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AB STRACT

De vel op ment and de ploy ment of the an a lyt i cal sys tem, ATD-GC-ECD has been es tab lished to mon i tor a suite of

halogenated com pounds found in the at mo sphere at trace con cen tra tions. The in stru ment has been used to mon i tor ur ban

back ground emis sion flux lev els in Bris tol, UK as well as Yel low stone Na tional Park, USA and an in door rain forest (Wild

Walk@Bris tol, UK). The newly es tab lished sorbent tube sam pling sys tem is small and eas ily por ta ble and has been used for

large vol ume sam ple col lec tion from re mote ar eas. Au to mated Ther mal Desorption (ATD) pro vides rou tine at mo spheric

mea sure ments with out cryo genic pre-con cen tra tion. The in stru ment pro vides good pre ci sion where the de tec tion limit was

£ 3 pptv for the spe cies of in ter est and the reproducibility was within 4% for all of the se lected halocarbons. The re sults from

two field ex per i ments have also pro vided insight about natural missing sources of some ozone depleting halocarbons.
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1. IN TRO DUC TION

Air sam pling us ing adsorbents fol lowed by ther mal

desorption and Gas chro mato graphic anal y sis with ei ther

ECD (Elec tron Cap ture De tec tion) or Mass Spec tro met ric

(MS) de tec tion has been es tab lished as a com mon method

for de tect ing many vol a tile or ganic com pounds (VOCs) in

am bi ent out door and in door en vi ron ments (Tang et al. 1995;

Ma et al. 1997; Pankow et al. 1998; Peng and Batterman

2000). An ECD of fers good sen si tiv ity for halogenated

compounds while a MS en ables the pos i tive iden ti fi ca tion

of peaks in the chromatogram and takes ad van tage of the

char ac ter is tic na ture of bro mine and chlo rine con tain ing ion

frag ments (Wevill and Car pen ter 2004). Trace at mo spheric

halocarbon lev els were usu ally de ter mined by the cryo genic

pre-con cen tra tion of large vol umes of air be fore anal y sis.

The use of liq uid cryogen was lim ited by their cost, avail -

abil ity and prob lems with au to ma tion of such sys tems. The

air sam pling, us ing sorbent tubes pre cludes the ne ces sity for

liq uid cryo gens al low ing for the de vel op ment of a more

robust ‘stand alone’ sys tem. Sorbent tube sam pling can

achieve high re cov ery of po lar and re ac tive com pounds,

which can pose prob lems for whole air sam ples col lected in

can is ters (Batterman et al. 1998). Sorbent tubes are small in

size, fa cil i tat ing col lec tion, trans port and stor age. They can

be con di tioned eas ily and con ve niently re used. The as so ci -

ated pre-sam pling sys tems are also small, eas ily por ta ble and 

can be used in re mote ar eas and are rel a tively in ex pen sive.

Au to mated Ther mal Desorption (ATD) is an au to mated

and un at tended anal y sis sys tem for up to 50 sam ples. Ther -

mal desorption of sorbents of fers cost sav ings and high

sensitivity. The sys tem pro vides cryogen-free op er a tion

down to -30°C, re duc ing op er at ing costs. The tube and the

sam ple flow path can be purged with he lium gas at am bi ent

tem per a ture to re move ox y gen and mois ture, which pre vents 

analyte and sorbent ox i da tion thus mini mis ing arte fact for -

ma tion, en sur ing data qual ity and ex tend ing tube life times.

The sys tem also helps to min i mize sam ple losses by check -

ing the sys tem flow path for leaks so they can be cor rected

prior to ini ti at ing a run. The in stru ment also pre serves
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sample in teg rity by seal ing sam ple tubes be fore and af ter

desorption. Risk of ice block age is min i mal in the cold trap

and the mod er ate cool ing tem per a tures re quired may be

obtained us ing Peltier cool ers rather than liq uid cryogen.

Break through in sam pling and arte fact for ma tion dur ing

anal y sis can be min i mized by us ing the ap pro pri ate sorbent

tubes (Peng and Batterman 2000).

