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An au to mated sys tem based on pulse sam ple in tro duc tion mem brane ex trac tion and gas chro ma tog ra -
phy/mass spec trom e try (GC/MS) has been de vel oped for on-line mon i tor ing of Trihalomethanes (THMs) in
chlo ri nated drink ing wa ter. Pulse sam ples were in jected into the mem brane through a sam ple loop. Zero air
was used as the eluent to elute the wa ter sam ples and also acted as the purg ing gas. The use of zero air as the
purg ing gas fa cil i tates the cleanup of the mem brane to re duce the tail ing part of sam ple in put. Un der typ i cal
op er at ing con di tions, the cy cle time can be re duced to less than 4 min. The de tec tion lim its of this sys tem were 
found to be about 50 ppt, 50 ppt, 50 ppt, and 20 ppt for CHCl3, CHBrCl2, CHBr2Cl, and CHBr3, re spec tively.
The util ity of this sys tem was dem on strated with a ten-hour on-line mon i tor ing of THMs in tap wa ter.

IN TRO DUC TION

Con ven tional an a lyt i cal tech niques for mea sure ment of 
vol a tile or ganic com pounds in wa ter are purge/trap, head -
space and solid phase microextraction. These tech niques usu -
ally in volve dis tinc tive steps, such as sam pling at site, trans -
por ta tion to the lab o ra tory and sam ple prep a ra tion be fore GC
or GC/MS anal y sis and, there fore, are not suit able for con tin -
u ous on line mon i tor ing. 

Mem brane sep a ra tion has emerged as an at trac tive al -
ter na tive for in ter fac ing an ex trac tion step di rectly to a gas
chromatograph1-5 or to a mass spec trom e ter.6-10 Mem branes
of fer the ad van tage of con tin u ous on-line ex trac tion. The mem -
brane is a se lec tive bar rier - it al lows some analytes and pre -
vents oth ers from pass ing through the mem brane wall to the
an a lyt i cal sys tem. 

In mem brane in tro duc tion, the sam ple is ei ther in tro -
duced con tin u ously or as a pulse (flow in jec tion). In con tin u -
ous in tro duc tion, the wa ter sam ple con tin u ously flows
through the feed side of the mem brane and the organics are
re moved con tin u ously on the per me ated side with a stream of
he lium. Ear lier, we have re ported a sys tem based on con tin u -
ous in tro duc tion in com bi na tion with mem brane ex trac tion
and fast GC/MS.11 In the ap proach, the con ven tional 30 or 60
m cap il lary col umn was re placed with a 5 m short col umn for
fast sep a ra tion. The fast sep a ra tion leads to the cou pling of

GC/MS with mem brane with out los ing the char ac ter is tic of
on-line mon i tor ing. The cy cle time was re duced to less than 5
min utes, and the util ity of the sys tem was dem on strated with
the con tin u ous on-line mon i tor ing of THMs in tap wa ter.

In con tin u ous ex trac tion, the anal y sis is based on the
as sump tion that the mea sure ment is made when the per me -
ation has reached a steady state. In gen eral, the col umn sep a -
ra tion time is of ten lon ger than the time re quired to reach the
steady state. There fore, the fre quency of anal y sis is lim ited
by the sep a ra tion time rather than the time to reach the steady
state. How ever, in the anal y sis of THMs in wa ter us ing the
con tin u ous mem brane in tro duc tion fast GC/MS, 11 the time to 
reach the steady state is lon ger than the col umn sep a ra tion
time. Con se quently, the sig nals of the GC/MS mass chro -
matograms may not rep re sent the true con cen tra tion in the
sam ple stream. The sig nals are also dif fi cult to in ter pret be -
cause the time needed to reach steady state is not the same for
four dif fer ent THMs. In on-line mon i tor ing, if there is a
change of con cen tra tion in the sam ple stream, the sig nal of
bromoform, the THM with the slow est per me ation rate, will
ap pear much later than the sig nal of chlo ro form.

The other sam ple in tro duc tion tech nique, the flow in -
jec tion ap proach, has been used widely in mem brane in tro -
duc tion mass spec trom e try (MIMS)5-10 and for in ter fac ing
mem brane ex trac tion with GC as well.1-5 This tech nique has
the ad van tage of anal y sis of in di vid ual small vol ume sam -
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ples. How ever, the mem ory ef fect is of ten se ri ous and may
re sult in car ry over from one sam ple to the next.

