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Abstract

In this paper, the concept of open tubular traps, coated with a very thick film of polydimethyldisiloxane for enrichment of trace volatile
components has been further explored. From theoretical calculations as well as practical experiments it is demonstrated that it can be
advantageous to increase the inner diameter of such traps. For a given sampling flow rate and phase ratio, the plate number of the traps is no
dependent on the inner diameter, provided that the linear flow velocity remains sufficiently high to offset the effect of axial diffusion. Itis shown
that this is due to the basic fact that for a given sampling flow rate, the average linear flow velocity in the trap is inversely proportional to the
square of the inner diameter of the trap. However, in contrast to chromatographic separations, the linear flow velocity is not important. Under
conditions of a constant phase ratio, an increased inner diameter also increases the amount of sorbent in the trap, which is a key paramete
for obtaining high breakthrough volumes. Open tubular traps with an expanded inner diameter have very low pressure drop characteristics,
which provides the possibility to construct new, simplified sampling systems.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction a higher degree of inertness and lower desorption tempera-
tures. Concepts based on sorption are therefore particularly
Analysis of volatile organic compounds at low concentra- suitable when dealing with reactive and/or thermally labile
tion levels remains a subject of great importance. As regu- compound$3,4].
latory demands become more and more stringent, including A sorbent trapping technology, using capillary tubes,
revised environmental legislations, tightened quality specifi- coated with an ultra thick film of stationary phase was in-
cation of materials and other, similar issues, there is a needtroduced by us in the 198(5,6]. The extremely low phase
for improved concentration methods in connection with high ratio of such traps and the associated increase of the reten-
resolution gas chromatography. In the past, the use of ad-tion factor k') of analytes allows a quantitative enrichment
sorbents has been the dominating methodology for trace en-of trace volatiles from considerable sample volumes. Since
richment of volatiled1]. However, during the last decade, then, the possibilities of the ultra thick film open tubular
the use of sorption technology for analyte concentration hastrap (OTT) concept have been further explored by Burger
greatly increasefP]. The sorption phases are usually identi- et al.[7,8] and Rohwer and co-workg®]. A very popular
calto ordinary GC stationary phases, typically polydimethyl- sorption method is the solid phase microextraction (SPME)
siloxane (PDMS). Advantages of sorption enrichment, com- technique[10], which is simple to use and has been em-
pared to concentration methods which use adsorbents includgployed in numerous applications. Other methods are stir-
bar sorptive extraction (SBSH) 1], packed sorption tubes
— _ [12,13] and the large size sorptive probe (LSP) technique
* Corresponding author. Tel.: +46 8 7908214, fax: +46 8 108425. [14]. These methods employ a larger amount of sorbent
E-mail addressjroe@analyt.kth.se (J. Roeraade). L . . e
1 Department of Physical Chemistry, Chemical Faculty, G. Narutowicza than SPME, which improves their applicability in ultratrace
St. 11/12, 80-952 Gdansk-Wrzeszcz, Poland. analysis.
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The principle of SPME, SBSE and LSP technologies are whereN is the number of theoretical plates of the trafs an
based on the establishment of an equilibrium or partial equi- arbitrary level (%) of tolerable analyte breakthrough &d
librium between the sorption phase and the analytes in a sur-is the retention volume of the trap. Thus, in order to obtain
rounding sample. The OTT as well as the packed sorption the largest possible breakthrough volume, both the retention
tube technology can be operated in the equilibrium mode or volume and the efficiency of the trap should be optimized.
in the breakthrough sampling mode. The advantage of theThe retention volume can be written as:
breakthrough mode is that analyte trapping is quantitative by
definition, which simplifies the interpretation of the subse- VR = Vm(*’ +1) 2
quent GC results.

