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How environmentally friendly is the
disposal of clear aligners? A gas
chromatography-mass spectrometry
study
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Thrissur, Ernakulam, and Kottayam, Kerala, India

Introduction: Used clear aligner trays are often indiscriminately disposed of with general plastic waste and
incinerated. This study aimed to analyze the smoke composition from incinerating 2 common aligner materials:
glycol-modified polyethylene terephthalate (PET-G) and polyurethane. Methods: Each of the 2 materials in trip-
lets was thermoformed. The thermoformed trays were shredded and subjected individually to open-fire
combustion, ignited using a methane torch, in a specially designed combustion chamber. The resultant
smoke was collected and analyzed using gas chromatography-mass spectrometry to study its in-depth
composition. Results: A total of 20 peaks, corresponding to 20 compounds, were identified from each of the
2 material samples. O-xylene (21.06%) showed the maximum concentration in the PET-G sample, whereas
1,4-dimethyl-1,3-cyclohexadiene in polyurethane (18.88%). The first peak in the PET-G sample
corresponded to benzene with a relative concentration of 5.18%. Four compounds were common to both
samples:  1,4-dimethyl-1,3-cyclohexadiene;  1,3-cyclohexadiene, 2,3-dimethyl-;  1-hydroxymethly-4-
methylenecyclohexane; and cyclohexanemethanol, 4-methylene-. Conclusions: Benzene, a group 1 carcin-
ogen, was identified in the PET-G smoke sample, whereas tetrahydrofuran, a suspected carcinogen, was
found in the polyurethane sample. Some compounds were hazardous, whereas most were skin, eye, and
respiratory irritants. Possible mitigation strategies include proper case selection, efficient manufacturing,
direct 3-dimensional printing, and developing biodegradable materials. Clinicians can set up ‘used aligner
collection points’ to ensure responsible disposal. Proper disposal guidelines and stringent regulations are the
need of the hour. (Am J Orthod Dentofacial Orthop 2025;167:39-46)
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appliances has grown dramatically over the recent
years. Clear orthodontic appliances have been in

use since the mid-1900s, but it was not until 1997
that Align Technology (Santa Clara, Calif) integrated
contemporary technologies to offer clear aligner treat-
ment (CAT) under the brand Invisalign. Currently, a
diverse array of aligner manufacturers operates globally.
CAT employs a series of computer-generated custom-
ized trays to gradually guide teeth to predetermined po-
sitions. Thermoplastic polymers are employed in the
fabrication of aligners, with glycol-modified polyeth-
ylene terephthalate (PET-G) being commonly used by
most manufacturers.' In contrast, Invisalign uses a highly
elastic thermoplastic polyurethane termed SmartTrack.”
The total number of aligner trays required per case
varies widely based on the specific malocclusion being
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addressed, with each tray replaced every =2 weeks. volume air sampler on a quartz fiber filter that was
Although there is ample information available about cleaned and weighed beforehand. The filters were
their usage, there is limited guidance on their disposal.’ desiccator-dried to a fixed weight, the collection area
The disposal of used aligner trays poses a challenge as was gauged, and gravimetric analysis was used to calcu-
they constitute contaminated medical waste.” However, late the mass of the particles.

there is a lack of established protocols for their proper

handling,” often resulting in their indiscriminate Gas chromatography-mass spectrometry

disposal alongside regular household waste. Incineration
is one of the most common ways of general plastic waste
disposal, others being recycling and deposition in land-
fills.” Nevertheless, incineration of plastics is reported to
release toxic fumes into the atmosphere, posing signifi-
cant environmental and health hazards.”

Despite the growing body of research on CAT, their
environmental impact remains unexplored. Hence, this
study attempted to determine the combustion products
generated during incineration of 2 distinct thermoplastic
materials commonly used in clear aligner (CA) fabrication.

Each sample was subjected separately to the gas
chromatography-mass spectrometry (GC-MS) analyses
on a Thermo Trace 1300 Gas Chromatograph (Thermo Sci-
entific, Milan, Ttaly) coupled to a G2QToF Mass Analyzer
for nontargeted analysis. The GC was operated under the
following conditions: initially, at 50°C for 2 minutes, fol-
lowed by a gradual increase to 300°C at a rate of 6°C per
minute, and was held at 300°C for 20 minutes. Helium
gas served as the carrier. The mass spectrometer functioned
at 70 electron-volt, scanning from 50 to 650 daltons.

