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Determination of selected chlorinated benzenes in water 
by purging directly to a capillary column with whole 
column cryotrapping and electron-capture detection 

INTKOI>LK-TION 

The EPA purge atd wtp 

standard technique for the determination of vblatilc 
organic compounds (VQCs) in aqueous samples.. In 
the P&T method, VOCs arc stripp& from the 
aqueous phase with an inert gas and transfcrrcd to a 
sorbcnt b&. Adytes tmppcd on the bed arc then 
thermally dcsorbed to the column of a gas chro- 
matograph for analysis. Recently. Pankow [3] and 

_ 

Prmkow and Rosen [4] introduced the purge with 
whoic column cryotrapping (P WCC) method. in 
which analytcs purged from the aqueous phase arc 
transferred immediately to the head lof a capillary 
GC column, e\iminating the need for an intermcdi- 
ate sorbcnt trrkp. Due to its inherent simplicity. the 
P/WCC ntcthod offers a variety of advanrzigcs vvec 
convcntionat P&T [3,4], including improved dctcc- 
tion of very volatile compounds, lower background 
contamination, shorter analysis times, and lower 
Glpitill COStS. 

Due to the finite vapor pressure of water. a small 
amount of water is transferred to the GC column 
during the purge step of the PjWCC method. 
Applying the idcal gns law. 0.023 /tI of water is 
cspccted to be rcmovcd from solution per ml of 
purg! gas at 25 C. The preaencc ofwater in the purge 
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gas is a potential problem. Purging for long periods 
of time can transfer enough water that a small-bore 
capillary column held at cryotrapping tcmpcraturc 
can become plugged with ice. Too much water on the 
column can cause chromatographic problems such 
as peak-splitting 141. In addition, water can intcrferc 
with the response of some types of dctcctors. The 
electron-capture detector is particularly sensitive to 
trace amounts of water. Indeed. a few microlitcrs of 
water passing through an clcctron-capture detector 
can product a very rargc, asymmetrical peak that 
can completely obscure a portion of the chromato- 
gram. In order to combine the simplicity and 
reliability of the P/WCC method with the selectivity 
and cxtrcmc sensitivity of the electron-capture dc- 
tcctor, most of the wa!::i in $5~ purge gas must be 
rcmovcd bcforc it is allowed to reach the gas 
chromatograph. 

Purge gas dcsiccittion is commonly cffcctcd b> 
forcing the gas to pass through a short length of 
polar tubing such as Nafion [5,6]. Transmission of 
analytes through Nafion tubing, howcvcr, has been 
found to be less than quantitative for some com- 
pounds, causing unacceptable memory effects [6.7]. 
Altcrnativcfy, a simple cold-zone, glass-bead water 
trap has been developed by Rosen [7] and Pstnkow 
IS]. A schematic of the glass-bead water trap is 
illustrated in Fig. I. The water trap consists of a 
6.5 cm length of 0.32 cm stainless-steel tubing 
packed with 0.5 mm diamcicr glass beads to provide 
a large. inert surface arca. The trap is cncascd in an 
aluttrinum block whose tcmpcraturc can be rcgu- 
latcd with coolant or with ;I curtridge heater and 
thermocouple. In the first part of the purge tphusc t. 1, 
the water trap is held at a subambicnt tcmperaturc 
such as - 10 C with a liquid coolant. Bccauso the 
vapor pressure of ice at - 10 C (260.4 111) is 

substantially lower than that of water at 25°C 
(3 I 7 1.5 Pa), most of the water purged from solution 
will bc rctaincd in the cold trap. By rapidly raising 
the tcmpcraturc of the trap to 2S”C during the last 
minute or so of the purge (phase II), any analytcs 
retained in the trap during phase I arc quickly and 
cfiicicntly rcmovcd and focusscd on the GC column 
[8]. By minimizing the phase il purge time, the 
amount of water trunsfcrrcd to the column is 
minimized. The thcorctical dcsiccution cfftcicncy of 
the water trap hiis boon discussed in detail by 
Pankow [S]. 

In this study, the P/WCC tncthod is adapted for 
USC with an cloctron-cupturc dctcctor and tostcd 
with a set of chlorinated bcnzcncs, Purge gas 
desiccation is effected with the glass-bead water 
trap. Theoretical purging cfftcicncics arc calculated 
and compared to cxpcrimcntaily dctermincd values. 

