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Abstract Despite the widespread use of passive air samplers (PASs) for measuring indoor volatile organic compounds
(VOCs), the performance of PASs has rarely been systematically compared or evaluated. In this study, VOC samples were
collected using three types of PASs in a dormitory and an office to compare VOC concentrations and evaluate PAS
performance. In addition, an active air sampler (AAS) was employed to calibrate the PAS measurement results. The PASs were
deployed over a two-week sampling period. Sampling rates for each PAS were determined using the concentrations of eight
compounds detected by the AAS. These sampling rates were then used to correct the PAS-derived concentrations. Before
correction, VOC concentrations measured by the PASs differed significantly between the dormitory and the office (RM-ANOVA
test: p<0.05). However, after correction, no significant differences in VOC concentrations were observed between the two
locations (RM-ANOVA test: p>0.05). In the dormitory, the indoor/outdoor (I/O) ratio exceeded 1 for one compound before
correction and for four compounds after correction. In the office, the number of compounds with an I/O ratio greater than 1
increased from four to five after correction. The estimated carcinogenic risk in the dormitory increased from 2.0E-06 to 5.8E-
06 before and after correction, respectively, while in the office, it rose from 2.7E-06 to 7.9E-06, both exceeding the US EPA
threshold of 1.0E-06. Since /0 ratios and cancer risk estimates are sensitive to sampling rate corrections, it is crucial to
evaluate the reliability of PAS sampling rates thoroughly.
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ence (Shedd et al., 2023), Assay Technology (Feigley
et al., 2011), ICS Maugeri (Kim et al., 2021, 2019)2] 4
& FEH7IAFZ1E Aol dAIste] vocs 574 2
WS vttt Bk A AR SEAIRE
3y AFst s IAF719] = A =S
ISt Al AR HAstdH ol Fl %
7 1AF7] AlEE s 2ol B7FstaL, Auls3tel
THE VOCs RYE T 235 Hlwstgeh E3h Alm
Qe B A9 ke, A ] FkH], T flsi=
£ Hlasknh

2. A7 ¥y

2.1 t7|M=xHF 7]

& Ao A AR Al F-o] 7 1AF 71 (OVM
3500, 3M Science, USA; OVM 566, Assay Technology,
USA; RAD 130, ICS Maugeri, Italy) 2} ‘55T 7 145171
o] 71 HHE I 1°] AASIST. OVM 35002 91
HiZ] = 200 mg®] S fo]w7t St sj==
o Qlrh. OVM 566 Al U 2] Fefo] 2F 7]
=, 150 mg®] /et flojw7t 22 Fgo] Sl &zt
28 a7 E 9o 9tk RAD 130 100 H|A1S] €53
2H|l2] 2 i Yol 35~50 HA] 2] SAJEH (530 mg)
of AAA dom, A Al =it 2] (RAD 120, ICS
Maugeri, Ttaly) o] AF2toto] AH-85tct 557121371

FEH7IAF719] 2= BoFs] f1s ARgst

o o4 =8 H|F] 7] (STS-25, Perkin Elmer, USA)

AEZ 2 HKT50603, KNR, Korea) S ¢1745}10] A}
steick

oo é ;R r]

o7 IEstEx| M 41 E M 45



AUZ7| & LERIIERE SLEES I8t =S IF7 (e 457t 609
Table 1. Overview of the passive and active air samplers used in this study.
Compan Product Component Sampling rate sampling Extraction Picture*
pany P piing method method
* One diffusion pad
3M OVM 3500 uston pad 7~37mUmin  Passive _SOMent
science * 3.2cm diameter activated carbon wafer extraction
6
g
Assay * One hole plate ) ) Solvent
OVM 566 2~10mL [% .
Technology « 2.0cm diameter activated carbon wafer mL/min assive extraction @
&
* 1.7 mm-thick diffusion body 4
ICS . . . Solvent
. RAD 130 * 100 mesh stainless steel mesh 17~84 mL/min Passive .
Maugeri - extraction %
* 35~50 mesh activated carbon 530 mg
il
* Multi-bed adsorbent (3 types) Thermal = e
KNR KT 50603 50 mL/mi Acti . B e
* Carbograph 2, 1, Carbosieve SII mL/min ctive desorption 3;:; -

