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Abstract

A collection of six commercially available, 3D printer filaments were analyzed with respect 

to their gasphase emissions, specifically volatile organic compounds (VOCs), during simulated 

fused filament fabrication (FFF). Filaments were chosen because they were advertised to contain 

metal particles or carbon nanotubes. During experimentation, some were found to contain other 

non-advertised additives that greatly influenced gas-phase emissions. Three polylactic acid (PLA) 

filaments containing either copper, bronze, or stainless steel particles were studied along in 

addition to three carbon nanotube (CNT) filaments made from PLA, acrylonitrile-butadiene­

styrene (ABS), and polycarbonate (PC). The metal-additive PLA filaments were found to emit 

primarily lactide, acetaldehyde, and 1-chlorododecane. The presence of metal particles in the 

PLA is a possible cause of the increased total emissions, which were higher than any other PLA 

filament reported in the literature. In addition, the filament with stainless steel particles had a 

threefold increase in total VOCs compared to the copper and bronze particles. Two of three 

CNT-containing filaments emitted compounds that have not been reported before for PLA and 

PC. A comparison between certain emitted VOCs and their suggested maximum inhalation limits 

shows that printing as little as 20 g of certain filaments in a small, unventilated room can subject 

the user to hazardous concentrations of multiple toxic VOCs with carcinogenic properties (e.g., 

acetaldehyde, 1,4-dioxane, and bis(2-ethylhexyl) phthalate). The use of certain additives, whether 

advertised or not, should be reevaluated due to their effects on VOC emissions during 3D printing.
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1. Introduction

As 3D printers become increasingly utilized in educational, industrial, and household 

settings, the concern over hazardous emission from polymer filaments is growing (Thomas 

2016; Ngo et al., 2018). The temperatures required to print objects from polymer filament 

are sufficient to thermally degrade the polymers and produce compounds that pose an 

inhalation risk. Emissions from filaments used in fused filament fabrication (FFF), the most 

common form of 3D printing, can be organized into two distinct categories: aerosolized 

particulate matter (PM) and gas-phase compounds. PM from 3D printers has been detected 

across a wide range of sizes (Stephens et al., 2013; Azimi et al., 2016; Steinle 2016; Stabile 

et al., 2017; Vance et al., 2017; Zhang et al., 2019), including nano-sized emissions (less 

than 100 nm) (Kim et al., 2015; Deng et al., 2016; Kwon et al., 2017; Zhang et al., 2017). 

PM poses a health risk based on both its size and ability to adsorb organic compounds. 

Studies involving gas-phase compounds typically include volatile organic compounds 

(VOCs) and semivolatile organic compounds (SVOCs) (Stefaniak et al., 2017; Davis et 

al., 2019; Ding et al., 2019; Potter et al., 2019). Fully characterizing and quantifying VOC 

emissions is necessary to properly assess the health risk posed by 3D printer filaments.

Polylactic acid (PLA) and acrylonitrile-butadiene-styrene (ABS) are the primary polymer 

filament types used in FFF. Other polymers used include polyethylene terephthalate 

(PET), polycarbonate (PC), high impact polystyrene (HIPS), and polyvinyl acetate (PVA). 

Filaments often contain additives to adjust their physicochemical properties. Common 

additives include dyes, plasticizers, stabilizers, wood, metal, and carbon allotropes. 

Although not strictly defined as “additives,” many filaments contain unreacted monomer 

or other reactants from the polymerization process. Many of these additives have the ability 

to degrade into VOCs or influence VOC formation (Potter et al., 2019).

Carbon nanotubes (CNTs) are added to 3D printer filaments to increase their conductivity, 

and therefore, make printed objects less susceptible to electrostatic discharge. They are also 

added to confer structural stability to certain objects. We have previously shown that carbon 

nanotubes have the ability to influence VOC formation in ABS filaments (Potter et al., 

2019). CNTs can be added to many polymer types, including: ABS, PLA, and PC. The 

effects of CNTs on gas-phase emissions from PLA and PC have not been investigated prior 

to this work.

