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Abstract

Among biogenic volatile organic compounds (BVOCSs) in the natural ecosystem, monoterpenes, along with iso-
prene, play important roles in atmospheric chemistry and make significant impacts on air pollution and climate
change, especially due to their contribution to secondary organic aerosol production and photochemical ozone for-
mation. It is essential to measure monoterpene concentrations accurately for understanding their oxidation process-
es, emission processes and estimation, and interactions between biosphere and atmosphere. Thus, traceable calibra-
tion standards are crucial for the accurate measurement of monoterpenes at ambient levels. However, there are lim-
ited information about developing calibrations standards for monoterpenes in pressured cylinders. This study
describes about developing primary standard gas mixtures (PSMs) for monoterpenes at about 2 nmol/mol, near
ambient levels. The micro-gravimetric method was applied to prepare monoterpene (a-pinene, 3-carene, R-(+)-
limonene, 1,8-cineole) PSMs at 10 umol/mol and then the PSMs were further diluted to 2 nmol/mol level. To select
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an optimal cylinder for the development of monoterpene PSMs, three different kinds of cylinders were used for the
preparation and were evaluated for uncertainty sources including long-term stability. Results showed that alumi-
num cylinders with a special internal surface treatment (Experis) had little adsorption loss on the cylinder internal
surface and good long-term stability compared to two other cylinder types with no treatment and a special treat-
ment (Aculife). Results from uncertainty estimation suggested that monoterpene PSMs can be prepared in pres-
sured cylinders with a special treatment (Experis) at 2 nmol/mol level with an uncertainty of less than 4%.

Key words : Monoterpenes (c-pinene, 3-carene, R-(+)-limonene, 1,8-cineole), Calibration standard, Primary stan-

dard gas mixture, BVOC
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3k §7]313HE (Volatile Organic Compounds;
VOCs)Z g€l met Iz ez W¥sh= VOCs
(Anthropogenic VOCs; AVOCs)2} RE7]¢¥€2] VOCs
(Biogenic VOCs; BVOCs)Z L}t AVOCs2] &3]
QB Yo= AR AL Fo] ¢EA Un
(Holgate et al., 1999), BVOCs2] & Z|Q] wtiigoz
= £ AE So] €A Utk (Kesselmeier and
Staudt, 1999). AX| & XA BVOCse Hj&TFo]
AVOCs wj&5FRt) e Aoz daA itk (Fuentes
et al., 2000). & 594 d7] F2o2 Hj&4H BVOCs=
FoehrE 53 24 LHEEY L& Joj=E
el 71993t tj7] e B 7]FHske| S Eoh
(Pefiuelas and Staudt, 2010). watA] tf7]d g 9 7]
W3 ALE 9% BVOCs o] ZQ35}t}.
BVOCs®| £37 = 37 olo]Axd (isoprene)d} H1-H)
Z 9] (monoterpenes), 7]EF VOCsZ ¥ & o (Guenther
etal., 1995), g 23 9] AL {7t A5 BVOC Hj
2% F 11%E #A|3}aL (Kesselmeier and Staudt,
1999), th7] £ B == 2~5nmol/mol £=&20 2 B 1 F
]l (Pefiuelas and Llusia, 2003). o2 {-gjug}ol A
£ BVOC7} |zt oF 457tE0] 'AstH o]F Hli-H|
292 of 179hEo] WAL fle AoR Ru= gt
(Cho et al., 2006). 2005 o] A A 7]4+7]5-(World Me-
teorological Organization; WMO)+= Global Atmosphe-
ric Watch(GAW) Z 2 13 (WHO, 2006)& 3] ©Z3}
AojzEe) HFEH ool 4z AT} wir|29 o
7] S B2 Yk nFTPEE/| AT L
(NIST; National Institute of Standards and Technology)
oME ReH=w Ay i Y AP E A

42 Felsh Si3) 719949 B7Heksic (Rhod-
erick and Lin, 2013). 3tH -EuatoA= F7&EA R
Z 713 = &1srd Tt (Korea Research Insti-
tute of Standards and Science, KRISS) o} 7|3+ &40
oA ti7|edEE Foll 7t SHEES st
EZEEE st S Hgstar qioh

