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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
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ABSTRACT

The purge with whole column ervotrapping (P WCC) method dor the determination of volatin organic compounds (VOCs) in
agueous samples is adapted for use with an electron-capture detector. In this method, VOCs are steipped from an agueous sample with
an inort purge gis and transferred directly 1o the head of a capillary columa for subsequent GC analysis. To prevent the column from
plugging with ice during the purge step. and to reduee the chromatographic interforence caused by the reaction of small amounts of
water with thermal clectrons in the detector, a glass-bead water trap is placed in-line between the purge vessel and the gas chromato-
graph. The water trap is constructed of ashort length of 0,32 em O.D. stainless-stecl tubing Gilled with 0.5 mm diameter glass beads. By
maintaining the rap at — 10°C during the purge, most of the water can be removed from the purge pas. Transmission of the analytes to
the column is then achieved with a subsequent, short purge of the trap at 25°C. The method was tested with the chlorinated benzenes,
DPespite their high molecular masses. the more chlorinated members of this group have large enough Heary's faw constants that they can
be determined with o purge technique. Experimental purping cfficiencivs were determined and compared to theorctical values, This
method atlows the simplicity and the high veliability of the P WCC method 1o be combined with the exceptionally high sensitivity of an
clectron-capture detector.

INTRODUCTION Pankow and Rosen [4] introduced the purge with

whoie column crvotrapping (P 'WCC) method, in
which analytes purged from the aqucous phase are
transferred immediately to the head of a capillary

The EPA purge and trap (P&T)method [1,2] 18 the
standard technique for the determination of volatile

organic compounds (VOCs) in aqueous samples. In
the P&T method, VOCs are stripped from the
aqueous phase with an inert gas and transferred toa
sorbent bed. Analytes trapped on the bed are then
thermally desorbed to the column of a gas chro-
matograph for analysis. Recently. Pankow [3] and
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GC column, climinating the need for an intermedi-
ate sorbent trap. Duc to its inherent simplicity, the
P/WCC mcthod offers a variety of advantages vver
conventional P&T [3.4], including improved detec-
tion of very volatile compounds, lower background
contamination, shorter analysis times, and lower
capital 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 P/'WCC method.
Applying the ideal gas law, 0.023 ul of water is
expected to be removed from solution per mi of
purge gas at 25 C. The presence of water in the purge
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Fig. 1. The glass-bead water trap.

gas is a potential problem. Purging for long periods
of time can transfer enough water that a small-bore
capillary column held at cryotrapping temperature
can become plugged with ice. Too much water on the
column can cause chromatographic problems such
as peak-splitting [4]. In addition, water can interferc
with the response of some types of detectors. The
electron-capture detector is particularly sensitive to
trace amounts of water. Indeed, a few microliters of
water passing through an clectron-capture detector
can produce a very farge, asymmactrical 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 extreme sensitivity of the clectron-capture de-
tector, most of the watsi in Jie purge gas must be
removed before it is allowed to reach the gas
chromatograph.

Purge gas desiceation is commonly eftecied by
forcing the gas to pass through a short length of
polar tubing such as Nafion [5.6]. Transmission of
analytes through Nafion tubing, however, has been
found to be less than quantitative for some com-
pounds, causing unacceptable memory effects [6.7].
Alternatively, a simple cold-zone, glass-bead water
trap has been developed by Rosen [7] and Pankow
[8]. A schematic of the glass-bead water trap is
illustrated in Fig. 1. The water trap consists of a
6.5 cm length of 0.32 cm stainless-steel tubing
packed with 0.5 mm diameicr glass beads to provide
a large, inert surface arca. The trap is encased in an
aluminum block whose temperature can be regu-
lated with coolant or with a cartridge heater and
thermocouple. In the first part of the purge (phase 1),
the water trap is held at a subambient temperature
such as — 10 C with a liquid coolant. Because the
vapor pressure of ice at —10 C (2604 Pa) is

substantially lower than that of water at 25°C
(3171.5 Pa), most of the water purged from solution
will be retained in the cold trap. By rapidly raising
the temperature of the trap to 25°C during the last
minute or so of the purge (phase 11), any analytes
retained in the trap during phase I are quickly and
efficiently removed and focussed on the GC column
[8]. By minimizing the phase Il purge time, the
amount of water transferred to the column is
minimized. The theoretical desiccation efficiency of
the water trap hus been discussed in detail by
Pankow [8].

