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Abstract : This study was carried out to evaluate the performance of sampli ng and analytical methodology
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used for the measurement of toxic volatile organic compounds (VOCs) in the ambient air. VOCs were

determined by the adsorbent tube sampling and automatic thermal desorption coupled with GC/MSD

analysis. Target analytes were 33 compounds including major aromatic compounds such as BTEX, and
halogenated compounds. The methodology was investigated with a wide range of different adsorbents

which are commercially available and have been frequently adopted for the VOC measurement. A total

of 10 adsorbents were tested in this study: 6 carbon-based adsorbents such as Carbotrap, Carbopack B,
Carbosieve S-1II, Carboxen 1000, Carbotrap C, Activated Charcoal; and 4 polymer-based adsorbents
including Tenax, Porapak Q, Chromosorb 102, and Chromosorb 106. The sampling performance was

evaluated with respect to the sampling capacity of VOCs with single-adsorbent and multiple-adsorbents

methods for standard samples and field samples. As a result, the best adsorbents for single-adsorbent

method in the sampling of toxic organic compounds (including benzene, toluene, xylenes etc.) appeared

to be Carbotrap, Carbopack B and Tenax TA. On the other hand, Chromosorb 102, Chromosorb 106

and Porapak Q were found to be unsuitable adsorbents for VOC measurement based on thermal

desorption method. Multi-adsorbent packings were evaluated with 4 carbon-based adsorbents, which

classified by 3 combination sets of double adsorbents and 2 combination sets of triple adsorbents. The

results indicated that the most suitable combination for toixc VOC measurements is Carbotrap C with

Carbotrap. Multi-sorbents tubes packed with a strong adsorbent such as Carbosieve S-III or Carboxen

1000 were found to be relatively unsuitable for several compounds, not only owing to the effect of

migration of adsorbed compounds from weaker adsorbent to stronger adsorbent, but to hydrophobic

nature of the adsorbents. Therefore, it should be addressed that selection of a proper adsorbent (or

combination of multi sorbents) is extremely important to obtain reliable data for the concentrations of

toxic VOCs in indoor and outdoor environments.

Key words : VOCs, adsorbents, BTEX, thermal desorption, GC/MS
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7l WE s BEA BAR S5 AT 870 (el o tiREe] nEA AT FAAE FHEA FAAC ]
Z 51 SUMMA canister)9] AME-S AL ok 7 sk Aoz BHE8% (retent10n volume)o] #om,
Holw el Algsh 37 AFE e 5 B4 53] Tenaxs WAl e 4R VOC o tigiA=
HEEAY GC AFA] GFE AL ARFF  arifactZ FLE TbeAel g Ao delA o
wo| A#g wol gubkre 555 WA % S olgh Ze MEAAT FAAL S-S ngsty]
ehA] canister & AMEE ol FE AZEAE dte] Aodls @49 #WS 54 Aste] T
HJEA] aLefeof gtk vlSr EPA 2 TO-14 oﬂ -%}Ud F o MANA f7lE A S ST L
AAZE Aste] Nafion dryer o] A8 A AR AR THeFE A FREA FAAIZE ksl A

AX T4 f7]EAL Nafion dryer°1 Sk wEan ik EAQl 7R FRAZAE Carbotrap

W A
=,

A AASE Aoz wiud U 27 amer 3 Carbopack 123 SR Aelol] MEAL] 7 T3
HHe VOC & E3) gheAo] vre u)|=A4 EalA o] 738 carbon molecular sieve?ﬂ E.9] Carbosieve-S [T

