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ABSTRACT

Objectives: Fused deposition modeling (FDM) 3D printer which is one of the material extrusion (MEX)
technologies is an additive manufacturing (AM) process. 3D printers have been distributed widely in Korea,
particularly in school and office, even at home. Several studies have shown that nanoparticles and volatile
organic compounds (VOCs) were emitted from an FDM 3D printing process. The objective of this study was
to identify types of chemicals possibly emitted from FDM 3D printing materials such as PLA (polylactic acid),
ABS (acrylonitrile butadiene styrene), nylon, PETG (polyethylene terephthalate glycol), PVA (polyvinyl alcohol),
PC (polycarbonate) filaments.

Methods: 19 FDM 3D printing filaments which have been distributed in Korea were selected and analyzed
VOCs emitted of 3D printing materials by headspace gas chromatography mass spectrometry (headspace
GC-MS). Subsamples were put into a vial and heated up to 200°C (500 rpom) during 20 minutes before
analyzing FDM 3D printing filaments.

Results: In the case of PLA filament, lactide and methyl methacrylate, the monomer components of one,
were detected, and the volume ratio ranged 27~93%, 0.5~37% respectively. In the case of ABS filaments,
styrene (50.5~59.1%), the monomer components of one, was detected. Several VOCs among acetaldehyde,
toluene, ethylbenzene, xylene, etc were detected from each FDM 3D printing filaments.

Conclusions: Several VOCs, semi-VOCs were emitted from FDM 3D printing filaments in this study and
previous studies. Users were possibly exposed to ones so that we strongly believe that we recommend to
install the ventilation system such as a local exhaust ventilation (LEV) when they operate the FDM 3D printers
in a workplace.

Key words: FDM 3D printer, FDM 3D printing filaments, headspace GC-MS, volatile organic compounds
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k= & 1 &8 Zopt = 9o, 20199 3D
THE AlF H AHIA £o2 629 JERE FALY
Aot =HolA= 3DZAY T ARRIA = 20219
Lol 406714019, AR 4= 2,365%g01H, At
IE md VA9, 219 Ao 2 20209
Lo APFETE oha 548(4,1359) = AT 20219
Tols 455890 ®  SUISFRICHNIPA,  2021).
201249 1€ vl=ABAEES](american society
for testing and materials, ASTM) F42 9]€3]oA
= 3DZAUY FHZ(additive manufacturing, AM) 7]
&2 772 B35t YtHWohlers et al, 2020).
o] F A= ¥E WY 8k 81.9%=E 20209
AT RAK59.6%) Wl BIsl| 37.4% & F7Fsto] =
02 3DZHY HAHG =2 H[FS A5kl st
Qo Iy ArAdEH4 APAR A 2= 60Y
Y 2ol o] F oid WA W FDM(fused
deposition modeling) BEHIE A|Z v 91.4%
2 20209%= AR AK44.5%) mell Bl 105% St
Ao ZAESRLA, B2 "HAl9] 3DZFE S e 5
Y eV =2 AoE RAIECH, oAM=
PLA(polylactic acid), ABS(acrylonitrile butadiene
styrene) ZEHHIES] tist =971 73 EATHNIPA,
2021., 2022).

