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Comparison between Photoionization Detector (PID)-based Direct-reading
Instruments and Conventional Charcoal Tube Analysis

Hae Dong Park” * Dong Hyeon Kim
Occupational Safety and Health Research Institute, KOSHA

ABSTRACT

Objectives: This study aimed to analyze the measurement characteristics of photoionization detector (PID)-based
direct-reading instruments for toluene and identify the effects of various environmental variables on the accuracy
of the instruments.

Methods: Toluene was selected as the target substance due to its high measurement frequency and the elevated
rate of its exposure index in workplace environment assessments. The response time (tes) of isobutylene and
toluene was measured and compared according to the OSHA method. Toluene concentrations were prepared at
five levels (0.1, 0.5, 1, 2 TWA, and STEL) using Tedlar bags. PID measurements (with a correction factor of 0.5
applied) were compared with charcoal tube sampling and analysis (GC/FID) under varying conditions of
temperature (5°C, 20°C, and 35°C) and relative humidity (20%, 50%, and 80%). Multiple linear regression analysis
was performed with the response ratio as the dependent variable to determine the impact of temperature,
humidity, concentration, and elapsed days.

Results: The average response time (ts3) for toluene was 6.21 seconds, which was significantly slower than that
for isobutylene (3.88 seconds) (p<0.001). A very high correlation of over 0.97 was observed between the PID
measurements and the charcoal tube analysis results. However, the average response ratio was 0.75, indicating
a tendency to underestimate the actual concentration by approximately 25%. The response ratio by concentration
level was lowest at 0.64 for 0.1 TWA and highest at 0.84 for 0.5-1 TWA. The multiple linear regression analysis
identified temperature and number of elapsed days as the primary factors affecting the response ratio, with
elapsed days showing a greater influence than temperature.

Conclusions: While PID-based direct-reading instruments require supplementation for quantitative absolute
value measurement, they offer excellent utility for immediate identification of concentration changes and
high—concentration risk detection. Systematic maintenance is essential to maintain the reliability of the
equipment, including daily calibration before use and regular cleaning to address sensor aging and contamination.

Key words: Toluene, photoionization detector (PID), direct-reading instrument, response ratio, exposure
assessment
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A BRI 2EAY A BEshi, AYYe
oltsi7] QI ) sfskeAol tiet Akt wg 8}
£ Wrolrt. AEAS g W7k U4 ARE A7
3 ¥ AR 2usle] BASIE B4 AREY, of
£ A7} 5271 S0l 57F 4 ashe Avke A7
A A(lag time)S LEAIZIH. of23t AIZHA AL =
2 Aol 27 4358 i) b, 39 3
Xé = sl 2ASH & Wl 2ZHdo g fSsl=

A o)PA wErh %3] n-gl4ito|u} HgkE 5of oJgk
T8 5 AR WSk AdelA, At B = E
(TWA) Tl 253t 71& EAHY TAE Bt
sl AAZE HUE el /o] FRE I UtKSleeth
et al., 2016; Yeo & Choi, 2016; Soo JC et al.,
2018; Takaya et al., 2022; Kim et al., 2023; Ha
& Lee, 2024).

T Fo|23HE7](PID) 5= 7|RteZ 3t A=A
ZH|(direct-reading instruments, DR)Q] 7]&% &
2 ol2gt ZA19] tite® RSt it A=A A

Wl AR AR 1 B ARE AEsiol
Z] dAo] I & Az(peak exposure level)&
SAHo=w 22T 4= QA 5, ol= AE AT T4
Al LEANA 2441 s Algste] 7|y Ho
29 So| Al&s 232 STal o BYst 584
7}t Han & Kim, 2018; Park et al.,, 2019 ;
Takaya et al., 2022; Kim et al., 2023).

ey o]2fgt Aol Eolal 254 AH| o] /%
Ago|= E 71| 7|&3 o] EA3itt. 94, A
e SHAA 71 FAHAER vl A=t FA
BV obH, AlA ARA|7E 9 F g aQlo) RIS

