
Vol.: (0123456789)
1 3

Cellulose (2024) 31:5097–5114 
https://doi.org/10.1007/s10570-024-05886-w

ORIGINAL RESEARCH

A preliminary study on 3D printing feedstock derived 
from cellulose recovered from cigarette butts

Flavia D’Urso · Paolo Iaccarino · 
Michele Giordano · Maria Oliviero · 
Ernesto Di Maio · Lucia Sansone

Received: 22 January 2024 / Accepted: 29 March 2024 / Published online: 16 April 2024 
© The Author(s) 2024

Abstract  In this work, we describe the recovery of 
cellulose acetate (r-CA) polymer from waste ciga-
rette butts (CBs) and their subsequent conversion into 
feedstock for 3D printing technology. The extraction 
process for CBs includes two stages: initial washes 
in water, followed by additional washes in ethanol. 
A final step involves a dissolution and reprecipita-
tion process, resulting in the creation of a fine pow-
der. The recovery polymer has been analysed and 
compared to commercial cellulose acetate (p-CA) 
and unsmoked cigarette filter (u-CA) to assess its 
purity and examine alterations in its physicochemical 
properties. The CA powder has also been plasticized 
with different biocompatible plasticizers to improve 
the mechanical properties of the CA. We analyze the 

rheological properties to identify the suitable compo-
sition as feedstock for 3D printing.
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Introduction

Cigarette butts (CBs) are one of the most common 
types of litter around the world. The main problem 
with this waste is its method of disposal by smok-
ers. As most smokers do not properly dispose of 
CBs in trash cans and discard them anywhere, col-
lecting this litter is a difficult and costly process. 
This has caused CBs to be observed extensively in 
various urban areas and public places with conse-
quent effects on environmental resources and living 
organisms (Jungst et  al. 2016; Kalsoom et  al. 2016; 
Kirchmajer et al. 2015; Ligon et al. 2017a, b; Wang 
et al. 2017; Auriemma et al.2022; Araújo and Costa 
2019; Torkashvand et al. 2020). The CBs are, in fact, 
known as toxic litters. In CBs, there are many pol-
lutants derived from fertilizers used in tobacco culti-
vation, from processing and cigarette assembly, and 
formed during smoking. Heavy metals such as lead, 
cadmium, copper, nickel, zinc and chromium are rec-
ognized contaminants found in CBs, seeping into the 
environment, and potentially entering the food chain 
(Valiente et al. 2020; Kataržytė et. 2020; Yousef et al. 
2021a, b; Yousef et  al. 2021a, b; Torkashvand et al. 
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2021; Torkashvand et  al. 2022; Dobaradaran et  al. 
2017; Ghasemi et  al. 2022). Alongside heavy met-
als, CBs contain various identified pollutants, includ-
ing organic compounds, PAHs, and nicotine (Yousef 
et  al. 2021a, b). Multiple studies indicate that these 
pollutants escape from discarded CBs, disperse, and 
contaminate the environment. The extent of this pol-
lutant release depends on its initial concentration in 
the CB and environmental factors such as humidity 
(Dobaradaran et  al. 2020). This leakage from CBs 
leads to water and soil contamination, and the demon-
strated toxicity of CBs on many organisms underlines 
the severity of the issue in several cases. The possi-
bility of ingestion of CBs by pet, infants and fish is 
another consequence of CBs littering (Dobaradaran 
et al. 2020; Green et al. 2019; Kurmus and Mohaje-
rani 2020; Dieng et al. 2013; Dieng et al. 2014; Lee 
and Lee 2015; Slaughter et al. 2019; Parker and Ray-
burn 2017; Novotny et  al. 2011). The CBs are con-
stituted by the listed toxic chemicals from the micro-
fibers of cellulose acetate (CA) (Belzagui et al. 2021; 
Conradi and Sanchez-Moyano 2022) and so they are 
also responsible for micro-plastic pollution in the 
aquatic environment. Extracting value-added materi-
als, such as CA, from such waste for the manufactur-
ing of new products could allow a reduction in both 
the overall ecological footprint and the cost of waste 
mitigation.

As mentioned already, nowadays there is no sus-
tainable disposal method for these wastes. A recycling 
technology for cigarettes butts has not yet been estab-
lished. Hence, repurposing cigarette butts could aid 
in the conservation of natural resources and offer an 
eco-friendly disposal solution. Presently, researchers 
are exploring avenues to create sustainable products 
from waste, such as composites (Mahmud et al. 2022) 
and eco-friendly materials (Islam et  al. 2022). The 
recycling of cigarettes butts presents challenges due to 
the lack of straightforward methods for efficient sepa-
ration or cost-effective treatment of chemicals trapped 
within filters. However, various researchers have 
investigated different applications of cigarette butts 
in recycled materials, including nonwoven production 
(De Vielmo et  al. 2022), sound absorbing materials 
(Gómez Escobar et  al. 2021), nanocrystal cellulose 
(Browne 1990), support materials for brick and steel 
manufacturing (Abdullatif et al. 2020), Asphalt Con-
crete (Rahman et  al. 2020), energy storage in super-
capacitor electrodes (Lee et  al. 2014), and cellulose 