RESULTS
WATERIAL AND METHODS The detailed chemical composition of the smoke

The study was designed to investigate the environ- released after the incineration of PET-G and polyurethane
mental impact caused by 2 chemically different CA ma- aligner material is presented in Tables 1 and 11, respectively.
terials during incineration. 1t was conducted in the The retention time of each compound, along with their
Department of Orthodontics and Dentofacial Orthope- peak area percentage in the chromatogram, are also pro-
dics, Government Dental College, and the School of vided (Tables 1 and 11). A total of 20 distinct compounds
Environmental Sciences, Mahatma Gandhi University, were identified after the GC-MS analysis of the smoke
Kerala, India. The research protocol was approved by samples of both PET-G and polyurethane. The GC-MS
the institutional review board (IEC/M/22/2021/DCK). chromatograms of the PET-G and polyurethane samples
The ra7ti0nale of the study has been previously pub- are depicted in Figures 1 and 2, respectively.
lished. The area percentage reflects the relative concentra-

tion of each compound in a mixture. Analysis of the
Sample collection PET-G sample revealed that o-xylene had the highest

Thermoplastic CA sheets from 2 manufacturers, concentration, accounting for 21.06% of the total, fol-
namely, Duran (Scheu-Dental GmbH, lIserlohn, Ger- lowed by octa-2,4,6-triene at 20.63% and 1,4-
many) and Zendura (Bay Materials LLC, Fremont, Calif), bis(methylene)cyclohexane at 13.69% (Figs 1 and 3).
were procured, and a total of 3 sheets from each served The first peak, with the shortest retention time of
as the investigative material. The former is PET-G-based, 2.099 minutes, corresponded to benzene, having a rela-
and the latter is polyurethane-based. These preformed tive percentage of 5.18% (Fig 4). The last peak was iden-
sheets were thermoformed in a sample patient model us- tified as 2-Methyltricyclo(2.2.1.0 [2,6])heptane, with a
ing the Biostar vacuum-forming machine (SCHEU- retention time of 18.746 minutes and an area percent-
DENTAL GmbH, Iserlohn, Germany). age of 1.34%.

The methodology described by Simoneit et al® was In the case of polyurethane, the most abundant com-
adopted in this study. Each of the trays was shredded pound was 1,4-dimethyl-1,3-cyclohexadiene (18.88%),
and subjected individually to low-temperature, open- followed by 1-octanol (9.30%) and 2-pentene,2,4,4-
fire combustion in a specially designed combustion trimethyl- (9.100) (Figs 1 and 5). Tetrahydrofuran was
chamber. The shredded plastic samples of known weight the first compound to peak, with 1.910 minutes of
were spread out over a precleaned stainless-steel tray retention time and 8.13 area percentage, whereas the
and ignited with a methane torch. 1t was allowed to last peak corresponded to 1,2-benzenedicarboxylic
burn till the fire died out to produce the smoke. The acid, bis(2-methylpropyl) ester (retention time =
smoke thus generated was collected using a high- 18.676 minutes; area = 3.66%).
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Table I. GC-MS chromatogram compounds list of PET-G

Peak No. Retention time Compound name Compound formula Molecular weight Area (%)
1 2.099 benzene CgHg 78 5.18
2 3.130 toluene CeHsCH5 92 4.22
3 3.664 1-methylcycloheptene CgHy4 110 1.03
4 3.781 1,4-bis(methylene)cyclohexane CgHy, 108 13.69
5 3.842 2,5,5-trimethylcyclopentadiene CgH, 108 1.78
6 4.176 (E,E,E)-2,4,6-octatriene CgHy, 108 1.04
7 4.389 octa-2,4,6-triene CgHis 108 20.63
8 4.537 2,3-dimethyl-cyclohexa-1,3-diene CgHiy 108 6.66
9 4.707 o-Xylene CgHio 106 21.06
10 4.742 cyclopentene, 1-ethenyl-3-methylene- CgH1o 106 3.31
11 5.114 1,4-dimethyl-1,3-cyclohexadiene CgH;, 108 3.66
12 7.163 6-methyl-3-cyclohexenecarboxaldehyde CgH;,0 124 1.64
13 7.576 1-cyclohexene-4-carboxaldehyde, 1-methyl CgH;,0 124 1.27
14 8.422 1-hydroxymethly-4-methylenecyclohexane CgH,40 126 2.22
15 8.778 cyclohexanemethanol, 4-methylene- CgH,,40 126 2.71
16 9.162 benzoylformic acid CgHgO3 150 2.57
17 9.444 benzoic acid C;Hg0, 122 3.20
18 15.077 2-Imidazolidinone, 4-ethyl-4-phenyl- Cy1H4N,0 190 1.42
19 18.357 Tricyclo[2.2.2.0 (1,4)]octane CgHi 108 1.37
20 18.746 2-methyltricyclo[2.2.1.0 (2,6)]heptane CgHy, 108 1.34