In this study, the P/WCC method is adapted for
usc with an electron-capture detector and tested
with a sct of chiorinated benzenes. Purge gas
desiccation is effected with the glass-bead water
trap. Theoretical purging cfficiencies are calculated
and compared to experimentally determined values.

THEORY

When a clean, incrt gas is bubbled at a flow-ratc F
(ml/min) through a volume of water ¥, (ml) for a
period of time ¢; (min). the removal of a volatile
analyte from aqucous solution is given by [9]

Cro RT, ] Va

where ¢ is the agueous concentration of the analyte
attime t,. ¢y is the initial aqueous concentration, H
(Pa - m* mol) is the Henry's law constant of the
analyte at temperature T (K), and R is the gas
constant (8.314 Pa - m*/mol - K). The derivation of
cqn. | involves a number of assumptions. The
temperature and aqueous volume are assumed to be
constant during the purge. The liquid phase is
considered 1o be well mixed, and the gas phase is
assumed to behave ideally. The partial pressure of
the analyte must be small compared to the total
pressure, and Henry's law must apply over the
concentration range of interest. In addition, the
distribution of analyte between the gas and liquid
phases is assumed to reach equilibrium by the time
the bubbles leave the liquid phase.

Because the bubbles are in contact with the
solution for a limited amount of time. full gas/liquid
cquilibrium will probably not be achicved before the
bubbles cxit the liquid phase [10]. Eqn. 1. thercfore,
may slightly overpredict the removal of analyte from
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the aqueous phase. Despite this possibility, Pankow
and Roscn [4] obtained cxcellent agreement with
eqn. 1 for all of the purgeable priority pollutants.
With ¢,/ey 0 given by eqn. 1, the maximum possible
efficiency (fractional removal) of the purging pro-
cess ¢, is defined as

em =1 = ¢1fer0 (2)

For a given compound, purging cfficiency in-
creases with ¢, and is largely a function of V,/V.,
(= F- 1,/V.), where ¥, is the total volume of purge
gas bubbled through the solution at time ¢,.

The transfer cfficiency of analytes through the
water trap during phase 1 of the purge can also be
modeled as a purging process. Some portion of cach
analyte will probably be transmitted to the GC
column when the trap is cold (temperature 7). In
the worst case, the analytes purged from solution
during phasc 1 are fully retained in the water trap.
The concentration of analyte in the water trap at the
beginning of phasc 11, then, is given by

, - 1.0 V\l . H F -
Cap = mVs: {‘ ‘-XP[ (RTI) L fc]} (3)

where 7. is the time during which the trap is cold
{phase I purge time. minutes). and ¥,; is the volume
of water retained in the trap during phase 1. The
magnitude of 1, is casily calculated by considering
the vapor pressures of ice and water at 7> and 7'y,
respectively [8]

Taking into account the fact that the purge gas
cntering the water rap is not necessanly free
of analyte, the concentration in the trap during
phase 11 is given by

aoVal. lr . .
Cr=— : [42.:“"———“——‘, ——(Vadaz— Vit 2) | (4)
-,

«2 sl T VL2

. H\ F
£i; = CXp ['- (Eﬁ) "V'—~ f,] (5)

where 75 is the phase 11 purge time (1; =1, — 7,
min). Following Pankow [8]. the purging cfficiencies
for the water trap e, and for the overall purge
Eocrayy are defined as

Cpp=1—ca010 {6)

100% (N

Emcr.sll = Cp1tpa

Given sufficient time to strip analvies from the

Purging Efficiency (%)

Fig. 2. Theoretical purging efficionvies as a function of 13 for &
range of H values. The dashed lines represent e, . the maximum
pussible purging efficiency, while the solid fines denote £, qn. the
overall purging ciliciency when all analytes are assumed to be
retained completely in the water trap dunng phase L of the purge.
Conditions: 1 =S ml. b, =423 pul, F= 20 mlmin. ¢ =
fOmin, 7', = 298 K. 7, = 363K,

water trap. ¢ will approach 100% and ¢, will
approximate £, ... The correspondence between
Cpr and Eoan is illustrated in Fig. 2 as a function of
faousing 1, = 5Smh V; =423 4l F = 20 ml min,
t. = 10 min, T = 298 K, and various values of H.
Even for compounds with H valucs as low as
10 Pa - m*/mol. theory predicts that a phase 11 purge
time of 0.5 min is sufficient to cfficiently transfer
analytes from the warmed water trap to the GC
column. Because the expenmental application of
this method will require ca. 0.5 min to warm the trap
from T, to Ty. a phase Il purge time of 1 to 2 min
should be adequate to prevent significant retention
of analytes in the trap.