acetate fiber extraction with properties characteriza-
tion (De Fenzo et  al. 2020). Furthermore, Mohaje-
rani et al. (2016) explored the recycling of CB in fired 
clay bricks, while in (Mohajerani et  al. 2017), they 
proposed their use as aggregates in asphalt mixtures, 
along with a method to recover cellulose acetate from 
cigarettes for incorporation into stone mastic asphalt 
(SMA) mixtures. The European Waste List (https://​
eur-​lex.​europa.​eu/​legal-​conte​nt/.) does not categorize 
cigarette butts specifically but classifies them under 
"Municipal waste including separately collected frac-
tion other fractions not otherwise specified." There-
fore, it is crucial to adopt the precautionary principle 
and raise awareness among consumers and producers 
to reduce tobacco waste production and environmen-
tal impact. Current disposal methods such as landfill-
ing or incineration are unsustainable and costly. Thus, 
developing a recycling method for tobacco waste 
would mitigate environmental pollution and promote 
material recovery aligned with the principles of cir-
cular economy and sustainable development. Many 
studies on CB treatment focus solely on smoked CBs 
and lack comparative analysis with nonsmoked mate-
rial. Typically, samples are physically separated and 
crushed into small fragments for treatment, with the 
resulting solid materials finding applications in vari-
ous sectors such as construction, energy, environment, 
and chemistry. Authors often omit to describe CB 
sample collection methods because laboratory appli-
cations require minimal quantities. However, effective 
collection and handling are crucial to the effectiveness 
of the treatment process and economic viability. Inad-
equate collection and handling may compromise prod-
uct efficacy and economic feasibility. The CB manage-
ment treatment processes are primarily on a laboratory 
pilot scale, lacking large-scale analysis or experimen-
tal application that simulates operational processes 
with greater quantities and critical barriers. Although 
there have been some recent scientific contributions, 
the majority are recent, indicating the global urgency 
for effective CB management. Increased citizen 
awareness and proper disposal habits could improve 
CB sample collection at designated points, facilitating 
more effective waste management practices.

In recent times, three-dimensional (3D) printing 
has rapidly emerged as a promising technology for 
creating intricate structural designs. Among the vari-
ous 3D printing methods, extrusion-based printing, 
also known as Direct Ink Writing (DIW), is notable 

https://eur-lex.europa.eu/legal-content/
https://eur-lex.europa.eu/legal-content/
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for its versatility in material usage, ease of operation, 
and cost-effectiveness. The most used materials in 3D 
printing are polymers, composites, metals, ceram-
ics, sand, and wax (Jungst et al. 2016; Kalsoom et al. 
2016; Kirchmajer et al. 2015; Ligon et al. 2017a, b; 
Wang et  al. 2017). Volatile organic compounds and 
ultrafine aerosols that could be harmful to humans 
are detected in 3D printing processes. 3D printed 
objects with such polymers are measurably toxic to 
zebrafish embryos, a model organism widely used in 
biological research (Oskui et al. 2015). Designing and 
manufacturing low-emitting and less toxic 3D print-
ing materials are imminent. To reduce related safety 
risks and unpleasant smells with synthetic polymers, 
manufacturers and end-use customers are inclined 
toward using natural polymers, which are renewable 
and biodegradable (Rejeski et al. 2018). Much atten-
tion has been paid to the development of printable 
biopolymer composites with improved performance. 
Natural polymer hydrogels such as collagen, algi-
nate, chitosan, and hyaluronic acid have been used to 
prepare scaffolds by 3D printing and showed great 
potential in promising new fields of tissue engineer-
ing and regenerative medicine (Chimene et al. 2016; 
Jungst et al. 2016; Shen et al. 2016). 3D printing of 
cellulosic materials presents an opportunity to fabri-
cate 3D objects from a cheap and sustainable source. 
3D printed cellulose materials in combination with 
other polymers are being studied extensively for ver-
satile applications (Gatenholm et  al. 2016; Li et  al. 
2016; Ligon et  al. 2017a, b; Piras et  al. 2017; Sul-
tan et  al. 2017). Cellulose-based materials, without 
chemical alteration, are generally deemed impractical 
for extrusion-based 3D printing due to their thermal 
decomposition before achieving a meltable, flowable 
state upon heating (Bao et al. 2015). This is attributed 
to the robust hydrogen bonding among the cellulose 
molecules. Previous scientific literature on 3D print-
ing using cellulose-derived materials has typically 
focused on incorporating these materials as low-den-
sity fillers within another matrix, commonly another 
polymer, or using them to produce aerogel-like struc-
tures. However, the obtained 3D objects show a low 
density and dimensional stability. For this reason, 
alternative strategies must be studied and developed 
for cellulose-derived materials, such as cellulose 
acetate.

In this paper, a new method is proposed to obtain 
a novel feedstock for 3D printing with cellulose-based 

materials by recovering CB waste in alternative to fos-
sil-based plastic materials. The method is based on the 
combined use of appropriate solvents and plasticizers 
to address the rheological and printability issues asso-
ciated with DIW. The function of solvents and plasti-
cizers is to temporarily reduce the strength of hydro-
gen bonding between molecules of CA and to enable 
a 3D printing process. A green process that uses water 
and ethanol is proposed to extract CA fibers from CB 
waste paired with a dissolution–precipitation technique 
for recovered CA powder. The morphological analysis 
of recovered CA fibers and powder has been evaluated 
by using SEM. The presence of metals, in particular 
heavy metals, has also been investigated by means of 
atomic absorption analysis. To evaluate the quality of 
recovered CA obtained, the results of chemical (FTIR), 
thermal (TGA, DSC), and mechanical (DMA) proper-
ties of films based on recovered CA obtained by means 
of a solvent cast process have been compared to those 
obtained for films of CA extracted from commercial 
and unsmoked filters, and of commercial pure powder 
CA. Different plasticizers, such as Triacetin and Poly-
ethyleneglycol 400 at fixed percentages (Liu et al. 2019; 
Quintana et al. 2013; De Fenzo et al. 2020) have also 
been used, as an alternative to the currently most wide-
spread industrial plasticizers, such as Diethyl phthalate 
and Triphenylphosphate, to assess the influence of plas-
ticizer types on the chemical, thermal and mechanical 
properties of films based on recovered CA. The results 
obtained have been utilized to produce solutions as inks 
with different solvents, such as ethanol, dimethyl sul-
foxide, or a mixture of these and selected plasticizers. 
The rheological behavior of these solutions has been 
analyzed in various solvent contents to identify the 
most suitable solvent or mixture of solvents and content 
for the preparation of feedstock for 3D printing technol-
ogy with CA recovered from CBs (Jungst et  al.2016; 
Tekin and Çulfaz-Emecen 2023; Cafiero et al. 2023). A 
comparison with the rheological behavior of solutions 
based on pure powder CA has also been conducted.

