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U sing different types of capillary chromatographic columns as
denudation traps: a comparison of sorption properties
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Abstract

The research presented concerns segments of capillary chromatographic columns of different types (WCOT, SCOT,
PLOT) used as traps for collection of samples of volatile organic analytes from a stream of air utilizing the equilibrium
denudation technique. During the model experiments (utilizing standard mixtures), values of the partition coefficients (K )fs

were determined for volatile organic compounds frequently occurring as pollutants of atmospheric air (benzene, toluene,
ethylbenzene,o-xylene, chlorobenzene). The conducted research demonstrated that the stationary phase film thickness did
not affect the partition coefficient value. It was also proved that there is no dependence between the manner of applying the
stationary phase in the column and the partition coefficient value.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction analysis of trace amounts of pollutants, also have
some drawbacks. They don’t allow one to determine

Atmospheric air is the human being’s most basic the distribution of the pollutants between particular
environment, and therefore analyzing its composition phases (dusts, aerosols) of the system. A search for
is of fundamental significance for health protection. an atmospheric analysis technique that would be at
The basic problems connected with the analytics of once compact and complex has lead to the develop-
atmospheric pollution are the result of low con- ment of denudation techniques. The essence of the
centration levels of some of the compounds in the air denudation phenomenon is the combination of two
and the heterogeneous character of the system. In processes: the diffusion of gaseous air components to
order to meet the requirements, a number of passive the surface of the retaining (enriching) medium, and
[1–4] and dynamic [5,6] techniques of analyte their movement in the forced flow of the stream of
isolation and/or enrichment have been invented. gas [7,8].
These techniques, although they make possible the The denudation methods of sample collection, like

the dynamic methods, are characterized by a short
time of sample acquisition as compared with the*Corresponding author. Fax:148-58-347-2694.
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passive methods [9]. Another advantage of denuders method of equilibrium sorption [26], and determin-
is the high level of selectivity of the enrichment ing the values of the partition coefficient of the
process. The most basic advantage of the denudation analytes between the gaseous and the stationary
methods over other methods is the aforementioned phase (in the denuder).
possibility of making a speciation analysis of the
components present in the atmosphere [10–12].
Despite all these pros, denudation techniques are not2 . Experimental
as yet widely used in atmospheric pollution
analytics. It seems that the main cause of this state of 2 .1. Chemicals and materials
affairs are the difficulties connected with preparing
these types of devices for work. In a classic denuder, The reagents utilized in the experiments (benzene,
the inner surface of the tube wall is covered with a toluene, ethylbenzene,o-xylene, chlorobenzene) are
sorption medium. The effectiveness and reproduci- classified as chromatographic standards and were
bility of the enrichment process in such a device purchased from Polish Chemical Reagents (Gliwice,
depends on the homogeneity of the sorption layer. Poland).
After adsorbing the analytes, the retained compounds Segments (12 cm) of different types of capillary
were released usually by washing out the retaining columns available on the market were employed as
medium from the device. The subsequent use of the the denudation traps. More specific information is
denuder required the replenishment or the recon- presented in Table 1.
struction of the sorption layer, which was difficult to The sorption trap used for calibrating the system
achieve in a reproducible manner. Therefore, the was produced using a glass tube 10534 mm
newer technical solutions began to utilize liquid (length3I.D.) filled with beds of solid sorbents:
sorption media [13–15] or thermostable organic Tenax TA (100 mg, 35–60 mesh) purchased from
polymers [16,17]. This latter option allowed for the Alltech (Lancashire, UK) and Carbotrap (50 mg,
use of thermal desorption at the analyte release stage 20–40 mesh) purchased from Supelco (Bellefonte,
without changing the sorption properties of the USA). The sorbent beds were immobilized from both
device, making it possible to utilize the trap again ends of the tube and separated from each other with
without going through the calibration stage. An plugs of silanized glass wool.
additional advantage to this method of releasing the
analytes from the trap is the elimination of organic 2 .2. Gaseous standard mixture and
solvents from the analytical procedure. However, chromatographic conditions
covering the denuder wall with a homogeneous
stationary phase film of suitable thickness poses The model experiments were performed with
difficulties [18,19]. appropriate gaseous standard mixtures, which were