Metal particles are included in 3D printer filaments for aesthetic and practical purposes. 

Objects printed with these filaments can have a metallic color, and some can be sintered 

to remove the polymer matrix and produce an entirely metallic object with structural 

advantages over a polymer object. Metal-containing filaments typically use PLA as their 

polymer matrix, although ABS/metal filaments have been sporadically seen on the market. 

Transition metals, particularly copper and iron, can catalyze the thermal degradation of 
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organic compounds at the temperatures typically found in a 3D printer. Although particulate 

emissions from metal-containing filaments have been investigated (Vance et al., 2017; 

Alberts et al., 2021; Stabile et al., 2017), there have been no studies involving VOC 

emissions from metal-containing filaments.

In our previous work, we found that not all emitted compounds can be traced directly 

to degradation of the polymer backbone. Some VOCs result from the volatilization or 

degradation of polymer additives such as plasticizers and stabilizers (Potter et al., 2019). The 

presence of non-advertised additives in other polymer filaments is highly likely and their 

effect on VOC emissions is almost entirely unknown and unexplored.

Six filaments were selected based on their advertised ingredients: stainless steel particles, 

bronze particles, copper particles, and carbon nanotubes. Some metal-containing filaments 

have been investigated. The original focus of this research was to quantify VOC emissions 

from unique filament types containing metal particles or carbon nanotubes during simulated 

3D printing. During experimentation, additional additives were discovered that greatly 

influenced VOC emissions. The scope of this project was widened to include all known 

detected and identified additives in the studied filaments.

2. Materials and methods

The 3D printer filaments were purchased from four separate manufacturers with the three 

metal-particle filaments being purchased from the same manufacturer. Pure reference 

standards used for quantification (Sigma-Aldrich Corporation) were dissolved in HPLC­

grade dichloromethane (Fisher Scientific International, Inc.) to create calibration curves. 

Quartz sample baskets were made in the LSU Chemistry Department glass-blowing shop.

The 3D printing process was simulated using the System for Thermal Diagnostic Studies 

(STDS) (Rubey and Grant, 1988). In a prior publication, we have established that the STDS 

is capable of simulating 3D printer conditions (Potter et al., 2019). VOC emissions from 

ABS filament in the STDS exhibited a similar compound profile and relative concentrations 

compared to studies that sampled directly from 3D printers (Davis et al., 2019). The STDS 

is a customized, modular instrument that has been previously used to simulate incinerator 

conditions to study incineration of hazardous waste components (Nganai et al. 2012; Guan 

et al., 2019). The general composition of the STDS can be seen in Fig. S1 in the Supporting 

Information. The STDS used in this work consisted of a ceramic furnace and quartz tube 

reactor placed within a gas chromatograph (GC) oven. A heated transfer line is used to 

move gas-phase compounds into the injection port of a second GC, where they are separated 

and detected by a mass spectrometer (MS). The advantages of the STDS include being a 

closed system with direct transfer of products into the detection module, which minimizes 

sample loss and increases detection sensitivity. For each experiment, approximately 100 mg 

of filament was placed in a quartz sample holder (15 mm × 4 mm i. d.) and held above 

the heated reactor. For pyrolysis experiments, the sample was purged with nitrogen (N2) at 

room temperature for 3 min prior to thermal exposure. The sample was then lowered into 

the preheated reactor. During thermal degradation, the second GC oven was kept at −60 °C 

to condense and collect all compounds as they passed through the 280 °C transfer line. The 
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gas flow rate was selected for each individual set of experimental conditions to maintain a 

vapor residence time in the reactor of approximately 0.2 s. After reaction completion, the 

transfer line was removed from the injection port of the second GC. Analysis of reaction 

products was conducted using an Agilent 6890 N GC equipped with a DB5-MS column (30 

m × 0.25 mm × 0.25 μm) and an Agilent 5973 N MS with an electron impact (EI) ion source 

set at 70 eV. The temperature program was as follows: −60 °C initial temperature for 0.5 

