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The application of Fused Filament Fabrication (FFF) 3D printing for offices, 
educational institutions, and small prototyping businesses has recently 
attracted increased attention. Thermal-fused filaments could emit 
potentially hazardous atmospheric particulate matter (PM) and volatile 
organic compounds (VOCs). This study evaluated the particle and VOCs 
emission characteristics of an FFF 3D printer with lignocellulose/polylactic 
acid (PLA) filament to reduce emissions. The PM2.5, PM0.2-10, and 
VOCs emission behaviors of the FFF 3D printer with a lignocellulose/PLA 
filament were investigated in a test chamber under different printing 
conditions. Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) 
was applied to analyze the formation of VOCs from lignocellulose/PLA 
filaments. Analysis indicated that particle formation dominated the heating 
process, whereas VOCs were mainly released during the printing process. 
The results further showed that printing at higher relative humidity and high 
filament feeding temperatures triggered higher VOCs emissions. In 
addition, high humidity facilitated particle agglomeration and reduced PM 
concentration. Printing at higher filament feeding temperatures also 
resulted in high particle emissions. Finally, Py-GC/MS analysis 
determined the decomposition products of the lignocellulose/PLA filament 
corresponding to the main ingredients of VOCs. 
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INTRODUCTION 
 

Three-dimensional (3D) printing, also known as additive manufacturing, enables 

easy, fast, and cost-effective fabrication of prototypes with complex shapes using 

computer-aided design (Wang et al. 2018). Therefore, 3D printing has become increasingly 

popular in educational institutions, small prototyping businesses, and quasi-industrial 

applications. Three-dimensional printing technologies can be categorized into binder 

jetting, directed energy deposition, material extrusion, material jetting, powder bed fusion, 

sheet lamination, and vat photopolymerization according to how the layers were deposited. 

Fused filament fabrication (FFF) is the most commonly used 3D-printing technology, and 

it mainly uses continuous polymer filaments such as polylactic acid (PLA) and acrylonitrile 

butadiene styrene (ABS) filaments as raw materials. The thermoplastic filament is first 

liquefied in a heating chamber and then deposited on a platform via an extrusion nozzle. 

Currently, desktop FFF 3D printers with thermoplastic filaments are frequently used 

because they are cheap and easy to operate. However, desktop 3D printers are often used 
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in poorly ventilated offices or homes. Much particulate matter (PM) and many volatile 

organic compounds (VOCs) are produced during the FFF 3D printing process (Azimi et al. 

2016). In-depth studies on the potential health risks associated with FFF 3D printing 

exposure are needed. 

Previous studies have focused on the emissions from FFF 3D printers with two 

commonly used PLA and ABS filaments under different conditions in test chambers (Deng 

et al. 2016; Byrley et al. 2019; Ding et al. 2019; Poikkimäki et al. 2019). Particle 

concentrations and size distributions were investigated with an aerosol dynamic model to 

understand particle formation and emission mechanisms (Zhang et al. 2018). Byrley et al. 

(2019) found that ABS filaments emitted higher concentrations of ultrafine particles than 

PLA filaments. Notably, no substantial difference in the mean size of ultrafine particles 

emitted from the filaments was detected. Steinle (2016) reported that printing with PLA 

filaments resulted in higher ultrafine aerosol emissions than printing with ABS filaments. 

Methylmethacrylate was the main ingredient among the total VOCs emitted when printing 

with PLA. For ABS, styrene was the predominant compound detected. The effects of infill 

on particle emissions were also systemically investigated. Lower infill height and higher 

infill density resulted in fewer particle emissions (Cheng et al. 2018). Kwon et al. (2017) 

suggested that FFF 3D printing at a low temperature with a low-emitting filament and 

ventilation control can reduce particle emissions. 