The ideal, ready-made solution to this problem prepared using two techniques—the static and the
seems to be to utilize, as the sorption trap, a piece of dynamic. In the static method, liquid components of
a suitable, commercial capillary chromatographic the standard mixture were introduced through a
column. In recent years several publications ap- membrane into an appropriately prepared steel cylin-
peared describing this way of employing capillary der [27] where there was absolute pressure of 1 Pa.
columns, both in studying air [20–23] as well as Next, the cylinder was filled with synthetic air (a
water [24,25]. Some of the papers described their mixture of nitrogen and oxygen) until the pressure
effectiveness in the process of focusing analytes reached 4 MPa. In order to ensure homogeneity of
before introducing the sample onto the head of the the mixture the bottle was positioned at a 458 angle
chromatographic column. and heated from below for 4 days.

The main aim of this study was to compare the In the case of the dynamic technique, the phenom-
characteristics of denudation traps prepared of seg- enon of permeation into a stream of gas was utilized
ments of different types of capillary chromatographic [28,29]. The respective system consisted of the
columns. The research was done employing the following elements: compressed air
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Table 1
Technical data concerning the capillary chromatographic columns from which the denudation traps were made

Type of Type of State of Thickness of Internal Manufacturer
capillary stationary matter of stationary diameter of
column phase stationary phase film the capillary

phase [mm] [mm]
aWCOT 18 PDMS* Liquid 18 0.53 Quadrex

WCOT 12 PDMS Liquid 12 0.32 Quadrex
bSCOT 5 PDMS Liquid 5 0.53 Hewlett

on a support Packard
cPLOT 10 Porapak Q** Solid 10 0.32 Chromopack

* Polydimethylsiloxane; ** styrene–divinylbenzene copolymer.
a Wall coated open tubular.
b Support coated open tubular.
c Porous layer open tubular.

tank→purifier→dryer→generator. The purifier and The two valve positions made it possible to direct the
the dryer were filled with beds of active carbon and a stream of the gaseous standard mixture through the

˚molecular sieves, 5 A. The generator, together with desorber chamber (continuous line for this valve
the permeation containers placed in it, was kept at a position) or out of the system (the broken line). In
temperature of 28.060.18C during the generation of the first case, sorption of analytes from the gaseous
the gaseous standard mixture. The gas flow-rate was standard mixture stream occurred in the denuder. In

3controlled with 0.05 cm /min accuracy using a soap the second valve position, the analytes trapped were
bubble flow meter. released thermally and carried in the countercurrent

The permeation rate, and therefore the concen- through the carrier gas stream onto the head of the
tration of the gaseous standard mixture components chromatographic column. Before each experimental
was determined using the gravimetric method (by cycle the denuder was conditioned at 2008C in a
finding the amount of mass lost by the permeation stream of hydrogen.
containers in ca. 30 days), and controlled indepen- The calibration of the system consisted of de-
dently using the chromatographic technique (by termining the dependence of the respective peak
determining the amount of analytes captured in the areas on the mass of analytes introduced into the
sorption tube connected for a specific amount of time system. In order to achieve this, the denuder in the
to the gaseous standard mixture generator). More above described system was replaced with a glass
precise data concerning the conditions in which the tube filled with a sorption bed. The glass tube was
research and the chromatographic analysis were placed in the thermal desorber in such a way that the
carried out are presented in Table 2. gaseous standard mixture stream entered from the

end filled with the layer of the solid sorbent Tenax
2 .3. Procedure TA. Before each use the tube was conditioned at

2508C in a stream of hydrogen.
A study of the sorption characteristics of the

denudation traps was performed in the TD–GC–FID
system, the schematic diagram of which is shown in 3 . Results and discussion
Fig. 1. The essential element of the measuring
system is a thermal desorber of our own design [30]. 3 .1. Enrichment of the analytes in the trap
The sealing of the sorption trap in the desorber was utilizing the equilibrium technique
achieved by tightening it with cone shaped Teflon
gaskets. In the equilibrium technique, a stream of the gas

The heating chamber of the thermal desorber was under study is passed through the denuder at a stable
placed inside the loop of the gas-tight, six-way valve. flow-rate and at given, stable temperature. The time
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Table 2
The conditions for the experiments and the chromatographic analyses