* Images adapted from the respective company websites: 3M science (https://www.3m.co.kr/3M/ko_KR/company-kr/), Assay Technology (https://www.
assaytech.com/), ICS Maugeri (https://radiello.com/), and KNR (https://knr2023.cafe24.com/index.php).
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ol A5B7E BHo sttt SEU A=
A ar Axstdon, SE=Ur|gHs diAg
5171 (STS-25, Perkin Elmer, UK)E AM-g5to] &2F
T 0.05 L/min®] 350 2 24417t St A Fs1At

2.3 N4

FEh71AF 712 2T VOCsE #AI5H] 915,

A=A gaE AH7104 F2HAE Z2e H
ol (CSy) 2 mLE FUFESIAT. FEH
= WA EFEZ (methylene chloride-d,, 1,2-dichloro-
ethane-d,, benzene-dg, toluene-dg, chlorobenzene-ds,
ethylbenzene-d,,, 1,2-dichlorobenzene-d,, and 1,4-di-
chlorobenzene-d,)= ZFZ} 4 ug A7k o] 1582

AL, FE Al=E 2mL HPo]
o] %31 & WHEEZEH (fluorobenzene) 4 pgS 3
do A= flol A8=418 =
0, 25, 50, 100 ng/uL FE2 ZA]
on, B= =80 BAAS
(R)E 0.99 o]go] &’iﬁ}. VOCs 242 7|A 2 20tE
T2/ A5 97] (Gas Chromatograph/Mass Spec-
trometer: GC/MS, 7890A/5975C, Agilent Technologies,
USA)Z F=3¥5}ct £ (10: 1, 12 mL/min)
A o2 1uLE GCofl FUstaeH, =AY 2™ (DB-
624, 60 m X 0.25 mm i.d., 1.4 pum film thickness)&
AHgSATt Y 2 40°ColA 3R AT &
8°C/min 2 &2 160°C7A] 25}, ©|F 10°C/min
O & 200°C7HA] 527 5 287 A5kt o154

NAZE £5 99.9999%2] AF (He)S ARSI
o, 8-S 1 2 ml/minl 2§25}tk o
source) 2T+ 230°CH.2.H, 70 eV 2] A 2}to]- 25} (Elec-
tron Ionization: EN)2 EA}E o|235)5l11 483 o]
2 DU E]F (Selective Ion Monitoring: SIM) 4] 0.2
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SEAANANAT A, AR A SR A2
(APK 1200, KNR, Korea)E AF8-5}9] 50 mL/min
O] A4 7EA(N,) 2 340°COllA] 2A17F F3F AlH 53]
ok A& F Folls A 5971 (CSLR, Markes, UK)
2 A EFE 4 (methylene chloride-d,, 1,2-dichloro-
ethane-d,, benzene-dg, toluene-dg, chlorobenzene-ds,
ethylbenzene-d,, 1,2-dichlorobenzene-d,, and 1,4-di-
chlorobenzene-d,)= Z+Z} 20 ng¥ S&3ho]| 47}st
At olF FHWS ALEH) (TD-100, Markes,
UK)oll o] 300°CollA 10&7F VOCsE 223t
-25°C9| EE Ef o] AF2As5Iel ©]F 300°CoA