Several kinds of lignocellulose-filled PLA filaments have been recently produced 

(Kariz et al. 2018; Wang et al. 2020). The addition of lignocellulose to FFF thermoplastic 

filament produced a wood-like appearance with enhanced physical properties; therefore, it 

is a more potentially cost-effective and less hazardous option than traditional plastic 

filaments. Different lignocellulose components, such as cellulose (Murphy and Collins 

2018; Ambone et al. 2020), hemicellulose (Xu et al. 2018), and lignin (Li et al. 2016), 

were added to the PLA filaments, which resulted in excellent performance and broader 

potential applications. Cellulose nanomaterial, as a green nanofiller, can improve the 

properties of PLA filament and provide composite filaments with more functionalities 

(Wang et al. 2019a,b; Zhu et al. 2020a,b). PM2.5 emissions from lignocellulose biomass 

combustion have drawn much attention due to adverse health effects. PM2.5 pollutions, 

especially in winter, have caused serious socio-economic problems in China. The burning 

of lignocellulose produced large amounts of PM2.5 in an open environment (Chen et al. 

2017). 3D printing with lignocellulose filament at a temperature that close to the 

degradation temperature of lignocellulose may produce large amount PM2.5 in poorly 

ventilated rooms. The impacts of 3D printing on indoor air quality are still unclear. 

To properly evaluate the risk of exposure to PM and VOCs emissions from FFF 3D 

printers with lignocellulose filaments, it is essential to understand the factors that influence 

PM and VOCs emissions and their concentrations. The printing parameters and the 

properties of the thermoplastic filaments are the two most important factors that influence 

emissions. Wang et al. (2019a, 2020) reported that lignocellulose-filled PLA filaments 

were successfully fabricated. The thermal decomposition kinetics of lignocellulose/PLA 

filament were systematically examined, and their printability was evaluated. However, 

there have been few studies on the emissions of lignocellulose/PLA filaments in FFF 3D 

printing in the literature. Therefore, the primary aim of this study was to investigate the 3D 

printing parameters that influence emissions from desktop FFF 3D printers. Specifically, 

the printing-related parameters of filament feeding temperature, relative humidity, and 

printing failure were investigated to address the existing knowledge gaps. 
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EXPERIMENTAL 
 

Materials 
3D printer and lignocellulose/PLA filament 

The FFF 3D printer used in this research was a commercial desktop 3D printer 

(M3036; Shenzhen Soongon Co., Ltd., Shenzhen, China) designed for small prototyping 

businesses, educational institutions, and quasi-industrial application. The printer had side 

doors but no cover on the top. The maximum size that it could print was 300 mm × 300 

mm × 360 mm. The maximum temperatures for the print nozzle and hotbed were 250 °C 

and 120 °C, respectively. The lignocellulose/PLA filament tested in this study was an FS-

B011 model lignocellulose/PLA filament obtained from Guangzhou Fly-Sheng Intelligent 

Technology Co., Ltd. (Guandong, China). The lignocellulose content was approximately 

20 wt% of the filament. The density of the filament was 1.12 g/cm3. Other specific additives 

and mass fractions were not provided. According to the manufacturer, lignocellulose/PLA 

filament was used to print furniture related products due to its wood-like properties. 

 

Test Chamber for 3D Printing Emission Measurement 
All measurements were carried out in a homemade 3D printing test chamber. The 

ceiling door of the 3D printer was sealed with an anti-static acrylic panel. All the doors 

were tightly closed when printing. Additional tape was also applied to seal the possible 

leakage between the door and metal panel. An air inlet equipped with a HEPA-activated 

carbon membrane was installed. Humidity was controlled at 80 ± 3%, 70 ± 3%, 60 ± 3%, 

and 50 ± 3% by a humidifier (Model: GXZ-J260; Shenzhen Fenzeer Co., Ltd., Shenzhen, 

China). A small electric fan (mini battery fan, wind power, 2.5 m/s) was used to fully mix 

the air in the test chamber. Before each experiment, the chamber was carefully cleaned and 

flushed with fresh filtrated air for 30 mins. The volume of sealed space was approximately 

0.18 m3. 

 

3D Printing Parameters 

A pre-printing feed operation of the filament was required to ensure that the molten 

filament could be smoothly extruded through the printing nozzle. 

(a) (b) 

 

Fig. 1. The (a) MakerPi FFF 3D printer and (b) printed items  
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In each test, the 3D-printing process was divided into four stages, which included 

the pre-printing stage (30 min), the filament feeding stage (3 min), the printing stage (24 

min), and the post-printing stage (33 min). The total time was 100 min. The filament 

feeding temperature, printing temperature, printing speed, and infill rate were 210 °C, 

210 °C, 40 mm/s, and 100%, respectively, at 70% RM with a 0.4-mm nozzle unless 

otherwise specified. The print speed and bed temperature were 40 mm/s and 50 °C, 

respectively. The 3D printer and printed combs are shown in Fig. 1. Wooden combs are 

common in daily life. The 3D printed combs with lignocellulose/polylactic acid filaments 

exhibited wooden-like structures. 