THEORY 

When a clean, inert gas is bubbled at a flow-rate F 
(t~~~~~~~it~) through a volume of water If,, (ml) for a 
period of titnc tt (min). the removal of a volatile 
analyte from aqueous solution is given by [9] 

Lsp[-(-&)&] 
(‘1.0 

(i) 

whcrc L’\ is the r~qucous conocnlration of the analytc 
at time 1,. cl .,) is the initial aqueous concentration. H 
(Pa - III’ tnol) is the Henry’s law constant of the 
annlytc at tcmpcraturc T, (K). and R is the gas 
constant (8.3 14 Pa . m”/mol . K). The derivation of 
cqn. 1 involves a number of assumptions. The 
tcmpcraturc and aqueous volume are assumed to bc 
constant during the purge. The liquid phase is 
considcrcd to be well miscd, and the gas phase is 
assumed to behave idcally. The partial pressure of 
the analyto must bc small compared to the total 
pressure. and Henry’s law must apply over the 
concentration range of interest. In addition, the 
distribution of analytc bctwccn the gas and liquid 
phases is assumed to reach ~q~iilibri~lil~ by the time 
the bubbles leave the liqu!d phase. 

Uccausc the bubbles arc in cor\tact with the 
solution for a limited amoutlt oftimc. full gasS,liquid 
~q~~ilibri~~~~~ will probably not bc achieved before the 
bubbles exit the liquid phase [IO]. Eqn. I, thcrcforc. 
may slightly ovcrprcdict the removal ofanalytc from 



the aqueous phase. Despite this possibility, Pankow 
and Rosen [4] obtained cxccllcnt agrecmcnt with 
cqn. I for all of the purgeable priority poltutants. 
With c,/c,,~ given by cqn, 1, the maximum possible 
efficiency (fritctionul removal) of the purging pro- 
ccss epr is defined as 

BF 1 = I - t*,/c,,cJ (3 

For u given compound, purging cflicicncy in- 
crcascs with tt and is largely a function of Vu, / b’, , 
(= F- tt/Vst), where V,, is the total volumcof purge 
gas bubbled through the solution ut timc t,. 

The tmnsfcr efficiency of unalytcs through tho 
wtcr trap during phusc 11 of the purge can also bc 
mod&d as it purging proas. Some portion af cuch 
analytc wit1 probably bc tmnsmitttti to the GC 
column when the trap is cold (tcmpcruturc r,). tn 
the worst cusc, the analytcs purged from solution 
during phase 1 arc fully retained in the water trap. 
The concentration of unalyte in the wtcr trap ut the 
beginning of phase II, then, is given by 

\shcrc t, is the time during which the trap is cold 
(phase I purge time. ntinutcs). and V,, is the volu~w 
of water rctaincd in the trap during phase I. The 
mugnitudc of &’ ,2 is cusily calcuiatcd by considcring 
the vapor pressures of ice and water at T2 and T,. 
rcspcctivdy [S]. 

Taking into itccour?t the fit that the purge ga?; 
entering the water trap is not ntxcs~~itg I’rw 
of analytc. the concentration in the trap during 
phase II is given by 

(9 

whcrc t2 is the phase II purge time (f2 = t, - t,, 

ntin). Following Pankow [S], the purging efficiertcics 
for the water trap crlrt and for the overall put-go 
&,,,e,\cralf arc dcfincd its 

“Jr2 = I - (‘2 c_‘,o (6) 

E,,,,, .,,, = c’1,1c,,2 ’ lw% (7) 

Given Sullicient time to Strip anal! tts from the 

0,oot 0.01 0.1 1.0 

tl [min) 

b:ttc’r trap. t-,,: tsill upproxh IW”is rind cpb \vilI 

uppmimate E‘,,cr_$,,. The correspondence bctwwn 
<*,,I and E,,,.,,11 is illustrated in Fig. 2 its a function of 
t. usin_e I Ir = 5 ml. C*., = 4.23 !J!. F = 20 ml min. 
t, = 10 min. T, = 29S K. awl mrious values ot‘ N. 
Even for compounds with H vatucs as low us 
IO Pa - m3/mol, theory predicts that a phase I1 purge 
time of 0.5 min is suflicicnt to efficiently transfer 
at\alytcs fror- the wwnxd water trap to the GC 
column. Bccausc the cspcrimcntal application of 
this method wiil rcquirc cu. 0.5 ntin to warm the trap 
front T2 to Tt . a phase II purge time of I to 2 min 
should be ndcquate to prevent significant retention 
ofanalytcs in the trap. 

