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Abstract

The use of the thermal desorption (TD) technique with light adsorbents allows for the determination of organic air
pollutants at nmol/mol (ppb) level. In this work, two methods to determine the breakthrough volume (BTV) values of
sampling devices are proposed as alternatives to the classic methods. The first method proposed obtains extrapolated BTV
values (indirect method) and the other, obtains the direct elution profile (direct method). The main advantage of these
particular methods is the possibility of working with very diluted samples which are more similar to real conditions, thus
avoiding the drawbacks, due to the detection limits, usually encountered with the classic methods. Consequently, the
methods proposed here exhibit better sensitivity because the organic content which remains in the device, after passing a
given air volume through it, is directly analysed by TD-GC, instead of the method of detecting the organic content of the
effluent from the trap. Laboratory tests show that the accuracy of the proposed methods is the same or even better than the
accuracy of the classic method.

Keywords: Adsorbents; Thermal desorption; Sampling methods; Air analysis; Environmental analysis; Breakthrough
volumes; Volatile organic compounds

1. Introduction constant adsorbing efficiency during the whole sam-
pling period and that the sampling be stopped before
any species of interest are present in the effluent

from the tube.

The aim of a sampling process is to obtain, for
each sampled species, an amount which is directly

proportional to the sampled air volume. Specifically,
when using traps containing a solid adsorbent their
“sampling capacity”’, that is the limits within which
pollutants from the atmosphere can be concentrated
without sample losses, must be evaluated. Conse-
quently, a proper sampling procedure requires a

*Corresponding author.

The breakthrough volume (BTV), which is gener-
ally considered a parameter related to the sampling
capacity [1-14] is defined as the gas volume which
passes through the sampler before a given compound
begins to be eluted from the sorbent [8}, this occurs
when the concentration ratio of effluent gas to
incoming gas reaches a pre-defined value (from 1%
to 50%, according to different definitions [16-22]).
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Moreover, the BTV value is the essential parame-
ter for calculating how the real diffusive uptake rate
differs from the calculations based on Fick’s first
law, in cases of non-ideal systems like the adsorbing
devices for passive monitoring [15,17].

In a previous work [5] concerning light adsorbents
we demonstrated that the BTV value of a given
adsorbent/adsorbate system is an exponential func-
tion of the adsorbate concentration, that is, the BTV
strongly decreases when the concentration of the
species of interest or of the co-adsorbed species,
increases. This effect was also described in the case
of strong adsorbents beds [10]. These considerations
clearly indicate that the precise determination of
BTV values, particularly when obtained with the
classic indirect method, cannot be proposed as a
method of measuring the sampling capacity. How-
ever this method is helpful when comparing the
performance of different adsorbents. For practical
uses, a BTV correction factor is more commonly
employed, which allows calculation of a ‘‘safe
sampling volume™ [4].

In most cases, BTV determination is carried out in
two ways: the first, an “‘indirect method”, consists of
a series of injections of the analyte into a short GC
column filled with the adsorbent. The BTV value is
then obtained at ambient temperature by extrapolat-
ing the straight line of a log V, (specific volume)
against 1/7 diagram, following the Van’'t Hoff
equation; the second, a “‘direct method”, is usually
performed by passing a continuous flow of air
containing a given concentration of the analyte
through an adsorbing trap kept at ambient tempera-
ture; the analyte content in the effluent flow is
determined by means of a GC detector [4,5,24,25].
In many cases (e.g., tailed peaks) the effluent peak
can be determined only by increasing either the
injected amount (indirect method) or the pollutant
concentration in the air stream (direct method),
however, this can cause a noticeable shift of the
retention time.

Some authors [26] suggested a method to improve
the sensitivity of the direct method (direct discrete
method) consisting of the periodical (repeated) sam-
pling and analysis of discrete volumes of the effluent
flow. Only a very recently published work [9]
employs a direct method based on the analysis of the
amounts remaining in the traps after the elution of

multiple discrete volumes, similar to the method
described in this work, which allows BTV determi-
nation at nmol/mol (ppb) and even sub-ppb levels.

In this work we propose the use of thermal
desorption (TD) apparatus for obtaining accurate and
repeated results in BTV determination at nmol/mol
level; thus an improvement in the sensitivity of both
the classic direct and indirect methods, will have
been achieved.