This study pro vides a se lec tion of ap pro pri ate sorbents

and cold traps for halocarbon trap ping and anal y sis meth ods

us ing an au to mated ther mal desorption sys tem fol lowed by

GC-ECD with the aim of dem on strat ing the ap pli ca bil ity of

the an a lyt i cal sys tem. The study also in cludes the anal y sis of 

eleven C1-C3 ozone de plet ing and long lived halocarbons in

ar eas in clud ing Yel low stone Na tional Park, USA. The ma jor 

aim of this study is to de rive the un known nat u ral sources of

halocarbons, which will re duce dis crep ancy in the global

budget of halocarbons.

2. METH ODS AND MA TE RI ALS

2.1 Sorbent Tube Se lec tion

Three-bed sorbent tube (Markes Int. Ltd., UK) (Ap prox i -

mately 500 mg) con tain ing a se ries of sorbents, Car bograph

1TD, Carboxene 1000 and Carbosieve SIII sep a rated by

quartz wool was se lected. This com bi na tion of sorbent quan -

ti ta tively re tains the tar get com pounds from a vol ume of air

sam pled and re leases the com pounds back quan ti ta tively

when heat is ap plied and flow of car rier gas re versed. Sam -

pling flow and desorption flow are in op po site di rec tions to

pre vent the con tam i na tion of the stron gest ab sor bent with

analytes from the weak est ad sor bent dur ing heat ing. Analy -

tical sen si tiv ity and pre ci sion were largely de ter mined by

sam ple trap ping ef fi ciency, desorption ef fi ciency and the

level of in ter fer ences. A se lec tion of the sorbents in this study

and their as so ci ated char ac ter is tics are pre sented in Ta ble 1.

2.2 Tube Con di tion ing

The freshly packed 3-bed tubes were care fully con di tioned

us ing a car rier gas such as He at a flow rate of 10 ml min-1.

3-bed tubes were con di tioned start ing at a fairly low tem per -

a ture and in creas ing this step by step in or der to re move ox y -

gen and wa ter com pletely with out dam ag ing the sorbent. By

us ing the con di tion ing meth ods adopted in the ATD, the

tubes were ini tially con di tioned by hold ing at 200°C for

30 min utes, 300°C for 30 min utes and then fi nally 380°C for 

15 min utes.

2.3 Cap ping and Tube Han dling

Af ter air sam pling, the tubes were capped us ing stan -

dard PTFE stor age end caps (PerkinElmer Inc An a lyt i cal

Instruments Wellesley, MA, USA). The tubes must have

these caps fit ted be fore be ing loaded onto the ATD sam ple

car ou sel prior to anal y sis. In the case of re mote sam pling,

1/4 inch brass Swagelok end fit tings were used. These caps

were tight ened fin ger tight and a quar ter turn. These type of

seals en sured min i mum in gress of ex ter nal artefacts and

min i mal loss of sam pled com po nents over long term stor age.

2.4 Pre-Sam pling Sys tem

The au to mated sam pling ap pa ra tus for the UR GENT

Tracer cam paign de vel oped by Cooke et al. (2000) has been

mod i fied and then used for pre-sam pling in this study. The

pre-sam pling sys tem, it self, con sists of a 16-po si tion multi-

 port valve (Valco In stru ments Co. Inc., Hous ton), a 24V DC

pump (KNF Neuberger. Type N86. Pmax 1.5 bar), mass flow 

con trol ler (Unit 7000, Unit In stru ments Ltd., Ire land), a 7

micron in-line fil ter, a tem per a ture sen sor (0 - 50°C), a

Nafion dryer sys tem (with 5A mo lec u lar sieve as ‘coun -

ter-purge’ dry ing agent rather than a dry ni tro gen gas flow),

an elec tronic con trol sys tem (CGL Tech nol ogy Ltd., UK)

(See Fig. 1).