Table Il. GC-MS chromatogram compounds list of polyurethane

Peak No. Retention time Compound name Compound formula Molecular weight Area (%)
1 1.910 tetrahydrofuran C,4Hg0 72 8.13
2 3.312 1,4-hexadiene, 2,3-dimethyl- CeHis 110 4.04
3 3.458 3-pentanone, 2,4-dimethyl- C;H,,0 114 3.43
4 3.780 cyclohexane, 1,4-bis(methylene)- CgHy, 108 6.75
5 4.388 cyclohexane, 1,4-bis(methylene)- CgHy, 108 4.69
6 4.499 1,4-dimethyl-1,3-cyclohexadiene CgHiy 108 18.88
7 4.535 1,3-cyclohexadiene, 2,3-dimethyl- CgHis 108 2.92
8 4.636 2,4-hexadiene, 2,5-dimethyl- CgHy4 110 2.43
9 4.705 benzene, 1,3-dimethyl- CgHio 106 3.83
10 5.069 2-pentene, 2,4,4-trimethyl- CgHig 112 9.10
11 5.989 1,4-butanediol C4H 100, 90 1.63
12 6.581 cyclotetrasiloxane, octamethyl- CgH,,0, 296 1.37
13 8.093 1-octanol CgH 150 130 9.30
14 8.422 1-hydroxymethly-4-methylenecyclohexane CgH,,40 126 2.45
15 8.779 cyclohexanemethanol, 4-methylene- CgH,40 126 2.19
16 9.126 cyclotetrasiloxane, octamethyl- CgH,40,Si, 296 3.71
17 13.778 butylated hydroxytoluene C;5H,40 220 6.75
18 13.854 trisiloxane, 1,1,1,5,5,5-hexamethyl-3,3-bis([trimethylsilylJoxy)- Cy,H3604Sis 384 2.87
19 14.362 butylated hydroxytoluene C;5H,40 220 1.86
20 18.676 1,2-benzenedicarboxylic acid, bis(2-methylpropyl) ester Ci6H2204 278 3.66
The compounds 1,4-dimethyl-1,3-cyclohexadiene; appliances in terms of improved esthetics and patient
1,3-cyclohexadiene, 2,3-dimethyl-; 1-hydroxymethly- compliance.” Advancements in digital technology have
4-methylenecyclohexane; and cyclohexanemethanol, facilitated the precise design and manufacture of aligners,
4-methylene- were common to both samples, but ensuring accurate fit and predictable tooth movements.'®
at different concentrations (Tables 1 and 11). The mean accuracy of Invisalign has increased
significantly from 41% in 2008 to 50% in 2020.'"'* In
DISCUSSION addition, the psychosocial benefits associated with their

discrete nature have enhanced overall patient satisfaction,

The advent of CAs represents a profound breakthrough S : . AT
contributing to improved quality of life.

in orthodontics, providing an edge over conventional fixed
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Fig 1. GC-MS chromatogram of PET-G sample.
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Fig 2. GC-MS chromatogram of polyurethane sample.

A diverse array of thermoplastic polymers, including
but not limited to polyurethane, polypropylene, PET-G,
and polyester, are employed in the manufacture of
aligners.'” Nonetheless, the precise molecular composi-
tion remains an intriguing trade secret.'®
Invisalign (Align Technology, Inc., Santa Clara, Calif)
currently employs SmartTrack LD30 ((Align Technology,
Inc., San Jose, Calif), which is a highly specialized multi-
layer aromatic thermoplastic polyurethane engineered
for superior performance.” A newer addition is the direct
3-dimensional (3D) printed aligners, in which, again, the
exact composition is obscure.'®

January 2025 e Vol 167 e Issue 1

The number of aligner trays per case is contingent on
the severity of the problem and the extent of refinements
required, typically ranging from 20 to >100 trays.'” Un-
fortunately, patients often lack proper disposal instruc-
tions, leading to the commingling of these trays with
other household waste.” Consequently, the trays are
frequently incinerated alongside general plastic waste,
the most common method of plastic waste disposal. In
addition, the waste generated after thermoforming of
aligners in the manufacturing units shares a similar
fate, further contributing to the volume of incinerated
plastic waste.