2. Experimental
2.1. Apparatus and materials

The thermal desorption apparatus employed was a
TDAS 5000 (Carlo Erba, Milan, Italy) connected to
an HRGC 5300 MEGA gas chromatograph equipped
with a flame ionisation detector. This equipment
allows the pre-setting of the traps: pre-purging, pre-
heating and desorption times, as well as the tempera-
ture. The duration of each operative phase can be
varied from O to 999 s, and the temperature from
ambient to 400°C with an accuracy of *1°C.

A flow controller strictly ensures that the flow
through the trap is constant at all times.

Traps were made of glass tubes (10 cmX6 mm
0.D.X3.8 mm LD.) filled with 300 mg of Carbotrap
or Carbopack C (Supelco) or with 100 mg of Tenax
TA (Chrompack) filling an equivalent of 6 ¢m of
tube.

10 1 Tedlar bags were used for containing gaseous
standard mixtures.

2.2. Artificial atmospheres

A standard gaseous atmosphere was prepared from
a five-component liquid mixture (benzene, hexane,
methyl ethyl ketone, methoxyethanol and 1,1,1-tri-
chloroethane, all analytical grade, provided by
Fluka). The liquid mixture was prepared by adding
10 g at a time, of each component to a small Pyrex
flask and weighing it after each addition. About 0.9
pl of the mixture was injected, through the apposite
injection port, into a 10 1 Tedlar bag (SKC, USA)
filled with pure nitrogen. However, the ethylene
oxide was added separately (0.2 pl taken from a
frozen ampoule maintained at —15°C and injected
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with a cooled syringe through the bags injection
port).

The following day the bags content resulted as
follows: benzene=53.1 pmol/mol; n-hexane=47.2
pmol/mol; methyl ethyl ketone=55.8 pwmol/mol;
methoxyethanol=40.7 pmol/mol; 1,1,1-trichloro-
ethane=31.0 pmol/mol and ethylene oxide=93.0
wmol/mol.

For the indirect method, the sampling tubes were
loaded with 10 ml of this gaseous mixture. This
amount corresponds to a three litre sample of an
atmosphere with an overall concentration of 107
nmol/mol.

As a comparison with the classic GC method, a
short U column packed with 1.2 g of Carbotrap was
employed. In this case a standard liquid mixture,
obtained by diluting the aforementioned pure com-
ponents mixture in methylene chloride (1:1000, v/v),
was employed; 1 wl was injected at each trial. At
times, specifically to detect the peaks of methoxy-
ethanol and other components and when operating at
temperatures below 100°C, it was necessary to
increase the amounts injected.

A cylinder containing a certified gas mixture of
benzene, toluene and ethyl benzene (50, 150 and 100
pg/m’, respectively) was used for the direct method
trials. The above benzene and toluene values were
selected on the basis of the average concentration
values which occurred in the urban area of Rome
(Italy) in recent years [27]; ethylbenzene acts as
“internal standard” or ‘‘reference term’’, as ex-
plained below.

2.3. BTV determination procedure

2.3.1. Indirect method

The purpose of the indirect method is to obtain a
series of plotted points in a log V, vs. 1/T diagram
similar to the classic GC indirect procedure. If a
series of different elution times is employed at each
temperature, the analyses performed on the traps
remaining content after each trial, can be represented
on a graph curve which shows the percentage of each
species eluted through the trap for each volume.
Through these plotted points the outline of the eluted
peak is shown, thus establishing the percentage of
elution for each elution volume employed, for those
compounds which move at a given temperature.

The following procedure was used: sampling tubes
were prepared, using equal quantities of adsorbing
material, taking care to obtain the same packing
density and thus the same number of theoretical
plates for each tube.

All the tubes must be carefully purged and their
blanks must be tested before use.

A gaseous or liquid mixture of the compounds, for
which the BTV must be calculated, is prepared and
diluted in an inert gas atmosphere. The concentration
of the mixture must be selected by taking into
account that the gas volume used to load the tubes is
negligible with respect to the BTV value. Moreover,
the amount of analyte load has to be of the same
order of magnitude as the amount usually collected
in real working conditions for both the individual
species and total organic content determination (co-
adsorption effects).

In order to avoid errors due to imprecision in the
injection and dilution and to wall adsorption effects,
calibration graphs of the samples should be prepared
to determine and evaluate the real concentration
values in the standard atmosphere inside the bag.

Tubes are then loaded with a small volume of gas
(10-20 ml) extracted from the bag with a gas
syringe.

In all phases the flow direction is essential,
consequently the different ends of the sampling tubes
should be clearly marked.