Materials and Methods

Materials

Smoked CBs have been collected by Essequadro Eye-
wear Company S.r.l. (Italy). To evaluate the effect of 
smoking on the quality of recovered CA, unsmoked 
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cigarette CBs of the RIZLA® brand (uCA) have been 
purchased and used in this work. The CA powder was 
supplied from Merck Life Science (Milano, Italy) 
and used as a pure reference material (p-CA). Dis-
tilled water (DI), acetone 99% v/v, ethanol 99% v/v, 
dimethyl sulfoxide, triacetin (TAC) and polyethylene 
glycol 400 (PEG 400) were purchased from Merck 
Life Science (Milano, Italy). All reagents were used 
as received.

Green Extraction and Precipitation of CA

The CBs were sterilized in an autoclave for 1 h at a 
temperature of 120 °C and 1 bar and, then washed 
in cold water three times to extend the CA fibers 
and in ethanol 99% w/w twice to remove potential 
organic compounds (see De Fenzo et  al. 2020). 
During sterilization and washing with water and 
ethanol, heavy metals have also been removed. The 
extraction of cellulose acetate from the cleaned CBs 
has been performed by using a dissolution-reprecip-
itation technique to obtain a cellulose acetate pow-
der. In particular, the cleaned CBs were dissolved 
in acetone (5% w/w) for 1  h at room temperature 
and then centrifuged to remove any trapped resi-
dues in the filter, mainly soot. The solution was kept 

in the ice bath and a nonsolvent (ethanol or water) 
was added dropwise. The solvent/nonsolvent ratio 
is 1:2. The precipitate was recovered with filtra-
tion and washed twice with ethanol. Finally, the 
powder was dried at 80 °C for 1 h in the oven. The 
scheme of the recovery process of CA from CBs is 
reported in Fig.  1. The recovered cellulose acetate 
powder is hereafter denoted as r-CA. The same pro-
cedure has been used to extract cellulose acetate 
from unsmoked filters RIZLA®. In this case, the 
extracted cellulose acetate is hereafter denoted as 
u-CA.

In Fig.  1, we show the scheme procedure; the 
collected cigarette butts have been sterilized in a 
water autoclave at a temperature of 120° C, after 
the sterilized CA has been subjected to some wash-
ing in water and ethanol; the recovered CA has been 
characterized to evaluate possible dangerous sub-
stances as reported with major details in the paper 
by De Fenzo et al. 2020; finally, the dissolution and 
reprecipitation technique have been used to obtain 
the r-CA, u-CA, and p-CA powders. Since CA is a 
fibrous material, CA powder cannot be obtained by 
a mechanical process, so, when we grind the fibers, 
we obtained fibers with controlled dimensions on 
the micron scale.

Fig. 1   Scheme of the recovery process of CA from CBs
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Preparation of CA Films

Films based on different CA (r-CA, u-CA, and p-CA) 
were produced by the solvent casting technique. CA 
was dried in the oven until a constant weight was 
observed. Then, 0.5 g of CA was dissolved in 12 mL 
of acetone followed by stirring (800  rpm) at room 
temperature for 1 h. The prepared solution was then 
filtered to remove dust and other traces of impuri-
ties. The solution was left at room temperature for 
two hours to remove air bubbles. The prepared clear 
solution was cast onto polystyrene Petri dishes for 
film formation and then stored in plastic bags until 
use. All films obtained were very transparent and free 
of air bubbles. The same procedure has been used to 
produce films based on plasticized r-CA with 15 wt% 
TAC and 10 wt% PEG 400, hereafter denoted as r-CA 
15% TAC and r-CA 10% PEG. In this case, plasticiz-
ers were added to the solution after the dissolution 
of r-CA in acetone and the resulting solution was 
stirred for another 10 min to obtain a good dispersion 
of plasticizer. Film thickness was measured using a 
digital micrometer (Mitutoyo, Japan); it was approxi-
mately 500 µm.

Preparation of CA solutions

Solutions of different compositions have been pre-
pared as follows to evaluate the possible use in 3D 
printing. In a 5 mL vial, 0.5 g of CA was weighed, 
and 4 mL of solvent or solvent/co-solvent was added 
dropwise while manually mixing. This solution was 
placed in an ultrasonic bath for 20 min until complete 
homogenization. The composition of the polymer 
solutions prepared for rheological studies is shown in 
Table 1.

Sample characterization

To evaluate both structural/morphological properties 
and thermodynamic/functional properties of CA sam-
ples, several experimental techniques have been used.