American Journal of Orthodontics and Dentofacial Orthopedics
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Fig 3. Mass spectra of the compounds with maximum concentration in PET-G sample.
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Fig 4. Mass spectrum of benzene in PET-G sample.

This investigation, thus, aimed to elucidate the
chemical composition of the effluent smoke generated
during the incineration of CA trays. Leveraging the
commonly used GC-MS technique, the compounds
were identified through comparative analysis with estab-
lished standards and an extensive component library.”
The research targeted the 2 predominant aligner compo-
sitions, PET-G and polyurethane, to provide a compre-
hensive understanding of their combustion by-products.

Each of the 2 samples, when subjected to GC-MS
analysis, was composed of 20 compounds with distinct

American Journal of Orthodontics and Dentofacial Orthopedics

compositional profiles. Four among them were found
common to both samples. O-xylene showed the
maximum concentration in the PET-G sample, whereas
1,4-dimethyl-1,3-cyclohexadiene  in  polyurethane.
Notably, the latter was 1 of the 4 compounds present
in both samples, but the concentration was different.
It was 18.88% (the highest) in polyurethane and
3.66% in PET-G.

The initial 2 peaks in the PET-G sample corresponded
to benzene and toluene, respectively. These compounds
were also identified during the GC-MS analysis of

January 2025 e Vol 167 e Issue 1
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Fig 5. Mass spectra of the compounds with maximum concentration in the polyurethane sample.

polypropylene and polystyrene, as documented by
Sarker et al.'® This cross-sample detection underscores
the pervasive presence of benzene and toluene across
various polymer matrices.

Benzene, detected at a concentration of 5.88% in the
PET-G sample, is reported to cause serious health haz-
ards. Prolonged exposure is primarily associated with
adverse effects on the bone marrow, leading to aplastic
anemia. Benzene is classified as a group 1 carcinogen by
the International Agency for Research on Cancer.'”
Long-term exposure is linked to an increased risk of
developing leukemia, particularly acute myeloid leuke-
mia, as well as other blood disorders such as myelodys-
plastic syndrome.”® The meta-analysis by Zhou et al”' in
2020 reported that concentrations of benzene
even <3.25 mg/m® were associated with genetic dam-
age, underscoring its potential for harm even at low
exposure levels.

Tetrahydrofuran, corresponding to the first peak in
the polyurethane sample at 8.13%, is a suspected

January 2025 e Vol 167 e Issue 1

carcinogen and can cause respiratory irritation, nausea,
headache, dizziness, and severe central nervous system
depression.”” Other compounds found in the polyure-
thane sample, such as cyclotetrasiloxane, octamethyl-
and 1,2-benzenedicarboxylic acid, bis(2-methylpropyl)
ester, may impair fertility or harm the fetus.”” Benzene,
1,3-dimethyl- or xylene (also in the polyurethane sam-
ple), and o-xylene (in the PET-G sample) can be fatal
if swallowed and enter the airways, with the former
causing serious eye damage, as well.””** Breathing in
high concentrations of o-xylene vapors can cause respi-
ratory irritation, nausea, headache, dizziness, and cen-
tral nervous system depression, similar to
tetrahydrofuran.””

Compounds such as 1-methylcycloheptene (in
PET-G), and 2-pentene, 2,4,4-trimethyl- (in polyure-
thane) are severe irritants to skin, eyes, and respiratory
system and potentially fatal if ingested.”” Toluene, in
the PET-G sample, can cause irritation, dizziness, and
headaches and long-term exposure can lead to serious