Denuder type WCOT 18, SCOT 5 WCOT 12, PLOT 10, SCOT 5

Conditions for the experiments conducted
gaseous standard mixture

method of production static dynamic
standard mixture chlorobenzene; 747 chlorobenzene; 295

composition and the benzene; 201
concentrations of the toluene; 380

3components [mg/m ] ethylbenzene; 277
o-xylene; 224

3 -1 3gaseous standard mixture 1.0060.05 cm min 1.0060.05 cm /min
flow-rate
sorption time From 1 min to 60 min from 15 s to 60 min
sorption temperature 2861 8C 2861 8C

Conditions for the chromatographic analyses
gas chromatograph GC 6000 Vega Series 2, Carlo Erba Instruments
dosing system thermal desorption
desorption temperature 2008C
desorption time 3 min
carrier gas hydrogen (70 kPa) hydrogen (35 kPa)
temperature program 458C for 2 min 358C for 1 min

5 8C/min up to 1008C 7 8C/min up to 1208C
10 8C/min up to 2508C 108C/min up to 2008C
2508C for 10 min 2008C for 4 min
3 8C/min up to 2708C
2708C for 4 min

column (length) RSL–200 (60 m) Rtx–1301 (30 m)
diameter 0.32 mm 0.32 mm
stationary phase thickness 0.5mm 0.25mm

detector flame-ionization (FID)
temperature 2508C
Integrator Chromatography Station for CE Instruments DP 700

Windows—SCW 1.7

passing the stream of the studied gaseous medium
through the denuder is chosen so that breakthrough
of the trap would occur. The process of reaching the
state of equilibrium by the system was followed by
determining the amounts of the captured analyte in
the function of the time for which the gaseous
standard mixture was passed through the trap (so
called sorption profiles).

During the initial stage, we find that the amount of
analyte collected increases as the time of contact of
the gaseous standard mixture with the retaining
medium lengthens. The second stage is the straight
line parallel to the time-axis, which represents the
state of thermodynamic equilibrium between theFig. 1. Schematic diagram of the TD–GC system. 1—thermal
gaseous standard mixture and the sorbent. This stagedesorber, 2—gas-tight six-way valve, 3—GC, A—gaseous stan-

dard mixture, B—carrier gas, a—sorption, b—desorption. can be described with the following equation:
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y 5 b 3 t 1 a (1) An alternative method of determination of parti-
tion coefficients by elution chromatography may be

where: y—amount of compound collected in the of some interest, particularly when performed using
denuder [a.u.];t—sorption time [min];a—intercept the same column, a piece of which serves as a
[a.u.]; b—slope [a.u. /min] denuder. We have already carried out some experi-

After reaching the equilibrium state, ‘b’ is close to ments and found that, despite its apparent advan-
zero and the straight line equation is simplified to the tages, the method is unsuitable in the case. The
form y 5 a. Equilibrium amount of an analyte ad- results of these investigations will be published
sorbed under experimental conditions was equal to elsewhere.
‘a’ expressed in mass units, which was subsequently
converted into equilibrium concentration of the 3 .2. Comparison of the sorption properties of
analyte in the stationary phase, taking into account denuders with PDMS phase film of different
the volume of its film. The values of the partition thickness
coefficientsK (K 5C /C , where C and C arefs fs f s f s

equilibrium concentrations of an analyte in the For the purpose of this research, denuders with
stationary phase and in the gas, respectively), were PDMS phase film of three different thicknesses (5,
calculated for benzene, toluene, ethylbenzene, chlo- 12, 18mm) were employed. A stream of the gaseous
robenzene ando-xylene. standard mixture was passed through the respective

There are two important, practical aspects of the traps under the conditions given in Table 2. On the
experimental approach used in the paper: basis of the sorption profiles, experimental points,
(a) The method utilized is a direct one. Final values corresponding to the equilibrium state, were prelimi-

of the partition coefficients are obtained exclu- narily selected. The final choice was made by
sively on the basis of GC determined concen- statistical testing the significance of the difference of
trations of analytes in the gas stream after the slope, ‘b’, from zero (results of these tests are
desorption from the stationary phase in the included in Table 3, on the basis of data obtained for
denuder (providing the volume of the stationary chlorobenzene).
phase and the concentration of the initial stan- The determined values of the partition coefficients
dard mixture are known). K for all analytes under investigation have beenfs

(b) Full concentration vs. sorption time profiles collected in Table 4.
permit to determine another parameter essential On the basis of the data collected in Table 4, one
in practical applications of the procedure, i.e. the can say that the values of the partition coefficient for
minimum time needed for reaching the state of all analytes determined in denuders characterized by
equilibrium between the two phases. different PDMS phase film thickness are rather close.