Al vkgste] 73k Biso] AT 4= ot PIDY 4
o H]—O]"q(non-speaﬁc)‘)] EXog Q) Eat 3}sk
E4o] F&Eot= A Al EELS BED] S
Hgolol= ol TA7E At E3L viEE] oyt £
BA19] M8 5 stEdoiARl Aok AR d7 289
A== A5kl Y Park et al., 2019; Lee et al.,
2022; Takaya et al., 2022; Kim et al., 2023).

ojlgt dHEE FEoaL A=A AH|9 AFdE &
Hspr] QJefix= AR B 9 ] ko] =gEo]
of 3ttt AR A wid AAlsks 0" 24T E AW
(span) WA EFoto], A4 WL 71411 A=t
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F714% 5 A5 5% FARY7E 2ot L &
Q HA9] AP sl
CT 71%4 L}o] HEE|ooF 5},
7] fJel HE7tol gk |

olg] sfjAx} 7]& %—ﬂ%ﬂ«l Z7]29] W} HZo] ¥
EJojof gFcHHan and Kim, 2018; Kim et al., 2023).
A FHolA= 2 =4 Aulo)] tigk =871 HAF 5
7¥stal Qlon, olE AAl =E H7F 9 AR A& &
glof| &8517] I3t E23HE Tho| =gl ofF] wiH]
St AAo|tHPark et al.,, 2019; Kim et al., 2023).
olof A= F AFAAOIA &4 Rt =2
< e PID A=A AH|e] 34 54e

qent
BA3I, chep 8 Wg7t Avle) Ao vxE

FFS FHAIA Set. ol o) F¥ T 44
o] Adlst A=Al A &8 FZI) Bt 224 H
2 93k AgAQl AN k& T M i) /]
z Az2 AgstA
I, AT L
1. |:|.|Al- S X! ol XAl XH|
2 AT T Ad@Rol ] = WEe} Pole

SHHE71(PID)Y] B 542 S CoRE 15t o
E24& AAoITE 1855 HaE 202285
2024971219 =W ZAASHEEH A} HlolEollA
104 &4 A4E FE51%eH, 55 4 E3F
ALt 71HES % 6,871,981 ©JTHE| 7t
HAEE, SPHHY, EER7IsRE A9). SEiZl

7133=e 3 NeE ?JA‘_%}O]] e =9E St
k. A4E A9l 3071 4 F PID AlA 9] HP— A2
3l 7§ﬂzﬂ—,—7} SHRER] AL BRgSlA] e EES
ALt 1352 FE=E At HSHoE ddE
4 =3 74—’?7} W1, =E3XREHE/TWAZE 10%S

ZIBl= BT} i;;—u‘: EZF(toluene)S A+ W &
A2 AAs19n EFN9] &7 TWA 50 ppm,
STEL 150 ppmo]nﬂ, PID EAS(CHE 10.6 eV
I 7]E 0.5°]Table 1).