American Journal of Orthodontics and Dentofacial Orthopedics
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nervous system and reproductive health issues.”* 6- Ordering trays in batches can minimize waste in in-
Methyl-3-cyclohexenecarboxaldehyde (also in the stances of tracking failure, especially in complex cases.’®
PET-G sample) poses risks of serious eye damage Mandatory warnings in aligner packages pertaining to
and respiratory allergies or asthma.”” Nearly all iden- its return after use can be inscribed and insisted on for
tified compounds are found to be skin, eye, and respi- effective and sustainable disposal.
ratory irritants.”” Clinicians can further contribute to sustainability ef-
The World Health Organization reported that forts by setting up ‘used aligner collection points’ for
ambient air pollution is linked to 3.7 million deaths both commercially supplied and in-house aligners,
annually,”” with open burning potentially accounting fostering responsible disposal practices. Gupta et al’*
for up to 20% of these fatalities.”® Reyna-Bensusan have developed a protocol for discarding used aligners,
et al”’ identified PET and polystyrene contributing to which involves cleaning and disinfecting the trays using
the staggering 90% of the black carbon emissions pro- ultrasonic and ultraviolet cleaning devices or chemicals
duced by burning plastic waste. Unfortunately, both (baking soda and water), followed by packing them in
these materials are also involved in CA fabrication. An zip lock covers and disposing of them in red bags in
astounding 17 million patients worldwide have been accordance with biomedical waste management proto-
treated with Invisalign, as per the latest update.”® The cols. These aligners can then be recycled using any of
count will escalate further when factoring in other the previously mentioned methods.
aligner manufacturers, as well. The 3D-printed models This study, thus, sheds light on the pressing environ-
used for thermoforming conventional aligner trays mental and health concerns associated with aligner
pose an additional environmental burden as they follow disposal. Given the widespread adoption of CAT, the
the same methods of disposal. Thus, CAT can contribute study highlights the urgent need for sustainable waste
to a significant carbon footprint because of emissions disposal practices within orthodontic care. Although re-
from thermoplastic material extraction, manufacturing cycling initiatives by some of the leading aligner manu-
processes, global distribution, and waste disposal.””’ facturers are a step in the right direction, their current
These figures underscore the alarming situation in or- effectiveness is limited. The newer direct-printed
thodontic care regarding plastic waste generation. aligners offer advantages by obviating the need for
Mechanical recycling of small plastics such as 3D-printed models; however, the disposal of resin-
aligners and their packaging is often not favored based used trays continues to pose challenges. There-
because the energy required for recycling frequently ex- fore, orthodontists must actively engage in educating
ceeds the material return.’® Alternative recycling patients and promoting proper disposal practices. In
methods include chemical degradation techniques (eg, addition, regulatory frameworks necessitate stringent
glycolysis, hydrolysis, and aminolysis), feedstock recy- mandates to address this exigent issue. This synergistic
cling (pyrolysis, gasification, and hydrogenation), and effort can potentially mitigate the adverse environ-
biological degradation (microbial degradation, using mental and public health impacts of CAs.
bacteria and fungi, and enzymatic degradation).”'*’
Among these, glycolysis and gasification are widely Limitations and future direction

implemented on an industrial scale, whereas other
techniques are still in the research and development
stage but hold significant potential for sustainable
recycling practices.’’

This study focused only on 2 commonly used ther-
moplastic materials in conventional aligner fabrication.
Future studies may expand to encompass materials
with varying compositions to provide a broader under-
standing. The environmental sustainability of direct 3D
Possible ways to mitigate the environmental burden printed aligners using clear photopolymerisable resin
materials also needs probing. Moreover, further investi-
gations are warranted to elucidate the potential toxico-
logic effects of the myriad compounds released during
the combustion of these materials.

Recognizing the limitations of aligner systems and us-
ing this knowledge for proper case selection and treatment
planning is crucial. Developing biodegradable and eco-
friendly aligner materials is a promising strategy to reduce
the environmental impact. At the production level, imple-

menting more efficient manufacturing processes to mini- CONCLUSIONS

mize waste and energy consumption can significantly The study identified a wide range of combustion
lower the overall carbon footprint.’ Using direct 3D- by-products generated from the incineration of 2
printing techniques for aligner production can further distinct types of aligners. Importantly, PET-G aligners
reduce material waste and enhance production efficiency. released benzene, categorized as a group 1 carcinogen,

American Journal of Orthodontics and Dentofacial Orthopedics January 2025 e Vol 167 e Issue 1
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whereas polyurethane aligner trays released tetrahydro-
furan, a potential carcinogen. Some of the detected
compounds were hazardous, whereas most were irri-
tants to the skin, eyes, and respiratory system. These
results underscore the critical need for health care pro-
viders to implement and adhere to stringent protocols
for the safe and environmentally responsible disposal
of aligners.