Open tubes have the feature of an inherently low hydraulic
resistancd15] which is also one of the well known funda-
mental advantages of open tubular (capillary) columns. This
makes it easy to optimize the number of theoretical plates
for a given flow velocity by increasing the length of the OTT
(e..g. to a few meters), while a Iovy pressure dr_op canbe main-y, _ Vs(Kp + ) 3)
tained. For packed traps, the significantly higher hydraulic
resistance would in such cases lead to an excessive presgor ultra thick film traps, the value @fis negligible compared
sure drop. In practical work, only short packed sorption tubes to the value ofKp, which may be 100 or higher, even for
have been used, with poor retention of low boiling analytes very volatile component§5]. Thus, the elution volume as
[13]. well as the breakthrough volume dérectly proportionalto

Unfortunately, due to its capillary dimensions, the overall the volume of the sorbent.
volumetric sampling rate which can be employed with OTTs  The second term iiEq. (1) expresses the proportion of
is quite limited. One way to overcome this problem would  the elution volume that can be sampled having a certain trap
be to use a number of tubes in parallel; a concept which hasefficiency and for a predefined, acceptable level of analyte

been explored by Rohwer and co-work@y. However, these  |oss. For a loss of 5%, this term beconfie8]:
authors used short traps, which, at high flow rates, provide an

Here,Vy is the gas holdup volume of the trap akids the
retention factor. The retention volume may also be expressed
by the relationshify' = Kp/B, whereKp is the analyte distri-
bution ratio ands is the phase volume ratio defined s
Vm/Vs whereVs is the volume of the sorbent phase:

insufficient number of theoretical plates to ensure quantita- 5.360 4.603\ Y/?

tive trapping of highly volatile components. A more efficient J(N.b=0.0%5)= (O.9025+ N + W) 4)
parallel OTT, based on 120 capillary traps, has been reported

by Krieger and Hiteg16]. However, the capillaries which The efficiency of the trap can be calculated fromits length,
were utilized had an inadequate retention power for highly L, and the plate height, using the relationshiN =L/H. The
volatile solutes. relationship between the plate heigthaind the average linear

Recently, we reported a new procedure for preparation of velocity u, of the sample can be obtained from the Golay
OTTs, where a PDMS prepolymer is simply forced through €quation19,20}
a capillary tube by pressurized gas]. The resulting wave- 2 .
like film of prepolymer is then cross-linked in situ by raising z; _ o 1 1 1w 46K +1 5

Dy = + u
the temperature. We showed that the sampling capacity of M 96DM (k' + 1) M
such OTTs is affected very little in spite of the irregularity of 2 Y
the sorbent film. The coating procedure is extremely straight- 2 (5)

+5————d

forward and can be performed in any average laboratory. 3Ds (k' + 1) f

In the present paper, we have utilized the new coating whereDy is diffusion coefficient of the analyte in the gas
technology and extended our study of the OTT concept. The phaseDs is the diffusion coefficient in the sorption phase,
goal was to increase the concentration power for very volatile g, is the diameter of the non-coated (open) cross section of
analytes, for which current sorption-based methods are notiye trap and is the film thickness of the sorption phase. The
particularly suitable. Both in a theoretical discussion as well expression for plate height may be rewritten in term&ef
as in practical experiments, we show that this is possible by gnd g instead ok’:

increasingthe inner diameter of OTTs.

1 1 11K§,+61<Dﬁ+ﬁzd2_

H=2Dy=+ u
Yt 9w (Kp+p? "
2. Theory 5 Kop - ©
2 o L a2
The maximum sample volume, at which an analyte break- 3Ds (Kp + B
through starts to occur (the breakthrough voluig)j can
generally be written af 8]: From a practical perspective, the sampling flow rate is

more relevant than the gas velocity inside the trap. Assuming
Ve = VRf(V, D) (1) a negligible pressure drogg. (6)can be expressed in terms
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of the flow (F), whereF is defined as 3500
T - = 3000 [/
F = diu 7 £ |
S 2500 |
This results in £ ~
X ) 3 2000
D 1 1 11K 6K >
H = N_MdI%/I_‘" b +0Ko/ +p S 1500
2 F ' 247Dy (Kp + B)? 3
> Ko 5 £ 1000 JRRREETI :
— (/1 - F 8 £
+ 37Ds (Kp + ,3)2( TA=V) ® B8O ]
N
At sufficiently high flow rates (which are employed in 0 10 20 40 60 8 100

practical applications), the first term Bq. (8) can be ne- Average flow rate, F (mijmin)

gleCted' Under such conditions, the pIate height is then Only Fig. 1. Calculated breakthrough voluivig (ml) vs. average flow (ml/min)
dependent on the phase ragiod not on the diameter of the  for three different traps. All traps have a lengthLof 200 cm and a phase
trap. In other words, there would be no loss in efficiency if ratio = 1. The partition rati&p = 200. The diffusion coefficient in mobile
the diameter of the trap is increased, provided fhistkept phaseDy = 7 x 1072 crr_12/s and the diffusion in the sorbent (PDMB =
constant. The limits are only determined by the relative in- 3 10°°cn¥/s. The solid curve (—), the dotted curve.) and the dashed

