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Abstract Dimethyl sulfide (DMS) plays an important role in atmospheric chemistry and climate change ranging from
several hundred pmol mol™ to several nmol mol™" levels in the atmosphere. DMS is one of the essential reactive gases that
are monitored to track its long-term trend in the World Meteorological Organization Global Atmospheric Watch program for
better understanding of its role in the atmospheric processes. It is thus required to use accurate and stable standard gas
mixtures for precise atmospheric DMS measurement. It is crucial to evaluate the long-term stability of DMS at nmol mol™
levels in aluminum cylinders for developing its standard gas mixtures. In this study, DMS primary reference gas mixtures
(PRMs) at both 2 nmol mol™" and 7 nmol mol™" levels were prepared in aluminum cylinders with different inner surface
treatments. The stabilities of DMS PRMs were evaluated by tracking DMS-to-benzene ratio since benzene was known as
stable in aluminum cylinders at nmol mol™" levels. Results from linear regression analysis show that stabilities are different
depending on cylinder inner surface treatment and mole fractions. For 2 nmol mol™', DMS PRM in aluminum cylinder with
Performax (inner surface treatment) is projected to be stable at least for 10 years with a target uncertainty of 3% whereas,
with Aculife and Experis surface treatment, DMS PRM is predicted to be stable for about 4 years and 3 years, respectively. For
7 nmol mol™', DMS PRMs are projected to be stable for 9~12 years in aluminum cylinders with all three special surface
treatments (Performax, Aculife, and Experis) while, without the special surface treatments, the stability varies from 1.5 years to
3.5 years.
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4 Yolaze] 92 ouL Aol (DMs,
dimethyl sulfide)= S A&4 SFIES] AL &
= Bl d7] S22 vjE9t (Ciglenecki and
Cosovi¢, 1996; Charlson et al., 1987). 7] & DMS+=
sFohikg-2 3 ikl Hal ol oflolzEe A
‘gste] ti7|stet 9l 7] e ste] FHiet g Stk
(Shaw, 1983). Bl A9 S Fell A F=5= DMS 5=
£ & pmol mol'olA 4* nmol mol™! +FC 2 H
%237 (Kettle and Andreae, 2000; Gregory et al.,
1993), DMS= 7123} 2 Wek= <lsf] 7115}
of g2 u]E &= Itk (Bopp et al., 2003). A|A714
7]+ (WMO, World Meteorological Organization) |-
71741 (GAW, Global Atmosphere Watch) = 7138
< 71515}t 2 di7]Ee] et g o] ehA] ofsf &
& 95 DMSE EZ3E ethane, propane, acetylene,

O

isoprene, formaldehyde, monoterpenes, acetonitrile,
methanol, ethanol, acetone, benzene, toluene, iso-/
n-butane, iso-/n-pentane 5= 75t ZF7|7F Bl
B3t QIThH(WMO/GAW, 2007). =8 ¥4 7kA
% shutel DMsS A71M% BUHGS 99
WMO GAW #E2tE F4E3 = 5 nmol mol™ &
Zo| A AT 20%t ALE 15%= ARG o]
eie BARES Do) oA BT s nlgt
%l DMS 12 BF
mixture)”} Q7= T}

AAAVEA T Tkt F2 k34 7h20] PRM
e 2 Bge 2847 A2 91 93] (CCQM, Consulta-
tive Committee on Quantity of Material) 45} 7FAE
A 7] 15 (GAWG, Gas Analysis Working Group)©]l
274319tE CCQM GAWGS] 4] 3|99l hH=uEZF
ALY AR EZETELS WMO GAW 58
HhSAd 7tA F DMS, acetonitrile, formaldehyde 2]
PRMS 75t Qict stEEZETStA 1YL gut
t7] g7 4=5<1 10 umol mol™! DMS PRM- 7S
o] CCQM =AH|WE TSI (Lee et al., 2016)