min, heating 15 °C/min to reach −30 °C, 10 °C/min to 0 °C, 5 °C/min to 50 °C, 15 °C/min 

to 130 °C, held 1 min, 25 °C/min to 225 °C, and finally 10 °C/min to 300 °C and held 7 min 

for a total runtime of 40.13 min. The GC inlet and MS quadrupole temperatures were 280 

and 150 °C, respectively. Identification of pyrolysis products was performed using the Wiley 

and NIST libraries, requiring a >90% score from the spectral analysis software, and by 

comparison of retention times with those of purchased standard compounds. VOC emissions 

were calculated by dividing the emitted mass of each VOC by the mass of filament used in 

the experiment and reported as μg/g.

Reaction conditions were selected to simulate standard 3D printing parameters. The printing 

temperatures were chosen based on the manufacturer recommendation and are shown 

in Table 1, although users often change printing temperatures to alter printed objects. 

Additionally, although the STDS provides a consistent temperature throughout the furnace, 

some extruder nozzles are unlikely to heat uniformly. The residence time in the heated 

area of the printer is based on the feed rate, width of the filament, and the length of the 

extruder nozzle. Feed rate can be selected by the user to control the quality of the printed 

object. A filament residence time of 3 min was selected. While this is higher than typical 

filament feed rates, which vary but are generally on the order of seconds, we showed in 

Potter et al., (2019) that comparable results can be achieved under this residence time. The 

design of 3D printer nozzles can lead to oxygen-depleted conditions inside the nozzle, where 

melted filament is exposed to the highest temperatures. Experiments were carried out in both 

pyrolytic (N2) and oxidative (4% O2/N2) conditions to investigate the role of oxygen in the 

thermal degradation of 3D printer filament. Conditions in a FFF 3D printer are likely similar 

to our pyrolytic experiments due to the lack of airflow in the extruder.

3. Results and discussion

Metal-containing PLA.

The primary gas-phase emission from the three metal-containing PLA filaments was lactide. 

Two studies involving multiple PLA filaments have also identified lactide as the primary 

VOC emitted during printing (Azimi et al., 2016; Davis et al., 2019). Lactide is a common 

monomer utilized in ring-opening polymerization synthesis of PLA, and as such, could be 

a residual compound trapped in the polymer matrix and released during melting of the 

polymer. However, lactide can be also formed due to thermal depolymerization at ester 

linkages, followed by dimerization of the intermediate products (Fig. 1, Pathway A). Bond 

scission at the α and β bonds produces other observed structure-related products (Fig. 

1, Pathway B), with intermediate condensation and methyl group elimination producing 

2,3-dihydrofuran, which has never been reported in PLA printing emissions.
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According to the manufacturer, the metal content (w/w) of the three filaments is 

approximately: 90% copper, 87% bronze, and 80% stainless steel, respectively. The VOC 

emissions from the PLA-S. Steel are expected to be higher, due to approximately twice 

the polymer content (20% PLA) compared to the PLA-Copper and PLA-Bronze filaments 

(10% and 13% PLA, respectively). The polymer content alone does not fully explain the 

fourfold increase in lactide emission from the PLA-S. Steel filament seen in Fig. 2. It is 

likely, that catalytic activity of iron and its ability to bind the organic oxygen contributes 

to low temperature degradation and the formation of lactide, likely from the bond scission 

shown in Fig. 1, Pathway A. While some of the lactide emission is likely due to volatilized 

polymerization intermediate, a significant portion is produced during thermal degradation 

and influenced by the metals that are present. The size and shape of the metal particulates 

was not measured, but surface area of the particulate could also influence the degree of 

interaction with polymeric matrix and formation of VOCs. A recent study by Alberts et al. 

showed that filaments containing copper and tungsten exhibited particle emissions rates up 

to one order of magnitude higher than their neat polymer counterparts, further confirming 

the role of metals in the thermal degradation of polymers (Alberts et al., 2021).