. . . . . - curve (———) correspond to data for traps with inner diameters of 700, 1500
fluence of longitudinal diffusion, which becomes significant and 450Qum, respectively. The corresponding volume of sorbent in these
when the flow velocity in the trap becomes very low. The trapsis 0.385, 1.77 and 15.9ml.
theory also predicts that the independence of plate height on
inner diameter is true not only for OTT’s but also for open
tubular chromatography columns. At first sight, this conclu-
sion looks controversial, but the results should be interpreted
in terms of the fundamental differences between sample trap-
ping and chromatography. An increased inner diameter for
a given flow rate will reduce the linear gas velocity in the
trap/column by a square factor as showk (7) For chro-

matographic separations, this would be devastating in termsd. . . i the eff f lonai
of analysis time, and therefore this is not a realistic option. d!arr:edtifr cpntlntjeftto mcretass :mt' ttﬁ. efiects o O_Pr?'tu.'
For sample enrichment/trapping, linear gas velocity in the inal diffusion start fo counterbaliance this increase. 1his 1S

trap is of no importance, since the analytes are not eIuted.ShOWn inFig. 3. Va reaches_a maximum valge n the f_orm
Only the volumetric flow rate determines the time frame, in _Of an a_symptote and there is therefore no distinct optimum
which analytes in a certain sample volume can be concen-"""€r diameter.
trated.

FromEgs. (1), (3), (4) and (8the breakthrough volumes
of OTTs with different diameters can be calculatédy. 1 300
shows the simulatelg as a function of the flow rate for
three traps with different inner diameters. In this simulation, - - F=25 ml/min
all traps were assumed to have the same length (200cm)anc | e F=50 ml/min
a B-value of 1. AKp of 200 was chosen, which is a typ-
ical value for a component such as hexdbg while the
diffusion coefficients in the mobile phase and the stationary g
phase were in accordance with data obtained from literature
[21,22] As can be seen from the figure, the trap with the T
largest inner diameter (4.5 mm) has clearly the largest break- 100
through volume, even for flow rates of 100 ml/min. At lower
flow rates, the adverse effect of longitudinal diffusion starts i
to become important. This is strongly diameter-dependentas | ..-- -en T
can be seen from the expanded (left) parEaf. 1 For the 0 , . .
4.5mm i.d. trap, the breakthrough volume starts to deterio- 0 10 20 30 40

rate at a flow rate of 0.5ml/min, but not for the traps with )
smalleri.d.s. Inner diameter of the trap (cm)

of the plate height is encountered. This is illustrateHim 2
where the plate height is shown as a function of the inner
diameter of the OTT. For a flow rate of 100 ml/min, the in-
crease in plate height is marginal even for an OTT with an
inner diameter of 10 cm! As an effect of the increased amount
of sorbent, the breakthrough volume, as a function of inner

200 — F=100 ml/min

In practice, much higher flow rates are utilized, and the- _ _ . . ,
ticallv. the inner diameter of the trap can be increased to Fig. 2. Thetheoretical plate height for three different flow rates, as a function
oretically, p of the inner diameter of the trap. Phase rafip£ 1, partition ratio Kp) =

extremely large values, before an appreciable deteriorationogg.
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10000 Table 1

. Properties of the prepared traps

é F=25 mi/min Trap #1 Trap #2 Trap #3

= BT F=50 ml/min Length (cm) 155 400 309

> —— F=100 ml/min Tube i.d. (mm) 0718 Q762 153

g 6000 k Aver_age film thicknessum) 91 1055 215

5 Stationary phase volume (ml) 2B 087 274

g B 1.26 110 107

‘§) 4000

2 CA, USA) with a split injector (100C) and a flame ioniza-

¥ 2000 | t|qn detector. The GC oven temperature was kept a&27

% Nitrogen was used as carrier gas. The traps were connected
to the injector and detector via stainless steel connectors in

