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Ultra thick film open tubular traps with an increased inner diameter
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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 not
dependent on the inner diameter, provided that the linear flow velocity remains sufficiently high to offset the effect of axial diffusion. It is 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
s ant. Under
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quare of the inner diameter of the trap. However, in contrast to chromatographic separations, the linear flow velocity is not import
onditions of a constant phase ratio, an increased inner diameter also increases the amount of sorbent in the trap, which is a ke
or obtaining high breakthrough volumes. Open tubular traps with an expanded inner diameter have very low pressure drop char
hich provides the possibility to construct new, simplified sampling systems.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Analysis of volatile organic compounds at low concentra-
ion levels remains a subject of great importance. As regu-
atory demands become more and more stringent, including
evised environmental legislations, tightened quality specifi-
ation of materials and other, similar issues, there is a need
or improved concentration methods in connection with high
esolution gas chromatography. In the past, the use of ad-
orbents has been the dominating methodology for trace en-
ichment of volatiles[1]. However, during the last decade,
he use of sorption technology for analyte concentration has
reatly increased[2]. The sorption phases are usually identi-
al to ordinary GC stationary phases, typically polydimethyl-
iloxane (PDMS). Advantages of sorption enrichment, com-
ared to concentration methods which use adsorbents include
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a higher degree of inertness and lower desorption tem
tures. Concepts based on sorption are therefore particu
suitable when dealing with reactive and/or thermally la
compounds[3,4].

A sorbent trapping technology, using capillary tub
coated with an ultra thick film of stationary phase was
troduced by us in the 1980s[5,6]. The extremely low phas
ratio of such traps and the associated increase of the r
tion factor (k′) of analytes allows a quantitative enrichm
of trace volatiles from considerable sample volumes. S
then, the possibilities of the ultra thick film open tubu
trap (OTT) concept have been further explored by Bu
et al. [7,8] and Rohwer and co-worker[9]. A very popular
sorption method is the solid phase microextraction (SP
technique[10], which is simple to use and has been e
ployed in numerous applications. Other methods are
bar sorptive extraction (SBSE)[11], packed sorption tube
[12,13] and the large size sorptive probe (LSP) techni
[14]. These methods employ a larger amount of sor
than SPME, which improves their applicability in ultratra
analysis.
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The principle of SPME, SBSE and LSP technologies are
based on the establishment of an equilibrium or partial equi-
librium between the sorption phase and the analytes in a sur-
rounding sample. The OTT as well as the packed sorption
tube technology can be operated in the equilibrium mode or
in the breakthrough sampling mode. The advantage of the
breakthrough mode is that analyte trapping is quantitative by
definition, which simplifies the interpretation of the subse-
quent GC results.

Open tubes have the feature of an inherently low hydraulic
resistance[15] 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 low pressure drop can be main-
tained. For packed traps, the significantly higher hydraulic
resistance would in such cases lead to an excessive pres-
sure drop. In practical work, only short packed sorption tubes
have been used, with poor retention of low boiling analytes
[13].

Unfortunately, due to its capillary dimensions, the overall
volumetric sampling rate which can be employed with OTTs
is quite limited. One way to overcome this problem would
be to use a number of tubes in parallel; a concept which has
been explored by Rohwer and co-worker[9]. However, these
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whereN is the number of theoretical plates of the trap,b is an
arbitrary level (%) of tolerable analyte breakthrough andVR
is the retention volume of the trap. Thus, in order to obtain
the largest possible breakthrough volume, both the retention
volume and the efficiency of the trap should be optimized.
The retention volume can be written as:

VR = VM(k′ + 1) (2)

Here,VM is the gas holdup volume of the trap andk′ is the
retention factor. The retention volume may also be expressed
by the relationshipk′ = KD/β, whereKD is the analyte distri-
bution ratio andβ is the phase volume ratio defined asβ =
VM /VS whereVS is the volume of the sorbent phase:

VR = VS(KD + β) (3)

For ultra thick film traps, the value ofβ is negligible compared
to the value ofKD, which may be 100 or higher, even for
very volatile components[5]. Thus, the elution volume as
well as the breakthrough volume isdirectly proportionalto
the volume of the sorbent.