w54 g3tolo] Geoll 6:1 Hl& R 25k
o\:q Ol 7IARE & 99.9999%2] HES 20
psi ¥ o8 FRISHRIet. 11 9] HE B 212 5
d710F7] Al=e] 24 2% sLst. A=A
< BE 24 diel FLe F& ¥91(0.5, 2.5, 5, 10,
25, 50, 100 ng/pL) & ZFAISHI, AAAGE 0.99 ©]
Aolitt & AALof| A= 24%-2] VOCs (1,1-dichloro-
ethene, trans-1,2-dichloroethene, cis-1,2-dichloroeth-
ene, chloroform, 1,1,1-trichloroethane, carbon tetra-
chloride, benzene, 1,2-dichloroethane, trichloroethene,
1,2-dichloropropane, bromodichloromethane, toluene,
1,1,2-trichloroethane, tetrachloroethene, dibromochlo-

m,p-xylenes,
o-xylene, styrene, bromoform, 1,4-dichlorobenzene,

romethane, chlorobenzene, ethylbenzene,

1,2-dichlorobenzene, 1,2,4-trichlorobenzene)& #4}5}
At

FTEH7INESY] AFEA Folls A (Dol ==&
ZHE M, pg)S = (C, pg/m’) 2 WSt oH, 52
A2 AF 5= A= 23 & (sampling rate: Q,, mL/
min)-> 4] (2)°]l @t AH717H(t, min) ] Hat 7]
(K)= ¥rgsto] 242 4A4skqlnh 7‘1]7‘/‘}01]/‘1
Quoy 8% AEEA) g 2700 A= 4 (3) o]
B Quos W= *}@5]'@‘:} WA, 7]&0 %1'31;3 7N
EE E—’] ngg %IE 9’]'/‘]'7"“—[“ D, sz/s)i ]4'
o] FAHA A (mm?) T} 272 9] £ ol A
2] I(mm)2] H](A/D)E AEEE AEsta, o] & Hd

Steich o), B vl (Aol 7 BAo] SHaALS
Tsto] I BUO] Qo 22 ALRSFSITE
C (ug/m®) = MWD 0

Qy (mL/min) x t (min)

. K (15 6
Q (mL/min) = Qo x (352) * 10 @)

A (mmz) m?
X

(100 cm)?

Q,y¢ (mL/min) =D (cm?/s) x T (om)

m 1,000,000 mL 60 s
X X —

1,000 mm m3 min

®)

2.4 Bz
HIA A Z3HA (Method Detection Limit: MDL)E At
gst7] 1 AH7TE 771 FA = As e EEEY
(25 ng/uL)& FASkAL AA| A=} FLsHA HA
Sttt 78] WHEEA Avto] TEMAL] 99% A F|®
AL t B FE(3.14)S Bt A=A F Hol= 1
o] 7]k ©9)2 MDLS AHsHth vOCs2
MDL-2 OVM 35000114 0.06~0.40 pug/m?, OVM 566
o] A] 0.01~1.45 pug/m’, RAD 1301 4] 0.05~0.34 pg/m3
At HABZED Y] 3582 62~131% .21, 2 5]
oF Aol A BT & Q= 9 °§50}*5 7St
7] 15l @A RS AAA =R L o R
A ste] Ak Aol Rtdstat.

2.5 Slsiy Bt
20 SRR Tel, B A LEe AV, Wt
ol 5 A1 SIH BE Skt B

AE7L Qe 22 Ashd FrlelA ALl

222X = (chloroform), AF93letA (carbon tetra-
chloride), ¥l (benzene), 217 (ethylbenzene)©]
et fsid Bkl 2EE ol 229 ST
29S| & (Inhalation Unit Risk: IUR)+= ZFZF 2.3E-05
(IRIS), 6.0E-06 (IRIS), 7.8E-06 (IRIS), 2.5E-06 (ug/m?)™!
(OEHHA)o|t}. AU F+F 1A L-==F (Lifetime Aver-
age Daily Dose: LADD)2 4] (4)¢f] @2} 5= (Con-
centration: C), l=&7]|7F(Exposure Duration: ED), =