A schematic of the P,WCC apparatus \vith incor- 
pcrz!ion cf the water trap iv illustrated in Fig. 3. 
Notable modifications to the sotup discussed b;) 
Pankcw [S] ;II c the use ofa &port Cark false (Hach. 
Loveland. CO. USA) to control carrier 2~1s pressttrc 



and flow direction, and the use ofhcating tape on the 
transfer lint hctwccn the purge vcssol and the gtls 
chromatograph. The Carlc valve provides a simple 
method to start and stop the purge, while the hcatcd 
trunsfcr lint climinatcs cold spots ncur the water trap 
itnd increases the trunsmissian cfficicncy of the less 

volatile mx~lytcs to the GC. The husk opcruting 
procedures of both the P/WCC method and the 
water trap have been described clscwhcrc [X4,8]. 

The P,,WCC apparatus was intcrtkcd to ;t Vurtan 
3400 gas chromatogruph cquippcd with an clcctron- 
capture detector. The clcctron-capture dctcctor tcm- 
pcraturc was set at 35O’“C, and the most sensitive 
rungc was used. Ultra-high-purity nitrogen wus used 
as detector m&c-up gas at a flow-rutc of 3.5 ml; 
min. The GC column was a 27 m x 0.32 mm I.D. 
DB-624 fused-silica capillary column with u I .8 jm~ 
tihn thickness manufucturcd by J&W Scicntilic 
(Folsom, CA, USA). To further rcducc tho ability of 
kc to plug the column. u 0.5 m x 0.53 mm I.D. 
D5-624 column with I\ 3.0 /lrn film thickness was 
instalfcd in front of the main column. The two 
columns wcrc joined with a universal pres-fit 
connector (Ricstck. Bcllcfon~c. PA. USA). The hcud 
of tho column was conncctcd to the twtsl’cr line in a 
“non-kc-trap” configuration 141: the column WY 
cstunded throrrgh the trunsfcr lint union and into 
rhc heated zone above the GC oven. The tcmpcra- 
turcs of the transfer line and the GC intorfxc hcatcr 
block wcrc both 220 C. 

Ultru-high-purity helium was used iis the purge 
and carrier gus. A purge gas flow-rate of 20 ml/min 
was maintuincd with a purge pressure of 269 kPa. 
The curricr gas prcssurc for the GC run was 90 kl’b. 
To prcvcnt overpurging nnd erratic flow-rates at 
both the start and end of the purge, prccnutions wcrc 
taken to cqualizc the gas prcssurc across the purge 
vcsscl at those times, Such equalization wus uchicvod 
bcforc the start of the purge hy sclccting the purge 
position on the &port valve and opening the “cmp 
,y” snap valve. The purge wus then sturtcd by 
closing the “empty” valve. At the end of the purge, 
the 6-port valve wits turned to the GC run position, 
and the cxccss prcssuro upstream of the purge vcsscl 
was vcntcd by tcmporurily opening tho “flush” snup 
\&%. 

The total purge time (t, ) for all unalyscs was 
I2 min. All wcrc pcrformcd nt umhicnt laboratory 
tcmpcraturc ( 7’t 5 298 K). During phase I of the 
purge. the wutcr trap wus held ut - 10 C (r, = 
263 K) with a liquid coolant composed of cthylcne 
glycol-water (50:50. v/v). The phase I purge time ( tc) 
was 10 min. Phase II of the purge was 2 min (r2) and 
was pcrformcd at 2% K. Whole column cryotrnp- 
ping was performed at - 30 C. Tho GC tcmpcruturc 
progrum was ballistic from - 30 C to 50 C. then at 
5 Cumin to 250 C. Alicr the GC run was completed. 
the water trap was backtlushcd at 100 C to rcmovc 
the trapped wutcr. and the sample was drained from 
the purge vcsscl through the wnstc line. The three 
characteristic modes of the water trap arc sut~lma- 
rizcd in Table I. 