7}~ (PRM, primary reference gas

DMS (umol mol ™' 455) 5785 ol tht =A1A 55
A& gHsto] SHRFS Bdoty k. ol &
S % WMO GAWZ} 8735H=
nmol mol™!) DMS PRM 722 $]stH cﬂ:,L_g_ SPhct
(Kim et al., 2018a, b, 2016). HjAU7] £&
PRM2 &2t E4J 0= Qo A7l Ui ZHo| S
AL o2 BT} ureE £~ 9l o o]t AR
E4& AdY U M x sthe A7 2 4 Qlok
(Leuenberger et al., 2015; Bell et al., 2012). T2}A
DMS PRM O] MY A5 S5 tigte 2 A4y
£ ARSI = S 314 (Kim et al,, 2016)7 &
o UH A2e Ao E 2839 S (Kim et al,
2018b)= 7SR, ofof 2017'd 128 AlA7]437]
ot = REAetd T gL A EERetATdE
DMSO] et WMO GAW U474 A4 (Central
Calibration Laboratory)= A5t QEELAE Al
Astqrt. st EEHetd g A A4 WMO
GAW 7 4of DMSOl tiet EH BFS Hydhe o
hS 43511 QITH(WMO/GAW, 2020). WMO GAW
ngd S A= F4& FHsh] fd 5471
WA AHEE= DMS 12} #E7HA (PRM) 2] A7)t
AL gH = ¢ Sasit

H7dH7] <= DMS 12} BE71A (PRM)2 Al &5}
7] $eliM= A A Sl 5}351\:}. 54
_JAJHJO _4/(—1 11-;(]9]. _4/(4 7]./\ XDR ]_Q.g]_o:]
23t 10 pmol mol ™! DMS PRM-S 354 0}04 0.3~12
nmol mol™! £%2] DMS PRM (AHEHAHESE 2%
o|al, A F]4F oF 95%, k=2)S AZT 4 Ut} FF
ol 742 0.5~7 nmol mol ! 5+ 2 & DMS PRM (%
NEHES T 3% ©ls}, A=a<E °F 95%, k=2)= 4
Ao AxS 4 ot ZAHI|AHO AL DMS
PRM2 TAsto] S4715 wAsh7] wiZe PRME]
= AR et ohA|e SO B9 A
A9 U DMSQ] Sz} BRS A wj o] oFH == b
TA] gQlstoiof ittt S o= A vl 7]
4Z DMS PRM _L} %7\4_4/\434 o2 HAE DMS
PRM< H|1s5to] M5 BFrFstle o Adeied

o7 IstEx| M 37 E M 25
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i
e

B3 3% (k=2) &4 2~7 nmol mol™' DMS
PRM2 107§ 5<F QF5F9.2 1Y, 0.5 nmol mol™!
DMS PRM=> 4512 ¢F4Th(Kim et al., 2018a).
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12 1°ﬂ 11]7‘5] DMS PRM 9] A7 &=
7}0% Zoltt, ol5 9ol 4572 WH A2
[e)

Eﬂ(‘) ur e]'—‘ﬂT—U]‘ﬁ’ AR 9 3559 B4 Y

A -lo>
=
_O'L

o

E

oy M o
Mo o HJu Lo

-

al., 2018; Rhoderick et al., 2013; Rhoderick, 2005) 2
nmol mol™'¥} 7 nmol mol™' 2] DMS PRM< A| 3}
o Az 13 BE7hA DMssh U 71220
T3 QA of 30497 SAstel AR

BT,

2. AWK L By

2.1 ANF A=

2.1.1 A2l

Bt ALgE RE A gRalE A doln]
AE WF B A2 P ER) T 5ERERC
whe} 3 17} 2o o552 BRAAT

A A Ay [AClE 55 WH (Aculife IV +111)
2]H A (Air Liquide, USA)Z 5 Fu] 50|t}

T WA A9Y [EX]+= 55 U (Experis) A2
A2 (Air Products, Belgium) =& U5 H1] 10Lo]th

Al A AET [PFl= 54 W (Performax) #12]
H AR (EffecTech, United Kingdom)Z W& Hx
10Lo]tk

vl A7 APe= YR 21 A7) 952 (untrea-
ted) A5+ YFr|E AT (Luxfer, United Kingdom)
2 Y& Fx] 10L0]9, [AL]Z} [AL-PS], [AL-PL] 52

BRstgn

AL A EE 7
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ZoR BiH vl g2 o7
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Table 1. Cylinder types with inner surface treatments.