Scanning electron microscopy and X-ray microa-
nalysis (SEM–EDX): The morphology of fibers and 
powders of r-CA has been investigated by using a 
scanning electron microscope (Quanta 200 FEG, 
FEI, The Netherlands). Before SEM analysis, the 
samples were coated with a thin layer (about 10 nm 
thick) of an Au–Pd alloy using a sputter coating 

system (Emitech K575, Quorum Technologies LTD, 
UK). X-ray microanalysis was performed with the 
EDX Inca Oxford 250 instrument. The cut direc-
tions were the same for all samples.

Atomic Absorption Spectrometry: the analysis of 
heavy metals present in r-CA has been performed 
by using an atomic absorption spectrometer (Per-
kin Elmer Analyst 700, Norwalk, CT, USA) with a 
deuterium background corrector. All measurements 
were performed in an air/acetylene flame. A 10 cm 
long slot-burner head, a lamp, and an air–acetylene 
flame have been used. r-CA was dissolved in 0.5 mL 
of concentrated HNO3 and made up to 5  mL with 
distilled water for analysis.

Thermogravimetric analysis (TGA): the ther-
mogravimetric analysis of films was performed by 
using a Q500 TGA (TA Instruments, New Castle, 
Delaware, USA). The samples were heated from 30 
to 450 °C at a heating rate of 5 °C/min under nitro-
gen and from 450 to 600 °C under air.

Thermally modulated differential scanning calo-
rimetry (TMDSC): the temperature modulated dif-
ferential scanning calorimetry of the films was 
performed with a Q 2000 DSC (TA Instruments, 
New Castle, Delaware, USA) under nitrogen atmos-
phere (50  mL/min); analysis has been carried out 
with a heating rate of 5 °C/min, modulation ampli-
tude ± 2 °C, and modulation period of 40 s.

Fourier-transform infrared spectroscopy (FT-IR): 
FT-IR analyses of films have been performed using 
a System 2000 FT-IR (Perkin–Elmer, Waltham, 
MA, USA) at ambient temperature. The samples 
were analyzed in ATR spectra mode from 4000 to 
600  cm−1 with a wavenumber resolution of 4  cm−1 
for 64 scans. These analyses were performed in the 
ATR mode to estimate the principal chemical bonds 

Table 1   Composition of CA solutions for rheological studies

Sample CA [% wt] Acetone 
[% wt]

DMSO [% wt]

r-CA-15-AC 15 85 -
r-CA-20-AC 20 80 -
r-CA-25-AC 25 75 -
r-CA-20-AC-D 20 40 40
p-CA-20-AC-D 20 40 40
p-CA-20-D 20 - 80
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present in the samples and to verify any changes 
induced by the processes.

Contact angle measurements: the hydrophilicity 
of the films has been characterized by water contact 
angle measurements using a contact angle meter (CA, 
OCA20, Data physics, Germany). A drop (3 μL) of dis-
tilled water has been deposited on at least ten different 
sites on the surface of the film and the contact angles 
have been determined at the right and left ends of the 
drop. The contact angle value was calculated by averag-
ing the measured values.

Dynamic mechanical thermal analysis (DMTA): 
the thermo-mechanical properties of the films have 
been investigated in shear mode (2 gaps configuration, 
5 mm each) using a DMA + 1000 Metravib (ACOEM, 
Limonest, France SAS). The films have been cut into 
rectangular samples with a length of 35 mm and width 
of 15  mm. Thickness was measured using an outside 
analog micrometer (0–25  mm model, INECO s.r.l., 
Osnago, Italy). The linear viscoelastic regime has been 
preliminary investigated in p-CA samples by perform-
ing a strain sweep test at room temperature (25 ± 2 °C) 
and with a frequency of 10  Hz. The upper limit has 
been found to be 0.08% of strain. DMTA measure-
ments have been made at a frequency of 10  Hz with 
a dynamic strain of 0.03%. The temperature ramp has 
been set at 2 °C/min with a temperature ranging from 
25  °C to 250  °C. Transition temperatures were deter-
mined from the peak of the damping factor (tan δ) 
plot, the error being within ± 2 °C. Each test has been 
repeated three times.

Rheological Measurements: rheological measure-
ments were performed using a stress controlled rota-
tional rheometer (RheoScope MARS II, HAAKE, 
Germany) equipped with 20 mm parallel plates. The 
tests were carried out at 25 °C under nitrogen atmos-
phere, with a gap thickness of 0.2 mm. A solvent trap 
was used to prevent solvent evaporation. Frequency 
sweep tests were performed from 0.1 to 100 Hz with 
a fixed strain of ζ = 0.1% were carried out to operate 
in the linear viscoelastic region.

Results and Discussion

Morphological and Elemental Analysis

The morphological evolution of the reprecipitation 
processes from CA fibers to powder is depicted in 

Fig. 2. The r-CA fibers produced before the extraction 
process are shown in Fig.  2a). The morphological 
investigation of the r-CA shows that the fiber surface 
turned smoother after sterilization and washing treat-
ments. Furthermore, it has been feasible to determine 
by EDX analysis that a titanium coating covers the 
fibers. There are additional heavy metals, including 
lead (Pb), cadmium (Cd), and zinc (Zn). Cigarette fil-
ters are white because of titanium (Ti), which is found 
as titanium oxide. Instead, as shown in Fig. 2b), the 
r-CA powder produced by the dissolution-reprecip-
itation step exhibits a collapse of the fiber structure 
and a decrease in the concentration of Ti and heavy 
metals. For the analysis of the composition of fiber 
and powder, three different areas of each sample 
were analyzed and the average values are shown in 
the tables in Figs. 2a) and 2b). These data have been 
confirmed by heavy metal research by atomic absorp-
tion spectrometry. The results have recorded the con-
centration of 0.02  ppm of Pb, 0.05  ppm of Zn, and 
0.03 ppm of Cd and the presence of 0.04 ppm of Ti 
for the r-CA powder. For the unsmoked filter (u-CA) 
the results show a concentration of 0.08  ppm of Ti 
and 0.03 ppm of Pb. Micevska et al. (2006) suggest 
that the toxicity of cigarette filters is also related to 
the presence of heavy and trace metals. These metals, 
especially heavy metals such as lead (Pb) and cad-
mium (Cd), are found in various brands of cigarette 
filter because of factors such as tobacco cultivation, 
soil pollution, pesticide and herbicide use, cigarette 
production processes, and the inclusion of brighten-
ing agents in the paper such as titanium dioxide.

