without TiO2) to remove MB dye 
from water.

Firstly, the adsorption performance of M2-RCA was evaluated by 
batch rebinding experiments incubating 5 mg of the membrane (10x10 
mm) in 5 ml of MB solutions spanning a concentration range from 0.6 to 
220 mg/L. All solutions were stirred for 24 h. Then, after membrane 
removal, the solutions were analyzed by UV–Visible spectrophotometer 
at fixed wavelength (664 nm) and the adsorption capacity Q (mg/g) of 
the membrane was calculated as follows: 

Q = (Ci − Ce)V/m (1) 

where Ci and Ce represent the initial concentration and concentration at 
Langmuir equilibrium (mg/L), respectively, V is the volume of water 
solution (L) and m is the mass of the membrane (mg).

Experimental data were fitted with a Langmuir adsorption isotherm 
to evaluate the maximum adsorption capacity (Qmax) of the membrane 
(Mergola et al., 2016): 

1/Qe = (1/QmaxCeKL)+ (1/Qmax) (2) 

where Qe and KL represent the amounts of MB adsorbed at equilibrium 
(mg/g) and the Langmuir constant (L/mg). Qmax, that represents the 
maximum adsorption capacity (mg/g), was calculated plotting 1/Qe 
versus 1/Ce.

Photocatalytic activity of M2-RCA-TiO2 was evaluated using the 
pollutant adsorption procedure previously mentioned but adding the 
solar lamp exposure to promote the effect. The reaction solution was 
monitored by using UV–vis spectrophotometer at regular intervals, 
recording the absorbance at 664 nm.

Removal efficiency (%) of each membrane was calculated as follow 
(V, A. S., et al. 2024): 

M. Friuli et al.                                                                                                                                                                                                                                   Waste Management 204 (2025) 114915 

3 



Fig. 1. Schematic diagrams of Protocol 1 and Protocol 2. Protocol 1 includes washing steps with water and hexane; Protocol 2 adopts a simplified, solvent-free 
cleaning. Both protocols use acetic acid-based solubilization and precipitation, followed by membrane casting.
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Removalefficiency(%) = (Ci − Cf )100/Ci (3) 

where Ci and Cf were the initial and the concentrations at time t(s), 
calculated from UV–vis measurements.

Linearized forms of a pseudo first order Lagergren model (4) and a 
pseudo second order kinetic (5) were used to evaluate the kinetic of MB 
adsorption on the membranes (Mergola et al., 2024): 

ln(Qe − Qt) = lnQe − K1t/2.303 (4) 

t/Qt = 1/
(
K2Q2

e
)
+ t/Qe (5) 

where Qe and Qt were the amount of MB adsorbed onto the membranes 
at equilibrium time and at the time t (min) respectively, K1 (min− 1) 
represents the pseudo first order rate constant and K2 (g mg− 1min− 1) the 
pseudo second order rate constant.

3. Results and discussion

FT-IR analysis was carried out on the RCA and control samples to 
verify whether the recovered material exhibited the same chemical 
fingerprint as pure CA. Fig. 2, shows the full range spectra of CA, virgin 
filters, M1-RCA and M2-RCA membranes. The CA membrane shows its 
main characteristic peaks at 3580 cm− 1 belongs to stretching vibration 

of unacetylated hydroxyl groups (OH), a peak at 2920 – 2870 cm− 1 

(stretching of –CH– of methyl and ethyl groups) (Teixeira et al., 2021; 
Kramar et al., 2023). A sharp band at 1740 cm− 1 represents stretching 
vibrations of C=O carbonyl ester, a peak at approximately 1370 cm− 1 

belongs to C–H bending vibration of CH3 in the acetyl group, A band at 
1220 cm− 1 shows C-O stretching of the acetyl group and a strong peak 
around 1042 cm− 1 belongs to C-O-C stretching vibration of ester groups 
(Narayanan et al., 2023). Furthermore, virgin filters, M1-RCA and M2- 
RCA membranes show all the characteristic peaks of CA, confirming 
the potential of both protocols for CA recovery. (Friuli et al., 2020; 
Bouftou et al., 2024). Slight broadening and minor shifts in peak posi
tion were observed in some RCA spectra. These variations can be 
attributed to hydrogen bonding interactions with residual solvents and 
plasticizers, as well as the possible presence of trace contaminants in the 
recovered material. Such contaminants may modulate the stretching 
vibrations of functional groups, leading to subtle changes in peak in
tensity and position (Kramar et al., 2023).