PLA &A= FUE7T S5 Aoy, BESAE &+
Alolt}, E3E 3D ZHE Y 2Lx7o] 200C AF
E ABS ZHIERT 27] ffZof f=4 W&ol o
£ AA o) vlsj| Zo} PLA ZHHIEZ} F oA ARS-
E31 9th(Park et al, 2018). ABS &A= ofmdZY
Ed(acrylonitrile), FEF]2l(1,3-butadiene), 2~E]Z
(styrene)®] 3% Y 725 7ML Sl 474
(petroleum) &7fol™, WEA4, HFE/do] $-<=5}
of AR Sofl 8= . o] &749] 3D =¥
8 &9 2:-%x4L2 PLA AAEY A 2 220~
260Celth. 1 Ho &4 FRE= Y4IENylon),
Zd 2 Y9 (polypropylene, PP), Z&|7}HUYo|E
(polycarbonate, PC), E#H|d LF-Z(polyvinyl
alcohol, PVA), PETG(polyethylene terephthalate)
5ol AUt Edo] W=, FDM 3D ZY 24|
ARGl 29 FF, =& 25, 5w 2% 5o ¢
gt EEE YA 9 ARTIsREe S5
gFAcHDavis et al, 2019; Kim et al, 2018; Park
et al, 2018; Azimi et al, 2017; Kwon et al, 2017;
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Mendes et al, 2017; Stabile et al, 2017; Vance et
al, 2017; Yi et al, 2017; Zhang et al, 2017; Deng
et al, 2016; Kim et al, 2015; Stephens et al,
2013). Jacobsen et al.(2017)9] ATLollA AAof o
g 24 23 PLA &A= el =(lactide) &40
75% oVd HEEHUL, wEHELEH 0| E(methyl
methacrylate)= HEE{th. 18)a1 ABS &AollA=
2 E]H(styrene)°] 80% ol AEEHULH, UIE &
AoA= 7tE 2 (caprolactam) =&°] 90% ©J4;
A= 9oty Bk ot Park et al.(2018)9] &
A YR dTolA= PLA &A oA = ddste|=R, o
Absletas, HgogAE E4o] W&, ABS &F)
9] Af-oll= HEFS weled, dAfera AlQMSleAa
E4o] HEEs ZC0E Hiskal k. o]Xy 3D
a8 2 Al Ao wet o8] {8l HEEH T
Hyzk SIAIRE, 1 5k 2 Y =278
(MoEL, 2020)7} H]ws] HH 2 420 AATHKim
et al, 2018), 3DZHH 2 Al ofF FJ3lgEo]
HEdA] A5 5 gle AAoth AF7HA] AgHE
ATs AY AYRAA, A} FUF AF AFE 79
ol Aol gt #4 A= vH|sit: wEkA 2
ATe] B4 = FDM 3DZHE 2o AREE=
LHHE YA 5E 2Aste], DHHE A S8 4
Ues FAR7IsREY SR S 46k

ATt

—_

1=}
L

. Ch 2
1. 917 T

FolA] Z2 HFoRe PLA, ABS HeIES Ao
wat 29Jal9l®, 1 §o] FDM 3D neld Hakies

Aokt IS " ES] PLA "M EE 10%0°]
o, WAL w1 EE ) A A H kA
FAo|lal, ABS BEHHIE= 5F°ln, MA2 mieti
WY, =4 P HAMo|gH o]9jo] UdE
(nylon) ¥4 15, PETG(polyethylene terephthalate
glycol) A4 1&, E2v|d &=-E(polyvinyl alcohol,
PVA) FA4 1%, E)7}EY|o|E(polycarbonate, PC)
AeHIE B4 150]UtHTable 1).

2.

re

7
=

HHEES 0.7~0.9 g 224 20 mL Bo|&o] E2
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Table 1. Characteristics of the target FDM 3D printing materials
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3D printing materials’ colour Printing temperature (C)  Density (g/cm®)
PLA filament blue, white, red, black, green 205~225 1.24
modified PLA filament puple, red, natual(3) 180~220 1.24, 2.467
ABS filament blue, red, green, pink, black 220~260 1.06
PETG filament black 230~250 1.23

PVA filament natural 180~210 1.25
Nylon filament natural 240~260 1.24

PC filament natural 290~300 1.12

" PLA! polylactic acid, ABS: acrylonitrile butadiene styrene, PETG: polyethylene terephthalate glycol, PVA: polyvinyl

alcohol, PC: polycarbonate
T The modified filaments with mixing metals (Fe, Cu)

Table 2. HS GC-MS analytical conditions

Instrument Component Analytical conditions
Incubator oven temperature 200C

HS (head space) Shaking speed 500 rpm
Duration 20 min
Sample volume 1 uL
Inlet temperature 250C

Initial 40°C (holding 5 min); ramp to 10°C/min up to

GC (gas chromatography) Oven temperature 100C (holding 5 min); ramp to 220°C (holding 10 min)
Transfer line temperature 180C
Split ratio 50:1
Acquisition delay 300 sec
Mass range 30~300 u
MS (mass spectrometry) Solvent delay 3 min
Electron energy 70 eV
lon source 2007

" Column: Rtx®-5MS (30 m X 0.24 mm , 0.25 um)