Mo!e Abbreviation Cylinder Surface
fraction number treatment

AC D249131 Aculife (IV+111)

2nmol mol™ EX D517493  Experis
PF D591013 Performax
AC D249236 Aculife (IV+111)
EX D517560 Experis

7 nmol mol-! PF D591003 Performax
AL D581147 Untreated
AL-PS D249236 Passivation
AL-PL D581110 Passivation

s Ax = 79 Woll DMS 5&7} 27% HAF
(Kim et al., 2018b). ©]o]| wtat &2 £&4-& Fol7

o R AL AR R Bl H9t sk
Z9] DMSE &-85to] kA WH 2] (passivation)
Stgich 2 WA A& 915 AL ATl DMS (7
nmol mol )& F¢J5to] UA At B AT Y
o] DMS7} &2 A2|=e Wy o2 AL-PS At
oF 79 B2t A5l om, AL-PL AHAHE 2 13 &
Qb AEskeict. i Ag] & Adee] 348 7tAE

H]¢] X ¥)j7] & thX] DMS PRM (7 nmol mol™)&
Az sk

E4= e A2]H EX, AC, PF A HEE2] ¥ H (Rot-
arex, Luxembourg) A& AH|QIEAAEO]H, AL
A 9] W H (Hamai, Japan)= UA Z802 EH
a2 N EaEa ==

RN

2.1.2 &3 Al

DMS A9 (Sigma-Aldrich, USA)2] & E42
GC-FID (6890N, Agilent, USA)Q} 4~E-5497] (831 KF
Coulometer, Metrohm, Swiss)2} GC-SCD (Antek 7090,
PAC, USA)E °]-8st3om, 1 A7t 99.9419 cmol
mol'2 AT HIR7IAR s 2 EAL
99.9999 cmol mol™! (F9, Korea) & AFE3.0 W, vieh
7k 9] AlellE 100 pmol mol™ o5tz T4 R-7]
=& AAL 4= = A3PEA] (SP600-203FV, SAES
Pure Gas, USA)E E35] FA45Hch
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2.1.3 2 2| U 7|et M2

AZH nmol mol™! 2] A2 E B35 3]
AL 5= 2] (7200, Entech Instruments Inc, USA)2}
A EZol- 23} HE7] (GC-FID, 6890 Agilent, USA)
£ ARgSISIh 24 UlF ®¥o DMS 82 £4S
2| 2:3}ol7] Sl Aot 24 7)o AZ-L silco-
nert 22| Y 2A7] (Swagelok, USA)%t B4
(Swagelok, USA)& A8-5HAT.

2.2 DMS 1Xt EE7IA M=

LLE A Z2E IS0 6142-1 (ISO 6142-1, 2015) %] F&F
He ggoto] Axom ARt dabe et &
. Az A APHE 9F 1.33x107% Pa (1X 107 torr)
712 A5 w716kl o] % olehE FESTE
Boto] oF BHE 7EsHA Aot 2 Y
el FdEol obF o) Hkstatt. S-S o]
eF BEZEA A S TF 1] YERies 1

(@)

=

o
M oo o

At Bt 2ok @ 33 H71E Ao A
ST @ A2 A2HE o] g5te] Wt H
o 7k 4E-g W wy)E Aie] AP @
AE7 FYE AUH AFES AT @ AZ A2
W ofo] vErtag npgo s FYath G vt
it 29 AT A SR,