16 valve po si tions are avail able in the pre-sam pling

system, 15 tubes can be loaded for sam pling. Tubes were

fit ted with the port through stain less steel swage locks which 

were tight ened fin ger tight. Sam ple vol umes were mea sured

dur ing the pro gram run by in te grat ing the flow rate. The flow

rate sam ple time is mea sured to the near est ms and is nom i -
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nally 1 sec. Tem per a ture was mon i tored by us ing the tem per a -

ture sen sor which was dis played on the pro gram run menu.

2.5 Au to mated Ther mal Desorption (ATD)

The ther mal desorption sys tem used in this study was

the Turbomatrix ATD pro duced by PerkinElmer (Perkin -

Elmer Inc An a lyt i cal In stru ments Wellesley, MA, USA).

The sys tem has pro gram ma ble pneu matic con trol which

allows for in let and out let flow split flow rates, desorb flow

rates and car rier pres sure to be pre pro grammed and con -

trolled ac cu rately. The sys tem ba si cally in cor po rates a de -

sorption oven, quartz cold trap, heated valve as sem bly,

pneu mat ics as sem bly, sam ple car ou sel and a heated trans fer

line for the trans fer of analytes to the GC oven for sep a ra -

tion. The trans fer line used was the Turbomatrix HS long

heated trans fer line (PerkinElmer Inc An a lyt i cal In stru -

ments Wellesley, MA, USA), which has a max i mum op er a -

tion temp of 50 - 300°C and for this study a length of Zebron

CPSil5 col umn (0.32 mm in ter nal di am e ter, 5 mm film thick -

ness) was in serted. The trans fer line tub ing is coated with

Sulfinert™ as stan dard (Restec Bellefonte, PA, USA). The

length of the col umn was con nected at ei ther end with a

Supelco (Supelco® Sigma-Aldrich, St. Louis, MO USA)

butt con nec tor. This al lowed for the trans fer of analytes from 

the cold re fo cus ing trap via the trans fer line to the col umn in

the GC oven with min i mal or no losses. The Sam ple tubes

were bal lis ti cally heated to desorb analytes from the sam ple

tube with an op er a tional tem per a ture range of be tween 50

and 400°C for time pe ri ods of 1 - 999 min utes. Af ter

desorption from the sam ple tube, analytes pass onto the

quartz cold trap. The cold trap is ad sor bent-based in or der to

en sure com pat i bil ity with sam ples con tain ing sig nif i cant

amounts of wa ter. This pro cess en hanced res o lu tion, pro -

viding sharper peaks that are eas ier to in te grate. Fig ure 2

shows the sche matic di a gram of the au to mated ther mal

desorption sys tem.

The cen tral heated valve body in the ATD is con structed

of stain less steel and an in ert Valcon™ T-type ro tor. There is

a min i mal sam ple flow path where con nec tions for the cold

trap and the trans fer line pass di rectly through the heated

block of the valve and into the valve it self. The pneu matic

func tion was driven by com pressed air (at 90 psi from zero

air gen er a tor; Parker Balston) which was con sumed at a rate

of be tween 0.5 - 0.7 ml min-1. The car rier gas used was He

and the desorption flow rate was var ied de pend ing on the

sam ple un der anal y sis. The car rier gas was also used as a

purge at am bi ent tem per a ture, the ef flu ent from the purge is

passed over the cold trap to re move air and minimise loss of

volatile analytes.

2.6 Cold Trap Se lec tion

A tem per a ture of -30°C is suf fi cient for quan ti ta tive

retention of the com po nents of in ter est, pro vided a suit able

trap pack ing is se lected. Tenax TA 60/80 cold trap filled by

Tenax TA sorbent with mesh size 60/80 and Turbomatrix

40/110 air toxic tube filled by graphitized car bon black

(carbopack X/carbograph 5-TD) and car bon mo lec u lar si -

eves (Carboxen 1003/Carboxen 569/Carbosieve SIII) were

used as cold traps in this study. The cold trap is cooled with a

Peltier cooler to tem per a tures be tween -30 and +150°C.

Before start ing sam ple anal y sis, the cold trap was con di -

tioned by heat ing to 300°C for 30 min utes at a He flow rate

of 50 ml min-1.