3 Headspace(HS) GC-MS(5977B, Agilent, USA)9]
F£7171Q1 A2 A AA SR A2 =
I 229l 200CE AAsteH, 500 rpme] =
S=UA 2083 FAISHREH. HS GC-MS9] #4%4
< Table 29} ZoH, A&H 3EH HEHE= NIST
(national institute of standards and technology)
library®} ®H|wskRal, A= of HsHH|(m/2)< 30~
300o= AYsiatt. Aed E42 A& TR ¢
B, S/N(A1d/ko|2)H]|7} 50 mIRbo|AY 7kA
(chemical abstract service, CAS) 57} gl= slst
=42 AQstlet. 183 HEF AlZko] FAAY &}

SE o E S A A= O 3T (o] =]
A AT 4 gk 2L EEEY BHS 5

stol 7192 AR,

FDM 3DI S 72l Aol d&H Fatgarist
3HEo] £52 FDM 3DI Y AAEE 2ug 5, 2
AN A2H A7} v

PLA ZeHHE B4 A3 HEH 54 5 PLA S92 E
T E4o] 1074 AlgoA B5F FEEA
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Table 3. The ratio of volatile organic compounds (VOCs) shown as a result of analyzing PLA filaments

Chemical Cas number (toxicity") Number of detection (N) Range of ratio (%)
Acetaldehyde 75-07-0 (C1B) 2 0.9~6.9
Acrolein 107-02-8 (S) 5 0.4~2.8
Acetone 67-64-1 2 0.4~0.9
Acetic acid 64-19-7 7 0.3~14
Methly ethly ketone 78-93-3 1 0.6
Tetrahydrofuran 109-99-9 (C2, S) 1 0.3
Methyl n-butylketone 591-78-6 (R2, S) 2 0.9~1.0
Methly n—-amylketone 110-43-0 1 0.5
n-Butanol 71-36-3 7 1.0~30.0
Methyl methacrylate” 80-62-6 7 0.5~37.0
Toluene 108-88-3 (R2) 4 0.2~0.5
Ethylbenzene 100-41-4 (C2) 2 0.4~0.7
Styrene 100-42-5 (C2, R2, S) 6 0.3~1.6
Ethanolamine 141-43-5 1 0.2
Lactide” 95-96-5 10 27.0~93.0
Others - - ( 70.0

" Monomer of PLA material

T C: carcinogenicity, M: mutagenicity, R: reproductive toxicity, S: Skin

¥ Total number of subsamples were 10

SF =9h-REIFT 2(1.0~30.0%), 24H0.3~14.0%), °F
F=2721(0.4~2.8%), 2E|=(0.3~1.6), oFAELH|5}o]
E(0.9~5.9%) 59 24 HEHoH, ol= H7HA
E= EPHES dEGiAER] Ao g F4HH. HEd
=4 5 I, AAAE Holdd & AXEAH =2
(carcinogenicity, mutagenicity, reproductive
toxicity, CMR)Z& ot ELH[sto| &, HE=slo| =2
F, HE wE-REAE, S50, ogdld, AElo]
UL H(Table 3), & AFolA= Aol et HEE &
Z £59] 2po)7} 99 oL} Stefaniak et al.(2017)9]
A AAFoM = Aol met d=d =2 SR7T
e

2 Al fAH AE =43 Jacobsen et al.
(2017)9] Aol A= PLA FHHE Q] /211 e =2}
HewelZ g o] E E4o] FEE Ut 1 2ok oA
Egtsiolt, AIFRIAR=, ZEYTslo|E, ZAE 5
o] A==3lou & Aol AEEA EUT. Steinle
P.2016)9] ¥ AAtoA= FEE E42 A=Y
A gksrout Hdveta g o|E B8 AEH U