0 each end (ZRU1.5, VICI AG, Switzerland or SS-200-6-1,

10 20 30 40 Swagelok, OH, USA (for trap #3)) followed by a short piece

Inner diameter of the trap (cm)

of deactivated fused silica tubing (length: ca. 20 cm, &0

i.d., Agilent Technologies). The elution analyses were per-

Fig. 3. The calculated breakthrough volume as a function of the inner di- formed by injecting 2qul of hexane headspace using an au-
ameter of the trap, for three different flow rates. Trap length: 200 cm, phase toinjector (G1513A, Agilent Technologies) and a gas tight

ratio (8) = 1, partition ratio Kp) = 200.

3. Experimental
3.1. Open tubular thick film traps

Three open tubular traps, all coated with PDMS, using the
prepolymer SYLGARI® 184 (Dow Corning, USA), were
utilized in a practical performance comparison. All traps were
coiled (coil diameter of 10 cm), with both ends left straight
(about 7 cm each) to facilitate their mounting during coating
and ininstruments used during the subsequent measurement:

The firsttrap (#1) was a borosilicate capillary, coated with
a smooth, regular PDMS film, according to a process, de-
scribed by Blomberg and Roeradéé. The second trap (#2,
Silcoste€? capillary tube, Restek Corp., USA) and the third
trap (#3, borosilicate tubing), were coated with an irregular
film of PDMS according to a new procedure. This coating
technique has recently been described in dgtdil In short,
the tube which was placed in a GC oven, was completely
filled with the prepolymer fluid from a pressurized vial. Sub-
sequently, the bulk of the prepolymer was blown out of the
tube by additional pressurization. This resulted in the forma-

tion of anirregular film of prepolymer on the inner wall of the 5

tube. This film was polymerized by quickly raising the tem-
perature of the oven to 20C. The polymer was then further
cured for 15 min under gas flow (nitrogen). The dimensions
of the final average film thickness of the sorbent layer can
be controlled by partially pre-curing the prepolymer at el-
evated temperature and by the pressure, applied to remowe
the excess of prepolymer. The average film thickness of the
traps was determined gravimetrically. The specifications of
the traps are listed ifable 1

3.2. Instrumental

Evaluation of the retention performance and efficiency of
the traps was carried outon a 6890GC (Agilent Technologies,

syringe (5Qul, Agilent Technologies). Frontal analyses were

performed as shown schematicallyHig. 4. A constant flux

of hexane was delivered by a diffusion-based s¢ai). A

5 ml septum-capped glass vial containing 0.5 ml of the hex-
ane, including a short length of fused silica capillary tubing
(3cm, 320um i.d.) pierced through the septum of the vial,

was mounted inside a stainless steel container (60 ml). A flow

of carrier gas (nitrogen), regulated by a needle valve (SS-
SS2-D, Swagelok) was passed through the container and a
capillary transfer line (5Qum i.d., 3dm, fused silica), which
was further connected to the GC injector (pierced through

%he injector septum). In this way, a constant flux of hexane

vapor was introduced into the injector. This vapor was fur-
ther diluted by additional carrier gas, since the injector was
operated in split mode at a split ratio of 1:3.

Fig. 4. A schematic of the setup used for the frontal analysis. The valve
setting of the system is shown in the analysis mode. 1: carrier gas supply,
regulated with a needle valve, 2: stainless steel container, 3: vial containing
hexane, 4: fused silica transfer line, 5: split injector, 6: carrier gas supply
to splitter, 7: split-line (split ratio 1:3), 8: 6-port switching valve, 9: needle
valve, 10: carrier gas supply, regulated with a needle valve, 11: thick film
trap to be evaluated, 12: flame ionization detector.
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An air-actuated 6-port valve (AAC6WT, VICI AG) was
mounted between the injector and the trap, which allowed
switching from a needle valve-controlled auxiliary carrier gas
supply (initial position), to the flow of hexane vapor (analysis
position).