As seen in Table 2, the second most prominent VOC from the metal-containing PLAs is 

acetaldehyde. Acetaldehyde is often detected emitting from PLA and ABS filaments (Davis 

et al., 2019; Stefaniak et al., 2017). Acetaldehyde is a respiratory irritant and probable 

carcinogen with EPA recommended inhalation risk reference doses. The PLA-S. Steel 

emitted approximately three times higher acetaldehyde than the PLA-Copper filament and 

two times higher than the PLA-Bronze filament. Although the increase is partially explained 

by the higher polymer content of the PLA-S. Steel, the catalytic activity of iron could 

also affect acetaldehyde formation. As an oxidation product, acetaldehyde formation also 

increased during degradation in 4% O2, most significantly in the stainless steel filament. 

Under oxygenated conditions, total VOC emissions decreased but certain oxygen-containing 

VOCs increased. This result matched our previous study of CNT-containing ABS filament 

(Potter et al., 2019). Under high temperatures, oxygen can increase the likelihood of 

complete oxidation of polymer breakdown intermediates, thereby decreasing formation of 

VOCs.

As a non-advertised additive influencing VOC emission, the plasticizer bis(2-ethylhexyl) 

phthalate (DEHP) was emitted by all three metal PLA filaments. Small amounts of 

naphthalene, which has never been reported emitting from 3D printer filaments, were 

also detected. The naphthalene could result from carbonization of the polymer material 

or degradation of an azo dye.

Ideally, a PLA filament without metal additives from the same manufacturer would have 

been tested as a control, but Manufacturer A does not sell a ‘plain’ PLA filament. These 

results suggest that the presence of the metal additives is one possible explanation for the 

differences between our measured VOC emissions and those found in similar studies. In 

addition, the top two VOC emissions from our filaments, lactide and acetaldehyde, are also 

the top two VOCs emitted from all PLA filaments in a study involving filaments from 

various manufacturers (Davis et al., 2019).
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Carbon Nanotubes.

The VOC emissions for the PLA-CNT, ABS-CNT, and PC-CNT filaments are shown in 

Fig. 3. The typical hierarchy of reported total VOC emissions between filaments is PC, 

PLA, and ABS, with ABS producing the highest emissions (Azimi et al., 2016; Davis 

et al., 2019). However, the PLA-CNT filament in our work had significantly higher total 

VOC emissions compared to the ABS-CNT and PC-CNT, primarily due to emission of 

three compounds reported here for the first time: 2,3-dihydrofuran, tetrahydrofuran, and 1,4­

dioxane. The formation pathways of all three compounds are shown in Fig. 1, Pathway B. In 

addition, both naphthalene and methylnaphthalene, which had never been detected from any 

filament prior to this work, were emitted by PLA-CNT. We have previously shown that the 

presence of CNTs in a filament can influence degradation pathways during printing (Potter 

et al., 2019). CNT presence changes the primary emitted product pathway for PLA-CNT 

filament from Pathway A, where intermediates dimerize into lactide, to Pathway B, where 

intermediates condense to form 2,3-dihydrofuran.

The ABS-CNT filament exhibited a similar compound profile to our previously studied 

ABS-CNT filament from a different manufacturer. The total emissions for the current ABS­

CNT filament are similar to other studied ABS filaments. The total emissions were lower 

than PLA-CNT, which is abnormal compared to typical ABS filaments. The mechanism of 

the effect of CNTs on VOC emissions is still not clear but could be influenced by adsorption 

of aromatic species onto the surface of CNTs. The ABS filament emits primarily aromatic 

species, while PLA emits very few.

Polycarbonate has not been extensively studied with regard to its 3D printing emissions. 

Therefore, it is not unexpected that we detected several compounds that have not been 

previously reported. Both bisphenol A (BPA), a reactant in polycarbonate synthesis, 

and phenol are products of polymer degradation, while chlorobenzene, DEHP, and di­

tert-butylphenol are present as polymerization reactant, plasticizer, and UV stabilizer, 

respectively. Both tert-butylphenol and 2,6-di-tert-butylbenzoquinone are degradation 

products of di-tert-butylphenol.

Silanol Co-polymers.