Thermal and FTIR Analysis

The thermal decomposition of r-CA and p-CA was 
divided into two weight loss stages, corresponding 
to the slow pyrolysis and fast pyrolysis stages, while 
u-CA presents three weight loss stages (see Fig. 3a)). 
For r-CA and p-CA there is the largest mass loss of 
the sample at ~ 89.29% and ~ 79.04% respectively, 
which represents the main decomposition stage. This 
stage is characterized by a DTG peak located at a 
temperature of 346 °C, which is attributed to the ther-
mal decomposition (pyrolysis) of cellulose acetate 
(Yousef et  al. 2022). In the second reaction stage, 
the sample mass loss is ~ 9.2%, with a residual mass 
of ~ 0.8% at 600 °C for r-CA, while the sample mass 
loss is ~ 15%, with a residual mass of ~ 0.6% at 600 °C 
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C O Ti Zn Cd Pb

%w/w 48.4 57.5 2.37 0.36 0.35 0.41

C O Ti Zn Cd Pb

%w/w 48.0 56.5 1.37 0.22 0.05 0.27

Fig. 2   SEM images of a) r-CA fibers after green treatment and b) r-CA powder obtained by the dissolution-reprecipitation technique 
and chemical composition related to EDX microanalysis
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for p-CA (Fig. 3a); u-CA presents a significant mass 
loss of ~ 8.5% manifesting as a DTG peak at 267 °C 
(Fig.  3a), and this reaction stage is attributed to the 
thermal decomposition of the plasticizer (Dreux et al. 
2019). The cigarette filter that we have named u-CA 
comprises thin fibers of cellulose acetate aimed at 
improving filtration efficacy by intercepting a por-
tion of the smoke to prevent inhalation. These fibers 
have a diameter of approximately 20 µm and undergo 
titanium dioxide (TiO2) treatment to decrease their 
sheen. Subsequently, they are assembled into units 
containing 15000 fibers, using glycerol triacetate (tri-
acetin (TAC)) as a binding agent to form the filter. TA 
serves as a common plasticizer for cellulose acetate 
filters, with typical values ranging between approxi-
mately 6% and 9% of the total filter weight, to achieve 
the desired hardness (Finster et al. 1986). Numerous 
scientific studies (Bonanomi et al. 2020), (Araújo and 
Costa 2019), (Bao et al. 2015), indicate that cellulose 
acetate differs from conventional cellulose due to its 
plasticized nature. In addition, various chemicals are 
used for paper preparation, including salts, sodium 
monoammonium phosphate, and potassium citrates, 
to accelerate or control the burning rate. The burn rate 
has an important effect on the number of puffs that 
can be obtained by the smoker and the smoke yield. 
Additionally, filters may contain charcoal, which can 
adsorb some chemicals and improve taste. Some fil-
ters also incorporate additives such as flavorings or 
methanol. In Fig.  3a) there is the largest mass loss 
of the sample at ~ 56.53%, which represents the main 

decomposition stage. This stage is characterized by a 
DTG peak located at a temperature of 346 °C, which 
is attributed to the thermal decomposition (pyrolysis) 
of cellulose acetate, as already mentioned. In the third 
stage, the sample mass loss is ~ 12.5%, with a residual 
mass of ~ 6.2% at 600 °C. The thermal results indicate 
that the r-CA material is more like p-CA than u-CA, 
and the recovery treatment permits the removal of 
plasticizers. In Fig.  3b), we have studied and com-
pared the thermal behavior of r-CA 10% PEG and 
r-CA 15% TAC.

For 10% r-CA PEG, weight loss takes place in 
a single step, mainly due to breakage of the PEG 
chains; the largest mass loss of the sample at ~ 85.26% 
represents the main decomposition stage in a tem-
perature range of 228 to 420 °C. This stage is char-
acterized by a DTG peak located at a temperature of 
346  °C, which is attributed to thermal decomposi-
tion (pyrolysis) of cellulose acetate (Fig.  3 b)). The 
materials are stable below 200 °C indicating reason-
able thermal stability. The thermal stability of r-CA is 
high, having an initial degradation temperature above 
346 °C.

For r-CA 15% TAC the weight loss takes place in 
two steps; a significant mass loss of ~ 17.43% mani-
festing as a DTG peak at 267 °C (Fig. 3b), and this 
reaction stage is attributed to the thermal decomposi-
tion of the plasticizer. Furthermore, there is the larg-
est mass loss of the sample at ~ 63.60%, which rep-
resents the main decomposition stage. This stage is 
characterized by a DTG peak located at a temperature 

Fig. 3   a TGA and DTG curves of films r-CA, u-CA, and p-CA films; b TGA and DTG curves of films r-CA, r-CA 10% PEG and 
r-CA 15% TAC​
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of 346 °C, which is attributed to the thermal decom-
position (pyrolysis) of cellulose acetate as already 
mentioned. In the third stage the sample mass loss 
is ~ 12.29%, with a residual mass of ~ 6.2% at 600 °C.