A=Al ZH)= PID 7|HEe] AH|(PGM 6248, MultiRAE
Pro, RAF systmes, Honeywell, USA)E AM&-ol% Tt
2 A= 250 cc/min®] FELE F7|IE FYsHH,
10.6 eV HZE A25HL, 10 ppbo &35 7
ppb @9 40| 7l Zdo|tt. A Al AR
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ZO|=SIAS7|(PID) 7|8t R=A HH|QF 7|E EYEE &
Table 1. Annual average measurements, PID factors, and exposure limits by substance
Rank Compound N’ CF' at 10.6eV SO’ ()
TWAS STEL
1 Toluene 88,424 0.5 50 150
2 Isopropyl alcohol 83,405 6 200 400
3 Acetone 80,888 1.1 500 750
4 Xylene(o,m,p) 73,727 0.44 100 150
5 Methanol 63,255 NRT 200 250
6 Ethylbenzene 52,660 0.52 100 125
7 Methylethylketone 47,744 0.9 200 300
8 Butylacetate 44,658 2.6 200 -
9 Ethylacetate 42,755 3.49 400 -
10 Methylisobutylketone 39,443 0.8 50 75
11 2-Butoxyethanol 37,961 1.2 20 -
12 Formaldehyde 31,961 NR 0.3 -
13 n-Butanol 28,923 47 20 -
14 n—Hexane 27,290 43 50 -
15 Cyclohexanone 22,750 0.9 25 50
16 n-Heptane 22,003 2.8 400 500
17 Styrene 21,698 0.4 20 40
18 Isobutyl alcohol 20,978 3.8 50 -
19 Ethylene glycol 20,105 16 - C100
20 Methyl acetate 17,371 6.6 200 250
21 Ethanolamine 17,362 1.6 3 6
22 Cyclohexane 16,280 1.4 200 -
23 Dichloromethane 15,824 NR 50 -
24 Phenol 13,6562 1 5 -
25 Dimethylformamide 12,475 0.7 10 -
26 Tetrahydrofuran 12,360 1.7 50 100
27 Acetonitrile 12,265 - 20 -
28 Benzene 11,487 0.53 0.5 2.5
29 Trichloromethane 9,041 - 10 -
30 Methylene bis(phenyl isocyanate) 8,752 vs” 0.005 -
N: number of measured samples per year(average for 3 years), "CF: correction factors by RAE systems, TK-OELs
Korea occupational exposure limits, STWA: time weighted average, STEL : short term exposure limit, "NR: no response
VS: very slow ppb level response
0" WA Span WAHE AHAISHL, o|Fol= 0'F A, olaRdd EZF7FA(Isobutylene
wAT AASE & AT Oxygen in Nitrogen 20.9%, 34 L, CALGAZ, USAE
10 L 89 €52 wel Y1, 254 gule
2. S HISAIZH A o}, BEe W o BEIRAS M54 Uz FYAAA
H=a] Aulo] B HRSAIZE AR OSHAS WY 1% 71A0R Holelg AgshEal kst oF 187k
(OSHA, 2024), 8 A= thew) 2okt &dtel Z4gto] S AHel /ARd 8712
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Atk ol 63 §HE S45to] HlolEE gSolelth
L7t Sk B9t HREAITHiss i) THOH]
fote, = F7F 1t FolA AFEE 50%2} &
X*%I 7ke] atolg ote] Adigto] 7P #2 o=
&5 5719 F3E AFskelth 489 g ol&
0}01 HES AESHU(In(N B =-57387D), ©
&sto] 71&718 ol tewso= 718719 J5E
Fstod ottt st Facks te] whSAZE
(t63ecay) > &= Td 7 F AEEE2] 50%00 7H
7k 5709 &SR Ao, dE dxe
te3is)2F BT te3is) 2t te3eca= BaFoto] 2 BHS
AZHte3)& AAFSFAT.
EFMof| gt RESAIZNE ok fotod, HEw
of 4 A M dFHF FUste] Eof Xﬂ %}
7tAE ol8otitt. R Al¥eks RO
AFH AT 2430.7~43.0 ppm)}Z 7Sl E O]-Oﬂo
o, o2 Ad dA= 99t 5Lkt

(0]