 

Emission Characterization 
FFF 3D printing of lignocellulose/PLA filament at elevated temperatures may 

introduce a large amount micron-scale PM to indoor air quality, as compared with 

agriculture waste burning. The real-time mass concentrations of PM with a size of 2.5 

microns (PM2.5) were determined via a DustTrak II aerosol monitor (Model: TSI 8530; 

TSI Inc., Shoreview, MN, USA). A Promo-3000 aerosol spectrometer (Palas GmbH, 

Karlsruhe, Germany) was used to measure the number concentration of PM ranging in size 

from 0.2 microns to 10 microns (PM0.2 to PM10) with the data recording intervals set to 

1 s. The VOCs concentration was monitored using a MiniRAE 2000 photoionization 

detector with a data recording interval of 1 min. The PM released during printing was 

collected on a polycarbonate filter with a diameter of 47 mm and pore size of 0.1 mm (0.1 

μm × 47 mm, GVS Filter Technology, Suzhou, China) at a flow rate of 2.5 L·min-1. After 

sampling, the filter membrane was pasted on the scanning electron microscope (SEM) 

sample stage using conductive tape and spray-coated with gold (MSP-1S; Shinkku VD, 

Tokyo, Japan) for 10 min. The morphology of PM was observed via SEM-EDX (JSM-

7800F; JEOL, Tokyo, Japan; EDAX, Mahwah, NJ, USA) at an acceleration voltage of 15 

kV. In addition, pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) testing 

was adopted to pyrolyze the lignocellulose/PLA filament with a PY-2020iD pyrolyzer 

(Frontier Lab, Fukushima, Japan) and perform an analysis using a QP-2010 Ultra GC/MS 

(Shimadzu Corporation, Tokyo, Japan) with a DB-5ms column. To simulate the emissions 

of the lignocellulose filament during 3D printing, the pyrolysis temperature was set at 

210 °C. 

 
 
RESULTS AND DISCUSSION 
 
Effect of Humidity on Emissions 

Both PM and VOCs are emitted during FFF 3D printing, but the effect of relative 

humidity on such emission from lignocellulose/PLA filament has not been studied in detail. 

In this study, the effect of relative humidity on the emission from lignocellulose filament 

materials was evaluated (Fig. 2). The PM2.5 mass concentration increased rapidly during 

the filament feeding stage and reached the plateau within 1 min after the filament feeding 

stage. The PM2.5 mass concentration then steadily declined to their background levels. 

The highest PM2.5 mass concentration reached was 1500 μg/m3 at 70% relative humidity. 

The relation between the peak PM2.5 emission and relative humidity was complicated. 
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Fig. 2. The (a) PM2.5 mass concentration and (b) total particle number concentration of PM0.2 to 
PM10 at different humidity: a. Pre-printing stage; b. Filament feeding stage; c. Printing stage;  
d. Post-printing stage 

 

Contrary to expectations, the PM2.5 mass concentrations steadily declined during 

the normal printing process, which may have indicated a lack of PM emissions. This may 

have been due to the rapid solidification of the melted filament on the platform during 

normal printing. A similar finding was reported by Stabile et al. (2017). It was reported 

that 3D printer emissions are dominated by particles with sizes in the nanoscale 

(Poikkimäki et al. 2019). Those nanoscaled particles acted as the building unit and quickly 

aggregated into large particles (i.e., PM2.5) under different humidity (Rao et al. 2017). 

Relative humidity plays a crucial role in the aggregation of nanoscaled particles. The data 

indicated that high humidity could facilitate the aggregation of nanoscaled particles into 

large particles. The PM2.5 data under different humidity have implications in providing 

methods to control the particle emissions. Similar trends were also found in the total 

particle number concentration of PM0.2 to PM10 (Fig. 2b). 

The SEM morphologies of the collected PM at different humidity are shown in Fig. 