=
= gl N
o] A%kl Aol & <= 9k’ Carboxen, Anasorb CMS < = 2= glt}, 3] Carbo-
5l

%)
=4 VOCe] B3 3 ARAAPES AFT 9l wape Bl i-’F/‘ég AYez w7t 2o A%
ol WhEAl mEelor 3 W 7k @A47F Ytk AdE ¥ AR Ago] 7Fsen Tenwel |3 HA-&
=Ao] 4 VOCFolE FA B4 (A @uils  Po| Auder At g4 U w3 dgi
Balao] Brhe HS 5 5 itk SAlE oA 9 Al A 400 C7pA spdel sbeste] 44 oA o
4 Wl g9 HERS =24 &) 9gte] ARAH Al Tenaxol Hjs] $aiks Aol vk ey Car
AAe 7+dA 7&%0}0401: am, =3] /]9l WZg = bosieve-Set Carboxene 7100 w9 wIkale] Ay
AL SpiAE B RasAY Ful sbsstolol dh w7} 90~95% % Aol F2A 9 xHH f-o] 90% 7}
& Holth om%& olfelAl HA VOC o Z2ANAE A 74T F Atk Bud u lom ) oled off
HgAdon o] Bo] olgso] g} oM oA 7] B Eo] e Aol o5 EAA 9 AL
FAAAPES dvbgon Fey Afolya 2" o ulatdala go Aow dHA g ”
2 mEolzl B JAETAAS FAANI FHRL o F7] & TFgk voce AAS el FHAS ol
g, 7] B9 wel ma gus olgste BE @ 4% AH gL H9E w2 Wi 8] 9
4 (active) AF S ©AEAL B o] W A sje] Hdo] Mz tE ¥ 2H ol A4S =%
S olgsle 454 (passive) AFWOR FEHAT & dfo] AT Fw ok o] o HlmA] ok F3kA|
A AP AHLEE FHAY e Aukdom 2 QEE 4% FHAZ 1 PR XA Ao} 3
AANFEAd we) e veheg A7EHd 4 o g3 XY AgS stdete] gxd 4, 7 51
e AT A AL W F88 Akbolth. A9 A AL FE8] welstelol .t £
VOC AHAE FAAS 2RE I 249 Fuwy  BoME gRE FHeEo] 43 FAAS T i
(Ee el wet B (strong) F FHAGL F (wea) T A HEE AgAH o Bl FEA T
FAA R otk w3 Qe whet B4 FHA ) A TS lgelol db. w B TR
9} 7487 EAA R EReE %&u}. Aee] BAZIZES 7hA wEA Aok gt

7] & VOCZ AFsk=tl 77
WA Ao faeel U3
SolAke 3420l Ths o w
2 9% A £4 5ol doz ARG WA Fol WErE AR Aoz ot A Ak
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A8 39 A 98 9 140 5w
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]9} 2 o 7}%1 VOC A e 2 dhd 2. M=z 3 g
nith AT 2l A RS s Hoh waA
daAorE A E’ﬂﬂr 24 i 849 548 7 2.1. VOCAE MFES S Y E2HA|
Qksto] 71 AAgk why g Melslojor gtk 53] & 2 AFdME VOCA R AF-E wA= <F 500 mgr)
AANARE olgslux T A9, FA M BHY T A FHAE FAHY 7 v sEHJAAE A" S2AE
ot e v il M FAAY SR AR (147 x 9 om, Perkin Elmer, UK) = ARE-3IIT (Fig. D).
2 AFH B AR TE AR AAstolol gtk B Aol ARSH RE FAES Oding o] EY HEE
wEha] Z4E FHA Y VOCARAH S B¢ AR o 2§ sepumo] B rpf WEHE 50 mL
€ VOC # A9 HAIE 58 dAlelA uie F vialoﬂ Holal A A7bA 4 Colx] Bastsitk Atf
88 985 A #oh afdn Bela AgvhA U%Lxﬂ?f AukH o VOC 24 de] AMeEu
N F&A Y ol B 4844 A+ vad g %% of FAAE ATk o5 542 F&
o] golE 4 glon), ofn] TR ke FAA 5 A H °ﬂ wHe} carbond]] 53 polymer A9 ZFA =
4L RFEANEY HARE Yoz FAS ZHdA] BRI Table 1o] gefsignh FaFH ) &2
Hla g7k Al e A gt AE FHAZA o AMS-H 2 ZF 300 mgo|™, 7 &