The TMDSC method provides enhancements over 
conventional DSC in sensitivity and resolution. It 
enables the differentiation of overlapping events that 
are challenging or impossible to distinguish using 
standard DSC, such as simultaneous melting and re-
crystallization. Modulation facilitates the breakdown 
of the total heat flow signal into its thermodynamic 
(heat capacity) and kinetic (irreversible) components. 
A broad endothermic event between ambient temper-
ature and 100 °C is evident in all the TMDSC sam-
ple traces (see Fig. 4a) and b) and is ascribable to the 
water desorption from the polymer. A second endo-
thermic peak at approximately 230  °C can be visu-
alized for all the traces and is related to the melting 
of the polymer. The Tg of r-CA is 201 °C, for p-CA 
196 °C, while for u-CA it is 138 °C. The lower Tg of 
u-CA confirms the presence of plasticizers, because 
the plasticizers increase the free volume between the 
polymer chains, spacing them apart. The polymer 
chains slide through each other at lower temperatures, 
resulting in a decrease in Tg.

The TMDSC of the addition of 10% w/w of PEG 
(Fig. 5a) and b) leads to a decrease of Tg to 160 °C 
compared to r-CA (Tg equal 201 °C), while the addi-
tion of 15% TAC leads to a decrease of Tg to 112 °C. 
The Tg of the polymer r-CA has been changed by 
the addition of plasticizers, which has been dra-
matically reduced with the addition of TAC, so that 

the hardness has been reduced, the strength has 
decreased, and the processability has been improved.

A further characterization to evaluate the chemi-
cal modification caused by the recovery process and 
the addition of plasticizer was obtained by ATR-FTIR 
spectroscopy.

Figure  6a) shows the ATR spectra of the r-CA, 
u-CA, and p-CA films, while the spectra of the r-CA, 
r-CA10% PEG, and r-CA 15% TAC films are reported 
in Fig.  6b). The p-CA film shows a broad peak at 
3490  cm-1, which can be attributed to the -OH 
stretching of non-acetylated cellulose. The absorp-
tion band at wave numbers 2942 and 1735  cm−1 
corresponded to CH stretching of the methyl group 
(-CH3) and carbonyl stretching of the acetate group 
(C = O). Other bands at 1642, 1437, 1373, 1211, 
1033, and 901 cm−1 are H–O-H bending of absorbed 
water, CH2 bending, C-H bending vibration of CH3 of 
acetyl group, C-O stretching of acetyl group, and C 
of cellulose backbone and C–O–C stretch, or C–O–C 
stretch of a glycosidic β-(1 → 4) bond. (Tekin et  al. 
2023; Cafiero et  al. 2023; Fei et  al. 2017; De Frei-
tas et al. 2017; Zugenmaier 2004). The ATR spectra 
of r-CA and u-CA are like those of p-CA, indicat-
ing the efficiency of the extraction method proposed 
in this work. The ATR spectra of the r-CA 10% PEG 
and r-CA 15% TAC films show no differences with 
respect to the r-CA spectra. This behavior is because 
cellulose acetate, TAC, and PEG 400 have the same 
main functional groups, so the presence of plasticizer 
in the samples can be detected mainly by increasing 
the absorbance intensity.

Fig. 4   a MDSC Reversing Heat Flow; b MDSC Non-Reversing Heat Flow curves of r-CA, u-CA and p- CA films
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Contact Angle Measurements

The water contact angles of r-CA, p-CA, u-CA, r-CA 
10% PEG, and r-CA 15% TAC films are summarized 
in Table 2.

Samples r-CA, p-Ca, and u-CA show different 
surface hydrophilicity. Generally, the surface water 
contact angle of plain CA membrane from commer-
cial polymers is within the range of 50–60°, which 
can be attributed to variation in surface structure and 
fabrication parameters and possibly due to the pres-
ence of impurities. The unsmoked sample is more 
hydrophilic than the others because cellulose acetate 

retains the water-soluble smoke constituents (many 
of which are irritating, including acids, alkalis, alde-
hydes, and phenols) while allowing the lipophilic 

Fig. 5   a MDSC Reversing Heat Flow; b MDSC Non-Reversing Heat Flow curves of r-CA compared to r-CA 10% PEG, r-CA 15% 
TAC films

Fig. 6   a FT-IR spectra of r-CA, u-CA and p-CA films; b FT-IR spectra of r-CA, r-CA 10% PEG and r-CA 15% TAC films

Table 2   Contact angle results of films r-CA, p-CA, u-CA, 
r-CA 10% PEG, r-CA 15% TAC​

Sample Contact angle

r-CA 74.7° ± 1.5°
p-CA 65.0° ± 4.0°
u-CA 55.8° ± 1.8°
r-CA 10% PEG 400 46.7° ± 6.8°
r-CA 15% TAC​ 96.4° ± 2.4°
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aromatic compounds. The sample p-CA is a commer-
cial powder of cellulose acetate, not fibers, with a dif-
ferent structural morphology; r-CA is a cellulose ace-
tate fiber recovered after sterilization and extraction, 
having a different structure fiber. The added PEG 
increases the hydrophilicity of the cellulose acetate 
because the value of PEG is hydrophilic and the value 
is 47°, while the hydrophobicity of TAC increases 
because the TAC is a hydrophobic polymer.