The following characterization aimed to evaluate the properties of 
the polymer in comparison with CA from Sigma-Aldrich and Rizla virgin 
filters (unsmoked). TGA thermograms for pure CA, virgin filters, M1- 
RCA and M2-RCA membranes are presented in Fig. 3. As shown in 
Fig. 3a, pure CA exhibited a typical three-step thermal degradation 
profile. The first step, occurring between 30 ◦C and 200 ◦C, is attributed 
to the evaporation of absorbed moisture. The second stage, from 200 ◦C 
to 400 ◦C, corresponds to the main thermal degradation of the cellulose 
acetate backbone, involving the breakdown of acetyl groups and the 
depolymerization of the polymer chains (Bouftou et al., 2024; Kee and 
Idris, 2010). CA from unused cigarette filters (virgin filters) showed an 
additional weight loss step at temperatures between 30 to 200 ◦C, likely 
due to the decomposition of plasticizing compounds used in adequate 
amounts in filter manufacturing to ease the polymer processing. CA 
extracted from waste cigarette filters (M1-RCA and M2-RCA, see Fig. 3a) 
degraded in three steps, similarly to pure cellulose acetate. A second step 
of weight loss is still present even though reduced as the plasticizer in 
the polymer structure was degraded during smoking process. However, 
the results of the TGA studies confirm that the CA recovered in both 
protocols have thermal properties comparable to pure CA. These find
ings suggest that the recovered material retains comparable thermal 
stability to commercial CA, indicating no early signs of chemical 
degradation that would compromise long-term performance under 
typical processing or environmental conditions.

The DSC (Fig. 3b) was employed to evaluate the glass transition and 
melting temperatures (Tg and Tm respectively) of the pure CA, virgin 
filters and M1-RCA and M2-RCA membranes. All the samples show 
sharp endothermic peaks between 60 and 85 ◦C attributed to the 
desorption of water from the samples. The difference between the 
temperatures of the water desorption peaks is due to the difference in the 
water – polymer interaction. The desorption process depends on the 
strength of interaction of the water molecules with the hydroxyl groups 
present in the structure of the polymer through hydrogen bonding (Nu 
et al., 2019). As further confirmation of the equivalence between the 
different types of CA, all samples show higher Tg values in the range of 
195–205 ◦C that are close to the Tm as reported in literature. Further
more, no significant difference is found in the Tm peaks that appears in 
the range of (226–233 ◦C) and it is in accordance with the literature. 
(Friuli et al., 2020; Erdmann et al., 2021).

The results for the mechanical properties are shown in Fig. 3c and d. 
There is no significant difference in the mechanical properties of all the 
samples confirming that RCA aligns with pure CA. Elastic modulus 
ranges from ≈1700-2500 MPa. Some slight differences, as the increase 
in elastic modulus of M1-RCA and M2-RCA compared to pure CA might 
be attributed to difference in the molecular weight and crystallinity of 
the samples due to the heterogeneity of the raw material (cigarette lit
ters are a mix of wastes). Also, elongation at break is similar for all the 
samples, only virgin filters are showing slightly higher elongation at 
break (4.95 ± 0.77 %), confirming the presence of plasticizers. The 

Fig. 2. FTIR spectra for Pure CA, virgin filters, M1-RCA and M2-RCA mem
branes. The highlighted portion represents peaks that are shifted due to 
hydrogen bonding interactions.
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mechanical variability observed falls within the expected range for 
recycled polymers, where feedstock heterogeneity and partial loss of 
additives like plasticizers are known to influence stiffness and ductility.

The water contact angle (WCA) measurements, shown in (Table 1, 
confirm the hydrophilic nature of all samples, with values below 90◦. 
Membranes from virgin filters had a WCA of 71.2 ± 2.5◦, higher than 
pure CA (61.1 ± 2.3◦), M1-RCA (65.3 ± 3.1◦) and M2-RCA (58.7 ±
1.4◦). The increased WCA of virgin filters is due to hydrophobic plasti
cizers, as also indicated by the TGA analysis, which showed an addi
tional degradation step linked to their presence. The similar WCA values 
of pure CA, M1-RCA, and M2-RCA further confirm that the washing step 
effectively removed plasticizer present in virgin filters.

According to the previously performed characterization, there are no 
significant variations between protocols 1 and 2 for the extraction of CA 
from used cigarette filters.

However, since Protocol 2 uses environmentally friendly solvents 
and it is also less time-consuming process as a consequence of fewer 
extraction steps can be considered as the best performing extraction 
procedure. For this reason, M2-RCA, obtained using the protocol 2, was 
additionally coated with TiO2 following the process described in the 

Methods section and subjected to further studies.
The surface and cross-sectional morphologies of M2-RCA and M2- 

RCA-TiO2 membranes are shown in Fig. 4. As shown in Fig. 4a, the M2- 
RCA membrane has a smooth, flat and homogenous surface without the 
presence of any pores whereas M2-RCA-TiO2 (Fig. 4b) membrane sur
face is rough and TiO2 particle agglomeration can be observed. Despite 
these surface differences, the WCA measurements indicate no significant 
variation between M2-RCA and M2-RCA-TiO2, suggesting that the TiO2 
coating does not substantially alter the membrane’s wettability 
(Table S1 of Supporting Information).