AUTHOR CREDIT STATEMENT

Elbe Peter contributed to conceptualization, meth-

odology, formal analysis, funding acquisition, and
manuscript review and editing; J. Monisha contributed

to

data curation and original draft preparation; V.P.

Sylas contributed to methodology and formal analysis;
and Suja Ani George contributed to supervision and
manuscript review and editing.

ACKNOWLEDGMENTS

The authors thank the Indian Orthodontic Society for

funding this research.

REFERENCES

1.

January 2025 e Vol 167 e Issue 1

Dupaix RB, Boyce MC. Finite strain behavior of poly(ethylene tere-
phthalate) (PET) and poly(ethylene terephthalate)-glycol (PETG).
Polymer 2005;46:4827-38.

. Invisalign. Available at: https://www.invisalign.com/the-invisalign-

difference/smarttrack-aligner-material. Accessed March 18, 2024.

. Tunca M. The environmental impact of clear aligners: is recycling

and waste management controlled? Eur J Ther 2024;30:82-3.

. Freitas MPM. Aligners, environmental contamination, and the role

of orthodontics. Angle Orthod 2022;92:148-9.

. Evode N, Qamar SA, Bilal M, Barcelo D, Igbal HMIN. Plastic waste and

its management strategies for environmental stability. Case Studies
in Chemical and Environmental Engineering 2021;4:100142.

. Verma R, Vinoda KS, Papireddy M, Gowda ANS. Toxic pollutants

from plastic waste-a review. Procedia Environ Sci 2016;35:701-8.

. Peter E, Monisha J, George SA. Are clear aligners environment

friendly? Am J Orthod Dentofacial Orthop 2022;161:619-20.

. Simoneit BRT, Medeiros PM, Didyk BM. Combustion products of

plastics as indicators for refuse burning in the atmosphere. Environ
Sci Technol 2005;39:6961-70.

. Alfawzan AA. Evaluation of patient acceptance and compliance

with clear aligners vs. lingual braces: a randomized trial. J Pharm
Bioallied Sci 2024;16(Suppl 1):S546-8.

. Bilello G, Fazio M, Amato E, Crivello L, Galvano A, Curro G. Accu-

racy evaluation of orthodontic movements with aligners: a pro-
spective observational study. Prog Orthod 2022;23:12.

. Kravitz ND, Kusnoto B, BeGole E, Obrez A, Agran B. How well does

Invisalign work? A prospective clinical study evaluating the effi-
cacy of tooth movement with Invisalign. Am J Orthod Dentofacial
Orthop 2009;135:27-35.

. Haouili N, Kravitz ND, Vaid NR, Ferguson DJ, Makki L. Has Invis-

align improved? A prospective follow-up study on the efficacy of
tooth movement with Invisalign. Am J Orthod Dentofacial Orthop
2020;158:420-5.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Peter et al

. Souza GLN, Franca E de C, Lombardi M de A, da Costa GC, da

Rocha NB, Abreu LG. Impact of treament with orthodontic aligners
on the oral health-related quality of life. BMC Oral Health 2024;
24:419.

. Kaklamanos EG, Makrygiannakis MA, Athanasiou AE. Oral

Health-related quality of life throughout treatment with clear
aligners in comparison to conventional metal fixed orthodontic
appliances: a systematic review. Int J Environ Res Public Health
2023;20:3537.

. Zhang N, Bai Y, Ding X, Zhang Y. Preparation and characterization

of thermoplastic materials for invisible orthodontics. Dent Mater J
2011;30:954-9.

. Tartaglia GM, Mapelli A, Maspero C, Santaniello T, Serafin M,

Farronato M, et al. Direct 3D printing of clear orthodontic aligners:
current state and future possibilities. Materials (Basel) 2021;14:1799.

. PeterE,J M, George SA. Bisphenol-A release from thermoplastic clear

aligner materials: a systematic review. J Orthod 2023;50:276-86.

. Sarker M, Rashid MM. Waste plastics mixture of polystyrene and

polypropylene into light grade fuel using fe203 catalyst. IJRER
2013;2:17-28.

. Rana 1, Dahlberg S, Steinmaus C, Zhang L. Benzene exposure and

non-Hodgkin lymphoma: a systematic review and meta-analysis
of human studies. Lancet Planet Health 2021;5:e633-43.