The second term inEq. (1) expresses the proportion of
the elution volume that can be sampled having a certain trap
efficiency and for a predefined, acceptable level of analyte
loss. For a loss of 5%, this term becomes[18]:
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uthors used short traps, which, at high flow rates, provid
nsufficient number of theoretical plates to ensure quan
ive trapping of highly volatile components. A more effici
arallel OTT, based on 120 capillary traps, has been rep
y Krieger and Hites[16]. However, the capillaries whic
ere utilized had an inadequate retention power for hi
olatile solutes.

Recently, we reported a new procedure for preparatio
TTs, where a PDMS prepolymer is simply forced thro
capillary tube by pressurized gas[17]. The resulting wave

ike film of prepolymer is then cross-linked in situ by rais
he temperature. We showed that the sampling capac
uch OTTs is affected very little in spite of the irregularity
he sorbent film. The coating procedure is extremely stra
orward and can be performed in any average laborator

In the present paper, we have utilized the new coa
echnology and extended our study of the OTT concept
oal was to increase the concentration power for very vo
nalytes, for which current sorption-based methods ar
articularly suitable. Both in a theoretical discussion as
s in practical experiments, we show that this is possib
ncreasingthe inner diameter of OTTs.

. Theory

The maximum sample volume, at which an analyte br
hrough starts to occur (the breakthrough volume (VB)) can
enerally be written as[18]:

B = VRf (N, b) (1)
(N, b = 0.05) =
(

0.9025+ 5.360

N
+ 4.603

N2

)−1/2

(4)

The efficiency of the trap can be calculated from its len
, and the plate height,H, using the relationshipN=L/H. The
elationship between the plate heightH and the average line
elocity ū, of the sample can be obtained from the Go
quation[19,20]:

= 2DM
1

ū
+ 1

96DM

11k′2 + 6k′ + 1

(k′ + 1)2
d2

M ū

+ 2

3DS

k′

(k′ + 1)2
d2

f ū (5)

hereDM is diffusion coefficient of the analyte in the g
hase,DS is the diffusion coefficient in the sorption pha
M is the diameter of the non-coated (open) cross secti
he trap anddf is the film thickness of the sorption phase. T
xpression for plate height may be rewritten in terms oKD
ndβ instead ofk′:

= 2DM
1

ū
+ 1

96DM

11K2
D + 6KDβ + β2

(KD + β)2
d2

M ū

+ 2

3DS

KDβ

(KD + β)2
d2

f ū (6)

From a practical perspective, the sampling flow rat
ore relevant than the gas velocity inside the trap. Assu
negligible pressure drop,Eq. (6)can be expressed in term
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of the flow (F), whereF is defined as

F = π

4
d2

M ū (7)

This results in

H = πDM

2
d2

M
1

F
+ 1

24πDM

11K2
D + 6KDβ + β2

(KD + β)2
F

+ 2

3πDS

KD

(KD + β)2
(
√

1 + β −
√

β)
2
F (8)

At sufficiently high flow rates (which are employed in
practical applications), the first term inEq. (8) can be ne-
glected. Under such conditions, the plate height is then only
dependent on the phase ratioand not on the diameter of the
trap. In other words, there would be no loss in efficiency if
the diameter of the trap is increased, provided thatβ is kept
constant. The limits are only determined by the relative in-
fluence of longitudinal diffusion, which becomes significant
when the flow velocity in the trap becomes very low. The
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-
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Fig. 1. Calculated breakthrough volumeVB (ml) vs. average flowF (ml/min)
for three different traps. All traps have a length ofL = 200 cm and a phase
ratioβ = 1. The partition ratioKD = 200. The diffusion coefficient in mobile
phaseDM = 7 × 10−2 cm2/s and the diffusion in the sorbent (PDMS)DS =
3× 10–6 cm2/s. The solid curve (—), the dotted curve (······) and the dashed
curve (– – –) correspond to data for traps with inner diameters of 700, 1500
and 4500�m, respectively. The corresponding volume of sorbent in these
traps is 0.385, 1.77 and 15.9 ml.

of the plate height is encountered. This is illustrated inFig. 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
diameter continues to increase until the effects of longitu-
dinal diffusion start to counterbalance this increase. This is
shown inFig. 3. VB reaches a maximum value in the form
of an asymptote and there is therefore no distinct optimum
inner diameter.