DMTA results

Cellulose acetate is a brittle material. Plasticization 
improves the ductility and facilitates melt processing. 
Therefore, it was of interest to determine whether the 
PEG and TAC in the formulation could provide the 
necessary plasticization effect.

To this aim, dynamic mechanical thermal analysis 
was performed to confirm and gather information on 
the material structure. The change in glass transition 
temperature was used to investigate the efficiency of 
the active compounds as plasticizers for r-CA. This 
was determined by the peak in the tan δ (G”/G’) 
curves, where G’ is the elastic modulus and G’’ is the 
loss modulus. Therefore, Fig.  7a) shows the DMTA 
thermograms for the recovery of cellulose acetate 
compared to p-CA and u-CA. The r-CA sample shows 
a Tg of 223 °C, which is consistent with the TMDSC 
results. Compared to TMDSC, DMTA is more sensi-
tive to changes occurring in Tg because the mechani-
cal changes are more dramatic than changes in heat 
capacity. This is because the DMTA can detect short 

range motion before the glass transition range is 
attained and thus identify the onset of main chain 
motion. p-CA shows a glass transition temperature of 
225  °C (a higher value if compared to the TMDSC 
value, as expected due to the frequency measure-
ment) and a room temperature G’ = 1.23 × 109 Pa (see 
Fig. 7a)). Being far below Tg, assuming an isotropic 
linear elastic material with a Poisson’s ratio of 0.33, 
the obtained storage modulus is consistent with the 
storage modulus in tensile setting usually found in 
the literature for a similar degree of substitution of 
2.5 (Zugenmaier 2004; Guo 1993; Bao et  al. 2015). 
The values of Tg and G’ confirm the TMDSC results, 
and the recovery material has similar properties and 
structure to those of p-CA. The u-CA sample shows a 
Tg of 208 °C and G’ = 1.13 × 109 Pa. The lower value 
of the glass transition temperature compared to the 
p-CA and r-CA is caused by plasticizers included in 
the formulation of commercial cigarette filters.

As shown in Fig. 7b), when plasticizers are added 
to r-CA, the Tg and G’ decrease. In fact, r-CA with 
10% w/w of PEG shows a Tg of 133  °C and room 
temperature G’ = 7.39 × 107  Pa. Tg shows a remark-
able decrease of approximately 90  °C in relation 
to the r-CA sample, while the storage modulus at 
room temperature decreases by more than one order 
of magnitude. The effect of the PEG 400 on the 
thermo-mechanical properties of CA is noticeable; 
also, the storage modulus starts to drop immediately 
above room temperature, as supported by compli-
ance values found by Guo 1993. For the r-CA 15% 
TAC film a Tg = 193° C and a room temperature 

Fig. 7   a Storage modulus and damping factor as a function of temperature for r-CA, u-CA, and p-CA films; b storage modulus and 
damping factor as a function of temperature for r-CA, r-CA 10% PEG, and r-CA 15% TAC films
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G’ = 8.47 × 108  Pa are found. The presence of TAC 
induces a decrease in the storage modulus, consistent 
with observations from Quintana et al. 2013. Since Tg 
represents a thermodynamic transition, its value for 
the same material depends on several factors, such as 
measurement technique, sample geometry, and ani-
sotropy (Idrees et al. 2018).

Rheological studies

Rheological studies are conducted to establish the 
processability of 3D-printing inks and predict the 
quality of the printed objects based on factors such 
as viscoelasticity and viscosity of the inks. Ideally, 
in 3D printing, inks should exhibit a flow point and 
shear-thinning behavior to enable a continuous flow 
of ink through the printing nozzle and rapid recovery 

of viscosity necessary to maintain the printed object’s 
shape stability (Ebers and Laborie 2020).

The shear thinning behavior of various prepared 
inks was evaluated by monitoring the change in 
complex viscosity |η*| with increasing oscillation 
frequency (Fig. 8). Figure 8a) and 8b) illustrate how 
the viscosity curve is affected by the solvent con-
tent and type, while Figs. 10c) and 10d) compare the 
rheological behaviour between two samples of cellu-
lose acetate (r-CA and p-CA) under specific solvent 
conditions (see Table  1). All samples demonstrate a 
pronounced shear-thinning behaviour typical of pseu-
doplastic fluids, which exhibit low viscosity at high 
frequency, and vice versa.

It should be noted that previous research, such as 
that of Zepnik et al. 2013, has already explored the 
shear thinning behavior of cellulose acetate mixed 

Fig. 8   Complex viscosity at room temperature: a effect of 
acetone content for r-CA based solutions; b effect of type of 
solvent for r-CA based solutions; c and d comparison between 

r-CA and p-CA based solutions. Trend lines have been added 
for each viscosity curve
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with a plasticizer, triethyl citrate (TEC), in the melt 
state at high temperatures. Their results showed that 
the viscosity remained relatively high for 3D print-
ing, making it less practical for the application. The 
approach of using solvent-assisted printing at room 
temperature may be more advantageous, as indi-
cated by the substantial reduction in viscosity when 
acetone is used as a solvent. Since acetone evapo-
rates rapidly at room temperature, leading to a rapid 
solidification of the solution during rheological test-
ing, resulting in higher viscosity values, we also 
considered the dimethyl sulfoxide (DMSO) as a 
co-solvent or alternative to acetone. In this case the 
solutions exhibit a different rheological behaviour, 
combining a Newtonian region at low frequency and 
a shear-thinning region at high frequency. To quanti-
tatively assess the degree of shear-thinning of these 
solutions, we fitted their viscosity curves using the 
Ostwald − de Waele (or power law) viscosity model, 
which is given by Eq. (1):