RESULTS AND DISCUSSION 

The glass-bead wntcr trap cffcctivcly rcduccd rhc 



iUl%oUUt of water trunsmittcd to the GC column. 
When the water trap was in USC, the column never 
piuggcd with ice. Purge times of up to 17 min wcrc 
tcstcd (rt = 2 min. V,, = 340 ml). Not only did the 
column ncvcr plug with ice under thcsc conditions, 
but no mcnsurubkc decrease in the purge fiow-rutc 
was obscrvcd. Without the water trap, purge vol- 
utncs of itpproximutcty 100 ml were sufkicnt to 
plug the column. own when the column wus in- 
stalled in the “ice-trap” [4] conligurution. Morc- 
over, the wutcr trap rcduccd the chromatogruphic 
intcrfctwcc of wtcr to ii ttli\ni\gtitbic Icv01. Unlilw 
t’knno ionization dctcctors, cicctron-cnpturc dew- 
tors i\tX? cxtrcmcly sensitive to rciativcly small 
umounts of wtcr. in tht: abscncc of it \vi~trw trr\p. 
enough water was trunsmitttul to the column to 
crwtc i\ wry large, asymmetric pak that obscured 
scvctxi minutes ofthc chromatogratn. The use ofthc 
wttcr trap, thcrcforc, was key to the successful 
coupling of t\n clcctron-capture dcwtor to P/WCC. 

This method \vi\s tcstcd with a standard contuin- 
ing scvcral chiorinatcd bcnzcncs. Eiaxron-capture 
dctcctor rcsponsc is quite scnsitivo to thr dcpnw of 
chloriwtion; in g,cncrul. the dctcction limit for 3 
givctt compound &ISS \vill dbYwi(se its the nutnbcr of 
chlorines increases. Conscquentlg. the chiorobcn- 
zcnts in the aqueous wndard wcrc prcscnt at 

a .& 

b 

initial 
f%v 

different concentrations: chlorobcnzcnc (3.7 nglmt), 
each dichlorobcnntnc (0.1 I ngjml), catch trichloro- 
bcnzcnc (0,028 ng/mt), each ttttruchlorobcnzcne 
(0.0 t 9 nglml), pcntachtorobcnzenc (0.011 ngjml). 
and hcxachlorobenzenc(0.01 t ngjml). Fig. 41 shows 
the chromatogmm that results from purging 5.0 ml 
of the standard, while Fig. 4b is the result of 
rcpurging the same standard. Both chromatogtxms 
itm plotted on idcntiatl scales. The clcctron-cupturc 
dctcxtor was not very scnsitivc to chiorobcnronc. 
itnd hosachlorobcn~nc bchavai crratioallg: ncithcr 
is shown in Fig. 4. Good rcsoiutian was obtitinczd for 
all but two of the remaining compounds. Fig. S 
illustrates the overlap of the 1,2,3,5- and I,t.J,S- 
tctrachlorobenzcne peaks. For a M-ml sample. rc- 
prcscntative mcthod dctcaion limits arc 0.01 ng/ml 
for I .2-dichiorobcnzenc. 0.003 ng/ml for 1 .2,4-tri- 
chlorobcnzcnc. and 0.0005 ngjml for i.t45tctra- 
chlorobenzcnc. 

Expaimentally purging cfticiencics wet-c calcu- 
lated by f41 

whcrc -4i is the peak area resulting from the initial 
purge and A, is the corrcspondinp peak wea from 
the rcpurgc. VAws of E,,,,, wcrc obtained for both 

I 
_I 

Ii, 

24.6 24.8 25.0 
Minutes 

25.2 25.4 



I .O- and LO-ml samples. The results arc compared to 
thcorct ical values of E,,,erall in Table II. E,,vcrart 
rcprcsents the maximum possible purging cflicicncy 
bccausc cP: is appronimatcly 100% and ePt is known 
to be a thcorctical maximutn. All cxpcrimcntal 
values a-c lower than cxpcctcd on tho basis of 
theory. The differcnccs between thcorctical and 
abscrvcd values increase with decreasing compound 
volatility. Portions of the discrcpancics might bc due 
to errors in the vulucs of N. lncfficicnt transmission 
of compounds through the water trap ut 1”, nlsu 
would result in l& vulucs less than E,,vcrutt. Rctcn- 
tion in the trup or the transfer line would bo more 
probtomatic for the hcavicr compounds such as 
tctra- and pcntctehtorobcnzenc. In addition, if gas-- 
liquid oquitibrium was not fully achieved as each gas 
parcct contacted the liquid phase, then ncgt\tivc 
deviations in the values of E4ahu would be cxpcctcd. 