An im por tant con sid er ation in mem brane ex trac tion is
the slow per me ation of the analytes through the bound ary
layer and the mem brane. Analytes dif fus ing through the
bound ary layer and the mem brane are the ma jor re sis tance to
mass trans fer and are the rate lim it ing steps.  It has been
shown that the aque ous bound ary layer is the ma jor re sis tance 
to per me ation when thin mem brane is used.12-14 Re cently, a
vari a tion of flow in jec tion tech nique, re ferred to as the pulse
in tro duc tion,15-16 has been pro posed to re duce the mem ory ef -
fect. In pulse in tro duc tion, a sam ple pulse is in tro duced into
an eluent stream that trans ports it into the mem brane. How -
ever, un like flow in jec tion, a stream of the gas such as ni tro -
gen is then in tro duced into the mem brane to elim i nate the
aque ous bound ary layer. The elim i na tion of aque ous bound -
ary layer re sults in higher ex trac tion ef fi ciency and less mem -
ory ef fect. 

One goal of this lab o ra tory is to de velop au to mated sys -
tems for on-line and real time mon i tor ing of en vi ron men tal
pol lut ants. Our ear lier sys tem for THMs mon i tor ing has ex -
cel lent sen si tiv ity but suf fers from se ri ous mem ory ef fect. 11

The goal of this study is to es tab lish an au to mated sys tem
with min i mum mem ory ef fect but with enough sen si tiv ity for
on-line mon i tor ing of THMs in drink ing wa ter.

EX PER I MEN TAL SEC TION

Chem i cals and Re agents
The trihalomethane com pounds of 98+% pu rity were

purchased from Aldrich, Av o cado, Chem-Service and Merck.
Stock so lu tions were pre pared by dis solv ing 100 mg of each
in di vid ual com pound in 10 mL meth a nol. Ap pro pri ate
amounts of these stock so lu tions were spiked into 100 mL of
re agent wa ter to give dif fer ent con cen tra tions of THMs aque -
ous stock so lu tions. The stan dard so lu tions were pre pared by
se rial di lu tion of the aque ous stock so lu tion with re agent wa -
ter. The to lu ene-d8 (from Aldrich) in ter nal stan dard so lu tion
was pre pared by dis solv ing pure stan dard in re agent wa ter.

Ap pa ra tus and Pro ce dure
The pulse sam ple in tro duc tion mem brane ex trac tion

fast GC/MS sys tem with zero air as eluting and purg ing gas is
shown in Fig. 1. The in stru ment con sisted of a lab o ra tory
built pulse in tro duc tion mem brane ex trac tion sys tem, cryo -
focusing unit of a Takmer 6000 AERO Trap Desorber and a
Fisons GC 8000/MD 800 GC/MS. The cryofocusing unit of a
Takmer 6000 AERO Trap Desorber was used as the in ter face

be tween the mem brane ex trac tion sys tem and GC/MS. A 5 m
DB-5MS (J&W Sci en tific, 0.250 mm ID, 0.25 m film thick -
ness) cap il lary col umn was used for sep a ra tion and 9 cm of
the col umn was mounted in side the cryofocusing unit as the
trap tube. The col umn tem per a ture was kept at 50 C. The in -
ter face and ion source tem per a tures of GC/MS were set at
200 C. The MS was op er ated at se lected ion mon i tor ing
(SIM) mode (10 ms dwell time/ion). Four ions, 83, 98, 129,
and 173 were mon i tored. The m/z 83 ion is the base peak of
chlo ro form and bromodichloromethane.  The m/z 98 ion is
the base peak of the in ter nal stan dard (to lu ene-d8). The m/z
129 and 173 ions are the base peaks of dibromochloro -
methane, and bromoform, re spec tively. The scan rate was
0.112 sec/cy cle giv ing at least 8 data points per peak.