—_

=
=

|

E

3. 54 U #2019 ¥3 Tt

ZF AR 3719 HlEE WS SRk GC £4

o ARgER= ek oflof(Air, AtaE 21% Hel, (HE
PE H=Y Hofl F 52E 2ok ojnff, 3719 £
FF 2.540.1 LPM 0|9, 287t ngow CEFA
9] %5 0.1, 0.5, 1, 2TWA ¥ STEL 50 A5}
7] $fsted, 37171 4= =2 Ho EEO“ Al A
Al dAFO R FHoto] AT A 2=+ 5T,
20T, 35C= st9oH, F27|/(MIR-204, Incubator,
Sanyo Electric Co., LTD., Japan)?] 2=& A43t &,
BlEd W} 2=4] AH] 4 AR HHEEE 5= W—roﬂ
T3 Attt SRS E)E 20%, 50%, 80%ClA1
Adds7]| o], ZF 2 ArisE Aol 283 7
9] &S AXRRE &, Hol|2E no|A2AY-A|E Y5
k. AlxE gHEY W 50C2 AFH QLE(MIR-204,
Incubator, Sanyo Electric Co., LTD., Japan)ollA 30
= ol FHA FH EFQA3 gol27t 7gE S
SHoitt SRto 2 AAMEEo] &3 W 7|3l e gt
A AEE F271= " WS $A44 3081
25 eoFH HeE o 22t dethE Adst
3, AlZAFEZ(Model 220-1000TC, Pocket Pump
TOUCH, SKC, USA)E o]&s}l9] 0.2 LPM o2& 1087t
Aol S 43 &, A=4] 6 E Hey W

o A4dsto] 387 HUE|Fsk, His® W 7He] S

I
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E—A 17Pil~‘3 o ‘EJ—‘J 7|9 Z|AJgko] "ojX]|
5 HEY HE ZYEHIYSA

%*é%%ﬂl leEl *hih 01%5}%i(cs2) 1 mL=
3087 €zkeiat. B42 GC/FID(Agilent 8890,
USA)E ARgsl%lod, DB-5 ZHBO m x 0.320
mm x 0.25 pm)3# AN, 2R7AE ARESHAT
2B 25X 150CofA 38 fX5toH, EF49]
HES AJ7F 2.55%0]Q]t},

A=A o= 12 Y2 bojgE Xiﬂﬁ}oﬂoml
SHAEN AH g SollA 7HY =2 3 =3
st dAgE 15709 Fe Hdote] SR sk,
PID AA Q] BHAGAEQ] 0.55 H&3to] & 2HFo
2 31k AYzAE PID AH|9] B7ighe v ws]
flste], PID w9 HE SH7S ST AHES
Hog Wrhe grog UirolA BHSHIE Akletaitt.

Olc

4. 57 24 Y
Ho

3= |El= IBM SPSS(Ver. 29.0)& AR&s}td
A5 ZF 159 HlolE7F SRAMIS WHESHA|
A= F97F Wot v HAQl Kruskal-Wallis test
& %4%16}01‘0 , -3 vl A] Bonferroni 4=
ol Fela= 0 05014 BAA Fe/d< Bkt
2 =4 Hﬂ]«] A7 S 2% 7o) A
O

Pearson A#EA o7 oI5t HRSHIE &
Hag dlo] 2 &n Znaz ul A5 A7exlo]
e Wots] 1% HEARIARAE St

. H1Znt
1. S 9EEA|ZHtss) 2

OSHA 0] uhe §hgAIZF A
WALE B 3.

88 o] BhSAIT
6.21%% B7tElo] FAHoR [Tt Aol7h ATt
(p€0.001). o|AREA] FL- HEIAS TPt &
3] Asots B9 HRSAIRES 3.532 90, 21
oo} o= zﬂ%lO] 6} 5l Eoto] uRS A|7ke.
4.24%7 B71=Qlch v, ERQlo] A9 S4gke] A
Sohe TUY HRARE 6 Nxgon Z4zlo] sl

SH= Boko] HESAIZRS 5,51 %2 BH7FE| K Table 2).
ol= 49| 3ok gdo] 1 wjz} PID AlAlo] Sk Exo]
gEE AR, @3 B7E Al o EEE TRSAIE
o2 QHY3t A P% %v‘i‘_—ﬁl aEsfof gty
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Table 2. DRI's response time by substance (unit: sec) (by

OSHA method)
Compound 163 t63(rise) t63(decay)
Isobutylene | 3.88 +0.53 | 3.53 +0.68 | 4.24 +0.77
Toluene 6.21 £0.54 | 6.92 +t0.54 | 5.51 £0.84

2. NEE MZ 7tAS| Sk =&

TWAL} 0.5 TWAS] Ak :llﬂoﬂj\']}\f ‘iﬂolﬁl‘r-’] lg
o] Z¥Z 8.48%2} 5.01%= thA EA UERFOLU 1
TWA ol39] sk F7tojA= HolAl4=2] H4to] <k
2% $£F9] F2 Hol|E H9tKdata not shown).