F ction
o
2

ing and chromatography. An increased inner diamete
given flow rate will reduce the linear gas velocity in

rap/column by a square factor as shown inEq. (7). For chro-
atographic separations, this would be devastating in t
f analysis time, and therefore this is not a realistic op
or sample enrichment/trapping, linear gas velocity in

rap is of no importance, since the analytes are not el
nly the volumetric flow rate determines the time frame
hich analytes in a certain sample volume can be con

rated.
FromEqs. (1), (3), (4) and (8), the breakthrough volum

f OTTs with different diameters can be calculated.Fig. 1
hows the simulatedVB as a function of the flow rate fo
hree traps with different inner diameters. In this simulat
ll traps were assumed to have the same length (200 cm
β-value of 1. AKD of 200 was chosen, which is a ty

cal value for a component such as hexane[5], while the
iffusion coefficients in the mobile phase and the statio
hase were in accordance with data obtained from liter

21,22]. As can be seen from the figure, the trap with
argest inner diameter (4.5 mm) has clearly the largest b
hrough volume, even for flow rates of 100 ml/min. At low
ow rates, the adverse effect of longitudinal diffusion st
o become important. This is strongly diameter-depende
an be seen from the expanded (left) part ofFig. 1. For the
.5 mm i.d. trap, the breakthrough volume starts to det
ate at a flow rate of 0.5 ml/min, but not for the traps w
maller i.d.s.

In practice, much higher flow rates are utilized, and
retically, the inner diameter of the trap can be increas
xtremely large values, before an appreciable deterior
ig. 2. The theoretical plate height for three different flow rates, as a fun
f the inner diameter of the trap. Phase ratio (β) = 1, partition ratio (KD) =
00.
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Fig. 3. The calculated breakthrough volume as a function of the inner di-
ameter of the trap, for three different flow rates. Trap length: 200 cm, phase
ratio (β) = 1, partition ratio (KD) = 200.

3. Experimental

3.1. Open tubular thick film traps

Three open tubular traps, all coated with PDMS, using the
prepolymer SYLGARD® 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 in instruments used during the subsequent measurements.

The first trap (#1) was a borosilicate capillary, coated with
a smooth, regular PDMS film, according to a process, de-
scribed by Blomberg and Roeraade[6]. The second trap (#2,
Silcosteel® 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 detail[17]. 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 an irregular film of prepolymer on the inner wall of the
tube. This film was polymerized by quickly raising the tem-
perature of the oven to 200◦C. 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
b el-
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t

3
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t gies,

Table 1
Properties of the prepared traps

Trap #1 Trap #2 Trap #3

Length (cm) 155 400 309
Tube i.d. (mm) 0.718 0.762 1.53
Average film thickness (�m) 91 105.5 215
Stationary phase volume (ml) 0.28 0.87 2.74
β 1.26 1.10 1.07

CA, USA) with a split injector (100◦C) and a flame ioniza-
tion detector. The GC oven temperature was kept at 27◦C.
Nitrogen was used as carrier gas. The traps were connected
to the injector and detector via stainless steel connectors in
each end (ZRU1.5, VICI AG, Switzerland or SS-200-6-1,
Swagelok, OH, USA (for trap #3)) followed by a short piece
of deactivated fused silica tubing (length: ca. 20 cm, 320�m
i.d., Agilent Technologies). The elution analyses were per-
formed by injecting 20�l of hexane headspace using an au-
toinjector (G1513A, Agilent Technologies) and a gas tight
syringe (50�l, Agilent Technologies). Frontal analyses were
performed as shown schematically inFig. 4. A constant flux
of hexane was delivered by a diffusion-based setup[21]. A
5 ml septum-capped glass vial containing 0.5 ml of the hex-
ane, including a short length of fused silica capillary tubing
(3 cm, 320�m 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 (50�m i.d., 3 dm, fused silica), which
was further connected to the GC injector (pierced through
the 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.

F valve
s upply,
r aining
h upply
t dle
v film
t

e controlled by partially pre-curing the prepolymer at
vated temperature and by the pressure, applied to re
he excess of prepolymer. The average film thickness o
raps was determined gravimetrically. The specification
he traps are listed inTable 1.