3.1. Methylene blue removal assay on M2-RCA and M2-RCA-TiO2

M2-RCA was initially tested with different dyes commonly found in 
water pollution, specifically methylene blue (MB), methyl orange, and 
rhodamine, each at a concentration of 2 mg /L. Preliminary results 
showed an affinity of the membrane for MB (Table S2 of Supporting 
Information). For this reason, all the following experiments were carried 
out to remove MB from water solutions.

The adsorption behavior of M2-RCA in MB removal from water was 
evaluated by batch rebinding experiments and the experimental data 
were processed by a Langmuir model (Fig. 5).

As reported in Fig. 5a, the adsorption capacity of the membrane in
creases with MB concentration until a plateau is reached, obtaining an 
experimental maximum adsorption capacity near to 8 mg/g of mem
brane. Experimental data were processed using the equation (2) to 

Fig. 3. (a) TGA isotherms and (b) − DSC thermograms of Pure CA, Virgin Filters, M1-RCA and M2-RCA. (c) Representative stress–strain curve and (d) Mechanical 
properties of Pure CA, Virgin Filters, M1-RCA and M2-RCA membranes.

Table 1 
Contact angle average values after UV exposure.

Sample type CA Virgin filters M1-RCA M2-RCA

WCA 61.1 ± 2.3◦ 71.2 ± 2.5◦ 65.3 ± 3.1◦ 58.7 ± 1.4◦
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evaluate the nature of interaction between MB and M2-RCA. Langmuir 
plots obtained (R2 = 0.9992) showed the presence of homogeneous 
binding sites on membrane surface with a calculated maximum 
adsorption capacity Qmax equal to 7.26 mg/g of membrane, which is 
very similar to the experimental data obtained.

The kinetic performance of M2-RCA was evaluated by incubating the 
membrane in MB solution at the concentration of 2 mg /L and moni
toring the removal efficiency at regular time intervals over 24 h.

As shown in Fig. 5b, MB adsorption occurred almost within the first 
7 h of incubation with a removal percentage of around 46 %, and, after 
which it stabilized reaching a removal efficiency of 55.1 ± 4.8 %, that 
correspond to 1.1 mg/g of membrane. Experimental data were plotted 
with a pseudo-first-order and a pseudo-second-order kinetics to evaluate 
the adsorption mechanism. In general, a pseudo-first-order model de
scribes the interaction of one MB molecule with a single binding site on 
the membrane, while a pseudo-second-order model considers the 
interaction of one MB molecule with two binding sites of the membrane. 
Based on the correlation coefficient (R2 = 0.9956), the experimental 
data closely followed a pseudo-second-order model. Kinetic parameters 

were reported in Table 2.
Moreover, release studies were conducted incubating the M2-RCA 

membrane in ultrapure water after one cycle of adsorption and a 
release of 3.5 % in 24 h was observed. This low desorption rate is 
particularly interesting, as it suggests strong dye-membrane in
teractions, making M2-RCA a promising material for stable and efficient 
MB removal in water treatment application.

The promising results obtained with M2-RCA led to the development 
of an improved membrane by coating its surface with TiO2 to enhance its 
performance. Given the well-known photocatalytic activity of TiO2 in 

Fig. 4. SEM images of the top surface of (a) M2-RCA and (b) M2-RCA-TiO2 membranes. The scale bar is 100 µm.

Fig. 5. (a) Adsorption behavior of M2-RCA membrane incubated in MB solutions at different initial concentrations of MB. (b) Kinetic performance of M2-RCA (inset, 
2 mg/L MB solution after 24 h of adsorption).

Table 2 
Kinetic parameters for M2-RCA and M2-RCA-TiO2 membranes related to 
pseudo-first and pseudo-second-order models.