Table 3
Linear regression analysis of the experimental points describing the equilibrium state, statistical assessment of the results obtained

Compound d V a b SD SD n t ta b crit calc
3[mm] [cm /min] [ng] [ng/min] [ng] [ng/min] f 5 n 2 2

Chlorobenzene SCOT 0.5 1991 0 20 0.69 7 2.571 0.005
5

1 1030 0 49 1.1 9 2.365 0.008
WCOT 0.5 7370 0 120 1.2 9 2.365 0.200
18

1 3570 4 102 4.3 7 2.571 1.036
7 558 20.10 10 0.29 8 2.447 0.344

Where: d—thickness of the stationary phase covering the denuder walls;V—the flow-rate of the gaseous standard mixture stream;
a—intercept;b—slope; SD —standard deviation ‘a’; SD —standard deviation ‘b’; n—the number of measuring points making up thea b

equilibrium straight line (five parallel repetitions for each point).
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Table 4
The values of the partition coefficients of analytes, determined using denuders with different thickness of the stationary phase film and
selected literature data

]
Column type, Kfs

d [mm]
Chlorobenzene Benzene Toluene Ethylbenzene o-Xylene

SCOT 5 3470 450 1080 2750 3570
WCOT 12 3450 440 1100 2770 3500

18 3380 440 1120 2690 3500
OTT (80)* n.a. 410 1122 n.a. n.a.
SPME (100)* n.a. 345 967 3468 3388
Trap packed with PDMS* n.a. 419 1106 n.a. n.a.

]
whereK —mean partition coefficient. * Literature data (n.a.—not available).fs

The significance of the differences between the 3 .3. Comparison of the obtained values of
values of the determined partition coefficients was partition coefficients (K ) with data found infs

tested by means of thet-Student’s test, having earlier literature
compared the significance of the variation differ-
ences between the data sets using theF-Snedecor Averaged values of the partition coefficients de-
test (not shown). termined for the denuders with PDMS phase film of

The calculated experimental valuesF were, in differing thickness were compared with the availablecalc

each case, smaller than the critical valueF found literature data. In Table 4 the obtained results (K )crit fs

in the tables for the numbers of degrees of freedom were put side by side with results obtained utilizing:
(n 2 1 and n 21) and probability level 95%. a denudation trap with film 100mm thick (OTT)1 2

Similarly, the calculated experimental valuest [19], SPME fiber covered with film 100mm thickcalc

were, also in each case, smaller than the critical [31], and a trap packed with 100% PDMS [32].
valuet found in the tables for a number of degress A comparison of the partition coefficient valuescrit

of freedom (f 5 n 1 n 22) and probability level for benzene and toluene determined utilizing denud-1 2

95%. The differences between the values of the ers of the WCOT and SCOT types and a denuder
partition coefficientsK for all analytes, determined with 80mm film of cross-linked PDMS confirms thefs

for denudation traps with stationary phase film of hypothesis about the lack of influence of the thick-
differing thickness, are not statistically significant. ness of the sorption phase film in the trap on the
One can therefore accept the hypothesis that the partition coefficient value. The partition coefficient
thickness of the stationary phase film in the denuder K is, therefore, under the conditions of stablefs

does not influence the value of the partition coeffi- temperature, a value characteristic for the given
cient, when determined by the method employed in analyte and the type of stationary phase.
this study. The partition coefficient values of selected ana-

It should be noted that the values of the partition lytes obtained as a result of research carried out
coefficients obtained as a result of the application of utilizing different isolation techniques (denudation,
the SCOT type denuder do not differ from the passive, and dynamic) with traps containing a sorp-
corresponding values of the coefficients determined tion bed in the form of PDMS phase film are similar.
for the WCOT type denuder. This leads to the Fig. 2 presents the relationship between the partition
conclusion that the method of applying the stationary coefficient values determined using a denudation trap
phase onto the column walls (direct or on a support) and a SPME fiber.
does not influence the value of the partition coeffi- The dependence is linear with the slope close to
cient. one and yields high values of the determination
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using different isolation techniques. As a result, the
analytical procedure can be limited to the calibration
and sampling stages, and therefore significantly
shortened.