.2. Instrumental

Evaluation of the retention performance and efficienc
he traps was carried out on a 6890GC (Agilent Technolo
ig. 4. A schematic of the setup used for the frontal analysis. The
etting of the system is shown in the analysis mode. 1: carrier gas s
egulated with a needle valve, 2: stainless steel container, 3: vial cont
exane, 4: fused silica transfer line, 5: split injector, 6: carrier gas s

o splitter, 7: split-line (split ratio 1:3), 8: 6-port switching valve, 9: nee
alve, 10: carrier gas supply, regulated with a needle valve, 11: thick
rap to be evaluated, 12: flame ionization detector.
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An air-actuated 6-port valve (A4C6WT, 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
vapor, passing via the other needle valve (9) was adjusted to
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
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 Matlab®, ver-
sion 6.5 (The MathWorks Inc., Natick, MA, USA).

4. Results and discussion
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Fig. 5. Plate height vs. average flow rate for the three traps listed inTable 1,
where hexane was used as the test solute. The (©) values are for the reference
trap (#1). The crosses (+) correspond to trap #2 and the squares (�) belong
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
(1.53 mm) has a significantly higher breakthrough volume,
in spite of the fact that its length is only 309 cm. On this trap,
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-
idate the breakthrough curve obtained by the elution analy-
sis. The frontal breakthrough volumes were calculated using

F r the
t 1).
T ed
b (—)
c olume
r d the
d ns of
t

In order to validate our theoretical conclusions fr
bove, a series of elution analyses at different gas velo
ith hexane as solute were performed. The study incl

he two traps with different diameters and irregular coati
pecified inTable 1as well as an OTT with a smooth, regu
oating. To obtain an accurate peak characterization, st
al moments were employed[23]. The number of theoretic
lates (N) was calculated usingEq. (9).

= M2
1

M2
(9)

hereM1 is the first moment, the elution time of the centre
ravity of the peak(s) andM2 is the second central mome

he variance of the peak(s2).
TheH versus the average flow rate (F) was calculated fo

ach trap, and the results are shown inFig. 5. According to
he theoretical considerations discussed above, the slo
hese curves should only depend on theβ-value. The two trap
oated with an irregular film of sorbent do approxima
ave the same averageβ-value and theirH/F characteristic
re indeed very similar. The trap with the smooth coa
f sorbent displays somewhat lower plate heights. Th
robably related to the slightly higherβ-value of this trap. An
dditional reason could be the absence of film irregular

The breakthrough volumes (5% level of breakthrough
he traps were calculated by applyingEqs. (1), (4) and (9,
sing the experimental data ofVR andN for hexane, obtaine

rom the elution analysis. The results are shown inFig. 6as
lotted values. It should be noted that the traps have diff

ength, and therefore the breakthrough data are not dir
ig. 6. Breakthrough volume for hexane plotted vs. average flow fo
hree traps listed inTable 1. The (©) values are for the reference trap (#
he squares (�) and diamonds (�) are breakthrough volumes determin
y frontal analysis and elution analysis respectively. The solid curve
orresponds to the theoretical values fitted to the partition ratio, phase v
atio and diffusion coefficients of trap #1. The dashed curve (– – –) an
otted curve (······) are the theoretical values, scaled to fit the dimensio

rap #2 and trap #3.
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Eq. (10) [18].

b =
∫ t

0 I(t) dt

IEQt dt
(10)

whereI(t) is the the frontal shape of the baseline corrected
detector signal, which was numerically integrated. At the low
analyte concentrations used, this signal will be proportional to
the mass flux from the trap.IEQ is the baseline corrected FID
signal at equilibrium sampling, obtained after a prolonged
sampling time. As can be noted fromFig. 6, there is a good
correspondence between the values obtained from the frontal
and the elution analysis.

At this stage, we were interested to know how these
practical results would correlate with our theoretical pre-
dictions, particularly with respect to the beneficial effect of
an increased trap diameter. For this purpose, the values of
KD andDS need to be known. However, the available lit-
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-
tained with the smooth-film trap. First, the averageKD-value
was calculated from the elution volume and the known vol-
umes of stationary and mobile phase. Accordingly,KD for
hexane was found to be 203.9± 1.6. In order to deter-
mineDS, the least square method was employed, whereEq.
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Fig. 7. (a) Calculated plate height vs. average flow rate for three open tubular
traps with different phase ratios. The partition coefficient (KD) = 200. (b)
Calculated plate height for analytes with different partition ratios, using an
open tubular trap and a flow rate of 200 ml/min. In both (a) and (b), the values
for DM andDS are 6.8× 10−2 and 1.4× 10−6 cm2/s, respectively.