Fig ure 3 shows the com par a tive stan dard sam ple’s

chromatogram for dif fer ent cold traps with the solid line
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corresponding to the Turbomatrix trap and the broken line

to the Tenax TA trap. The Turbomatrix 40/110 (Air Toxic

Tube) trap gave better results over the TenaxTA trap as it in-

creased the trapping efficiency over of the less volatile

components, recovery of target compounds and also im-

proved the baseline of the chromatogram. There is a quick

desorption of the heavier compounds (CH3CCl3, CCl4, TCE,

PCE) from the Tenax trap resulting in comparatively less

retention time than the Turbomatrix trap (See Fig. 3). The

chlorinated compounds have a relatively high affinity with

the Tenax cold trap, due to hydrogen-bond interactions

making desorption less efficient (Stanetzek et al. 1996).

2.7 GC-ECD

Gas chromatography with Electron Capture Detection

(ECD) was used for detecting C1�C3 halogenated organic

compounds present in the ambient background atmosphere.

In this work, a gas chromatograph (HP6890) is equipped

with twin linked ECDs, one of which is oxygen doped

(Bassford 1998). The eluent then passes through the non

doped ECD before passing through the second, oxygen

doped ECD. An integrator measures the signal from the de-

tectors; the areas from which are then converted to concen-

trations. Figure 4 shows a typical chromatogram for a 3-litre

standard sample measured by ATD-GC-ECD system.

2.8 Halocarbon Standards

The use of standards to bracket air runs allowed quanti-

tative analysis of the air samples and the monitoring of any

drift in sensitivity to be made. The standard used contained

14 halocarbons in N2O (Linde gases, UK) diluted to near

ambient concentration and was calibrated in an Agilent

6890/5973 GC-MS with ADS by using standard H-074

(SOGE Gold standard) which is a fully calibrated Mace

Head air sample (filled December 2003) assigned on calibra-

tion scales SIO-98 for AGAGE-MD species (CFC-11,

CFC-12, CFC-113, CHCl3, CCl4, and CH3CCl3) or UB-98

for most other species (Prinn et al. 2000).

2.9 Air Sampling

2.9.1 @Bristol Wild Walk Campaign

Thirteen 3-bed tubes were used for taking sample from

an ant colony in the @Bristol Wild Walk Science Centre,

using the pre-sampling system on 27 June 2005. Before

sampling, the tubes were conditioned. A 24V battery (Two

12V lead-acid type rechargeable batteries, Yuasa Battery

Ltd, UK parallel connected to make 24V) was used for run-

ning the pump. The first five of the tubes sampled were from

the greenhouse in the late morning (9:45 to 10:39) and the

second five were from the greenhouse in the early afternoon

(13:00 to 15:20) and another three were from inside the ant

colony. 3-litre samples were taken in each tube by using the

mobile pre-sampling system. Two tubes were used for stan-

dard sampling; one was taken before the air sampling and

another after finishing the air sampling.

2.9.2 Yellowstone Campaign

Thirty 3-bed tubes were used for the Yellowstone ‘vol-

cano’ site sampling. Samples were taken at different loca-

tions of the site at the end of July, 2005. Five sites were cho-

sen for sampling. One of these sites was on the eastern side

of the Yellowstone Plateau in the vicinity of the mud volcano

feature, three were on the western side in the Gibbon mea-

dows area and the last one was the campsite based in the

Canyon Village area. 10 tubes were used for sampling taken

from a background site based in the Canyon Village area
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(for ested, mainly lodgepole pine), 7 from the Hot Hill site

based in the vi cin ity of the Mud Vol cano fea ture, 4 from the

Washer site, 4 from the Lit tle Hot tie site and the re main ing

5 from Gib bon Meadow tra verse site. The last three sites

were lo cated in the Syl van Springs area about 2 - 3 hr hike

from the head of the Gib bon Val ley. The sam ple sites cho sen

were just be hind (North of) the Washer fea ture, at the Lit tle

Hot tie fea ture and a tra verse of the Gib bon Mead ows (a

large boggy area be tween the Syl van Springs and the head

of the Gib bon Val ley). 5 tubes were used for stan dard

sampling.