EXPERIMENTAL

A schematic of the P'WCC apparatus with incor-
poration of the water trap is illustrated in Fig. 3.
Notable modifications to the setup discussed by
Pankow [8] are the use of a 6-port Carle valve (Hach.
Loveland, CO. USA) to control carricr gas pressure
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Fig. 3. Schematic of the P WCC apparatus with the glass-bead
walet trap. Snap valves are denoted by cross-hatched cireles.

and flow direction, and the use of heating tape on the
transfer line between the purge vessel and the gas
chromatograph. The Carle valve provides a simple
method to start and stop the purge, while the heated
transfer line eliminates cold spots near the water trap
and increases the transmission efficiency of the less
volatile analytes to the GC. The basic operating
procedures of both the P/WCC method and the
water trap have been described elsewhere [3.4.8].

The P:WCC apparatus was interfiaced to a Vanan
3400 gas chromatograph equipped with an clectron-
capture detector. The electron-capture detector tem-
perature was sct at 350°C, and the most sensitive
range was used. Ultra-high-purity nitrogen was used
as detector make-up gas at a flow-rate of 28.5 ml/
min. The GC column was a 27 m x 0.32 mm 1.D.
DB-624 tuscd-silica capillary column with a 1.8 ym
film thickness manufaciured by J&W Scientific
{Folsom. CA, USA). To further reduce the ability of
icc to plug the column, a 0.5 m x 0.53 mm L.D.
DB-624 columin with a 3.0 ym film thickness was
installed in front of the main column. The two
columns were joined with a universal press-fit
connector (Restek. Belleionte, PA, USA). The head
of the column was connected to the transfer linein a
“non-ice-trap™ configuration [4]: the column wax
extended through the transfer line union and into
the heated zone above the GC oven. The tempera-
tures of the transfer line and the GC interface heater
block were both 220 C.

Ultra-high-purity hclium was used as the purge
and carrier gas. A purge gas flow-rate of 20 ml/min
was maintained with a purge pressure of 269 kPa.
The carrier gas pressure for the GC run was 90 kPa.
To prevent overpurging and erratic flow-rates at
both the start and end of the purge, precautions were
taken to equalize the gas pressure across the purge
vessel at those times, Such equalization was achicved
before the start of the purge by sclecting the purge
position on the 6-port valve and opening the “emp-
ty” snap valve. The purge was then started by
closing the “cempty™ valve. At the end of the purge,
the 6-port valve was turned to the GC run position,
and the excess pressure upstream of the purge vessel
was vented by temporarily opening the “flush™ snap
valve.

The total purge time (f;) for all analyses was
12 min. All were performed at ambicnt laboratory
temperature (7, ~ 298 K). During phasc I of the
purge, the water trap was held at =10 C (Ty =
263 K) with a liquid coolant composed of ethylene
glycol-water (50:50, v/v). The phase I purge time (1,)
was 10 min. Phase I of the purge was 2 min (¢3) and
was performed at 298 K. Whole column cryotrap-
ping was performed at — 30 C. The GC temperature
program was ballistic from —30 C 1o 50 C. then at
5 C/minto 250 C. After the GC run was compileted.
the water trap was backflushed at 100 C to remove
the trapped water. and the sample was drained from
the purge vessel through the waste line. The threc
characteristic modes of the water trap arce summa-
rized in Table 1.

RESULTS AND DISCUSSION
The glass-bead water trap cffectively reduced the
TABLE |

CHARACTERISTICS OF THE THREE WATER TRAP
MODLES

Phase 1 purge  Phase H purge  Buackflush

Coolant On (11} OfY

Hueater Otr On Gn
Tenperature ERLES 25¢ o ¢
Flow to GC to GO 1o PV
Duration 2 min

10 min 4 min

PV = Purge vessel.
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amount of water transmitted to the GC column.
When the water trap was in use, the column never
plugged with ice. Purge times of up to 17 min were
tested (72 = 2 min, ¥, = 340 ml). Not only did the
column never plug with ice under these conditions,
but no measurable deercase in the purge flow-rate
was observed. Without the water trap, purge vol-
umes of approximately 100 ml were sufficient to
plug the column, ¢ven when the column was in-
stalled in the “ice-trap™ [4] configuration. More-
over, the water trap reduced the chromatographic
interference of water to a manageable level. Unlike
flame ionization detectors, clectron-capture detec-
tors are extremely scnsitive to relatively small
amounts of water. In the absence of a wate~ trap,
cnough water was transmitted to the column to
create a very large, asymmetric peak that obscured
several minutes of the chromatogram. The usc of the
water trap, therefore, was key to the successful
coupling of an clectron-capture detector to P/WCC.