The mem brane ex trac tion sys tem was con structed from 
a 4 cm piece of stain less tube (0.085 in. ID  1/8 in OD) and
two Swagelok T-unions (1/8 in.). A 8 cm Dow Corning
silastic hol low fi ber mem brane (SILASTIC  Med i cal Grade
Tubing, 0.025 in. ID  0.047 in. OD, Dow Corning) was
mounted in side the stain less tube. The ex posed length of the
hol low fi ber mem brane in the mem brane in tro duc tion sys tem 
was about 5 cm. The mem brane ex trac tion sys tem is used so
that the car rier gas flows over the out side of the mem brane
while the sam ple so lu tion flows in side the mem brane.  Dur -
ing op er a tion, a stream of zero air (eluent) flowed con tin u -
ously through the mem brane ex trac tion sys tem at a flow rate
of 25 mL/min. An aque ous sam ple so lu tion flowed con tin u -
ously through the 0.5 mL sam ple loop of a six port valve by a
peri stal tic pump (Cole-Parmer). To avoid con tam i na tion of
the peri stal tic pump, the pump was lo cated at the down stream 
of the flow sys tem. The in ter nal stan dard so lu tion (to lu -
ene-d8) was pumped through a T-connector us ing a sec ond
peri stal tic pump and mixed with the sam ple so lu tion in the
mix ing coil (Tef lon tub ing 0.030 in. ID  0.062 in. OD  3 m). 
A con tin u ous flow of he lium, flow rate 1.6 mL/min, was sup -
plied to the mem brane in tro duc tion sys tem. The he lium
served as a strip ping gas as well as a car rier gas for GC/MS.
The he lium flow car ries the com po nents di rectly into the
cryofocusing sys tem be fore en ter ing the GC/MS. 

Dur ing sam ple in jec tion, the six port valve was switched
and the wa ter sam ple in the loop was trans ported to the mem -
brane by a stream of zero air. For on-line mon i tor ing of
THMs in wa ter, pe ri od i cally in jec tions were made. Each in -
jec tion sent a pulse of sam ple into the mem brane mod ule. 

The sys tem was de signed to be an au to mated sys tem.
Each cy cle was ini ti ated by the Tekmar 6000 Desorber. A  tart 
sig nal from the Tekmar 6000 Desorber was sent to the
GC/MS to ini ti ate the anal y sis. An event sig nal from the
GC/MS was then sent to the elec tri cal con trolled six port
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valve (Valco In ter na tional) through a re lay to switch the
valve.  The typ i cal cy cle time was less than 4 min utes. 

The pro ce dures of the anal y sis can be di vided into three 
steps: mem brane ex trac tion, preconcentration and fast
GC/MS. Aque ous so lu tion in the sam ple loop was trans -
ported to the mem brane mod ule by zero air. The THMs were
ex tracted from the sam ple so lu tion by per me ation across the
mem brane. In the preconcentration and fo cus ing step, the
cryotrapping tube was cooled to -165 C by a con tin u ous flow 
of liq uid ni tro gen, and the THMs were col lected in the
cryotrapping col umn from the sam ple/he lium flow. To end
sam ple col lec tion, the tem per a ture of the cryotrapping tube
was quickly in creased (about 500 C/min) to the in jec tion
tem per a ture (0 C) , and then main tained at the in jec tion tem -
per a ture dur ing the in jec tion step (1 min). The THMs in the

cryotrapping col umn were re leased into the sep a ra tion col -
umn and de tected by MS.  Af ter the in jec tion step, the tem -
per a ture of the cryotrapping col umn was in creased to 200 C
at about 500 C/min, and the sys tem was ready for the next
anal y sis. 

RE SULTS AND DIS CUS SION

Con tin u ous, on-line mon i tor ing in volves a se ries of in -
jec tions. For each sam ple in jected, the per me ation must be
com pleted be fore the next in jec tion is made. To achieve con -
tin u ous on-line mon i tor ing, a short lag time is re quired so that 
each anal y sis can be quickly com pleted. In pulse in tro duc tion 
mem brane ex trac tion, ei ther a gas or a liq uid can be used as
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Fig. 1. Setup of the pulse sam ple in tro duc tion mem brane ex trac tion GC/MS sys tem us ing zero air as the eluent and as the
purg ing gas. 



the eluent. Ini tial study was con ducted us ing re agent wa ter as
the eluent. The re sults (data not shown) sug gested that the lag 
time was too long to be suit able for high fre quency sam pling.
We then switched to us ing gas (zero air) as the eluent. The
zero air eluted the wa ter sam ple when the sam ple so lu tion
was in tro duced into the mem brane. The zero air was also used 
as the purg ing gas for purg ing the mem brane to elim i nate the
aque ous bound ary formed on the mem brane sur face and
clean ing the mem brane to elim i nate the tail ing part of sam ple
in put. 