Snyder R. Leukemia and benzene. Int J Environ Res Public Health
2012;9:2875-93.

Zhou Y, Wang K, Wang B, Pu Y, Zhang J. Occupational benzene
exposure and the risk of genetic damage: a systematic review
and meta-analysis. BMC Public Health 2020;20:1113.

PubChem. Available at: https://pubchem.ncbi.nlm.nih.gov. Ac-
cessed June 26, 2024.

Kandyala R, Raghavendra SPC, Rajasekharan ST. Xylene: an over-
view of its health hazards and preventive measures. J Oral Maxil-
lofac Pathol 2010;14:1-5.

Occupational Safety and Health Administration. Toluene. Avail-
able at: https://www.osha.gov/toluene. Accessed June 26, 2024.
World Health Organization-burden of disease from the joint ef-
fects of household and ambient air pollution for 2012. Climate
& clean air coalition; 2014. Available at: https://www.
ccacoalition.org. Accessed June 28, 2024.

Wiedinmyer C, Yokelson RJ, Gullett BK. Global emissions of trace
gases, particulate matter, and hazardous air pollutants from open
burning of domestic waste. Environ Sci Technol 2014;48:9523-30.
Reyna-Bensusan N, Wilson DC, Davy PM, Fuller GW, Fowler GD,
Smith SR. Experimental measurements of black carbon emission
factors to estimate the global impact of uncontrolled burning of
waste. Atmos Environ 2019;213:629-39.

Align technology. Available at: https://www.aligntech.com. Ac-
cessed March 25, 2024.

Al-Hashimi R. Plastic waste with clear aligner therapy. Br Dent J
2023;235:763.

Slaymaker J, Woolley J, Hirani S, Martin V. The ecological impact
of resin-printed models in clear aligner treatment. Orthodontic
Update 2024;17:18-22.

Kemona A, Piotrowska M. Polyurethane recycling and disposal:
methods and prospects. Polymers 2020;12:1752.

Howard GT. Biodegradation of polyurethane: a review. Int Bio-
deterior Biodegrad 2002;49:245-52.

Huang P, Pitcher J, Mushing A, Lourenco F, Shaver MP. Chemical
recycling of multi-materials from glycol-modified poly(ethylene
terephthalate). Resour Conserv Recycl 2023;190:106854.

Gupta S, Ahluwalia R, Gupta N, Rana S. Aligners- their properties
and disposal. J Pharm Negat Results 2022;13:186-8.

American Journal of Orthodontics and Dentofacial Orthopedics


http://refhub.elsevier.com/S0889-5406(24)00360-3/sref1
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref1
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref1
https://www.invisalign.com/the-invisalign-difference/smarttrack-aligner-material
https://www.invisalign.com/the-invisalign-difference/smarttrack-aligner-material
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref3
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref3
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref4
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref4
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref5
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref5
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref5
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref6
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref6
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref7
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref7
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref8
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref8
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref8
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref9
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref9
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref9
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref10
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref10
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref10
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref10
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref11
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref11
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref11
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref11
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref12
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref12
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref12
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref12
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref13
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref13
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref13
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref13
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref13
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref14
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref14
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref14
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref14
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref14
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref15
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref15
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref15
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref16
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref16
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref16
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref17
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref17
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref18
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref18
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref18
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref19
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref19
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref19
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref20
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref20
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref21
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref21
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref21
https://pubchem.ncbi.nlm.nih.gov
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref23
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref23
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref23
https://www.osha.gov/toluene
https://www.ccacoalition.org
https://www.ccacoalition.org
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref26
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref26
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref26
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref27
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref27
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref27
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref27
https://www.aligntech.com
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref29
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref29
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref30
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref30
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref30
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref31
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref31
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref32
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref32
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref33
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref33
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref33
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref33
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref34
http://refhub.elsevier.com/S0889-5406(24)00360-3/sref34

	How environmentally friendly is the disposal of clear aligners? A gas chromatography-mass spectrometry study
	Material and methods
	Sample collection
	Gas chromatography-mass spectrometry

	Results
	Discussion
	Possible ways to mitigate the environmental burden
	Limitations and future direction

	Conclusions
	Author credit statement
	Acknowledgments
	References