B oo 22 (IS0, 2015) 0.2 Zi-g 23
% o-74l, 3-7H, R-Z=dl, 18-A| &3} =2 3
AAAY Y LrH 2] STt 225 g
WE712E4)S st £E7IAE A=k 10
pmol/mol& A]Zt2 2 150 nmol/molZ 3]4 & 2nmol/
mol9] EF7IAE Az GBS wehs EigH=
Ao YT 2HL AP 14 RELE A L A
A WEEHEAY E @7 A9y U A&
FEHSE 47] f8 VIS Eelstdln ol
o A7 F s=ol 7I7h& 2 nmol/mol &9 Hi-
gl=d #E7tAE skl

2, H2

0
0
L3

2.1 AN A 2=z

2.1.1 §Z Ao 2 HIEA
FE7h20] AZE Y8 =2 AL a-T)4, 37
4, R-8]&ul AJeF(Aldrich, USA)Z} 1,8-AJd|& A2
(Acros, Belgium)2 AFE319 Y, HiE7IARE 204
=24 99.9999% (H 7t Korea) S AR5ttt

2.1.2 dgd
ARY WEAe] e FHYL s A3 A
2 02 Wyos Yade & 7 R AudS
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AMgstgon, B =R Zk AJGE Experis,
Electro, 12]11 Aculife2# HE7]3}it}. ExperisA &
= WE7F S5UH A2 (Experis)® 10L &3] &
Zu]E AHY (Air products, Belgium)o], Electro-&
A3l dAn} (Electro polishing) A 2]® 10L &9 &=
v A (Luxfer UK, Luxfer, United Kingdom)o]
t} 183 Aculifes E4UiH A 2]E 5L 859 &=
ulE A (Aculife (IV +111), Air Liquide America
Specialty Gases, USA)o|t}.

2.1.3 EEJIA HEER|

1Y AR}AL (XP-26003L, Mettler-Toledo, Swit-
zerland)2 A AFS 243193, 4 A 10kg2)
REREOR WAAL 9 B stk BAA
2 26.1kgol], £a)5- 1 mgolth. | A|ok
A& 3}81A2 (AT201, Mettler-Toledo, Swit-
zerland)& ARE-8FGATH 3FEHAlE 872 205909, &
352 0.0l mgo|th. RE7FA AZE 7 A=Y Y
AE AYPS Y3 gE HEZ(TV301-NAV, VARIAN,
USA)E AH&-sH4iTh.

2 4%
9F =

2.2 HEANA & BN

ZF 2 HEAYY = £4E 9I8ke] GCauto
injector (7683B series, Agilent, USA)E A&-35}4] 0.2 uL
9] YFEA|2FS gas chromatography/flame-ionization
detection(GC-FID : 6890, Aglient, USA)o] =3}t
o714 columng DB-1 (60 mx 320 um X 1 um) AR5}
Aot FYF 22 += 200°C, split patio= 100: 12 3},
2B 2n L 40°C (4 min)—7°C/min—240°C (10 min)
o2 Wsisinh SWhae BE(HIS Agstaa
$2 1mL/min, A&7 =% 250°CE 319t

2.3 EEHEHEAL MZE

Y 13} Zo] ojm| ko] Eeld WiR7IE=R
=29 dAk(Rhoderick, 2005)7 Zi-g ==L 10
pmol/molof A w2 ARt AA7tAR 345t
150 nmol/mol3} 2 nmol/mole] 2 g2 A R3S
=3

Az A AFe 24 ) BE AAdE By 49
o (tare cylinder)ot 7 S 2g5te] A% Ao
Sme} 7lgke] Bk Q3] AT 4 Uk WolEe

BASAT, RE AUHE Add o $2 AA 9

7SS A A 32 A A 3 =

e
‘1 1 1
o e
10 pmol/mol sl .
i n
n-hexane
Dilution 150 nmol/mol Dilution 2 nmol/mol
(N2) (N2)
- n-hexane n-hexane
s + L
i monoterpenes monoterpenes
10 pmol/mol
monoterpenes

Fig. 1. Preparation of a 2 nmol/mol standard gas mixture
of monoterpenes.

Fig. 2. Liquid reagent injection system.