2 A7E VOC 24 WY 5 FAAE ol8d AR AR $UF DUTAH (single adsorbent tbe, ©]3}
A wHe] 4L 2AlY, Al ¢ F7]F VOC  SST)2 10714 nle syt
T A oA AT FARAY Meld AR $H, B dPeale AR e SEAE B
#HAGollA qelEolol & £ XS U FEE A FHT UFEAF (multiple adsorbent tube) o]  VOC
FelaA) itk AR duitFol gAl =& & - €4S v Hrkelr] 98l AT AR o
He Au 2 2] BAAY A&t 28 B of 2 FAAE =5e] 0|52 (double sorbent tube, ©]
Uzl 348 ATA FTado] = 29 WEEE 327 5 DST T 4FEAT (wiple sorbent tube, ©|5} TST)S
28 frled T 54 VOCol 45 w3k of  wai (Fig. 2). of of AMgH FAAS] FFH= Ca-
= 93 = 10 29 TAA= AAsle] 717 &g & rbotrap C, Carbotrap, Carbosieve-STIolw E2Ae] =4
A= 4% FAH (single-sorbent packing)# ofe] & o] W} of (weak), F (medium), 7 (strong) &2 EF3}
AZ z3sle] 243 =T 2 (multi-sotbent packing) ¢k E38k, DST9 TSTe| $4%¥ Carbosieve-S ] A
& e VOC A5AF 548 H7kstth 55 AL S8l Carbosieve-SHI of AR =548

Table 1. Characteristics of selected adsorbents used for VOC sampling

Max. Specific .
Mesh Analyte Density
Type Adsorbent . i temp. surface atea Strength
size volatility range 5 ) (g/mL)
(V) (m’/g)
Carbotrap 20/40 (n-C4) n-Cs w0 n-Cy > 400 100 0.36 Medium
Carbopack B 60/80 n-C4) n-Cs 10 n-C pp > 400 100 0.36 Medium
Carb
bar Zn Carbotrap C 20/40 1-Cs 10 nC » > 400 10 0.72 Weak
aSE
Carbosieve-S III 60/80 60 C-8 T 400 820 0.61 Strong
Carboxen 1000 60/80 60 C-8 T 400 1200 0.44 Strong
Activated charcoal 20/60 80 C-35 € >400 1000 Strong
Chromosorb 102 60/80 bp 50 € - 200 C 250 350 0.29 Medium
Pol
Ey“:fr Chromosorb 106 680  bp350 T -200 T 250 750 028  Medum
aSE
Porapak Q 80/100 bp 50 € - 200 C 250 350 0.34 Medium
Tenax TA 60/80 n-C; 10 n-C 5 350 35 0.25 Weak
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Table 2. Combinations of multiple adsorbent tubes
Type Type of Adsorbent Packed Adsorbent strength
Single Carbotrap 300 mg Med.
Carbotrap C 300 mg / Carbotrap 300 mg Weak + Med.
Double Carbotrap 300 mg / Carbosieve-SII 300 mg Med. + Strong
Carbotrap 300 mg / Carboxen 1000 300 mg Med. + Strong
Triple Carbotrap C 200 mg / Carbotrap 200 mg / Carbosieve-SIII 200 mg Weak + Med + Strong
Carbotrap C 200 mg / Carbotrap 200 mg / Carboxen 1000 200 mg Weak + Med. + Strong
S von LS spgolt gHb gl H Aol ed 4 glenw
s Aeg AAS] Al AR Al Qolok s, o
= ZEmr e 519 Agre A% Aol WEA SlEolo} A 3 <
soem Bm pmm..  TOAE ST A%Y B¢ 1020 Markes, T,
wekistai Sl e st UK) 2 VOC EA-4 dgd ZRAE AlMgske] A5t
(\.,,yz.ww.w: 7} B2 Aells oA conditionings: AATSIGAH.
o R ol u FAAe FRol met &8 Hrensl gen
B ATl A48T FHA A Al Lwel
R ol o Ad] A7k 52 Table 2] HERYSITH
Stardond g
et st 2.3. VOC E"
voC o] A4 - As %’46& RFEARE A¥Y &
Fig. 1. Schematics of adsorbent tube packings Aol wha} A7t E._%%)é]jr,]_ 713 BEEAL 7217
ARSIt R EEARE AlBEaL = VOC &
7} Carboxen 10000.2 A3k DST9} TSTw= 22t 5 F28 90 (VOC Mix 1, 2, 7, 8, Supelco Inc., USA)S