now represent the main contribution to plate height. However,
KD is still � β. The plate height for low boiling analytes can
thus be simplified and rewritten as:

H = 2

3πDS

1

KD
(
√

1 + β −
√

β)
2
F (12)

For volatile compounds,H is thus considerably depen-
dent on both the phase ratio and the partition ratio. This de-
pendence is further shown inFig. 7a. From these graphs it
can be seen that sampling at high flow rates requires a sig-
nificant increase ofβ, otherwise the plate height becomes
prohibitively high. But in order to maintain a given break-
through volume, the sorbent volume cannot be reduced. The
column diameter should therefore beincreased. The situation
is much less critical for solutes with higher partition ratios
(Fig. 7b).
8) was loaded with the experimental plate height ve
ow rate data (shown inFig. 5). The value forDM (6.8 ×
0−2 cm2/s) was retrieved from literature[21], and can b
ssumed to be applicable in our system. SolvingEq. (8)re-
ulted in aDS-value of 1.4× 10−6 cm2/s, which seems re
onable.

Using theseKD andDS values, as well as the expe
entally determinedVS andVM of each trap, the theoretic
reakthrough volumes were calculated for the two traps

arger inner diameters. The results are reported inFig. 6in the
orm of line graphs, (shown together with the plotted exp
ental values), which demonstrates the excellent correl
etween our theoretical model and the experimental da

Some additional conclusions regarding the thick film (
hase ratio) trap concept can be made fromEq. (8). DM, in

he second term of the equation, is roughly four order
agnitude larger thanDS, but the magnitude of this term
lso very much dependent on the partition ratio. For ana
ith a largeKD, (e.g. 10,000, which is roughly theKD -range
f decane), the second term in the equation will there
epresent the main contribution to plate height. SinceKD �
, the equation can be simplified as:

= 11

24πDM
F (11)

Thus, for high boiling analytes, the plate height for a gi
ow becomes independent of the film thickness of sor
nd partition ratio of the analyte.

When dealing with low boiling analytes (partition ra
0–300), the third term inEq. (8)becomes very large and w
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Finally, some other aspects of OTTs with an increased
diameter should be mentioned. First, the pressure drop of
such traps decreases dramatically which means that very sim-
ple sampling systems, even without pumps, can be designed,
including “self-driven” systems using, e.g. wind power, or
blowing through the trap with “lung power”, e.g. for sam-
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
will also lead to a proportional increase in background from
breakdown products of the sorbent. Volatile analytes can be
desorbed already at very moderate temperatures, so for this
type of components, the background is not likely to become
significant.

A very simple oven can be employed for thermal des-
orption, since an exact temperature control is not required.
The low desorption temperature and the inertness of PDMS
should allow the concentration and quantitative determi-
nation of trace amounts of reactive volatile components,
such as low boiling unsaturated aldehydes, isocyanates,
amines, etc., for which current analytical techniques are
shortcoming.

5. Conclusions
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desorption and cryofocusing of the analytes becomes techni-
cally incompatible with the void volume of the trap.

It is anticipated that thick film open tubular traps with a
large inner diameter are particularly suitable for concentra-
tion of very volatile analytes, including reactive and thermo-
labile trace components.
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18] P. Lövkvist, J.̊A. Jönsson, Anal. Chem. 59 (1987) 818.
19] L.S. Ettre, Open Tubular Columns in Gas Chromatography, Ple

Press, New York, 1965.
20] M.J.E. Golay, in: D.H. Desty (Ed.), Gas Chromatography, Bu

worth, 1958, p. 36.
21] M. Gautrois, R. Koppmann, J. Chromatogr. A 848 (1999) 239.
22] J. Dewulf, H. Van Langenhove, M. Everaert, J. Chromatogr. A

(1997) 205.
23] J.P. Foley, J.G. Dorsey, Anal. Chem. 55 (1983) 730.


	Ultra thick film open tubular traps with an increased inner diameter
	Introduction
	Theory
	Experimental
	Open tubular thick film traps
	Instrumental

	Results and discussion
	Conclusions
	Acknowledgements
	References