& Ade 919l 50~60°C= 7}HstHA HE FHz=2
oF 1x107° torr7}x] 24X)7F B9t A wj7)sksich &
S FG7k= 1SO 7ke]=(ISO, 2008)9] uhe} =35k
k. 2nmol/mol ZxgH2H 9 AZXETSE=E GUM
Workbench Pro (version 2.3.6.141, Metrodata GmbH,
Germany)Z 2 133 A3}t

2.3.1 10pmol/mol 2 -H|2H HZX7
Experis A gt o] Ri-H =4 %% Electro ég‘?dti
2

ot w22 NS 2 24 Azstech FAP
(28 & mlx JAFPHoR FUQ HuA A

BAF] WS SEkAER S F E
A AFE A5t FUH YBAF FE AL
t}. o]4 2kl (transfer line)o]] Y= A|oFo] YA =
TE A2 (99.9999%)2 Fste] Mg w7 Algl
o] A %?JHE} ohZ# HAYA A MR F
A3t7] 94t FF DA ol EhelolA A& g2
£AS Fassy] Y8 o 150°CE 7HEstith
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2.3.2 150 nmol/molz} 2 nmol/mol 2 - Ef| 2 HI
HEZ7HA ME
150 nmol/mol g Z#-& 10 pmol/mol Z1-EZ
A 457 =2 SkS vlErlad 2ueEALR
s|4ske] Experis AAH o] Azt A8 gL
ZF wiz|E Aol AFs By AL (tare cylin-

dene} 7 2A3 F ARE 2 T AFL =X}
I 2UETALE FYSHY AFE SHEA o)<t
oy o=z 150 nmol/mol Er-H 2L 345}
2% 2nmolimol F=20] Ri-HEH EZEVIAS A2
skt

2.4

UL AzE FZ27 }/\ % D254233(A) 7
© 2 Unx] F&71A(D254240(B), D386640(C))2t
o BAFTHEA LA A-B-C-A-B-C-A). F%4
=2 & GC-FIDE AMgsto] YR
Atk 150 nmol/mol Z-g2d 3} 2
nmol/mol R=H|2H 9] ¢ Fr7t W] wfjZo] A&
24 (7200, Entech, USA)E AMg3te] BEE7IAE
F% $ GC-FIDoA &4o] JYPH U AL55%

%) 9] 5% EWL glass beads trap (Entech, USA)S A}
839t ER BEE 9fel 13] BAo] ¢ wnith

Table 1. Analytical conditions for GC-FID.

Analytical Condition (150 nmol/mol, 2 nmol/mol )

250°C, H,: 35 mL/min, Air: 300 mL/min,
Makeup flow 15 mL/min
200°C,

Detector

Inlet temperature

Carrier gas He (2 mL/min)

130°C (18 min) — 20°C/min — 210°C
Oven temperature R

(0.5 min)
Column DB-624 (60 m x 0.32mm x 1.8 um)
Split ratio 10:1

Table 2. Analytical conditions for cryogenic preconcentrator.
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230°C2 5% %ot A|AH] o] Z ol (bakeout)S #
FYaioich. miE|2ue] FAEAE sy AT W
Hog 63 £4 5 28 IS 7SO R HicH
2939 ratios FF35}¢ck 1 A1t YA ratioS
o ElnEﬂE?ﬂ—‘?J FAEA0] vt Bstdth

HEo LH X2 2ol mE

2nmol/mol 2HZH BEFIIA
SR B0l gy

2nmol/mol 9] 2y 2d FF7[A7F A
WA o] F2bof &Jste] F= Wal7}F doju= A&
B7Vs17] Q8 Experis, Electro, Aculifee] A2 tt&
AL BujddS s3sth ReHad #5
7k2¢1 71& A&g (mother cylinder)et A2 AF Hf
715k 2 A= (daughter cylinder) S “T72} &9 A
gl A 7} (stainless steel, SS) #o.2 AAsFS T o]
o, 2Hlelx 7 o) F2e Hastels] s
ok 70°C2 7}¥3ty, 92 B 1LEAA7IAR [
A (purge) 3t 113 wj7|stAct olF 712 AW
(mother cylinder) 7}A2 o] HR|E AYsta, F A
AG Y| ghelo] 27 HEES Bujsignt 71E AUy
of Huj AuEzH B g2E AAHES B F
Aol M FE3 B ARL ABA w4 2447
59 et A|7] T GC-FIDZ BA43lo] T2t 93t 5
=HsS sheldich a4 Bl §j3 mE A
9] 7|& AYE & Experis2 7 ¥ Eujstt} 2 nmol/
mol 2 -g| 2 Experis A 57| £ D386581 (Ex-
peris)x} D254193 (Experis)= Z+Z- D386582 (Experis)
o} D417702 (Electro)o] -3l o.n, D249387 (Acu-
life)?] 7 Experis2 E-H[|3F D386582 (Experis)A
U bl etk 24 ACIE AUd) - B(E