3. The PM had irregular shapes. The particle size collected at 80% relative humidity was 

larger than that collected at lower relative humidity, which indicated that humidity may 

have promoted the formation of large particles. Energy spectrum analysis showed that C 

and O were the main elemental components of the particles. Besides, there were small 

amounts of metallic elements, such as Fe, Ni, and Pt. The presence of these metallic 

elements may have been due to the additives in the filament. Alternatively, they may have 

been introduced during the spray coating process. 

Figure 4 shows the concentration of VOCs emitted at different relative humidity. 

The data showed that VOCs concentration slightly increased in the filament feeding stage, 

which was followed by a rapid increase in the normal printing stage. This indicated that 

the lignocellulose/PLA filaments evaporated VOCs during both the feeding and printing 

process. The average temperature during the heating process was lower than the printing 

temperature. Filament extrusion or shearing helps to release the VOCs into the air. These 

two reasons contributed to the higher level of VOCs emission during printing, as compared 

with the heating stage. Further, the concentration of VOCs released during printing at 

higher relative humidity was higher than that of VOCs released at lower relative humidity 

conditions. The emitted particles may act as condensation nuclei under high humidity. 
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Fig. 3. The morphology (1) and elemental composition (2) of PM collected during 3D printing at 
different relative humidity (RH): (a) 80% RH; (b) 70% RH; (c) 60% RH; (d) 50% RH 
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Fig. 4. The VOCs concentration during FFF 3D printing with lignocellulose/PLA filaments at 
different humidity 
 
Effect of Filament Feeding Temperature on Emissions 

The recommended printing temperature for lignocellulose/PLA filaments is 210 ℃. 

When printing at temperatures lower than 210 ℃, frequent nozzle clogging occurred, 

impeded the printing process seriously. The printing temperature was thus maintained at 

210 ℃. The impacts of printing temperature (nozzle temperature) on emissions have been 

extensively examined in previous studies (Jeon et al. 2020; Yi et al. 2019; Zhang et al. 

2017). Thus, the impacts of filament feeding temperature on emissions were examined. 

Figure 5 shows that the peak value of PM2.5 and total particle number concentration 

(PM0.2 to PM10) emitted from the printing process with a filament feeding temperature of 

180 ℃ were 119 μg/m3 and 1.6 × 103 particles/cm3, respectively.  

 

 
 

Fig. 5. The PM2.5 mass concentration and total particle number concentration of PM0.2 to PM10 
at different filament feeding temperatures 

 
As the filament feeding temperature increased, emissions of PM2.5 and PM0.2 to 

PM10 also increased rapidly. The PM2.5 and PM0.2 to PM10 emissions reached a plateau 

at 220 ℃ of 2080 μg/m3 and 2.3×104 particles/cm3, which were 17.5 times and 14.4 times 

the emissions released at 180 ℃, respectively. The particles released from 

(a) 
 

(b) 
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lignocellulose/PLA filaments increased as feeding temperature increased, which was 

closely related to the decomposition process of the filament. Al-Itry et al. (2012) reported 

that the decomposition temperature of PLA began at 200 ℃ and reached the maximum 

decomposition rate at 300 ℃. The particle emissions were formed as products of the 

thermal decomposition, condensation, and subsequent particle growth to aggregates 

(Vance et al. 2017). 

The effect of filament feeding temperature on VOCs emissions was examined. 

Figure 6 shows that VOCs emissions at higher temperatures were substantially higher than 

those at lower temperatures. To reduce the harmful PM and VOCs emissions from FFF 3D 

printing, it is recommended to start at the lowest filament feeding and printing temperature 

possible (Davis et al. 2019; Jeon et al. 2020). 

 

 
 

Fig. 6. The VOCs concentration during FFF 3D printing with lignocellulose/PLA filaments at 
different filament feeding temperatures 
 

Effect of Printing Failure on Emissions 
Figure 7 shows that printing failure can result in wasted filaments and broken prints. 