3. RE SULTS AND DIS CUS SION

3.1 An a lyt i cal Per for mance Eval u a tion

Analyte ‘break through’ tests were per formed to op ti -

mize the sam ple vol ume, tube tem per a ture, desorption time,

trap hold time and desorption flow rate. Af ter sam pling via

the pre-sam pling sys tem, the anal y sis of each tube was car -

ried out straight af ter a con di tion ing run and chromatograms

an a lyzed to see whether any sam ple re mained. The 3-bed

tubes ex hib ited no re sid ual traces of any com po nents at the

anal y sis desorption tem per a ture. Some empty tubes (with out 

sam ple) have also been ana lysed. Blank emis sion dur ing

ther mal desorption of tubes has been de tected pos si bly due

to sorbent deg ra da tion, in com plete con di tion ing of the

sorbent tubes, con tam i na tion from the car rier gas, and/or

con tam i na tion of the up stream flow path of the cryotraps.

When com pared with the anal y sis of stan dard halocarbons,

the blank traces did not in ter fere with the peak of the stan -

dard halocarbons. A desorption flow rate of 10 ml min-1

allowed good analyte re cov ery and proper desorption. If

the flow rate in creases from 10 ml min-1, analyte peak re -

sponses de creases in di cat ing that the analyte was desorbing

from the other end of the cold trap and no lon ger be ing quan -

ti ta tively trapped. Break-through vol ume tests have also

been per formed to se lect the amount of sam ple taken in the

sorbent tubes. Ta ble 2 shows the fi nal an a lyt i cal con di tions

that were set for air sam ple anal y sis.

3.2 Method, De tec tion Limit, Reproducibility and
Desorption Ef fi ciency

The de tec tion limit for the an a lyt i cal sys tems was cal cu -

lated for a sig nal to noise ra tio of 3 and is shown in Ta ble 3.

The reproducibility’s ex pressed as the rel a tive stan dard de -

vi a tion (RSD) were all within 4% for each com po nent. Suc -

ces sive desorptions con firmed that there were no re sid ual

traces of any com po nents fol low ing two desorptions, de -

monstrating that one ther mal pre con di tion ing cy cle was suf -

ficient to pre vent sam ple car ry over oc cur ring be tween con -

sec u tive runs.

3.3 Air Sam ple Anal y sis

@Bris tol Wild Walk and Yel low stone vol cano sam ples

were ana lysed us ing the ATD-GC-ECD sys tem. Ta ble 4

shows the av er age, max i mum and min i mum halocarbon

con cen tra tion val ues of the ant col ony, back ground of the

col ony and also the ra tio of the av er age col ony and back -

ground from the mea sure ments at @Bris tol Wild Walk. The

con cen tra tions of anthropogenic halocarbons e.g., Halons,

CFCs, CCl4, CH3CCl3 in @Bris tol Wild Walk are very much

closer to the Global Av er age value and in deed am bi ent

levels in Bris tol. CH3Br lev els are sig nif i cantly higher in

the ant col ony com pared with the back ground of the col ony

(see Ta ble 4). CH2Cl2 and CHCl3 are also el e vated in the

colony whereas for other spe cies, the ra tios of col ony and
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background are very close to unity. The fungi from the leaf

cut ter ant col ony in @Bris tol Wild Walk was iden ti fied as

the most likely source of these el e vated lev els (Mead 2006;

Mead et al. 2008). The mea sure ments made by Mead et al.

(2008) at var i ous stages of the ant col ony life-cy cle sug gest

that the lev els of these halocarbons are el e vated dur ing the

ac tive phases of the ant col ony life cy cle.