This method was tested with a standard contain-
iny several chlorinated benzenes. Electron-capture
detector response is quite sensitive to the degree of
chlorination; in gencral. the detection limit for a
given compound class will decrease as the number of
chlorines increases. Consequently, the chloroben-
zenes in the agucous standard were present at

Initial
a Purge

¢ GO\Z‘\ Q‘q

& |9 e

- L -
b Repurge
,.,M.‘,..L?__,_lt l ) ‘l — =
15 20 25 30
Minutes

Fig. 4. Portions of (a) the initial and (b) repurge chronatograms
of a S-ml water sample containing ¢ach of the chlorinated
benzencs. Temperature program: 50 to 250 C wt 5 C min.

different concentrations: chlorobenzene (3.7 ng/mi),
cach dichlorobenzene (0.1t ng/ml), cach trichloro-
benzene (0.028 ng/ml), ecach tetrachlorobenzene
(0.019 ng/ml), pentachtorobeazene (0.011 ng/ml),
and hexachlorobenzene (0.011 ng/ml). Fig. 4a shows
the chromatogram that results from purging 5.0 ml
of the standard, while Fig. 4b is the result of
repurging the same standard. Both chromatograms
are plotted on identical scales. The clectron-capture
detector was not very sensitive to chlorobenzene.
and hexachlorobenzene behaved erratically: neither
is shown in Fig. 4. Good resolution was obtained for
all but two of the remaining compounds. Fig. §
iltustrates the overlap of the 1.2,3,5- and 1,2.4.5-
tetrachlorobenzene peaks. For a 5.0-ml sample, re-
presentative method detection limits are 0.01 ng/mi
for 1,2-dichlorobenzene, 0.003 ng/ml for 1.2.4-tri-
chlorcbenzenc, and 0.0006 ng/ml for 1.2,4.5-tetra-
chlorobenzene.

Experimentally purging cfficiencics were calcu-
lated by [4]
Ey. = ii-:-it - H00% (8)
where A4; is the peak arca resulting from the initial
purge and A, is the corresponding peak arca from
the repurge. Values of E,,. were obtained for hath

/ \

¥ v ¥ L3 ‘{ + v T !
24.6 4.8 25.0 25.2 25.4
Minutes

Fig. 5. Representative section of a chromatogram showing the
overlap of peaks for 1.2.3.5- and 1.2.4.5-tetrachlorobenzene.
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TABLE H

HENRY'S LAW CONSTANTS (#) PREDICTED PURGING EFFICIENCIES (Luuuin) AND OBSERVED PURGING
EFFICIENCIES (&) FOR THE CHLORINATED BENZENES

Compound H*
(Pa - mMmol)

Seml sample 1-m! sample

b 3 d ] ¢
Enwmll Enh\‘ buwnn E«hn

(%) (") (") (V)
Chlorobenzene 164 99,9 ND 100.0 ND
1L.3Dichlorobenzene 192 97.6 716 100.0 9.7
1.3-Dichlorobenzene 364 99.9 88.0 1000 94.4
{.4-Dichiorobenzene 34 908 85,1 {00.0 940
1.2, 3 Trichlorabenzene e 92.2 628 0.0 828
1,2 4-Trichlarobenzene 233 98,9 714 100.0 88.6
13,5-Trichlorobenzene 233 98.9 88.8 100.0 94,3
1.2.3.4-Tetrachlorobunzene 263 99,4 0.7 100.0 0.4
1.2.3,8-Tetrachlorobenzens 162 98.7 61.3 1000 63y
1.2.4.5-Tetrachlorobenzene 263 99.4 53.7 100.0 54.8
Pentachlorobenzene 1634 95.7 NAY 100.0 NA

Hexachlorobensone XU 90.0 NA 100.0 NA

* H data from Mabey of of. [11] exeept as noted (77, = 298 K).

b Everan Wits citleulated from eqns, 1-7, using 7y = 298 K, R = 8,314 Pa.mYmol - K, F = 20 mi/min, ¢, = 10 min, 1; = 2 min, and
Ve =423 ul

© Eu wiis calculated using ogn. 8.