H52 W2 olg3sto] AlxE 50 AdE 3719 3. 7|1 2AYu 2= 4] TH| SHUQ o2ty A HHSH|
£ AT AFHEAUGC/FID) ez A5 2 PID A=4] AH9] SAHUEALAS 0.5 A8 &
1}, o|24 At kot AA BAGL Afelolle 2 4 Jet 24 Blaet A3, T ®P ARelofl= 0.97
9] zpo|7t ZABIALE 0.1 TWA 59 Algs 3 el w9 =2 ATEAZE RlEJAHFigure 1).
@ 2.61 ppm, 0.5 TWAE 17.00 ppm, 1 TWAE  I34 B IX=gE Hehfe v&HI(PID HE &
33.83 ppm, 2 TWA= 52.71 ppm, 712]3L STEL 4= A/ BA%E £4%S o, wheH|9] H+
2 90.54 ppml& 77} EAEHIH ol8 sk < 0.752 B71=SIth &, 2 AN A=4] A=
H] AA| B4R oF 57~74% F=ol9loH, s W AXRANA AFots EPATE HERe W, V& &
O|AIFE 6.6~22.9% FEOIUKTable 3). ol= Alx  AHof| H|5] EFA =& 25% LAB7HEE= Z0E
oA F94 7] FFY A 5o 7IQ1% Aew UEHH
Table 3. Concentration levels in produced Tedlar bags
Level Conc.” (ppm) NT AMT (ppm) SDS (ppm) cv! (%)
0.1 TWA' 4.6 30 2.61 0.50 19.2
0.5 TWA 23.1 27 17.00 3.90 22.9
1 TWA 46.3 33 33.83 4.95 14.6
2 TWA 92.6 27 52.71 3.46 6.6
STEL™ 148.1 9 90.54 6.66 7.4

“Conc.: nominal concentration of toluene, TN: number of samples, TAM: arithmetic mean, $SD: standard deviation, 'CV:

coefficient of variation, TTWA: time weighted average,

Concentration of toluene by DRI
(MRP3) (ppm)

20 40

&=

“STEL :

short term exposure limit

ED 100 120 140

Concentration of toluene by charcoal sampling (ppm)

Figure 1. Correlation between direct-reading measurements and charcoal tube analytical methods
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4 55 +F 2 87 200 T2 HigH| s S
B Sz 2 whule] Zolt BAHOR {]

)5+ "4(p<0 001). 0.1 TWA =04 H-3H] F94
7F 0.642 7P @9fon, 0.5~1 TWA oAl
0.842 7V =A B71=]lth 2 TWA 423 STEL
S ¥RgHlE 27 0.677 0.68E H7FE AT
(Table 4).

25 Hslof| W2 JF Wrioxe HA IE 7 Rt
2}o]7F WAE O (p=0.042), 20C ZHA EF4
HEgH]19] F947F 0.7322 5T ¥ 35T 9] ¥vkgH] 0.69
of B4l =A Ve, 27 2= oS HlwojA
BAAQ et Zol= UATHp»0.05)<Table 5.

FZ7F 20%0014 80%= F7Fgtoll wet vkgH| S
7 0.73914 0.682 Frdshs A3/do] FEENC
U 2 A 24 Yol BAA F948L FREA
A¥THp=0.750)(Table 6.