St |2tEstE|x| 41 H A 42



Z11 I (Exposure Frequency: EF), l-&A|{T (Exposure
Time: ET), 7|5 (Average Time: AT) .2 A/4lst
Ak e E QAR 2 Al E SHSE e E
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AH&5191.0 8 EDE 254, EFE 350/ 0 2 A3}
RAL, e RAE 0] A AZ A7 EEE ATt
ETE= 7154 1174170, AFRA 1034170 Y, AT+
724,452 7 (71 $: 82.7d) 0.2 A3t} o]
& 2] (5)9} Z°] LADDO| IURES Foto] 3} et
A= (Incremental Lifetime Cancer Risk: ILCR)&
AHstedet. et feidS GEEX R ool
3l Crystall Ball (Oracle 11.1, USA)-& AHgsto] 2
H7FE=2 Algdolds +astint o= Awe] &
ERZE o] Sl E 249 T 21 A
THERE TET 7Sk, &
Fo] 0.1812 AAs5HGT ED (B 25, & :
2.5)9} EF (B4t 350, #2012k 3.5) ERE, 271 At
IS whETHL 7PYSHGIT BT, AT, IURE T Lo
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iy
)
_);il‘

:
:%
ofl
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LADD= ——mM————— (4)
AT

ILCR = LADD x IUR (5)
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12k A=A H 713 F 7105719 215 E 24
T VOCs9| F2g} w5 Z17F 7 13 117 29
UERTE 71sAtel A o] S22 OVM 35000]
5.5 pg, OVM 566°] 1.9 pg, RAD 130©] 7.1 ug©|31.oH,
ARG A = OVM 35000] 8.3 ug, OVM 566°] 3.0 pg,
RAD 130°] 12.7 pgolSlth. A5Al= 24 Aito] 4
HEZHAF= 30% U ST F F1telA 25 RAD
130, OVM 3500, OVM 566 +=C & Z2teFo] wat
ol= ZF s t7IAH 71 o] A Al A3 E (sam-
pling rate)©] Tk27] wj&Eolct, & 20] 7|02 BHAY
24 Als AFES AASH Als fF &2
A= S A< 5 Y5 RAD 130, OVM 3500,
OVM 566 #=°]2Ith RAD 1309] Al #F&o] =
2 olfi= U F AFH7Ie Ee] Y58 X5 7t
2|31 Qo] 24t WA o] H7] wizo]th(ICS Maugeri,
2019). Hi2] Fefe] ovMm AHFH 7] 7F A HE zfol 7t
gt o]f= OVM 35009 A & (3.2 cm)O]
OVM 566°] &2 A5 (2 cm)EH 27] wjzoltt.
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Fig. 1. Mean amounts of the 24 target VOCs collected by each passive air sampler in the (a) dormitory and (b) office.
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Fig. 2. Mean concentrations of the 24 target VOCs measured by each passive air sampler in the (a) dormitory and (b) office.

Table 2. Sampling rates of the 24 target VOCs for each passive air sampler.

Sampling rate (mL/min)

Group Compounds
OVM 3500 OVM 566 RAD 130
Halo-alkene 1,1-Dichloroethene 36.9 10.0 82.4
Halo-alkene trans-1,2-Dichloroethene 352 9.32 84.5
Halo-alkene cis-1,2-Dichloroethene 35.2 9.32 83.8
Halo-alkane Chloroform 335 8.49 75.0
Halo-alkane 1,1,1-Trichloroethane 309 7.93 62.0
Halo-alkane Carbon tetrachloride 30.2 7.48 67.0
Aromatic Benzene 355 9.79 80.0
Halo-alkane 1,2-Dichloroethane 34.5 9.22 77.0
Halo-alkene Trichloroethene 311 8.60 69.0
Halo-alkane 1,2-Dichloropropane 30.2 8.08 66.0
Halo-alkane Bromodichloromethane 11.3 3.17 25.2
Aromatic Toluene 31.4 9.58 74.0
Halo-alkane 1,1,2-Trichloroethane 29.7 7.68 67.4
Halo-alkane Tetrachloroethene 30.3 7.10 59.0
Halo-alkane Dibromochloromethane 7.42 2.02 16.6
Halo-aromatic Chlorobenzene 29.3 8.64 68.0
Aromatic Ethylbenzene 27.3 8.91 68.0
Aromatic m,p-Xylenes 27.3 7.54 70.0
Aromatic o-Xylene 27.3 7.54 65.0
Aromatic Styrene 289 9.21 61.0
Halo-alkane Bromoform 29.3 7.91 65.0
Halo-aromatic 1,4-Dichlorobenzene 27.8 7.65 51.0
Halo-aromatic 1,2-Dichlorobenzene 27.8 7.65 58.0
Halo-aromatic 1,2,4-Trichlorobenzene 23.9 6.50 50.0