St =42 PLA ZHHES] F4Eolu AA A
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FY B7HAToA = "HHE ARl ASEHA g
(Kim et al, 2020), AF4 A AHAFoNA= HE
F A Davis et al, 2019; Azimi et al, 2015). PLA
A= AE Edd(biodegradable) 2.2 & &4 L
A9k, HIE FJHi= ARk A 40% 8= H
7HIE AMESEAL Q17] wiEoll AEF 59 Wk £
5°] U2 & Atk sk=d|(Carlota V, 2019), & 4
ToAE 2 g o ABRI(0.3~1.6%)°] A=
=t Kim et al.(2020)2] 3w AP AFoA L AF
#A(8.6ppb)ol AEEGL, 1 Lok oM E(4. 1ppb),
EFN(35ppb), ANLHA(6.4ppb) 52 EZo] HE H
At 1 Qo= 1-Ed7hs, 12-Crown-4, ethanol,
2-(2-butoxyethoxy)- 59 4 (Davis, 2019; Azimi
et al, 2015), EF2&E(fluoranthene), T (pyrene)
E4(Steinle P, 2016), FHsIo|E/S] ZELH|s}O]
L, op|EH|5|otE, ofo| A EYUTsto]|E, YR T

o] EF(Kim et al, 2015)7} &= Uk

2. ABS WZtHE 2A Znt
ABS ZeHHE|A ABS A& ©EFA|(monomer)<]
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Table 4. The ratio of volatile organic compounds (VOCs) shown as a result of analyzing ABS filaments

Chemcial Cas number (toxicity ) Number of detection(N) Range of volume %
Acrolein 107-02-8 (S) 5 0.03~3.6
Toluene 108-88-3 (R2) 4 0.1~0.4
Ethylbenzene 100-41-4 (C2) 5 18.8~36.3
Xylene 1330-20-7 5 1~5.8
Styrene’ 100-42-5 (C2, R2, Skin) 5 50.5~59.1
Phenol 108-95-2 (M2, Skin) 5 0.7~1.6
Others - - (20.0

" Monomer of ABS material

T C: carcinogenicity, M: mutagenicity, R: reproductive toxicity, S: Skin

Zo] HEE AL, g =9 TEH= 50.5~
59 I%MJ_’— Oﬂg‘i‘ﬂﬂ-"f] % —Ev— SHFH]= 18.8~36.3%%
et dEE CM = AHH, ogddlA, 25
A, e =4o] 3 %E}(Table 4).

Lay D.(2019)9] <d+to] @2 AgFlo] 13+ 4343
E8 Uy, 18R AE(polymer chain)9] #3f A
=2 ogdlA, da-megAgd 9 FHll(cumene) &
o] HE&HU, o|E9 4tekE EIF HEEQIH 3DZ
A9 A4 F o ELH 5|, g, oNEYER
OIN|E, olo|Amane Lu-Fil 2= WA,
E20o] 34 E4o] 4 2 9oty Husigiry X2
ALt FASHA ABS EEHIES ARES o, AEat
oguldlo] A WEdttt= A+ (Davis et al, 2019;
Floy et al, 2017; Jacobsen et al, 2017)7} A},
1 gt 242 oM EYsto]=(Jacobsen et al,
2017., Stefaniak, 2017), °MNIEF|:=(Davis et al,
2019; Floy et al, 2017; Azimi et al, 2015), EF2
2+l & (Jacobsen et al, 2017; Steinle, 2016), &
Eddsto]=(Davis et al, 2019; Jacobsen et al,
2017), &30 9 FAH(Stefaniak, 2017; Kim et
al, 2015) %"] At 2 AoA= ofFEHQl
(0.03~3.6%), EF9(0.1~0.4%), ZAHA(1.0~5.8%),

H=(0.7~1.6%) E’qo | AE=A-

2 A+ 3D=HE s F 98T ¢ = 9%
8212 Haskely| oA g MRS A5k
H}\-loﬂ /\]—_Q.H _]—]_,Qiﬂﬂg] _"_\__‘9: _;;qq _QE TZH_CH7]- 20

ALY, 243 ABS WalwlEC] Ty 9o o
Z71o] 220~260C At A= s A A4 3D
=9y 9 22704 sk AR
of 7 % F=F9 A7t UZ 4 Ut
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3. HYE(nylon) T2tHE A AD}

HUE Bels B A smseene 24
)0l 24.1%2] rFoE HEEHUL, 1 Qo= dH|st
ol=Rel o EYH oL, tﬁlz%*ti sfol=, Hj ]
stolt, EZFYTso|E, n-THELHsto|E EFo]
HEE AKFigure 1).