Nozzle clogging of the FFF 3D printer happened occasionally. Darker fibrous particles 

could be observed in the clogged nozzle after unloading. Nozzle clogging seriously 

affected print quality. In some extreme cases, terminating printing was the only effective 

way to solve the problem. Figure 8 shows the PM2.5 emissions from printing failure. When 

printing finished without unloading the filament, the PM2.5 mass concentration increased 

remarkably upon subsequent printing. The melted filament was not tightly bonded to the 

platform in the first layer of printing and may have adhered to the nozzle. Long time 

exposure to high temperatures of the melted filament resulted in higher PM2.5 emissions. 

Figure 8 shows that printing failure greatly increased the release of PM2.5. In conflict with 

the results of this study, Stefaniak et al. (2019) reported that printing failure resulted in 

fewer small particles and more large particles. Notably, the impacts of printing errors on 

emissions must be studied on a case-by-case basis because each case may be different. 
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(a)  (b) 

 

Fig. 7. The (a) clogged 3D printer nozzle and (b) broken prints  

 

 

 

Fig. 8. The effect of printing failure on PM2.5 mass concentration 
 

Analysis of VOCs Emissions by Py-GC/MS 
To examine the formation of the main VOCs in the lignocellulose/PLA filament 

printing process, Py-GC/MS analysis was conducted on the filament. The ion 

chromatogram of pyrolyzed compounds from the lignocellulose filament at 210 °C is 

displayed in Fig. 9. Six main compounds were identified and characterized in Table 1. The 

main pyrolyzed compounds identified were L-lactide (4.85%), 1,6-dioxacyclododecane-

7,12-dione (0.11%), dibutyl itaconate (0.06%), tributyl prop-1-ene-1,2,3-tricarboxylate 

(10.78%), tributyl citrate (1.07%), and acetyl tributyl citrate (83.02%). Both tributyl citrate 

and acetyl tributyl citrate are considered environmentally friendly non-toxic plasticizers. 

These are approved by the US Food and Drug Administration (FDA) and can be used in 

food packaging materials and medical appliances. Besides, L-lactide was also detected in 

the thermal decomposition of the lignocellulose/PLA filament. L-lactide is an important 

intermediate product for the synthesis of PLA. Inhalation of L-lactide can irritate the 

respiratory system. The health risks caused by these substances should be taken seriously 

when considering exposure to FMD 3D printing emissions. 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Zhu et al. (2020). “Emissions from 3D printing,” BioResources 15(4), 7560-7572.  7569 

 
 

Fig. 9. Ion chromatogram of pyrolysis at 210 °C of lignocellulose/PLA filament 
 

Table 1. Pyrolysis Products of Lignocellulose/PLA Filament at 210 °C 

No. 
Retention 
Time (min) 

Chemical 
Abstracts 
Service 

(CAS) No. 

Compound Name Formula 
Peak 

Area (%) 

1 10.679 4511-42-6 L-Lactide C6H8O4 2.40 

2 10.810 4511-42-6 L-Lactide C6H8O4 2.45 

3 14.681 777-95-7 
1,6-dioxacyclododecane-

7,12-dione 
C10H16O4 0.11 

4 14.913 2155-60-4 Dibutyl itaconate C13H22O4 0.06 

5 19.140 7568-58-3 
Tributyl prop-1-ene-1,2,3-

tricarboxylate 
C18H30O6 10.78 

6 19.335 77-94-1 Tributyl citrate C18H32O7 1.07 

7 19.913 77-90-7 Acetyl tributyl citrate C20H34O8 83.02 

 
 
CONCLUSIONS 
 
1. Large amounts of particulate matter (PM) and volatile organic compounds (VOCs) 

were emitted from FFF 3D printing with lignocellulose/poly(lactic acid) (PLA) 

filaments. Therefore, indoor air quality must be closely monitored during this process. 

It is strongly recommended to use the 3D printer only in a well-ventilated environment. 

2. Particulate matter emissions were mainly released in the pre-printing stage rather than 

the printing stage, whereas VOCs were mainly released in the printing stage. High 

humidity facilitated the rapid decrease in PM level. The particulate matter particles 

captured under high humidity were larger than those captured under low humidity. 

3. High filament feeding temperature and printing failure substantially increased the PM 

and VOCs emissions. Therefore, it is recommended to use low temperatures if possible. 

4. The major VOCs compounds emitted from the lignocellulose/PLA filament were 

acetyltributylcitrate, tributyl prop-1-ene-1,2,3-tricarboxylate, and L-lactide. 
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