Fa Az A ATl 261 keSl HAAE

(XP-26003L, Mettler-Toledo, Switzerland)& A2}
ZAstaleh Ay A 274 Alolle 274 wato] ot
2 Hskg B 9] Ale Adr|et BA Ay
A= Ao Fujet zjdoe] FA)E 7 S4st
Fom, A E9] HF g2 F 11MPaEo R
Az At

vt 7] 2] 0.5, 2, 5, 7 nmol mol™! DMSE
EX Aol 1070 5ot s HrAe v &
L7 Ropdas ks AT B U E Gl

(Kim et al., 2018b). & AN A= Y| 7FA] 5= DMS
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Fig. 1. Gravimetric method for preparing primary reference gas mixtures (PRMs).
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Fig. 2. Preparation of DMS PRMs (2 and 7 nmol mol™") for estimating long-term stability.




CHUSH LI X2| $R0|5 ARIHE 285t CHYAo|= 1X} BX 7tA0] &7|FYE HItH(nmol mol™ £F) 267
PRM % 10719 59 QF5HY 9 Ao BAE AR BAeA: RARBRCR: ). o714 A2
0.5 nmol mol™ =& AQJst T 714 %= (2 nmol = Az o= U AH2]E Adge] A= DMS 13}
mol™ '} 7 nmol mol™ )& AATte] A7|AEE F EEI7IA0ITH(E 1) AR B 2ALS Z 9k o
Jfogiet. ol Aeld ol IR PEE A 18] BT ] 8 AIRE e8] WHEale] o 9002 <
o7 &#HA A9 propane T+ benzeneS U 7] BAs1ct AR AR Ux 7|20 g2 27)d= oF
F=d 2 &-85to] (Rhoderick, 2005) 7| =7F 79 1A 02 RAF O, oF 100¢ FHEE 4 4
FeiA7] ghe B (BE 2U)0) SRS WY AE A7 B 2N,

= Ut} o] & sl 18 29t Zo] propane™t benzene
(Ud%ﬂ— 7IEEd)e A Aol FUsto] DMS (5
# 24) 14 ZE7IAE AU HA DMS 180
pmol mol™ T4 &S A XA S BH =

10 pmol mol oA W& 7]EE2 3] benzenedt pro-
pane® 7 Sqse] AAZ BNk AE BE
%21 2 nmol mol™ '3} 7 nmol mol™! A|ZE 5}t
735tk EX, PE AC A#tE=

7+ 2 nmol mol™ '@} 7 nmol mol™-& A|Z3P 0™, AL,

250 nmol mol™'&

2.4 DMS ZE7[QPH e T7IHiH

17} #27H~ (PRM) 9] A7 E B7h= AleEs
7|1H o= BARE 5 24 Aol tigt AP 2lHE
E5 0]2o]ATH(ISO 6142-1, 2015). - 71&
! (propane == benzene)¥} DMS®] GC-FID T3
ZH] (peak area ratio; Y5)2t AI7HXE) ] Higt A
%3] #+4] (XLGENLINE v1_1, National Physical
Laboratory, UK)& 53]l DMS PRM9] A7 [AAEE

r2omg 2 N
LA mlo

AL-PS, AL-PL A= 7 nmol mol 1-& A %35}t 75Tk
2.3 H7|otEx: HUIE {lst DMS
(2, 7 nmol mol™") 1X} EE7IA 2 ditd 3. AY Za 9 y&
AL 5% A¥7t AHE GC-FIDE &85t
DMS 12} EE7IAE BASIQtH( g 3). 2 & 2 A2 DMS/benzene} propane/benzene®] T =
7] (GC-FID)9] EB|ZE (drifty & E7got7] Yt 2 wAH|of tiet AP 3| A=A Ao 731} 111 4,5,
AL XTI R)E AR (A, B, O)2F &7 B3 67 Lot A3 S-S ol 727]et dHS ZHzt
Benzene
ol Propane
g
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Fig. 3. A chromatogram of 7 nmol mol™' DMS PRM analyzed by GC-FID with pre-concentrator.
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75°C (10.5 min) — 30°C/min — 200°C (3 min)

DB-1(60 m X 0.32mm X 1 um)
He, 2mL/min

GC-FID (Agilent, 6890)
200°C, Splitratio (10: 1)

Analytical condition of GC-FID
250°C

Detector

Inlet

Column

Carrier gas
Oven temp.
Detector temp.