4 ND = Not deteeted.

¢ H daw from Mackay and Shiu {12].

4 Vapor pressure estimated from a vapor pressure versus boiling point regression; H estimated using that vapor pressure and solubility
data from Verschueren {13

* NA = Not available. Results were inconsistent.

b A estimated using vapor pressure and solubility data from Verschueren 113].

1.0- and 5.0-m! samples. The results are compared to
theoretical values of En in Table 1. E,cen
represents the maximum possible purging efficiency
because ¢pa is approximately 100% and e, is known
to be a theoretical maximum. All experimental
values are lower than cxpected on the basis of
theory. The differences between theoretical and
observed values increase with decreasing compound
volatility. Portions of the discrepancies might be due
to errors in the values of H. Inefficient transmission
of compounds through the water trap at T, also
would result in £y, values less than £y gran. Reten-
tion in the trap or the transfer line would be more
problematic for the heavier compounds such as
tetra- and pentachlorobenzenc. In addition, if gas-
liquid cquilibrium was not fully achicved as cach gas
parcel contacted the liquid phase, then negative
deviations in the values of E,,, would be expected.

If the degree to which gas-liquid cquilibrium iy

achieved is constant throughout the purge. then
better predictions of Egyeun might be obtained
through the use of an effective Henry's law constant,
where the effective value of H is given by

Hc!‘i‘ = ;‘H (9)

and 7 is the fraction of equilibrium attained. The
value of 7 is expected to be smaller for a 1.0-ml
sample than for a 5.0-ml sample due to the shorter
contact time with the liquid phase. Using this
approach, the differences between Egy,, and Egyeran in
Table I for the di- and trichlorobenzenes can be
reconciled using a single value of 7 for each value of
V.. Those 7 values, however, are not small enough
to explain the low E, values of the tetrachloro-
benzenes or the incfficient transmission of penta-
chlorobenzene to the gas chromatograph. Given the
need to heat the transfer line to 220°C to increase
throughput of the heavier compounds, and the fact
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that E.. valucs for the tetrachlorobenzencs were
found to be independent of ¥y, the lower than
expected purging efficiencics might be due to hold-
up in the transfer line or in the water trap. A higher
phase I water trap temperature or a longer phase 11
purge time might increase these purging efficiencies.

CONCLUSIONS

The purge with whoie column eryotrapping meth-
od of Pankow and Rosen [4] was adapied for usc
with an electron-capture detector and tested with a
set of chlorinated benzenes. Purge gas desiccation
with a simple glass-bead water trap allowed the use
of large purge gas volumes, prevented the GC
column from plugging with ice, and reduced the
interference of water in the chromatogram. Good
chromatographic resolution was obtained. Despite
smaller than expected purging cfficiencies, this sim-
ple P/WCC method shows promise for the quick and
effective determination of volatile and semi-volatile
compounds such as the di-, tri- and tetrachloro-
benzenes. With further study, this method might
also be extended to include pentachlorobenzene and
the even less volatile hexachlorobenzene.

SYMBOLS

A peak arca {rom initial purge

A, peak arca from repurge

¢y concentration of analyte in agucous sam-
ple (ng/ml)

Crao initial concentration of analyte in sample
{ng/m})

¢a concentration of analyte in water trap
during phasc 1l purge (ng/ml)

Caq concentration ol analyte in water trap at
beginning of phase I (ng/ml)

Cp1 maximum possible purging efficiency from
the sample

Cpa purging cfficiency of analytes from the

water trap
E. obscrved purging ctficiency (%)

Eowcan  Overall efficiency (%) for purging of ana-
lytes from a sample to the GC column

F flow-rate of purge gas through the purge
vessel (ml/min)

H Henry's law constant (Pa - m*/mol) for the

analyte at T,

A

H effective Henry's law constant (Pa - m?®/
mol)

R gas constant (8.314 Pa - m*/mol - K)

1, time during which the water trap is cold
(min)

t total purge time (min)

t phase Il purge time (min)

T, temperature in the purge vessel and in the
warm trap (K)

T, temperature in the cold trap (K)

Va volume of purge gas bubbled through the
sample (ml)

Vi volume of sample (ml)

Vi volume of liquid water in the trap (ml)

3 fractior of gas-liquid cquilibrium attained
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