Ta ble 5 shows the av er age, max i mum and min i mum

con cen tra tions of the se lected halocarbons from all sites,

back ground, Hot Hill and Gib bon mead ows of Yel low stone

vol cano site. In the Yel low stone cam paign, the re corded

con cen tra tions of the CFC-11 and CFC-12 for Hot Hill and

Gib bon Meadow were much higher than the ur ban back -

ground val ues and also back ground val ues from the AGAGE

net work sug gest ing that vol ca nic emis sions could be a

source of these CFCs. Pre vi ous stud ies (Isidorov et al. 1990;

Jor dan et al. 2000; Schwandner et al. 2004) re ported the

emis sion of CFCs from vol ca noes. Isidorov et al. (1990)

reported 0.4 - 1.5 ppbv of CFCs in sol fa ta ric air and Jor dan

et al. (2000) de tected CFC-11 in gas sam ples of vol ca noes

at con cen tra tions of up to 1 ppbv. Schwandner et al. (2004)
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also ob served 1200 and 3700 pptv of CFC-11 in dif fuse

emis sions from the ac tive vol cano and dry fumarolic gas,

respectively. The cur rent study sug gests that the max i mum

con cen tra tions of CFC-12 and CFC-11 in the Yel low stone

vol cano sam ple are 1.3 and 1.7 times higher than back -

ground val ues. Ex tremely high con cen tra tions were also re -

corded for CH3Br at Hot Hill and the Washer site com pared

with back ground lev els in di cat ing the vol cano site may be

one of the miss ing sources of CH3Br. There may have been

an ad di tional in put of CH3Br from large amounts of buf falo

dung that could in crease the con cen tra tion of CH3Br at the

Hot Hill site. The re corded CH3CCl3 con cen tra tions in the

back ground area are very sim i lar to re mote back ground con -

cen tra tions and slightly higher than the vol cano sites, which

sug gest that CH3CCl3 is not be ing emit ted by the vol cano.

The con cen tra tions of CH2Cl2 and CHCl3 re corded were

highly el e vated at all sites es pe cially the back ground area,

which is for ested (mainly lodgepole pine trees) in di cat ing

that the vol cano could be a po ten tial source of them. Pre vi -

ous stud ies (Isidorov et al. 1990; Schwandner et al. 2004)

de tected higher CH2Cl2 and CHCl3 con cen tra tions in the

vol ca nic gas sam ples. Schwandner et al. (2004) sug gested
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that the in creased CH2Cl2 con cen tra tions in the vol ca nic

gas were as so ci ated with el e vated ground resistivities in di -

cat ing a subsurface or i gin. These com pounds are also

known to have ter res trial sources and these ob ser va tions

are con sis tent with this. Pre vi ous stud ies (Mead 2006;

Khan et al. 2009) sug gest that there is a com mon biogenic

source of CH2Cl2 and CHCl3 in the Bris tol ur ban back -

ground area. Khan et al. (2009) pro posed the biogenic

emis sion of these com pounds in the Bris tol area from the

sea wa ter of the nearby es tu ary.

4. CON CLU SION

A lab o ra tory and two field cam paign tests have been used 

to eval u ate the per for mance of an air sam pling sys tem us ing

3-bed sorbent tubes, and an au to mated ther mal de sorption

sys tem for iden ti fi ca tion and quan ti fi ca tion of tar get halo -

carbons by us ing a GC-ECD sys tem. The air sam pling sys tem

has been dem on strated to be an ef fec tive method for re mote

sam ple col lec tion, par tic u larly in cor ro sive en vi ron ments

such as that at Yel low stone and also for large vol ume sam ple

col lec tion. The sys tem is small, eas ily por ta ble and rel a tively

in ex pen sive. ATD has also been proved to be an im por tant

device for the mea sure ment of halogenated com pounds with

a very wide range of boil ing points. No carry-over prob lems

were iden ti fied in the an a lyt i cal sys tem. The method was

highly au to mated and the pre ci sion of the sys tem was better

than 4% for all of the se lected halocarbons. The sys tem has

been ap plied to two sam ple cam paigns (@Bris tol Wild Walk

and Yel low stone) and the re sults from the two cam paigns also 

give in for ma tion re gard ing nat u ral miss ing sources of halo -

carbons. Both CFC-11 and CFC-12 and CH3Br are el e vated

in the vi cin ity of vol ca nic out-gas sing and may well be a

significant source of these com pounds.
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