Jacobsen et al.(2017)9] d+olx= YIE et
EQ] 24109l stz agtElo] 90% olAt A&H A Y]
3 B AolAles 24.1%2 1 HlEo] Wok=d 1 o]
fre ZiEEegE 249 F3ol 270TAH ¥ &
A 2 27io] ZOOCol_E 2o g A& |
9] AJolE HPYS AOoE AlgHch

0.1% 11.4%

Toluene -Valeraldehyde

Ethylbenzene
1.2%

Normal butanol

1.7%

Styrene
0.8%

Caprolactam 4 Others

21.1% S

Butane Propane

1.3% 12.2%

Figure 1. The ratio of volatile organic compounds (VOCs)
shown as a result of analyzing nylon filaments
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fol

FEO| AoA UYdE deE B4 23 71=
Zge Edo] F&5 Yo (Davis, 2019; Floy et al,
2017; Jacobsen et al, 2017; Azimi et al, 2015),
1 Qo= n-gy2Lddsto]=(Davis et al, 2019), &
4HAzimi et al, 2015), 22A|A(Floy et al, 2017)
9 AE]H(Azimi et al, 2015) E4o] A&}

4. PETG, E2/H|2 ¢33 2(PVA), E27I2H0|E(PC)
LiotHIE 2A At

PETG ¥eHIEX PET(polyethylene terephthalate)
o} 3FekA 242 2o FEEE FUlst] YEE A
2t A4kt 20 R PETG EetHlEA = Lo dd|st
o]E(dodecanal)’t F2 A&B3IR)EHIoH, =IAA
(19.2%), n-hexadecanoic acid(18%), phenol 2,4-
bis—(15.4%), AEI#(10.4%) S©°] A&EEAHFigure
2). Floy et al.(2017)9] A7oAd= #Hl=zLHsto]E,
g-g 5yl 2F0] HESEA] EUANE, Bernatikova et
al.(2021)9] Ay AYAo] f=2H AHAS ZITH
WA, de, EF90, 1-SEs, ogdd, 34, =g
294, #H=, =Yd(nonanal), HXt¥(decanal) 59
E4o| A&= AU

PVA ZHIEE ZAL oA EdTsio|E &4o] #
=9, A& gl 4 33%. 32.7%ReH, 1
Qo= FR2EAYsto]=(13.4%), HWIH(0.7%), °HE
(0.4%) 59 &40o] A&%AKTable 5). Floy et al.

19.2%
Xylene

Ethylbenzene

Dodecanal T T T T
33% 15 20 25 30

n-Hexadecanoic acid
18%

Figure 2. The ratio of volatile organic compounds (VOCs)
shown as a result of analyzing PETG filaments

(2017)9] H AAAFA £ AFet FUsHA 24t
o] A&, YA, EFoergolt] A2 2 A
TolA AEEHA] U
PC ZHHE A= H&(10%), oE(3.3%) =40]
AE=JA, 7IeHEEe] = 86.7%%E W=,
PC "eHE EAA 52 25(290~300C)00A &
£ E4& 7K1 Jeng B Ao Az

Table 5. The ratio of volatile organic compounds (VOCs) shown as a result of analyzing PVA filaments

Chemcial Cas number (toxicity’) Number of detection(N) Range of volume %
Acetaldehyde 75-07-0 (C1B) 1 32.7
Acetone 67-64-1 1 0.4
Acetic acid 64-19-7 1 33
Crotonaldehyde 4170-30-2 (C2, M2, S) 1 13.4
Benzene 71-43-2 (C1A, M1B, S) 1 0.7
Others - 19.8

" C: carcinogenicity, M: mutagenicity, R: reproductive toxicity, S: Skin

Table 6. The ratio of volatile organic compounds (VOCs) shown as a result of analyzing PC filaments

Chemcial Cas number (toxicity’) Number of detection(N) Range of volume %
Acetone 67-64-1 1 3.3
Phenol 108-95-2 (M2, Skin) 1 10.0
Others - 86.7

" C: carcinogenicity, M: mutagenicity, R: reproductive toxicity, S: Skin
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200CONA FE3s] H=HA LU=

(Table 6). Azimi et al.(2015)9] ¥

of = AEH 9 tx=gg Z40]