Table 4. Comparison of response ratios by concentration levels

RR = 0.898 —0.014D0—0.0037—0.015C+ 0.000H

RR: ¥k3H|(response ratio), D: A8 F UK elapsed
date), T: &%= (temperature), C: ‘s5{concentrtion),
H: AtEE(humidity)

=&2d 39 22 EAFczE fostaoH
(p<0.001), AL 23.8%(R*=0.238)& ettt &
A A3, AEATFARHp<0.001)2F 2% (p<0.001)7F
HEgHo] JFE X F8 QAR TbE QI E9
BE0 ASE BladeS o AFEFIURK-0.415)2] F
Feo] 2%(-0.359) Kt} IA YErth

Level N’ Med® AMT SDS cv! (%) Minf Max""
0.1 TWA™ 30 0.64 0.63 0.04 7.09 0.53 0.71
0.5 TWA 27 0.84 0.82 0.06 7.76 0.69 0.91

1 TWA 33 0.84 0.83 0.08 10.05 0.64 0.96

2 TWA 27 0.67 0.66 0.03 4.78 0.6 0.74
STELTT 9 0.68 0.69 0.03 5.05 0.65 0.74

N number of samples, "Med: median, TAM: arithmetic mean,
Min: minimum, “Max: maximum, “TWA: time weighted average, TTSTEL :

Table 5. Comparison of response ratios by temperature

8SD: standard deviation, CV: coefficient of variation,
short term exposure limit

Temp (C) NT Med™ AME sp! VT (%) Min" Max*™
5 39 0.69 0.76 0.13 17.31 0.56 0.96
20 51 0.73 0.75 0.09 12.66 0.60 0.90
35 36 0.69 0.69 0.06 9.40 0.53 0.80

“Temp: temperature, 'N: number of samples, "Med: median, SAM: arithmetic mean, 'SD: standard deviation, CV:

coefficient of variation, “Min: minimum, “Max: maximum

Table 6. Comparison of response ratios by relative humidity

RH" (%) NT Med ™ AME sp! VT (%) Min™ Max*™
20 39 0.73 0.74 0.10 14.15 0.56 0.96
50 39 0.69 0.72 0.11 14.74 0.53 0.91
80 39 0.68 0.72 0.10 13.36 0.60 0.91

‘RH: relative humidity, "N: number of samples, TMed: median, SAM: arithmetic mean, 'SD: standard deviation, CV:

coefficient of variation, “Min: minimum, “Max: maximum

www.kiha.kr
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Aol 718 B AAREO.
2 PAT 5 Uk FolREH27I(PD) T A5
% 3

wo], &4 HREATe] 2Ebd 4 Q32 ERISHIT
HESAITE 7R (o0 e te3)0] TEER ZHHQI
H|W= ofggloy, o AFolAs ARARIA AA|
SATHt90)°] 3% Hou, A AAoA= 4~39
22 7= o] ZFol7t JAATHChoi et al., 2012). &
Al S EA9 Aol= FAIRE E(STEDOIY W%
#H(ceiling) B7F Al WS- Fa3H Ao, AH]|
A Agko] AA| sk WIS wkgste] HEEtE7] sk
A Swtt BYEH Aol Hasit), dgAke] 4
Ay 270 7 B0l 93 &S BHdoAY
HtgsA] & = Aot ol ¥ ireEsto] Hrt
AerS Fstolof skal, Hlo|y sfAoA Fofstoof
o Aoz Azt=rt
Bl= Wit AJoF YHZ o] &3t kA AR
& FopolA &&= U, FET AIHAHS AA
A% BA7IHYRHE 0 E 24~48A17F) ol ARG
oOH A 4 Qe BEVIAE AXT ¢ JTHUS
EPA, 1996; Mochalski et al., 2013; Herrington,
2020). & A4 HEY W AxE 7tAY 5=
3o R Az 7t AEYE WHolAg= Bt 8.48%
A1, AzxH 3719 sE= A4 o242 5k
57~74% ol o= ARA F7] FdZol Y
ot A=A o7 el s woHE {FREA
AE ol&sto] 37 AUF= YAHLE A A5,
JR7EAS] Qo] wEbA 7] fgel EEbAl] Wi
of @a7} WAsct. E3 Elo]HE o]gste] 52
2 WBE 2A5t= oA E A7 WS Ao
2 A7t o|2 Qlg) &2 A= S48 AH
FAS 5ot ARTAS] 5L E gRIgH & H851
. 3715 AFEHLE UL & U AAH-] A&
Hobd F7HAQ1 St JFHEA] ottt 5k &1l
o] QskA] 2 AoE Y7 HH