In jec tion vol ume is an im por tant pa ram e ter to the sen -
si tiv ity and the lag time. In gen eral, a larger in jec tion vol -
ume would in crease sen si tiv ity but at a cost of lon ger lag
time. In this study, a 0.5 mL sam ple loop was cho sen for
sam pling. In ad di tion to the trade-off be tween sen si tiv ity
and lag time, the choice of a 0.5 mL in jec tion vol ume is also
based on the need to main tain a sta ble zero air flow rate. It
was found that it is rel a tively dif fi cult to main tain a sta ble
zero air flow rate if the in jec tion vol ume is larger than 0.5
mL. Even with a 0.5 mL aque ous sam ple, the flow rate
dropped from 25 mL/min to 24 mL/min when a 0.5 mL wa -
ter sam ple was trans ported to the mem brane. The change of
flow rate is mainly due to the com press ibil ity of gas. The
wa ter sam ple pres ents a mas sive bar rier for the gas to flow
at a pre set flow rate. 

Un der the con di tions that 0.5 mL sam ple vol ume is se -
lected, it is im por tant to find a con di tion so that sen si tiv ity
and in stru ment re sponse time can be op ti mized. It has been
re ported that per me ation rate in creases with tem per a ture of
the mem brane.17-18 Con se quently, the lag time, which is the
du ra tion of the per me ation, is re duced at higher mem brane
tem per a tures. The ef fect of mem brane tem per a ture to the sen -
si tiv ity and the lag time is shown in Fig. 2. It can be seen that
at the tem per a ture of 25 C, the sig nal of bromoform, the
THMs of slow est per me ation rate, is still sig nif i cant af ter 25
min utes. How ever, when the tem per a ture was in creased from
25 C to 70 C, less than 5 % of sig nal was ob served at the
sec ond cy cle. In ad di tion, not only the mem ory ef fect was
sig nif i cantly re duced, the in ten si ties of the sig nals were also
much higher than those at 25 C (Fig. 2). Based on these re -
sults, a mem brane tem per a ture of 70 C was cho sen in this ap -
proach. 

More analytes may per me ate across the mem brane at a
tem per a ture above 70 C. A tem per a ture higher than 70 C
was not sug gested be cause the sig nals were found to be not
quite re pro duc ible at a tem per a ture higher than 70 C. Ex cess
wa ter mol e cules, which per me ate across the mem brane, are
be lieved to be re spon si ble for the de te ri o ra tion of repro -
ducibility. Even at a tem per a ture much lower than 70 C, such 

as 25 C, the num ber of wa ter mol e cules across the mem -
brane is be lieved to be much higher than the analytes. With -
out re mov ing the wa ter mol e cules, the base line rises slightly;
the ion iza tion ef fi cien cies of dibromochloro methane and
bromoform are also sup pressed by wa ter mol e cules. To over -
come the prob lem, a strat egy based on pro grammed tem per a -
ture va por iza tion in jec tion11 was adopted in this ap proach.
The tem per a ture of the trap is main tained at 0 C for a du ra -
tion of one min ute dur ing in jec tion. By do ing that, the ma jor -
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Fig. 2. The ef fect of mem brane tem per a ture to lag time
and sig nal in ten sity.



ity of wa ter mol e cules will re main in the trap dur ing sep a ra -
tion and ion iza tion. Af ter the in jec tion step, wa ter was
desorbed to the col umn by ramping the in jec tion tem per a ture
to 200 C. With pro grammed tem per a ture va por iza tion in jec -
tion, typ i cal mass chromatograms of THMs and in ter nal stan -
dard (to lu ene-d8) ob tained from the anal y sis of tap wa ter are
shown in Fig. 3. The base line was quite sta ble, and the four
THMs and the in ter nal stan dard (to lu ene-d8) were sep a rated
in less than 1.5 min utes.