3 .4. Comparison of the sorption properties of a
denuder covered with the liquid phase of an
organic polymer (PDMS) and a denuder with a
solid sorption layer (PORAPAK Q)

The sorption properties of denuders covered with
the liquid phase of an organic polymer (PDMS) and
those with a solid sorption layer (PORAPAK Q)
were compared by determining the partition coeffi-

Fig. 2. The relationship between the values of the partition cients for chlorobenzene. The study was conducted
coefficient K determined using a denudation trap and a SPMEfs using a standard mixture generated dynamicallyfiber. (PDMS was used in both cases as the sorption medium).

(Table 2). Determining the amount of the analyte
adsorbed in the trap at the equilibrium state was done

2coefficient, r 50.9978. The calculated value (for in the manner described earlier (3.2). Table 5
formal reasons) of the intercept (a 5 299.92) does presents the results of the regression analysis of the
not differ from zero in any statistically significant experimental points describing the equilibrium state
way, as is confirmed by the confidence interval in denudation traps (PLOT 10, WCOT 12) together
(95%), shown on the diagram with a dotted line. The with their statistical assessment.
obtained results (K ) were analogically compared Sincet , t , it can be assumed that the slopefs calc crit

with the values determined using a trap packed with is not different from zero in any statistically signifi-
a 100% PDMS bed. In this case, the value of the cant way. The calculated values of the partition

]
slope,b 5 0.9519, and the value of the determination coefficientsK for chlorobenzene are presented infs

2coefficientr 50.9975. Table 6.
The value of the determination coefficient close to It is easily seen that the value of the partition

one proves a very high correlation between the coefficient for chlorobenzene is several times greater
coefficients determined as a result of utilizing differ- in the case of the denudation trap with the sorption
ent enrichment techniques. The stable value of the phase made out of a porous polymer (PORAPAK Q)
coefficient of the partition of the analytes between than in the case of applying a liquid polymer
the gaseous phase and PDMS film is significant from (PDMS) as the stationary phase. This shows that a
the point of view of analytics, since it makes it PLOT denuder is characterized by higher efficiency
possible to use in calculations the results (K ) of enrichment per a unit volume of the stationaryfs

obtained by other authors, also in the case of their phase than a WCOT or a SCOT denuder. However,

Table 5
The statistical evaluation of the results obtained from the study of the chlorobenzene sorption process in a type PLOT (10mm) i WCOT (12
mm) denuder after the state of thermodynamic equilibrium was reached

Type of denuder d a b SD SD n t ta b crit calc

[mm] [ng] [ng/min] [ng] [ng/min] f 5 n 2 2

PLOT 10 7464 0.1 232 0.35 5 3.182 0.393
WCOT 12 3460 11 130 8.4 4 4.303 1.265
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Table 6
The partition coefficient values obtained for chlorobenzene and the time necessary for the equilibrium state to be reached while using
denuders with liquid (PDMS) and solid (PORAPAK Q) stationary phase

]
Stationary phase State of matter of d t Kfs

the stationary [mm] [min]

phase
PDMS Liquid organic 5, 12, 18 5–10 3400

polymer
PORAPAK Q Solid porous 10 .100 21 660

polymer

t—time necessary to achieve equilibrium.

the time necessary to achieve equilibrium presents a found, in the case of the PDMS stationary phase,
severe drawback, since the state of equilibrium is an between the partition coefficient value and the
important parameter from the point of view of analyte isolation technique.
applying such denuders in analytical practice. The The study of the sorption properties of denudation
time after which the system reaches the equilibrium traps utilizing a segment of a capillary chromato-
state in the case of a PLOT type denudation trap is graphic column of the PLOT type demonstrated that
10 to 20 times longer than in the case of PDMS utilization of this type of denuder may be not so
denuders with thinner (5mm) and thicker (12–18 straightforward, especially for determining tempor-
mm) stationary phase film, respectively. Nonetheless, ary concentrations, keeping in mind the long time
a denuder with a PLOT type stationary phase can be required to achieve the equilibrium state.
utilized for isolation and enrichment of analytes from
air in long term research projects, for example.
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