The frontal analysis was performed by first adjusting nee-
dle valve (1), with the 6-port valve in the analysis position,
until a reasonable and stable signal from the FID was ob-
tained. Then, the 6-port valve was switched, which purged
the trap with pure carrier gas delivered via needle valve (10)
in foreflush direction. Meanwhile, the flow rate of the hexane

97

120

1001

80r

60f

H (cm)

40f

vapor, passing via the other needle valve (9) was adjusted tc
the same value as the flow through the trap in the analysis
position. This eliminated disturbances in the analyte profile,
related to flow switching. To start the frontal analysis, the

20f

gD,

0

10

20

30

40

50

60

70

6-port valve was switched again, now introducing a constant

flux of hexane vapor with a sharp leading band profile.
Statistical moments of the peaks were calculated using

Chemstation software (Agilent Technologies). Theoretical

calculations were performed using the software M&t|ater-

sion 6.5 (The MathWorks Inc., Natick, MA, USA).

4. Results and discussion

In order to validate our theoretical conclusions from

Average flow rate, F (ml/min)

Fig. 5. Plate height vs. average flow rate for the three traps list€akile 1,
where hexane was used as the test solute.TH)@élues are for the reference
trap (#1). The crosses (+) correspond to trap #2 and the squaregiong
to trap #3.

comparable. Trap #1 with the smooth film of sorbent had a
length of only 155 cm and was included mainly as a refer-
ence. Trap #2 had a length of 400 cm and an inner diame-
ter of 0.762 mm. Trap #3, having the largest inner diameter
(1.53mm) has a significantly higher breakthrough volume,

above, a series of elution analyses at different gas velocitiesin spite of the fact that its length is only 309 cm. On this trap,

with hexane as solute were performed. The study included
the two traps with different diameters and irregular coatings,
specified inTable 1as well as an OTT with a smooth, regular

concentration of hexane is quantitative from a sample volume
of more than 300 ml, at a flow rate of 50 ml/min.
Frontal analysis was also performed with this trap to val-

coating. To obtain an accurate peak characterization, statisti-'date the breakthrough curve obtained by the elution analy-

cal moments were employ¢23]. The number of theoretical
plates () was calculated usingq. (9)

2
_ M

N=_—1
M

©)

whereM1 is the first moment, the elution time of the centre of
gravity of the peak(s) anill; is the second central moment,
the variance of the peak{s

TheH versus the average flow rat€)(was calculated for
each trap, and the results are showirig. 5. According to

the theoretical considerations discussed above, the slope 0£

these curves should only depend onghealue. The two traps
coated with an irregular film of sorbent do approximately
have the same averagevalue and theiH/F characteristics
are indeed very similar. The trap with the smooth coating
of sorbent displays somewhat lower plate heights. This is
probably related to the slightly highgrvalue of this trap. An
additional reason could be the absence of film irregularity.
The breakthrough volumes (5% level of breakthrough) of
the traps were calculated by applyiggs. (1), (4) and (9)
using the experimental data\ég andN for hexane, obtained
from the elution analysis. The results are showFim 6 as

sis. The frontal breakthrough volumes were calculated using

600y

T soof $0..

E v

>m m] ’ ’

g 400f o ¢

E e

14 300} - Trap #3

L

(=]

3

g 200p_

R

© +"+--q.- .

5 100} 4~ k- Trap #2)
G\-O~O__-O\_O"O—(?—O—O—_0——_Trap#1
0 10 20 30 40 50 60

Average flow rate, F (ml/min)

Fig. 6. Breakthrough volume for hexane plotted vs. average flow for the
three traps listed iffable 1 The (O) values are for the reference trap (#1).
The squares{) and diamonds«) are breakthrough volumes determined
by frontal analysis and elution analysis respectively. The solid curve (—)
corresponds to the theoretical values fitted to the partition ratio, phase volume
ratio and diffusion coefficients of trap #1. The dashed curve (——-) and the

plotted values. It should be noted that the traps have differentgotted curve {----) are the theoretical values, scaled to fit the dimensions of
length, and therefore the breakthrough data are not directlytrap #2 and trap #3.
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Eq. (10) [18] 600
'

b= M (10) 500}
IEQtdt

wherel(t) is the the frontal shape of the baseline corrected 400}
detector signal, which was numerically integrated. Atthe low g
analyte concentrations used, this signal will be proportionalto < 300}
the mass flux from the trapeq is the baseline corrected FID T
signal at equilibrium sampling, obtained after a prolonged 200}
sampling time. As can be noted frdrig. 6, there is a good
correspondence between the values obtained from the fronta
and the elution analysis.
At this stage, we were interested to know how these