Trap temperature M1 — M2 M2 — M3 Inject
Module 1 (M1) —10°C 10°C
Module 2 (M2) —130°C —130°C 230°C
Module 3 (M3) —150°C 100°C
Sample Flow Rate 100 mL/min
Sample Volume 500 mL
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Table 3. Purity of reagent.

Analysis
Components Maker purity (%, mole fraction) Detector
Purity (%, mole fraction) Standard uncertainty (umol/mol)

n-hexane 99.5 99.45 318 FID
a-pinene 99.2 99.19 480 FID
3-carene 97.2 96.49 2154 FID
R-(+)-limonene 99.9 99.15 494 FID
1,8-cineole 98.5 99.23 720 FID

Ratio a-pinene| | Ratio 3-carene Ratio R-limonene Ratio 1,8-cineole

1.02 1.02 1.02 1.02

1.01 1.01 1.01 1.01

1.00 %1.000 1.00 { 1.000 1.00 % 1.000 1.00 1000+

{ 0.995 0.994 % 0.995
0.99 0.99 0.99 0.99 0.991
0.98 0.98 0.98 0.98
D254236 D254239 D254236 D254239 D254236 D254239 D254236 D254239
0.97 Cyl no. 0.97 Cyl no. 0.97 Cyl no. 0.97 Cyl no.

Fig. 3. Internal consistency of 10 pmol/mol monoterpenes.
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Az &E= 2nmol/mol Z-HZ2#H EZE7}A
o] Aj7to] Agof wet A Yol F= #HaE o
AU=RE B7tsk7] s AdE W o] ghld
49 =27 kS 7EEAE 5fo R =1
L=2ak slXke] H|E A5} Experis, Electro, Aculife
A ¥ A4 Brlelach B4 dde
71t BHrlet AYUE 2 D386582 (Experis)S
A=Z D417702 (Electro)& B, D249387 (Aculife)2 C&}
e Y A-B-A-C o2 BAS AP on, AS 23
B4e gozxn 7|7 EYZE (drift) EIEE &8
Foich B4 )40 B4 WL A2 5 o 2gF 59t
d Aoz A2YNA B4 T AT 270

A A= e,

ol r_‘

~

3. 4% ZW W DF

3.1 Algfel == BN EJt

Bid|2 Aok Belis ERA Avhe 4

e

7SS A A 32 A A 3 =

HE2 96.5~99.9%= EIEHG oM, o] A|RAM A
A Fe = AR H]=g 20| QUTHIE 3).

3.2 10 umol/mol & 150 nmol/mol
ERBETIAS RYUXY I

Experisddt] 270 AZ3d Z=g2# 10 umol/
mol E&7FA Y Az XA I8 31 Zr} o7 A4
BT BE7HA A EGEY 24 EE=E 34
3t Ao Z 2709 Ao Al2H 10 umol/mol EF7}
2 Y B 2d 452 BT H1e] oA dXst=
AL Flstg Tt 150 nmol/mol Z:=H 23 FZE7A
% 2nmol/mol H - 2H A|=of AR 7]E AT
0E vl BARE A5 7 4o UElen, Al
Z Bz B4 EELE @At A4kt B2 x
He] HellA dAste 2E elstsith

3.3 2nmol/mol 2 -HZH FZFIIA9|
E|otdd (M2l LR EH
AR YR aEH 2] W7t 27 BoH 23 42
9] Experisl At 9] 739 7]& Adviet EajAE 7}t
GC-FID Zrx=x}o|7} a-1jul 0.05%, 3-7Hdl 0.14%, R-
24l 0.10%, 1,8-AlHE& 0.14%%ch F==po]7h A
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Fig. 4. Internal consistency of 150 nmol/mol monoterpenes.