2 AFox= FEHA Lot

5. FDM 3DEZE HEtHEH W= Jts
=4 HEOA 2AE FEWIES] SR

O T =

FDM

[e]]
M

3DIEIE AXHOA LEE YRV IeHE=

Bt 159

rir

A
e

AeIEE x3bste] 7Fo|er, AEH a4
TF= 56F°]tHTable 7). o] ol =4 sfg &
gHES du 4 T WA A&l HEHI,
e E Az o] AHEE AoE FAEE J7HA
4 AT A& E= old 249 d&d A= 4
e E4E HEE ANSL(2019)° W= ABS,
PLA, YYE, HIPS(high impact polystyrene) &t

Table 7. Chemicals possibly emitted from a FDM 3D printing operation in studies” (continue)

No. Chemical Cas number PLA ABS Nylon PVA PETG PC HIPS
1 12-Crown—4 294-93-9 G

2 Dodecanal 112-53-8 C

3 2,2-butoxyethoxy—ethanol 112-34-5 B

4 Acetaldehyde 75-07-0 B,C,E,l B,E C |

5 Acetic acid 64-19-7 H G Al

6 Acetone 67-64-1 E,l E |

7 Acetonitrile 75-05-8 E E

8 Acetophenone 98-86-2 ACG

9 Acrolein 107-02-8 | |

10  Acrylic acid 79-10-7 A

" Benzaldehyde 100-52-7 C C A
12 Benzene 71-43-2 E E H
13 Butane 106-97-8

14 Butyl methyl ketone 591-78-6

15 Caprolactam 105-60-2 AB,C,G,l G
16 Chloroform 67-66-3 E E

17 Chloromethyl methyl sulfide 2373-51-5 G

18  Crotonaldehyde 4170-30-2

19  Crotonic acid 107-93-7 A

20  cyclohexanone 108-94-1 B B

21 DBP(Dibutyl phthalate) 84-74-2 B B

22 Decanal(decyl aldehyde) 112-31-2 C H
23 Decane 124-18-5 A

24 DEHP(Diethylhexyl phthalate) 117-81-7 B B

25  D-Limonene 5989-27-5 A A
26 Ethanol 64-17-5 E E

27  Ethanolamine 141-43-5 |

28  Ethylbenzene 100-41-4 Fl AB,C,EF,I G
29  Fluoranthene 206-44-0 B,D B,D

30  Formaldehyde 50-00-0 B B,C C

" HIPS: high impact polystyrene

Journal of Korean Society of Occupational and Environmental Hygiene, 2022: 32(2): 153-162
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Table 7. Chemicals possibly emitted from a FDM 3D printing operation in studies”

No.  Chemical Cas number PLA ABS Nylon PVA PETG PC  HIPS
31 Glycerin 56-81-5 G A A

32 Hexanal 66-25-1 G
33 Isopropanol 67-63-0 E E

34 Isovaleraldehyde 590-86-3 B B

35 Lactide 95-96-5 B,C.G,I

36  Methly methacrylate 80-62-6 B,C,D,I

37  Methylethylketone 78-93-3 |

38  Methylarsonic acid 124-58-3 A

39  Methylstyrene 25013-15-4

40  n-butanol 71-36-3 B,C,I B

41 n—Hexadecanoic acid 57-10-3

42  n-Hexane 110-54-3 E E

43 Nonanal 124-19-6 C H

44 n-Valeraldehyde 110-62-3 C, |

45 Phenol 108-95-2 H

46 Phenol 2,4-bis 2300-15-4 |

47  Phensuximide 86-34-0 C

48  Propane 74-98-6

49  Propylbenzene 103-65-1

50  Propylene glycol 57-55-6 B G

51 Pyrene 129-00-0 B,D B.D

52  Styrene 100-42-5 G, AB,C,D,G,l H G AG
53 Tetrahydrofuran 109-99-9 |

54 Toluene 108-88-3 E.F.I E,F,I H

55 Triethanolamine 102-71-6 A

56  Xylene 95-47-6 B,F E.F.I H | A

" A Floy EL et al.(2017), B: Jacobsen E et al.(2017), C: Davis A et al.(2019), D: Steinle P.(2016), E: Stefaniak A.(2017),
F: Kim YN et al.(2015), G: Azimi PH et al.(2015), H: Bernatikova S et al.(2021), I: This study
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