whiwcd is cunstntlt tt~r~~tl~~~~~~~t the purge, then 
hcttcr predictions of E‘,curi,lr might be obtained 
through the use ofan c~!jl;i,c.~i~r Henry’s law constant, 
whcrc the cffcctivc value of H is given by 

H cTf z;‘N (9) 

and ;’ is the fraction of equilibrium attained. The 
value of ;’ is cxpectcd to be smaller for a I.O-ml 
sample than for B LO-ml sample due to the shorter 
contact timt with tho liquid phase, Using this 
approach, the differences bctwccn Etshr and E,,Vcrait in 
ntblc II for the di- and trichlorobcnzcnes can be 
rcconcilcd using u sin& value of 7 for ouch value of 
V,, . Those ;’ values, however, are not small enough 
to cxplain the low l& values of the tctrachlora- 
bcnzcnes or the incflicicnt transmission of pcnta- 
chlorobcnzcnc to the gns chromatograph. Given the 
need to hcut the transfer line to 220 ‘C to incrcasc 
throughput of the hcavicr compounds, and the fact 



that E,,& vnlucs for the tctrnchlorobcwcncs wrc 
found to be indcpcndcnt of Vet. the lawcr than 
cxpccted purging efficicncics might bc due to hold- 
up in the trctnsfcr tint or in the water trap. A higher 
phusc IT wutcr trap tcmpcraturc or u longer phase 1T 
purge time might incrcasc these purpinp cfftcicncics. 

CONCLUSIONS 

The purge with whole column cryorrupping mcth- 
od of Punkow and Rosen (41 wi\s uduptcd for USC 
with an electron-cupturc dctcctor and tested with a 
set of chlorinated bcnzcncs. Purge gas dcsiccntion 
with a simple giuss-bead water trap altowcd the use 
of lurgc purge gus volumes, prcvcntcd the GC 
column from plugging with ice. and rcduccd the 
intcrfcrcncc of water in the chromatogrum. Good 
chrotnatogruphic resolution was obtained. Dcspilc 
smnlkr than cxpcctcd purging et’ticicncios, this sim- 
plc P/WCC method shows promisc for the quick und 
eff&ctivc determination of volatile and semi-volatile 
compounds such as the di-, tri- and trtrachloro- 
bcnzcncs, With further study, this method might 
also bc cxtcndai to include pcntachlorobcnzunc und 
the even k volatile hcxachlorobcnzcnc. 

SY MIOLS 

pwk ama from initial put-go 
punk area from rcpurgc 
concentration of anulytc in nqucous snm- 
plc (n&ml) 
initial concentnttion of iitliklytc in wmplc 
(ngiml) 
concentration of anrtlytc in wttr trap 
during phase 1 i purge (tlg; ml) 
c0nccntratic.w of analytc in water trap ilt 

beginning of phitsc 11 (ng/mt] 
maximum possibtc purging cficicncy from 
the sample 
purging cfficioncy of iUlil\gtCS from the 
water trap 
obscrvcd purging ctkicncy (%) 
overall efXcicncy (O/n) for purging of una- 
lytcs from a srtmplc to the GC column 
Row-rate of purge gas through the purge 
vcsscl (ml/min) 
Htnry’s law constant (Pa . m”imol) for the 

MlitljW i11 Tt 

cffktivc i-knry’s tnw conwmt (Pa . I$!’ 
mot) 
gas constant (8.314 Pzl e mJjmol l K) 
time duting which the water trap is cold 
(min) 
total purge time [min) 
phase TI purge time (min) 
tcmpcr;lturc in the purge vessel und in the 
warm trup {K) 
tcmpcraturc in the cold trap fK) 
volume of purge gas bubbled through the 
sumplc (mt) 
vohtmc of sample (ml) 
volume of liquid wtcr in the trap (ml) 
fraction: oTgas4iquid equilibrium stttaincd 
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