Bake
40°C
40°C

200°C
120°C

Inject
120°C

M2 — M3
230°C
-160°C

100°C

M2
-110°C

M3
-160°C

M1 — M2
40°C
40°C

-110°C

M1

Analytical conditions of cryogenic pre-concentrator (ENTECH 7200)
40°C

Trap
Temp.
40°C
40°C
-110°C
70°C

Table 2. Analytical conditions of GC-FID with pre-concentrator for DMS PRMs at nmol mol™".

Flow: 90 cc/min, Sample Vol.: 700 cc

Mod1
Mod1Bulk
Mod2
Mod2Bulk
Mod3

Axtlom & 39 HokE (changing rate) AATAS
Al 17} ZFt} (Rhoderick and Lin, 2013).

Changing rate = ((365 X MFpys) X 5)/i (1)

1714,
Changing rate: A7} ‘&%= ¥12H8- (nmol mol ™' yr™")
365:(day yr™")

MFEpye: 12 71249 S AR 5% (nmol
mol ™)

s: A3 ARA 23] 7187] (day™)

i: @3] Aol dd

g EZ (1A B27H5 PRM) Has
QIR FE ANHTESEE 3%= AASt oA
717 4bEska A9 Ao i 71EEEe)
propane™} benzene®] T3 HAH]o|| tigt AP HE
A Ai (& 3) 2= A™H WollA propane} ben-
zene PRM 9] i 3-8 717 (projected shelf-life)-= |
4 oF 16104 Ao oF 2 02 S eHgt Ao
gt Tof H|5 DMS2} benzene2] HZAH| o tf
A 3|74 At DMS PRM O] ol F87]7H
£4 oF L5 A Fdf of 1290 & A o= 2
% 9lck
W G §71 AT 29 Exo AC A
E]E= 2 nmol mol™* (Z+Z} 4283} 3.41) DMSO] H]
EH 7 nmol mol™ (Z+Z} 12.4d3%} 11.7d) DMS7} ol
frazizto] ofF 3ul A= A It whehA EX9F AC A
tlofA] DMSE =2 sEollA o Hggt 2o 4]
& 4= glot §HA PF A= of| 4= DMS 2 nmol mol ™
(51.69)7} 7 nmol mol™ (11.741) B5F ¢HA5 Aoz
TETh dRbA 0 2 Fht 585 SHYste] ol
fraz|zte] ANk PF AT H = DMS| o 7]
Tho] W& FreoflA] of 4] A& o Al ol= ol

PO} rSﬂ

mh o

rrSE
_E

mS{

oz Bd Autz AZS 95 2710l ot
Q35 Holtt. $HH 152 5% 91 7 nmol mol oA E4
¥ A2e A9 (EX, PR AC) W DMSS] 91t F&

=

Z17H(ZZF 12.49, 11.7\, 9.3)0] ARt O*Eﬂ]‘ﬁ 4

2] U (AL, AL-PS, AL-PL) DMS < S&7|7HZ
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Table 3. Summary of linear regression results.