Bold: Estimated values
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Fig. 3. Proportions of the 24 target VOCs for each passive air sampler in the (a) dormitory and (b) office.

3% RAD 1309] F2 A= 24 22 ¥, OVM
o] A= 2 9ol (wafer) FE= &
=214 FHE Az Aol e nR Aoz +
%

AB2RJH7E & e S22 &9 (RAD 130>
OVM 3500 >0VM 566)2} B2 OVM 566, OVM 3500,
RAD 130 <=0]9]th. o4& o 2= ofH 157|214
718 AHgotE e S2ES Alm AFe= BEsfst
o] L& 4tEotnE YT Frt AP Eojof g
o ey E4E EES AR 24 B 51
o5l Friedman §¥HE5% #4HEA (RM-ANOVA)=
4345+ A3}, OVM 5667+ OVM 3500 A& 7toll= &
ARz Fo7t 2] 7F gl3l oL (p>0.05), RAD 130
A== OVM 5663 OVM 3500 A= H]l F-2lst
Al @2 FEE Bt (p<0.01). RAD 1302 A5 A
F&o] 71 =11 MDLE Rof ©7] LUE[FofA &
A HEEC| 7P =2 A 0= A= I Teu &
dAolA 24F EHO] Bt HEES OVM 3500°]
56%, OVM 566°] 46%, RAD 130°] 30%%{Ttt. RAD
130 Al =9 HEEOl 2 o= HEH EE &

7} MDL °Jst2 SA = o] 2HE= A=W ve

olth. A& AF|&o] S5 FUt A
At = dolx] B2 RAD 1309] A
B =S 7Fs/do] qink ol gt
OVM} RAD 130 7+ =4 H|-gol & Zfo]7} g3l
O}, BE AlmoflA] EF0, 2, ofguilAlo] vl-g
o] 7H¢ E=ATH | 3).

A&l disl 2
= AFeol 3

qgroz <l

3.1.2 FHIZ A MRS EM Aot Hw

12 A=A H 713 5 Al SR et =2
ST B 5,, VOCs TEE 715AH9.38 pg/m’) B
oF AFA (13.8 pg/m?) ol A o =30tk oliig AREAol
Y] AFREE, ANE 7 AR AlE (A E
15th, ZAE 3df, WAL 1) 5), 487 ol HA|
o] QloBug VOCs T/t AdAleg =8 Zog
SiAE TR ot £ 25 HlE L V)%
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Fig. 4. Proportions of halo-alkanes, halo-alkenes, aromatics, and halo aromatics in the (a) dormitory and (b) office.
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Table 3. Original and calibrated /0 ratios of eight VOCs in the dormitory and office, calculated relative to the concentrations

measured at the SJ station.

Dormitory Office
1/0 ratio
Original value Calibrated value Original value Calibrated value
Benzene 0.48 1.19 0.59 1.39
Toluene 0.81 137 1.24 2.10
Ethylbenzene 0.24 0.31 0.53 0.67
m,p-Xylenes 0.16 0.17 0.35 0.39
o-Xylene 0.73 0.68 1.87 1.73
Styrene 2.52 6.03 1.81 4.35
Chloroform 0.86 3.78 1.39 6.04
Carbon tetrachloride 0.26 0.36 0.25 0.33
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