A nldsignk tEg AR 534 SR &

A Table 2] QoFslHT.

2.2. VOC &=H9| MA2| (conditioning)

Aoz A

A4 FHue FAE Fdse

Argatgom, AN

2R g

(<3 o]/ﬂ:

[e]
HE =
ﬁ@?} %:Ei -/]/H o}oq A]—»Q—o]—%\q— 7]’ .;_LZ‘\_'_—%XE]E‘
= % 33709 VOC (3HF= 7+ 100 ppb) 2 Ffrslar

[CAR=
AR

Supelco Inc., USA) =

Scott Specialty Gases (Cat No. 4-1901 2 4-1902,

ARgeE g voc o] A4 -

Table 3. Operating conditions for adsorbent tube conditioning
Max. Temp. Conditioning temperature and time
Adsorbent
) Ist step 2nd step 31d step
Carbotrap >400
Carbopack B >400
Carbotrap C 400 250 T 300 C 350 C
Carbosieve-S III 400 (4 hour) (10 min) (10 min)
Carboxen 1000 400
Activated charcoal >400
Chromosorb 102 250 m 180 ¢ 200 C
Chromosorb 106 250 . .
Porapak Q 250 (4 hour) (10 min) (10 min)
Tenax TA 350 250 T 250 T 300 C
(4 hour) (10 min) (10 min)

Analytical Science & Technology
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Table 4. Typical settings of operating parameters for thermal desorption and GC/MSD analysis

GC/MSD (HP6890/5973, Hewlett Packard, USA)

ATD 400 (Perkin Elmer, UK)
Oven Temp. 200~350 €
Desorbing time and flow 10 min, 80 ml./min
Cold trap holding time 3 min
Cold trap high temp. 350 C
Cold trap low temp. 30 C
Cold trap packing Carbotrap 40 mg
Min. pressure 15 psi
Inlet split No
Outlet split 18 mL/min
Valve and line temp. 200 C

GC Column PE-1(0.32 ym, 60 m, 1.0 m)
Initial Temp. 30 C (10 min)

Oven Ramp Rate 5 C/min

Final Temp. 230 C (10 min)
Column Flow ~ 2 mL/min

Detector Type Quadrupole

Q-pole Temp. 150 C

MS Source Temp. 230 €

Mass Range 50 ~ 300 amu
Electron Energy 70 eV
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Table 5. Analytical performances of the thermal desorption with GC/MS system for VOCs adsorbed on carbotrap