e =
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[y

AR W B Bkl PID A54] o] Sz
3} T B 19 ABASE 0.97 oo 1)
1}

7k ¥z} o015 4T = U2 u|eth
= AAAQl 5= E(peak exposure) AF
Z& 225k H Qlo] 71E AL S BY 5
Ue A =97 2 4 vk ol=’t A3 PID7}
G F71SEE(VOCs) His <=3 AF4S B
Atk= Ay A9 Aol UAZTHCoy et al,
2000; Poirot et al., 2004). 18t} HHFH A&
UehJ= ¥k3H|(response ratio)= Bt 0.75 $&2
2 Yeh, ARAPE AR EAASE H86tt e
AR FEF F 25% HAaF ok AFRFo] SRIE AT
olg|gt A7} A AAY =4 &FA oA PID7H
AA w2E WA Friita 2k A ek o
W AESHHCoy et al., 2000; Kim et al., 2023).
TE o OE B4 Zdh 0.1 TWA F5ollA &
SH 457 0.642 71 Wol AEkolA dAE7t
7t H A3kE= Ao & Ueihth o= A% %(5 ppm)
oA PID9 LT} WOl FETF moMdsE
(25~100 ppm) WA= ct= A+ 2}t FARE
S HRItHChoi et al., 2012). tFEAFS]HEA 2
I, ¥REHo] Fougt JRFE A= 9F 812 =
Lo} ARAT}IAE ERI= T} E9] 35T 12 &
4ol ¥EGH7} Wolg=T, ol 2% A5 Al kA
Ue7} acte] &9 Rugd MEHEE= 24 71 &
7] fEo g Folxr 12 ZJAo|Ae] 7t B
A 2948 AJARSHEHKhoshakhlagh et al., 2021).
FEO AF & dAolMs BAF Fa/do] Wkeu
FE7t =odsE BR3H|7 Hastke 29 Aol
T o= 15 TH(90% RH)OA 571 24
of 9t ‘AFa7Quenching effect) = QI3 AlA
ALt At A A4E9 Zaet fAfsith
(Barsky et al., 1985; LeBouf & Coffey, 2015).
A9 AN 7P F IFHZ HQl 8912
AAATJIAAATY. ol= AlFto] g wet PID #
9] kol Hwindow)d LHAEE FZ 02 Qlsf Al
A A7 ARF o AstEE Qu[gtHKim et al.,
2023). A5E H7F & W Fof| FojFo] o] T+
T7F Ak 4 ok Hale o]ett A3kE Sukst
tHLeBouf & Coffey, 2015). wabx A9 Al=/d<
A1 Hollx= AR A 0 2 I ‘AW W o]
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g5, 2ol A3t A= ALt o] tigh
71421 MFo] REEA] f4t=]ojof FHtHChoi et al.,
2012).

Ae =54 2 24 o= A4 A
‘Hoﬂ/ﬂ TP AT it AR A @2
7159] Wako] EfAlstal vkt 7 4o TESH
of AgdEY § ESE #er 283t (Kim et
al., 2023). T3t A-xlo] HR{eh ] 1HE ARES
of Frleterl, sLet Lol Au| 7o HAp}
IS o= gleu= AH] i Bl oigh vt 2
ﬁﬁ}q—(Coffey et al., 2009; Choi et al., 2012). &F
T AN = @ =E VTt =2 UE fVIeRE
=2 WS sty 53 f718A4 =& AlvE| o]
/\1 9,] _6,1-_9_ H]—o]—_% Tﬂ— i _9‘_7} 011;} Os ]- _'6';]-}\6]’5]— /\]
71202 T2 AREYAFE F-E519
PIDY] AYEE FIA7]= Heto] digh A7 28
SICHKim et al., 2024).
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