Sampled tubes are then inserted in the desorbing
apparatus and brought to a chosen temperature. A 3
min pre-heating is used [28] to obtain an isothermal
elution of the trap content. The tubes are placed in a
position that ensures the carrier gas stream to flow
into the tube, in the same direction as in the
sampling phase; then the elution phase is carried out,
during varied lengths of time in order to obtain, by
point by point plotting, the elution profile of the
compounds (a cold trap can be used during this stage
to focus the out coming analyte).

Then each tube is turned, in order to obtain a
back-flush, and desorbed; the temperature and dura-
tion of the desorption stage must ensure the complete
release of the tubes whole organic content. For each
temperature a series of chromatograms is thus ob-
tained, showing both the elution phase (from the
analysis of the cold trap of the elution concentrate)
and the desorption phase (from what remains in the
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trap after the elution of a given volume) which will
show variations in the peak area.

Fig. 1 represents the results of the application of
this procedure to a three-component hypothetical
mixture. The first column is the initial loading
amount sampled into each trap; the second to fourth
columns show the desorption of the remaining
amounts recovered after passing three different vol-
umes (V, <V, <V,) through the trap at the temperature
indicated at the head of each line (desorption phase).
The fifth to seventh column (elution phase) show the
effluent flow content concentrated on the cold traps
following the desorption phase.

Fig. 2 shows the diagrams which plot the results
from this procedure.

There are three ways to calculate the elution
percentage: the first one is to express it as:

a—q
%E =100 ——
a
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Fig. 2. Determination of the percentage eluted peak (%E) at
different temperatures and elution volumes, plotted from calcula-
tions indicated in the indirect method (see Section 2.3.1 and Fig.
).
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Fig. 1. Bar chart of peak areas determined in some steps of the indirect method application at different temperatures and elution volumes for

an hypothetical three component mixture.



G. Bertoni, R. Tuppa | J. Chromatogr. A 767 (1997) 153-161 157

where %E =percentage of the a species eluted
through the trap, « is the original peak area (V=0)
and ¢, is the peak area of the remaining amount after
elution of a volume V,.

This procedure is not more accurate than any
external standard calculation and needs particular
care when determining temperature, pressure and
volume values.

The second way is to consider any compound
which has categorically not undergone any elution as
an “‘internal standard” (for example the y peak at
the 50°C trial) as follows:

100,y
ay,

%E =100 —

This procedure is more accurate and does not
require particular care in trap loading determination,
but cannot be applied to the temperature and volume
ranges where all the peaks start to be eluted;

The third accurate method of calculation is to
apply the formula:

100«
Pk = a, ta,
where, a, | is the peak area of the eluted amount of
a after elution of a volume V| and determined after
the adsorption of the eluted amount on the ‘“‘focusing
trap”’.

As aresult, alog V. vs. 1/T diagram similar to that
obtained with the usual gas chromatographic method
can be obtained.

The “V.” term in the log V, vs. 1/T diagram may
refer to any eluted peak percentage value that the
operator chooses to represent the BTV. Nevertheless
it must be taken into account that the slope of the
curves shown in Fig. 2 varies [6] in relationship to
the number of theoretical plates N (which is a
function of many parameters, like the carrier gas
linear velocity, packing length, temperature, amount
of analyte etc.). For this reason we found it conveni-
ent to use the 50% elution value in comparisons with
those values taken from the top of the GC peaks,
after comparing our BTV values with those obtained
with the classic GC method. This value, following
our experience and different theoretical evaluations
[6,7] is independent of the N parameter even if

Lovkvist and Jonsson [8] maintain the opposite,
whereby N <100.

2.3.2. Direct method (frontal elution)

Determining BTV by frontal elution usually re-
quires significant volumes of standard mixture, and
the most convenient way to provide them is to use a
certified cylinder. Of course any other source pro-
viding a constant concentration and the required
dilution levels may be employed.

A recent work [11] suggests sampling multiple
volumes from a gaseous standard mixture and to plot
the mass amounts of the adsorbed compounds
against the sampled volumes; there the BTV was
defined as the sampled volume corresponding to the
end of the linear part of the plotted curve. This
method exhibits the accuracy of an external standard
procedure as far as the experimental points are
concerned; moreover, the inflexion point only indi-
cates the BTV starting point, without any quantitative
evaluation.