Target VOC Repeatability ! Mean Recovery” mpr.?
Chlorofrom 8.9% 36.3% 6.6 ng
1,2-Dichloroethane 78% 83.9% 7.9 ng
1,1,1richloroethane 9.8% 106.1% 8.0 ng
Benzene 9.1% 100.7% 2.5 ng
Carbon tetrachloride 9.8% 112.6% 7.1 ng
Trichloroethylene 6.7% 105.3% 12.3 ng
Toluene 7.7% 101.2% 1.5 ng
Tetrachloroethylene 73% 104.9% 5.8 ng
Ethylbenzene 6.8% 98.6% 1.2 ng
m+p-Xylene 6.4% 99.3% 2.8 ng
Styrene 78% 94.5% 1.8 ng
0-Xylene 6.2% 100.4% 1.5 ng
Bromobenzene 75% 95.7% 4.8 ng
1,3,5-Trimethylbenzene 6.3% 104.8% 2.0 ng
1,2,4 -Trimethylbenzene 6.5% 102.6% 2.0 ng
p-Isopropyltoluene 6.7% 103.7% 1.8 ng
n-Butylbenzene 6.8% 99.8% 2.2 ng
1,2,4 Trichlorobenzene 12.7% 79.7% 39 ng
Naphthalene 13.4% 72.6% 2.7 ng
1,2,3-Trichlorobenzene 22.9% 74.5% 3.9 ng

) Repeatability was expressed as a relative standard deviation of 16 replicate analyses for between days.

2) Mean values of five replicate standard samples which were spiked onto adsorbent tubes, and then injected onto the GC
column through a thermal desorption unit at 300 C of 10 mins, were divided by the mean values of five replicate
standard samples directly injected onto the GC column (injector temp. 280 C)

3) Method detection limit (MDL) was estimated as following; MDL=t (n-1, 0.99) x SD, where t (n-l, 0.99) is the
studentt value for n-1 degree and 0.01 significance level, while SD is standard deviation of n replicate analysis of
a standard solution at a low level concentration (n=7 in the study).
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Table 6. Comparison of measured concentrations of VOCs collected by different single sorbent tubes in real
environments, being expressed as mean relative errors with respect to Carbotrap data (n=5)

Mean Mean relative error with respect to Carbotrap adsorbent
concentration

voc measured by Carbo- Catbo-  Carbosieve ~ Chromo- ~ Chromo-  Porapak Tenax  Activated
Carbotrap pack B trap C SHI sorb 102 sorb 106 Q TA charcoal

Benzene 3.5 ppb -48% ND -223% 5.8% -13.6% -12.0% 20% -36.0%
Toluene 25.7 ppb +1.7%  -73.6% -54.7% +0.2% +2.3% -1.0% -13.2% -65.2%
Ethylbenzene 4.3 ppb -5.2% -22.8% -86.7% +1.3% -1.8% -1.2% +4.1%  -83.4%
m+p-Xylenes 8.8 ppb -5.3% 8.8% -87.3% +4.2% 5.0% -4.8% +7.3%  -821%
Styrene 1.7 ppb 9.6% -1.5% ND  +3505% +148.7% +3.9% +4.3% N.D
0-Xylene 3.8 ppb -8.1% 9.7% -85.8% +2.3% 8.3% -8.1% +6.2%  -83.3%
1,3,5-TMB” 2.0 ppb 9.4% 9.3% ND +9.4% 3.7% -7.6% +4.7%  -18.7%
1,2,4-TMB 2.8 ppb -8.8% -1.5% ND +10.2% 2.9% -3.0% +5.9%  -80.9%
Naphthalene 5.4 ppb -15% +152% ND -17.6% -12.5% -135% +15.4% N.D

a) TMB stands for trimethylbenzene.
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Fig. 6. Comparison of response factors for selected VOCs adsorbed on single and multi-sorbent tubes.
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Table 7. Comparison of measured concentrations of VOCs collected by multi-sorbents tubes in real environments,

being expressed as mean relative errors with respect to Carbotrap data (n=5)

Mean concentraton

measured by

Mean relative error with respect to Carbotrap adsorbent

Double sorbent tube Triple sorbent tube

voe single sorbent Carbotrap-C/ Carbotrap/ Carbotrap/ Carbotrap-C/ Carbotrap-C/
. Carbotrap/ Carbotrap/
(Carbotrap) Carbotrap ~ Carbosieve-S [ Carboxene-1000 Carbosieve-S T Carboxenc-1000