Membranes Pseudo-first-order model Pseudo-second-order model

K1 (1/min) R2 K2 (g mg/min) R2

M2-RCA 5.6 × 10− 3 0.9658 1.2 × 103 0.9956
M2-RCA-TiO2 1.8 × 10− 3 0.9971 1.5 × 106 0.9100
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MB degradation, the modified membrane (M2-RCA-TiO2) was prepared 
by coating a predetermined weight of M2-RCA with TiO2. The resulting 
membrane was then incubated in an MB solution (2 mg/L) under stirring 
and exposed to solar lamp irradiation for 24 h, to evaluate kinetic per
formances. As shown in Fig. 6b, the maximum absorption peak of MB at 
664 nm significantly decreases after 24 h of solar lamp exposure, con
firming the enhanced removal efficiency due to the photocatalytic effect 
of TiO2 on the membrane surface. To ensure completeness, additional 
control experiments were conducted, verifying that MB did not undergo 
decomposition when exposed to solar lamp irradiation alone and that 
the M2-RCA membrane without TiO22 did not exhibit improved per
formance under the same conditions (data not reported). It could be 
noted that the addition of TiO2 leads to aremoval efficiency of ~ 92.0 %, 
that corresponds to 1.84 mg/g of membrane (Fig. 6a and 6c). Kinetic 
analysis using both pseudo-first-order and pseudo-second-order models 
(Table 2) indicated that MB removal with the M2-RCA-TiO2 membrane 
followed a pseudo-first-order kinetic model (R2 = 0.9971), a charac
teristic behavior of organic pollutant photodegradation (Mergola et al., 
2024; Tran et al., 2023 Iqbal et al., 2020). These results highlight the 
significant performance improvement achieved with TiO2 coating. 
Additionally, the reduction in MB concentration was visually evident, as 
the solution transitioned from blue to nearly transparent after solar lamp 
exposure (inset Fig. 6c). This suggests that hydrogen bonding between 
MB and the regenerated cellulose acetate membrane promotes direct 
contact with TiO2, effectively initiating the photocatalytic degradation 
process.

4. Conclusion and Perspective

This study introduces an eco-friendly and efficient approach for 
recovering cellulose acetate (CA) from combusted cigarette filters, 
employing a streamlined process that reduces solvent consumption and 
processing steps. Two recovery procedures were explored: Protocol 1, 
which includes a washing step, and Protocol 2, a simplified method 
without washing. Both rely on a solubilization–desolubilization process, 
where CA is first dissolved in a suitable solvent and then precipitated in 
water. The use of acetic acid as a solvent for CA replacing more tradi
tional and dangerous organic solvents such as acetone plays a pivotal 
role, demonstrating remarkable selectivity by dissolving CA while 
leaving other components of the cigarette butt (e.g., adhesives, PLA- 
based parts) untouched. Moreover, polymer’s precipitation in water 
allows further purification of the polymer, reducing the steps needed to 
obtain RCA. However, the proposed protocol is validated at lab scale and 
its scalability will require process optimization in terms of mixing, sol
vent recovery, and feedstock handling under industrial conditions.

Comparative analysis identified Protocol 2 as the more advantageous 
option, offering a simpler, cost-effective, and sustainable alternative 
while yielding CA with properties comparable to those of commercial or 
virgin filter-derived materials. The protocol also proved robust when 
applied to mixed-brand, confirming its reproducibility despite variations 
in filter origin or contamination level.

Comprehensive characterization using FTIR, TGA, DSC, XRD, and 
mechanical testing confirmed that the CA obtained through Protocol 2 

Fig. 6. (a) Comparison of MB removal using an initial concentration of 2 mg/L with M2-RCA (without solar lamp irradiation) and M2-RCA-TiO2 (after 24 h solar 
lamp irradiation), (b) UV visible spectra of MB solution before and after 24 h solar lamp irradiation. (c) The adsorption kinetics of MB removal for M2-RCA-TiO2 
membrane. Inset: MB solution before and after 24 h of solar lamp irradiation.
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(M2-RCA) retained its structural integrity, thermal stability, and me
chanical strength, making it suitable for further applications. M2-RCA 
was then investigated for water remediation, demonstrating effective 
adsorption of methylene blue (MB). When further modified with TiO2 
nanoparticles and exposed to solar lamp, the membranes exhibited a 
significant improvement in photocatalytic degradation, increasing MB 
removal efficiency from ~ 55 % to ~ 92 %.

These findings highlight the potential of repurposing waste cigarette 
filters into valuable materials for water treatment, supporting circular 
economy principles while mitigating environmental pollution.

Currently, recycled cellulose acetate can be employed in a limited 
number of applications due to potential contaminants and the difficulty 
of fine-tuning its properties both issues arising from the heterogeneity of 
the waste stream. However, this situation may change with the growing 
adoption of heated (non-combusted) tobacco products. Since no com
bustion occurs, the resulting polymer is of higher quality and less 
contaminated, thus opening the door to a wider range of potential ap
plications and more cost-effective recovery processes. The extraction of 
cleaner cellulose acetate could open the door to potential applications of 
this material in the biomedical field. However, this material would need 
to undergo further analytical tests (e.g. HPLC and mass spectrometry) to 
identify and possibly reduce the presence of contaminants, as well as to 
verify its biocompatibility.

Moreover, these products often include a ferromagnetic component 
(used to heat the tobacco via electromagnetic induction). In theory, this 
allows selective waste separation (for example, using magnets), which 
would yield a polymer with more uniform characteristics and better 
control over the final properties of RCA.
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