During experimentation, some filaments were found to emit compounds with silanol and 

siloxane groups. Polymerization of polylactic acid and dimethyl siloxane is an established 

method for controlling the thermal stability of the resulting copolymer (Zhang et al. 1996). 

The PLA-CNT filament emitted a total of five compounds with silanol or siloxane groups, 

including: trimethylsilanol, trimethylsilanol formate, hexamethyl disiloxane, decamethyl 

tetrasiloxane, and octamethyl trisiloxane (Fig. 4). In Davis et al. hexamethyl cyclotrisiloxane 

was detected in three of nine studied PLA filaments, nine of twelve studied ABS filaments, 

one high impact polystyrene (HIPS) filament, and in one polyvinyl alcohol (PVA) filament. 

The average emission rate of hexamethyl cyclotrisiloxane in the three PLA filaments was 

more than 100 times less than the lactide emission rate. In our PLA filament, the sum of 

silanols and siloxanes makes them the second most prevalent gas-phase emission product. 

The amount of silanol co-polymer likely varies between filaments and could explain the 

difference in silanol emissions. A second explanation for the increased silanol emissions 
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could be due to the presence of CNTs in this PLA filament. We propose three pathways 

through which CNTs can affect VOC emissions: (1) acting as adsorption sites for certain 

volatile species, and thereby, shielding them from gas-phase detection methods, (2) residual 

metal content from CNT synthesis providing catalytic power for thermal decomposition, 

and (3) adsorbed oxygen on the CNT surface increasing oxidation of degradation products. 

A third explanation may be increased silanol co-polymer content to account for structural 

deficiencies caused by CNT content, such as brittleness.

The inhalation toxicity of compounds with silanol and siloxane groups has not been 

extensively studied, but their presence in landfill gas, where their incineration leads to silica 

nanoparticle formation, has been shown (Tansel and Surita 2014). Silica inhalation is linked 

to numerous adverse respiratory effects (Merget et al., 2002). Although the temperatures 

used to incinerate landfill gas are much higher than typical 3D printer extruder temperatures, 

there is a potential for formation of lower amounts of silica at lower temperatures.

Chlorinated VOCs.

During experimentation, two filaments were found to emit chlorinated compounds. The 

PC-CNT filament emitted chlorobenzene as its most prevalent VOC (Fig. 3, right). There 

are two PC synthesis methods that would explain the presence of chlorine in the filament: 

one in which chlorobenzene is used as a polymerization solvent (Fox 1964), and one 

that involves reaction between bisphenol A (BPA) and carbonyl chloride, also known as 

phosgene (Serini 2000). Other PC synthesis methods are available that do not include 

chlorinated substances; use of these alternative methods would remove an unnecessary 

exposure of users to inhalation of chlorinated aromatics when printing with polycarbonate. 

The three metal-containing PLA filaments all emitted 1-chlorododecane, as one of the 

primary VOCs, and 1-chlorotetradecane, in trace amounts. The source of chlorine in the 

PLA filaments is currently unknown. The presence of halogenated hydrocarbons is another 

example of a non-advertised additive that greatly influences the total amount and toxicity of 

VOC emissions from the 3D printing process and presents an inhalation risk, of which even 

informed users are likely unaware.

4. Conclusions

While many of the gas-phase emissions reported in this work have not been evaluated 

with respect to their inhalation toxicity, some of the VOCs have and their recommended 

maximum exposure limits can be correlated with typical 3D printer usage. The CompTox 

Chemicals Dashboard is a database designed by the Environmental Protection Agency 

(EPA) to provide toxicity information for assessing the threat posed by various compounds 

to human health and the environment. The CompTox database draws toxicity assessments 

from various other databases, including the Integrated Risk Information System (IRIS). IRIS 

is an EPA-created tool for categorizing chemicals and their associated health risks through 

various methods of exposure (EPA 1999). Table 3 shows recommended maximum inhalation 

limits for VOCs detected in this work, along with the amount of filament needed to achieve 

the maximum limit. Our filament residence time of 3 min is longer than that of a typical FFF 

3D printer. While this is necessary due to the construction of our reactor, we acknowledge 
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that this could lead to elevated VOC emission rates. Despite this limitation, we believe that 

the values presented under the ‘printed mass to achieve limit (g)’ column of Table 3 are so 

concerning that even an order of magnitude decrease would still be a cause for concern.