EX PF AC EX PF AC AL AL-PS AL-PL
D517493 D591013 D249131 D517560 D591003 D249236 D581147 D581110 D417621
Mole fraction, 252 252 248 7.78 7.59 7.50 7.72 7.83 7.83
(nmol mol™)
. .
Uncertainty 0.08 0.08 0.07 0.23 0.23 0.22 0.23 023 0.24
(k=2) (nmol mol™')
s(day™) 26%x107° -0.7x107° 24%107° -1.0x107® -3.0%x107° -1.8x107° -24x107° -20%x107® -23%x107°
Uncertainty 98x107 57x1077 41%107 44%107 52x107 38x107 29x107 24x107 1.8%1077
o (k=2) (day™)
ropane
j 0.5624 0.5630 05527 0.5594 0.5606 0.5584 0.5599 05816 0.5820
Uncertainty (k=2) 20%x107* 23%x107* 1.7%x107* 1.1%x107* 1.8x107 1.5x107* 0.8x107* 1.2x107* 07x107*
Decayrate 0.004 -0.001 0.004 -0.005 -0.015 -0.009 -0.012 -0.010 -0.011
(nmol mol™" yr™)
Projected 176 62.2 189 459 156 253 194 238 20.7
shelf-life (yr)
Mole fraction, 231 232 228 7.15 6.97 6.89 7.09 7.19 7.19
(nmol mol™)
. .
Uncertainty 0.07 0.07 0.07 021 021 0.21 021 0.22 0.22
(k=2) (nmol mol™')
s(day™) -6.7%107® -0.5%107° -8.1x107° 1.9%107° -24x107° -3.0%x107° -8.0x%107° -89%x107° -19.2%x107°
Uncertainty 103% 1077 95x1077 109% 1077 51x1077 27x107 52x107 50x107 73x107 7.9%1077
(k=2)(day™)
DMS
i 03417 03345 0.3355 03410 0.3456 03394 03403 0.3457 0.3454
Uncertainty (k=2), 35%107* 26%x107* 43x10™ 1.2%x107* 74%x107* 1.9x107* 1.9x107* 1.8x107* 20x107
Decayrate -0.016 -0.001 -0.020 0.014 -0.018 -0.022 -0.061 -0.067 -0.146
(nmol mol™" yr™)
Projected 42 516 34 12.4 1.7 93 35 32 15

shelf-life (yr)

*Uncertainties are the final target uncertainties of PRMs for their dissemination, which are 3% as of relative uncertainties.

2313

bR =l0=R 2k ikih

]
]

# {¥I SlofmRiEkh 28

[l =

&

V4

jow [owu){¢F TXiS

=
XV |-



oy
Ral
ror
oy
00
4n
=)
gl
Ofor
=}
0z
1o

2 nmol mol”' DMS PRM

QO: Propane to Benzene Ratio (PA/PA), @: DMS to Benzene Ratio (PA/PA), Line (OLS)
0.58 4 i
: : y = 2.6E-06x + 0.5624
! o) ! ! '
4 Coo 00| o . ¢ | FU L S—
— oS g0 ? 1 el s
@ ‘ ‘
2| o054 ‘ ‘
~
- I ST TTTTTTTTT iR HE e
Q| 0367 : : : :
b } : 1 :
| ° H i 1y =-6.7E-06x +0.3417
0.34 - o0, o AL : 1
L] ° " g —e .

0.32-

0.59 4

=}

o

~N
—0—
—o—
S il
o

[}
—H—

R, On ;
A e Y ; : : : O
[} : ly = -0.7E-06x + 0.5630
3| 055 y
-
e R B
a| 035 : ! ' H
& ; ; : ly = -0.5E-06x +0.3345
T+_”_Q (WY e © Y ‘ :
|| o33 Pee | | o« ¢ . KX
0.31
0.57 - i i ;
; : 'y = 2.4E-06x + 0.5527
coq O 9 79 Q 5 ° La
o055 W : : ‘ :
3 | | |
Q| os3 : :
o : ‘
o e TS FE L B
o~ ' ' ' '
2| o35, 3 3 : :
g : : : :
oo o o ° ° 3. ;ly=-8.1E-06x+0.3355
L1 033 Tr o | ® e e " [

0 100 200 300 400 500 600 700 800 900 1000

Days from preparation
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7 nmol mol™' DMS PRM
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Fig. 5. Long-term stability of the 7 nmol mol™' DMS PRM. Error bars represent expanded uncertainty (k=2) of DMS-to-
Benzene ratios.
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7 nmol mol™" DMS PRM at AL cylinder
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Fig. 6. Long-term stability of the 7 nmol mol™' DMS PRM at AL cylinder. Error bars represent expanded uncertainty (k=2) of
DMS-to-Benzene ratios.
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