ZEYE b BAESE ol 2 &M gee
o135ttt Hh Electro At & =307} a- 4l
0.36%, 3-7}4 1.05%, R-2|= 4l 4.44%, 1,8-AJY|&
12.46%2] 24 23S B Aculife AT o) 7
© q-mH2l 0.48%, 3-7} 1.54%, R-8] =4l 3.85%, 1,8-
A& 15.11%F ExperisA o] v]3] g‘z(_‘l-_/‘q_\_/}j_l
HAEte AL 8Ho1stgit). Electro$}t Aculifed] 7
3714, Ry, 1,8- 4412 Ady yrEd 33
of o3t HEWsst Az BetER Atk ghety,
Electro9} Aculife A& 2nmol/mol & ZL-H=Z
H E27h2 A|zo] HWakR) gt

3.4 2nmol/mol 2-HZ2H ESIEFIIA9|
xr7|o|-x-|k| n17}

o] ElE WHI7|EEE w29 Jit JES

—é 2 2nmol/mol B-H| 23 TZ7IA] A7)k
Brlstget A ()]l &) =2 Sitol gigt =

ﬂLA ratio2 Fom, ojrjo] £t 7|7|=8

Ed =t B4 B dig HF E¥=e

0.27%09]| A 4.5%0]t}.

m 2 ﬂllo

K

R instrumental response of monoterpenes W
atio=—
instrumental response of n-hexane

>

121 ] D386582(Experis) A1l= 13 59} Z+on, 55

ot a7l 0.03% =7}, 3-713 0.10% 74, R-2
Wl 0.24% 27}, 1,8-A1U]& 0.04% 2718 ot &
3t AlgE] D417702(Electro): 459 9t -2
10.43% 7+, 3-7}20 1.74% 7HA, R-8] 24 15.46% 7+
A, 1,8-A4]& 22.83% A4S BT, AAE D249
387(Aculife)= 459 53t a-H4l 0.07% 37}, 3-7H
1.89% Z7}, R-2]%4l 6.35% 27}, 1,8-A|4|& 15.51%
F7HE B4t olE E¥% ¥4 S84l 29 Elec-
tro¢} Aculife A8t 5% H3Fo| EF= HY Y
ol A Hlol A9k, Experistl At &= 5% ¥slgo] £
T 9] WollAd dA sk

[T

3.5 2 nmol/mol 2-HZ2H ES§EZFIIA9|
MZELUX|Y "7t

a9 60 AEE AxYAAY 2HE YRSt 2
nmol/mol 2 -E| 23 FF7}A9 HE R&71A9 3
23t = GUM Workbench Prog ©]-£3}o] 95% A1
FeEor Hristoen, 19 6914 YEd ratio=
4 33} e,

Average peak area

Sensitivity=———— 2
v Mole fraction @)
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Experis cylinder Electro cylinder Aculife cylinder
Ratio a-pinene/hexane (2 nmol/mol) | |Ratio a-pinene/hexane (2 nmol/mol) Ratio a-pinene/hexane (2 nmol/mol)
1.80 1.80 1.80 y=3E-06x+1 .759%