Acetaldehyde, 1,4-dioxane, and DEHP emissions are particularly alarming, due to their 

known carcinogenic properties and low required printed mass to surpass the recommended 

maximum inhalation limit. For PLA-CNT filaments, printing just over 20 g (approximately 

a 3 cm cube) could expose the user to hazardous concentrations of all three compounds. As 

the required printed mass of the other entries in Table 3 increases, there is a lesser chance 

that the maximum inhalation limit would be surpassed in practical printing applications. 

The persistence of these compounds in indoor environments is not well studied, and their 

accumulation is possible over multiple printing sessions.

Many of the non-advertised additives in 3D printer filaments have EPA-recommended 

inhalation limits that are easily achievable in small rooms during normal printer operation. 

The presence of known hazardous additives, such as chlorobenzene and DEHP, is of 

concern. The toxicity of other emissions, such as silanols and siloxanes, is not well studied. 

Significant changes in VOC emissions were detected from filaments containing metals and 

CNTs. The role of these additives in the thermal polymer degradation mechanism should 

be researched further. The presence of CNTs reduces overall VOC emissions, but shifts the 

emitted product profiles to more toxic species. There are numerous research gaps in the 

study of hazardous 3D printer emissions. The primary gap is in methodology. The variance 

in detected compound profiles from similar filaments across different laboratories suggests 

the need for standardized sample collection methods. There is also a lack of exposure data 

involving actual 3D printer emissions that could be used to develop risk assessment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Additives are used to alter properties of 3D printed objects.

• Filament additives can also influence hazardous emissions during printing.

• Carbon nanotubes increase hazardous compound emission from certain 

polymers.

• Metals such as steel and copper can also increase these emissions.

• Non-advertised additives are present in many filaments and influence 

emissions.
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Fig. 1. 
PLA degradation mechanism leading to detected VOC emissions. Pathway A shows 

degradation pathway to lactide. Pathway B shows general pathway to other PLA structure­

related products.
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Fig. 2. 
Total VOC emissions from PLA-Copper, PLA-Bronze, and PLA-S. Steel filaments. Pyr and 

Ox refer to reaction in N2 and 4% O2/N2, respectively.
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Fig. 3. 
VOC emissions from three CNT-containing nanocomposite filaments. Left: PLA-CNT 

(inset: low concentration emissions), middle: ABS-CNT (inset: low concentration 

emissions), right: PC-CNT. * = compound not reported in literature for similar filaments 

without CNTs. Pyr and Ox refer to reaction in N2 and 4% O2/N2, respectively.
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Fig. 4. 
Emission of silanol and siloxane compounds from a PLA-CNT filament. Pyr and Ox refer to 

reaction in N2 and 4% O2/N2, respectively.
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Table 2

VOC emissions from three metal-containing PLA filaments. All data in μgVOC/gfilament. Pyr and Ox refer to 

reaction in N2 and 4% O2/N2, respectively.

PLA-Copper PLA-Bronze PLA-S. Steel

Pyr Ox Pyr Ox Pyr Ox

Lactide 251.65 210.69 269.90 269.05 941.68 772.90

Acetaldehyde 11.32 11.96 16.37 20.17 30.44 39.99

1-chlorododecane 20.12 10.22 5.87 5.11 17.15 17.92

2,3-dihydrofuran 4.99 3.36 10.05 10.14 5.55 4.64

1-chlorotetradecane 0.95 0.27 0.31 0.28 0.71 0.71

DEHP 0.018 0.012 0.056 0.023 0.20 0.030

Naphthalene 0.0072 0.0023 0.0065 0.0054 0.011 0.0086

1,3-di-tert-butylbenzene 0.0015 0.0010 0.0023 0.0017 0.0027 0.0019
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