Benzene 2.5 ppb +1.3% -17.7% -29.5% -32.7% -55.5%
Toluene 17.5 ppb +7.5% -13.2% -34.3% -33.8% -15.4%
Ethylbenzene 2.3 ppb +8.5% -145% -40.4% -37.8% -61.2%
m+p-Xylene 5.8 ppb +6.5% -12.5% -245% -35.7% -55.3%
Styrene 0.7 ppb +13.2% -16.6% -45.8% -47.8% 54.8%
o-Xylene 3.2 ppb +7.8% 24.4% -30.4% -30.5% -70.5%
13,5-TMB? 1.0 ppb +15.2% 24.7% -54.5% -43.3% -66.7%
1,2,4-TMB L8 ppb +12.3% -19.5% -60.7% -45.3% -58.6%
Naphthalene 34 ppb +30.2% 24.5% -45.3% -52.0% -65.4%

a) TMB stands for trimethylbenzene.

24 C 215 €Y
FEAAT 05
3} T} (Table 8). ©

g 2R e me %

Table 8. Comparison of measured levels of VOCs on triple-sorbents tubes analyzed by different temperature

r°4:i1

o] Carbotrap 30 mg F ol Carbosieve-SIII 10 mg-2

backup 202 Z73 o]F T (FF Ao °F3 cm)

of cold trap, being expressed as mean relative errors with respect to Carbotrap data (n=5)

settings

A& AT Table 89 AR wu, JAEFAA

b3 7;}—‘% cold wape] 2%=7} -30 C= AAH ZA¢Hthe 4

S C2 AART zAA] FFAH 9} (Carbotrap T &

@2yt W AA e & 5 AU
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3 % AR

o ger Ao i%ij?ﬂ'ﬁ] HA 25 Aol
e

N on Elol'

Single sorbent

Triple sorbents (Carbotrap C / Carbotrap / Carbosieve-SIII)

vocC (Carbotrap)

30 C 30 C 4 C 15 C
Benzene 0.7 ppb -42.7% 24.7% -31.3%
Toluene 9.3 ppb 378% 173% 33.1%
Ethylbenzene 3.5 ppb -41.8% 21.8% 27.2%
m/p-Xylenes 5.4 ppb -45.7% -253% -31.8%
Styrene 0.9 ppb -54.8% 222% -38.2%
o-Xylene 2.9 ppb -50.4% 245% 35.1%
1,3,5-Trimethylbenzene 0.8 ppb 435% -30.5% 36.6%
1,2,4-Trimethylbenzene 1.5 ppb -65.3% -25.6% -35.0%
Naphthalene 1.2 ppb 49.0% 273% 37.1%

* Cold trap was packed with Carbotrap (30 mg) and Carbosieve-SIII (10 mg)
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Table 9. Ratios of VOC levels measured by triple sorbents (Carbotrap C / Carbotrap / Carbosieve-SIII) tubes with a
Nafion dryer to those without a dryer at different humidity conditions

voc With/without a dryer (Mean £ S.D, n=5)
Lower than 30% R.H Higher than 80% R.H
Chloroform 125 £ 0.23 535 £ 1.23
Benzene 1.05 = 0.05 237 £ 0.54
Carbon Tetrachloride 1.03 = 0.08 335 £ 245
Toluene 1.08 £ 0.05 2.88 + 1.34
Ethylbenzene 1.10 + 0.03 1.25 + 0.15
m/p-Xylenes 1.05 £ 0.05 1.28 £ 0.20
Styrene 1.03 £ 0.08 1.05 + 0.12
o-Xylene 1.07 £ 0.05 1.25 + 0.27
1,3,5-Trimethylbenzene 1.00 £ 0.01 0.89 £ 0.18
1,2 4-Trimethylbenzene 0.98 = 0.02 0.85 £ 0.23

Note : Packing materials and low temperature of the cold trap during the thermal desorption for samples collected by triple
sorbents tubes were 30 mg of Carbotrap backed up by 10 mg of Carbosieve-S IlTat 4 T
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