where η represents viscosity, γ is the shear rate, k is 
the consistency index, and n is the power law index 
that defines the viscosity behaviour, i.e., shear thin-
ning (n < 1), Newtonian (n = 1), or shear thickening 
(n > 1). The equation fitting parameters of the differ-
ent viscosity curves are summarized in Table 3 and 
are indicative of the material printability. The con-
sistency index (k) is higher for r-CA in the presence 
of only AC solvent and increases from 2863 (15 wt 
% AC) to 8018 (25% wt % AC) with increasing AC 
content. n for every ink is < 1 indicating shear thin-
ning behaviour. Furthermore, n is lower for r-CA in 
presence of only AC solvent and decreases from 0.23 
(15 wt % AC) to 0.12 (25 wt % AC) with increas-
ing AC content, which manifests as shear-thinning 
behaviour that improves with increasing AC content 
to improve flowability and better printing perfor-
mance (Ferrarezi et  al. 2013; Liu et  al. 2022). The 
higher k and lower n have also been evaluated for the 
p-CA-20-AC ink. In Fig. 11 the storage modulus (G’) 
and the loss modulus (G’’) as a function of the oscil-
lation frequency are reported for the r-CA-20-AC 
and r-CA-25-AC inks. As shown in Fig.  9a), the 
r-CA-20-AC ink shows elastic behaviour or solid-like 
behaviour (G’’ < G’) in all oscillation frequencies 
range due to its more complex hydrogen-bonding 

(1)� = k�
n−1

network and does not exhibit crossover strain (flow 
point) that guarantees flow during printing due to 
the transition from solid-like to liquid-like behaviour 
(Appaw et al. 2007). Instead, a flow point (Fig. 9b) 
is observed for the CA ink that contains 25% wt of 
AC, suggesting that its extrusion will produce a sta-
ble and accurate 3D printed object. A flow point has 
also been observed for all inks in which DMSO is 
present, as observed in Fig. 10.

To check the possibility of using our recovered 
material as feedstock for SSE 3D printing, we sim-
ulated an extrusion process at room temperature 
by spinning the recovered cellulose acetate mixed 
with 20% w/w acetone using a syringe. The wire 
obtained dries quickly in the air, maintaining good 
homogeneity. In Fig. 11 we show a scheme modifi-
cation of the syringe for r-CA ink.

The r-CA is stored in a syringe-like reservoir 
connected to a dispensing nozzle on the printer 
head. The displacement of the syringe piston and 
the flow of ink through the nozzle result in stress 
within the nozzle on the printer head, causing the 
viscosity of the paste to decrease and the ink to 
flow (see Fig.  11). As the r-CA is deposited and 
the stress disappears, the paste relaxes and forms a 
solid gel, resulting in the successful buildup of 3D 
objects. Through careful control of ink composi-
tion, rheological behavior, and printing parameters, 
3D structures that consist of continuous solids, high 
aspect ratio (e.g., parallel walls), or spanning fea-
tures can be constructed.

Table 3   Fitting parameters of the power law for the different 
solutions

Sample k (Pa*sn) n

r-CA-15-AC 2863 0.23
r-CA-20-AC 7734 0.14
r-CA-25-AC 8018 0.12
r-CA-20-AC-D 20 0.98
p-CA-20-AC-D 23 0.98
r-CA-20-D 33 0.98
p-CA-20-D 32 0.98
p-CA-20-AC 1840 0.24
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Fig. 9   Storage (G’) and loss (G’’) moduli as functions of frequency for a) r-CA15-AC; b r-CA20-AC and c) r-CA25-AC

Fig. 10   Storage (G’) and loss (G’’) moduli as functions of frequency for a) p-CA20-AC-D; b r-CA20-AC-D; c p-CA20-D and d 
r-CA20-D
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Conclusions

Cigarette waste poses a significant environmental 
pollution issue, but it can be recycled by transform-
ing it into raw material to produce new products. 
Cigarette butts contain various compounds, includ-
ing aromatic and heterocyclic amines, carbonylated 
compounds, phenols, polycyclic aromatic hydro-
carbons, carbon and nitrogen oxides, and ammo-
nia, which have different solubilities based on their 
polarity. Leveraging the solubility characteristics, 
and the main component being cellulose acetate, 
which dissolves in acetone or ethyl acetate, we 
propose a method to purify this polymer through 
sterilization, and we have introduced a dissolution 
and reprecipitation process resulting in a fine pow-
der, enhancing sample homogeneity and manipula-
tion ease. Characterization using Fourier-transform 
infrared spectroscopy, thermogravimetric analysis 
revealed that the purified cellulose acetate main-
tains structural and thermal properties like those of 
pure cellulose acetate, while it is very different from 
untreated cigarette filters, indicating that the puri-
fication process does not alter its material proper-
ties. The dynamical properties of unplasticized and 
plasticized cellulose acetate have been investigated 
by modulated differential scanning calorimetry and 

dynamic mechanical thermal analysis. The plasticiz-
ing effect of PEG and TAC on cellulose acetate was 
quantified by a decrease in the glass transition tem-
perature as a function of plasticizer content. Rheo-
logical studies have been conducted to establish the 
processability of 3D printing inks and predict the 
quality of the printed objects based on factors such 
as the viscoelasticity and viscosity of the inks. It is 
an eco-friendly option because of the recovery of 
cellulose acetate from cigarette butts, making it suit-
able for various applications. However, it is impor-
tant to note that cellulose acetate can be more dif-
ficult to print compared to other thermoplastics and 
requires careful control of the temperature and print-
ing parameters to achieve optimal results.
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