Lin ear ity is an im por tant cri te rion of an an a lyt i cal sys -
tem. Cal i bra tion curves were es tab lished based on the peak
area ra tio of THMs/to lu ene-d8. The sys tem was lin ear in the
range of 0.05-90 ppb. Each point on the cal i bra tion curves
rep re sents the av er age of three anal y ses of the stan dard so lu -
tions. The rel a tive stan dard de vi a tions of the points were in

the range from 0.6 to 8.9%, and the cor re la tion co ef fi cients
were in the range from 0.996 to 0.999. 

The de tec tion lim its of this sys tem were eval u ated
based on sig nal/noise ra tio equals to 3. The de tec tion lim its
for a 0.5 mL in jec tion were found to be about 50 ppt, 50 ppt,
50 ppt and 20 ppt for chlo ro form, bromodichloromethane,
dibromochloromethane, and bromoform, re spec tively. These
de tec tion lim its are poorer than those ob tained with con tin u -
ous in tro duc tion fast GC/MS.11 The rel a tively poorer de tec -
tion lim its are not un ex pected be cause a steady state is not es -
tab lished in pulse in jec tion mem brane ex trac tion GC/MS
anal y sis. Al though the de tec tion lim its are poorer than the
con tin u ous sys tem, 11 they are ad e quate for the anal y sis of
THMs in tap wa ter be cause the con cen tra tion of THMs in tap
wa ter is sel dom be low 100 ppt.

In prac tice, au to ma tion is needed for con tin u ous on-
 line mon i tor ing. In this sys tem, the cy cle was ini ti ated by the
Tekmar 6000 Desorber. The start sig nal from the Desorber
was sent to the GC/MS. In or der to syn chro nize the elec tri -
cally con trolled valve and the anal y sis cy cle, an event sig nal
from the GC/MS was sent to the valve through a home made
re lay.

The sys tem has been tested for con tin u ous on-line mon -
i tor ing of THMs in Tai pei mu nic i pal tap wa ter. The tap wa ter
in the lab o ra tory flowed con tin u ously through the sys tem,
and the re sults of a 10-hour on line mon i tor ing are shown in
Fig 4. The con cen tra tions of THMs ap peared to be very sim i -
lar dur ing the 10-hour in ter val, and the av er age con cen tra -
tions of the THMs were 4.6 ppb for chlo ro form. 3.4 ppb for
dichlorobromomethane, 1.4 ppb for dibromochloromethane,
and 0.13 ppb for bromoform. To in ves ti gate the sta bil ity of
the sys tem, stan dard so lu tions of dif fer ent con cen tra tions
were in tro duced dur ing the 10-hour mon i tor ing. The re sults
sug gested that the sys tem was quite sta ble dur ing the 10-hour
test pe riod (Fig. 4).

CON CLU SIONS

The re sults pre sented in this pa per dem on strate that, at
el e vated mem brane tem per a ture (70 C) and also us ing in ert
gas (zero air) as the eluent and as the purg ing gas, the lag time
can be dra mat i cally re duced. Since the car ry over from the
pre vi ous in jec tion was re duced down to less than 5%, the re -
sult of each sam ple pulse rep re sented the true con cen tra tion
of the sam ple stream.

This au to mated pulse sam ple in tro duc tion mem brane
ex trac tion and fast GC/MS sys tem has dem on strated its ca pa -
bil ity in on-line and real-time mon i tor ing of THMs in chlo ri -
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Fig. 3. Mass chromatograms of THMs and in ter nal
stan dard (to lu ene d-8) ob tained from the anal y -
sis of Tai pei mu nic i pal tap wa ter.



nated wa ter. With mi nor mod i fi ca tion, this sys tem is be lieved 
to be suit able for on-line and real-time mon i tor ing of other
vol a tile or ganic com pounds in in dus trial or in en vi ron men tal
sam ples.
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Fig. 4. Con cen tra tion vs. time pro file of on-line mon i -
tor ing of chlo ri nated tap wa ter by pulse in tro -
duc tion mem brane ex trac tion fast GC/MS.