1.70 i
1.78  ——— —— Y e y=-00037x+1.6913 | | 177} f t i
176+ 1 f 1.74

y=1E-05x+1.7709 | | 1-50

1.74 1.40 1.71 :
1 6 11 16 21 26 31 36 41 46 51Day 1 6 11 16 21 26 31 36 41 Day 16 11 16 21 26 31 36 41 Day
Ratio 3-carene/hexane (2 nmol/mol) Ratio 3-carene/hexane (2 nmol/mol) Ratio 3-carene/hexane (2 nmol/mol)
1.64 1.55 1.65
1629 I 11| | 10— 1.60 "
1.60 ! 33—t - 11— L +—F—+——+t !
1.58 148 00006kt 1507 | | 0 0.0007x +1.564
: — _3E y=-0. X+ 1. y=0. X+ 1.
156 y= =8E-05x+1.6065 | |4 49 : 1.50 ;
1 6 11 16 21 26 31 36 41 46 51 Day 1 6 11 16 21 26 31 36 41 Day 1 6 11 16 21 26 31 36 41 Day
:*ae‘:" R-Limonene/hexane (2 nmol/mol) Ratio R-Limonene/hexane (2 nmol/mol) Ratio R-Limonene/hexane (2 nmol/mol)
: 1.60 — . 1.60
y=7E-05x+1.5771 y=—0.0041x+1.3284 ‘
1.59 1 7 | 1404 1.50 — =" -
1‘ ; } ] + ] —_— f y=0.0023x +1.453
157+ 7 ! 1 1.20 ey 1.40 |
1.55 - — T T - - * ——— 1.00 - - - - - - T - ' g 1.30+ T - T - - - . -
1 6 11 16 21 26 31 36 41 46 51 Day 1 6 11 16 21 26 31 36 41 Day 1 6 11 16 21 26 31 36 41 Day

fggo 1,8-cineole/hexane (2 nmol/mol) Ratio 1,8-cineole/hexane (2 nmol/mol) Ratio 1,8-cineole/hexane (2 nmol/mol)
: I 1105 1.30
1.51 1 I 1 I T ] 1.00 1.20 = =
sl : T 1 L ' . y=—0.0044x+1.0266 :
1.49 1 0.90 1.10 i
y=2E-05x+1.5035 R t 1 y=0.0044x+1.022

1.47 — T T ™ T 0.80 T v q v T Y 1.00

1 6 11 16 21 26 31 36 41 46 51 Day 1 6 11 16 21 26 31 36 41 Day 1 6 11 16 21 26 31 36 41 Day

Fig. 5. Long-term stability of 2nmol/mol monoterpenes.

Fig. 6. Internal consistency of 2 nmol/mol monoterpenes (k=2).

P _ 2 2 2
Sample SenSlthlty URatio = \/ugravimetric + Uverification + l'Istability (4)

Ratio= 3
7| A, Upgos ratioo]] tidt B3t S vebd Aol

Reference sensitivity average

7SS A A 32 A A 3 =
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Table 4. Mole fractions and uncertainties of 2 nmol/mol monoterpenes.

Cyl. No Compound Concentration (nmol/mol) Relative expanded uncertainty %, (k=2)
n-hexane 2.393 1.671
a-pinene 2.634 1.799
D254233 3-carene 2.461 2.525
R-limonene 2.489 2.831
1,8-cineole 2491 3.115
n-hexane 2.422 1.782
a-pinene 2.665 1.851
D254240 3-carene 2.491 2531
R-limonene 2.519 2.842
1,8-cineole 2.521 3.115
n-hexane 2.391 1.640
a-pinene 2.660 1.754
D386640 3-carene 2.486 2.530
R-limonene 2.513 2.822
1,8-cineole 2.516 3.116
@'/\éé‘_} %Q—E %_01] ugravimetric‘f: %‘ ]ﬂ %Q—Ei }\] oF ?-Oﬂ}\—] A]’%% }\—1§ E}‘% LHE_q_iiE]% 61_} }\E]%_E] %‘
o] BN A2 B S A5 Ao|1, u,;.  ExperisAl 7} Zig|23 2 nmol/mol EE7FA A

m{m FUQ

2= AT Beolth

2nmol/mol Z-g| 29 EZE7A 3719 £
€ AES 2= e WA LdAst=
a9, ol viges 7] e ¢
o) Az ABA] 9EE SHsch 3

FEges # 49 YEH

24 E8=E 2nmol/mol Hi-H=H
Q’EO]E} uSlablhlyL_ 11:_]'7131‘ XI’7] O]—X—]k]

BrE 2 4% (a-94, 3-7H, R-F 2, 18-AY]

£)9] 2nmol/mol £3 EZE7IAE FHHL o] &3
AT AstEon, S Azl gk A
FHES== A& HE A7} 9ot 4%(k=2) |
Tk o]tk AR-Y WH Ao wE RxgEH 2
nmol/mol EF7FA 0] F2heAl FRlste] T7|bg A
& W7I’t A3, ExperisH T oA 7 2 AAE
et gloh B3 oF 29 Fo WRVIEEAQ 2%
ibE 7|20 R AV|MBAEAS FHT AT
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