100}

practical results would correlate with our theoretical pre- 0 50 100 150 200 250
dictions, particularly with respect to the beneficial effect of (, Average flow rate, F (ml/min)

an increased trap diameter. For this purpose, the values of

Kp and Ds need to be known. However, the available lit- 450

erature data may not be applicable to our system due to,
e.g. differences in sorbent properties. Therefore, these con-
stants were determined from the elution analysis data, ob- 350}
tained with the smooth-film trap. First, the aver&ggevalue
was calculated from the elution volume and the known vol-
umes of stationary and mobile phase. Accordingly, for
hexane was found to be 2030 1.6. In order to deter-
mine Ds, the least square method was employed, wikere
(8) was loaded with the experimental plate height versus 150}
flow rate data (shown ifrig. 5). The value forDy (6.8 x

400}

3001
250t

H (cm)

200t

10-2cné/s) was retrieved from literatur@1], and can be 100f
assumed to be applicable in our system. Sohkag (8)re- 50}
sulted in aDg-value of 1.4x 10-8 cmé/s, which seems rea-

sonable. . 0, 2 3 4 5 6 7 8
Using theseK_D and Dg values, as well as the experi-  (b) Phase ratio, p
mentally determinel/s andV), of each trap, the theoretical
breakthrough volumes were calculated for the two traps with Fig. 7. (a) Calculated plate height vs. average flow rate for three open tubular
larger inner diameters. The results are reportédgn6in the traps with different phase ratios. The partition coefficiedg) = 200. (b)
form of line graphs, (shown together with the plotted experi- Calculated plate height for analytes with different partition ratios, using an
mental values), which demonstrates the excellent correIation?oﬂegh:u;’g:jasngeaggiﬂl%"l'zrzts;fff T(;/,Tt‘m'z?sb(i:‘séae)s:gfy) the values
between our theoretical model and the experimental data.
Some additional conclusions regarding the thick film (low . o .
phase ratio) trap concept can be made fi®g (8) Dy, in now represent the main contribution to plate height. However,
the second term of the equation, is roughly four orders of Kb is still > 8. The plate height for low boiling analytes can
magnitude larger thabs, but the magnitude of this term is  thus be simplified and rewritten as:
also very much dependent on the partition ratio. For analytes

with alargeKp, (e.g. 10,000, which is roughly th&, -range H = 2 i(,/1 +B— /B)ZF (12)

of decane), the second term in the equation will therefore 3nDs Kp

represent the main contribution to plate height. Sikige> For volatile compoundsH is thus considerably depen-

B, the equation can be simplified as: dent on both the phase ratio and the partition ratio. This de-
11 pendence is further shown Fig. 7a. From these graphs it

H= 227 Diy F (11) can be seen that sampling at high flow rates requires a sig-

nificant increase 0B, otherwise the plate height becomes
Thus, for high boiling analytes, the plate height for a given prohibitively high. But in order to maintain a given break-
flow becomes independent of the film thickness of sorbent through volume, the sorbent volume cannot be reduced. The
and partition ratio of the analyte. column diameter should thereforeibereasedThe situation
When dealing with low boiling analytes (partition ratio is much less critical for solutes with higher partition ratios
50-300), the third term ikq. (8)becomes very large and will  (Fig. 7b).
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Finally, some other aspects of OTTs with an increased desorption and cryofocusing of the analytes becomes techni-
diameter should be mentioned. First, the pressure drop ofcally incompatible with the void volume of the trap.
such traps decreases dramatically which means that very sim- It is anticipated that thick film open tubular traps with a
ple sampling systems, even without pumps, can be designedl|arge inner diameter are particularly suitable for concentra-
including “self-driven” systems using, e.g. wind power, or tion of very volatile analytes, including reactive and thermo-
blowing through the trap with “lung power”, e.g. for sam- labile trace components.
pling of volatile trace components from alveolar air. Sec-
ond, while the increased amount of sorbent in large diameter
traps is decisive for the increased breakthrough volume, this Acknowledgements
will also lead to a proportional increase in background from
breakdown products of the sorbent. Volatile analytes can be  Financial support from the Swedish Research Council is
desorbed already at very moderate temperatures, so for thigratefully acknowledged.
type of components, the background is not likely to become
significant.
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