In the method described below an additional
compound is added to the gaseous mixture sample in
order to act as an “‘internal standard’”. This com-
pound, which we call “‘reference term”, must have a
much higher BTV value than the other compounds.
In an homologous hydrocarbon series, for example, a
term having one more CH, group can be used in
addition to the sample compound with a greater
molecular mass. In fact, the retention volume in-
creases with the carbon number following an ex-
ponential law; thus a linear increase of the ‘‘refer-
ence term’’ area against the sampled volume can be
expected during the direct BTV determination of the
other sample compounds.

Before starting to determine the BTV, the mixture
must be carefully analysed to determine, for each
species, the ratio K, of the “reference term” area
(A.), to the area (A _.) of compound x. For this
purpose only a few sampling/analysis cycles (at least
three) are needed, by using small sample volumes.

The trap must be connected to the cylinder
through a flow regulator. The first step of the BTV
determination through frontal elution, consists in
passing through the sampling device a carefully
measured gas volume about two/three times higher
than the supposed BTV of the less volatile com-
ponent of the mixture. Analysis of the trap content
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after the sampling will show significant variations in
the relationship between the various peaks. The
percentage ratio between values lost in breakthrough
and sampled values can be obtained for each x
compound with the following formula:

1004 K,
A

r

% passed through = 100 —

For example, if the original ratio (K,) between the
reference term compound and the x species is 1, and
we then found: A =2000 and A =8000 after pass-
ing through a volume of 4 1, this means that after this
volume passed through, 75% of the entered species
had come out of the trap. This result does not imply
that the BTV begins at 1 1; in fact, the outcoming x
front is not a ‘‘square’” peak but a curve showing the
symmetrical sigmoid shape of the Gaussian dis-
tribution, which can be determined by means of
successive experiments carried out by decreasing
and/or increasing the passing-through volumes in the
trap. In the above example, if we are looking for the
initial BTV point, the next experiment should consist
of passing a 1 1 volume to determine a lower
percentage sample loss; small variations in succes-
sive experiments will refine the results.

In order to obtain a curve faithfully showing the
outcoming front, expressed as percentage ratio be-
tween the passing through concentration and the
entering one, a series of multiple volumes must be
employed. So the “%BTYV vs. passed volume™ curve
can be plotted by applying the formula:

100K,(A, —A, )
A, —A

Tn Th=1

%BTV =100 —

for each point. The plotted points thus obtained are
more accurate as smaller increases in volume, from
trial to trial, are passed through.

3. Results and discussion

Fig. 3 shows a log V, vs. 1/T series of diagrams
obtained by means of the indirect method (continu-
ous lines and points) with a six component mixture
obtained with the procedure described in Section 2.2.
Samples were obtained by aspirating 10 ml of the
gaseous standard in order to charge the trap with

about 1 pg of total organics. The dotted lines and
triangles of Fig. 3 refer to the values obtained with
the classic GC method by using a short U column
filled with 1.20 g of Carbotrap. In order to compare
the obtained results we used, as long as possible, the
same elution temperatures; in any case both the same
temperature intervals and number of plotted points
were taken into consideration.

In Table 1 regression analyses obtained with this
method are compared with those obtained by the
classic GC method. The values used refer to 300 mg
of adsorbent phase (Carbotrap in the example), thus
the extrapolated BTV values determined with the two
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Fig. 3. Comparison of the classic and the proposed indirect
methods for the determination of the 50% BTV value on 300 mg
Carbotrap filled traps. =proposed method. - - -=classic
method.




159

G. Bertoni, R. Tappa / J. Chromatogr. A 767 (1997) 153—-161

-denoqre)) jo 3w Q¢ Suleuoo sden ay) 0} paLRJY

050 97'0 182 6l I'vl £l v Lt ov! L01 L L89 (3w gog/senn) ALE
Lyl 68 9°T0¢ 8L 349 €99 1849 $'e0T 9'Tel 8681 605 989 qgseor
Sv061 T'eL6l SoLEE [41%4% 66£5T 961§T 8'6TST £Y9el 8T6LT 1'8492 1Tle §001¢ 0D x

8660 8660 7660 $86°0 6660 6660 9860 L£60 1660 0860 6660 0660 A

€00 LEOO ov00 8900 L100 6100 8900 180°0 6500 6,00 0700 6100 as £

LEGE— 00y - 8L09— 96— 9ISy — 65ty — 98'1- 1861 - 2302 SoI'y- €LY - 6ELY— 1daosawg €
pasodolg 2ISSRLD) pasodoid lsse) pasodolg J1sse) pasodoid Isse) pasodosg 1sse]) pasodoxd NSSRL)
apixo auajdyig m_uowm HD auojay T4y AR [OUBYIOAXOUION auszuag urxay-u

apeny POURK

spoyiaw Joaxpur pasodold pue o1sse[d 2 YUm paureIqo

soAIND 7/ sa (qu) A 80l 2y Jo sasA[eue UoIssAIZY

I 9IqeL



160 G. Bertoni, R. Tappa / J. Chromatogr. A 767 (1997) 153161

extrapolating methods coincide within standard de-
viations. The two methods may be considered equiv-
alent both in accuracy and in precision when tailing
of the out coming peaks is not severe and the same
range of temperatures is used. For tailed peaks the
accuracy of the described method is better than that
of the GC method, as can be observed on the
methoxyethanol graph. Furthermore, a lower stan-
dard deviation is also obtained with the proposed
method when the working temperatures approach
ambient temperature. This condition is more easily
met when small quantities of adsorbents are em-
ployed, as in the described method.

In Figs. 4-6, profiles of % BTV determined with
the direct method are shown. These curves were
obtained by desorbing the sample remaining after the
elution of discrete volumes of a standard mixture,
containing 50 pg/m’ of benzene, 150 pg/m’ of
toluene and 100 pwg/m’ of ethylbenzene (reference
peak), through a 300 mg Carbopack C trap (Fig. 4),

100+ O~ 0—27
./

80T £ Benzene /
> 60| ¢
: 40 Toluene

20+ °
0 A /l 1 1 1 !
0 2 4 6 8 10 12
Litres

Fig. 4. Determination of the % BTV with the proposed direct
method for a 300 mg Carbopack C trap.
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Fig. 5. Determination of the % BTV with the proposed direct
method for a 100 mg Tenax TA trap.
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Fig. 6. Determination of the % BTV with the proposed direct
method for a 300 mg Carbotrap trap.

a 100 mg Tenax TA trap (Fig. 5) and a 300 mg
Carbotrap trap (Fig. 6). A flow stream of 200 ml/
min was passed at ambient temperature (20°C) for a
series of multiple times. The %BTV curve of toluene
on Carbotrap was not completed because of the very
high volumes required and of the little interest in
determining any values above the 50% BTV.

It is worth noting that the 50% BTV value of
benzene on Carbotrap (120 1) agrees with the values
obtained from the indirect methods while the 50%
BTV value of toluene (350 1) is much lower than the
value determined with the indirect method (1500 1).
This fact indicates that self-deactivation and co-
adsorption effects play a role at any concentration
value. Nevertheless, this self-deactivation effect may
be considered negligible, with respect to the co-
adsorption, for species sampled at low concentration
levels. In fact the deactivation of the adsorbing bed
finally depends on the w/w adsorbate/adsorbent
ratio [5], where the term ‘‘adsorbate’’ must refer to
the whole amount of the species carried through,
which play a role similar to that of a liquid phase in
gas—liquid—solid chromatography [5,29]. For this
reason any extrapolated BTV value cannot be used as
a precise sampling limit [23] and for practical uses a
safety factor must be applied. BTV values deter-
mined by the direct method must be considered as
more suitable for field applications, particularly if
determined by using a mixture corresponding to real
concentrations and ratios; moreover, in this case, it is
advisable to apply a safety factor that takes into
account the variations in field conditions (concen-
tration, temperature, relative humidity, etc.).

In the case of Carbotrap, data show that surface
deactivation is significant even when the adsorbed
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amount is less than 0.1% (w/w) of the adsorbing
material. For this adsorbent the values obtained, with
an indirect method, approach the real sampling
capacity of a trap only for very diluted atmospheres
and when the determined specific volume (Vg) is
lower than 300 or 400 I; otherwise this parameter can
only be useful for comparing different adsorbents.
Moreover, it is natural to consider that values of
billions of litres, like those found for high-boiling
compounds such as n-C,, (V,> 10'° 1 on Carbotrap),
cannot be considered realistic in terms of sampling
capacity, unless we want to believe that 300 mg of
adsorbent are able to retain many grams of analyte.

4. Conclusions

The proposed methods constitute an inexpensive
and sometimes more accurate alternative to the
classic methods of BTV determination. They allow
easy determination of the BTV values of gaseous
mixtures by means of direct and indirect procedures.

These methods apply to any atmospheric con-
centration and mixing ratio and are particularly
suitable for working in the nmol/mol (ppb) range.
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