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The effect of concentration, for two compounds of very different polarity, on 
breakthrough volume (BTV), being the measure of sorptive capacity of the examined 
sorbent bed, has been examined for nine solid sorbents from the porous polymers 
group. The investigation have been carried out for two flow rates. The effect of 
granulation (particle size) of sorbent on its sorptive properties has been evaluated for 
one sorbent as an example. The investigations have been carried out by means of a 
special apparatus and standard gas mixtures prepared by the permeation method. A 
simple mathematical equation was employed for extrapolation of the results obtained 
to very low concentrations of the examined compounds. 

KEY WORDS: Solid sorbents, preconcentration of atmospheric pollutants sorption 
capacity of solids, breakthrough volumes (BTV), standard gaseous 
mixtures. 

I NTRO D U CTlO N 

The use of adsorption tube samplers for the collection and con- 
centration of trace volatile compounds in air, e.g. air pollutants, 
contaminants etc., for subsequent detection has been extensively 
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170 J. NAMIESNIK, L. TORRES AND J. MATHIEU 

reported and demonstrated.' ~ A requirement which is necessary for 
the collection technique to be quantitative is that the volume of 
sampled air does not exceed the safe sampling volume of an 
adsorbent for the particular compound being collected. This safe 
sampling volume, i.e., the adsorbate breakthrough volume (BTV), 
can be defined as the volume of air containing the adsorbate that 
may be sampled without the significant amount of adsorbate remain- 
ing uncollected. An adsorbate breakthrough volume has been defined 
as the sampled volume when a certain fraction f = C,/Ci. 100% of 
the inlet adsorbate concentration is detected in the outlet of the 
sampler.6 However, it is more realistic to define the adsorbate 
breakthrough volume (BTV)7 as the sample volume when a certain 
fraction of the total collected adsorbate has been allowed to pass 
through the sampler without collection. 

It is usually assumed that the breakthrough of the sorbent bed 
occurs when the concentration of a compound at the outlet of the 
trap (C,) reaches 50%,18 5%I2-l4 or 1%15*16 of the 
concentration at the inlet (C i )  or, alternatively, when C ,  reaches the 
detection limit for a detector employed.6, l7  - 2 0  Typically2' only - 2% of the compound vapor (adsorbate) has penetrated the sorbent 
trap at the 10% of breakthrough. 

The investigations aiming of determination of BTV are usually 
comparative c h a r a ~ t e r , ~ ~ ~ , ~ ~ , ~ ~  -24  hence it is advisable to express 
BTV in the units of volume of gas sampled per unit mass of the 
investigated sorbent. 

As expected, the amount of gas and/or vapor sorbed depends on 
the physical and chemical nature of both the sorbent and sorbate. 
Unfortunately, no one physical characteristic of the contaminant, or 
the sorbent has been identified that consistently correlates with 
adsorption capacity and service life. Thus a dilemma exists, a 
situation where numerous unknown factors can determine the 
amount of a particular sorbent needed. Some factors known to be 
important include:25 

-rate of flow and flow type (steady state vs cyclic or pulsating, 

-relative humidity of air and water content of sorbent; 
-concentration of contaminant; 
- temperature; 

laminar vs turbulent); 
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SORPTION CAPACITY OF SOLIDS 171 

- physical-chemical properties of the sorbent (surface area, porosity, 

-size of granules and relationship to surface area; 
-activity of sorbent; 
-capacity of sorbent; 
-physical and chemical properties of the gases and vapors (pola- 

rizability, dipole moment, quadrupole moment, boiling point, etc.); 
-the presence of a number of compounds undergoing adsorption in 

a competitive manner (coadsorption); 
- desorption characteristics; 
-void fraction. 

surface characteristics); 

G EN ERAL CO NSI D ERATlO N S 

It follows from a recent review26 that in order to determine the effect 
of the above discussed parameters on sorptive capacity of the 
sorbent bed (the measure of it being the breakthrough volume-BTV 
or corresponding to it breakthrough time-BTT) it is necessary to 
employ the so-called direct method of determination of BTV. In this 
case a stream of gas containing a known concentration of a 
compound or compounds is passed through a tube packed with 
known amount of a sorbent. The compound is then detected in the 
effluent from the sorbent trap directly by a FID, FPD, ECD and 
PID or indirectly by an IR detector (after catalytic oxidation of the 
compound to the C0,).5,  6, 1 2 , 1 3 , 1 5 , 1 7  -”, ” 3 2  The effect of some of 
the mentioned parameters on sorptive capacity (BTV) has been 
discussed in a few  paper^.^,'^,'^,^^ For this type of model investi- 
gation it is necessary to use suitable standard gas mixtures which can 
be purchased or self-prepared. Many general reviews34 ~ 3 6  have 
appeared in the literature dealing with the preparation and use of 
calibration standards, hence there is no need to discuss this subject 
comprehensively. It is only worthwhile to state that the permeation 
method is particularly suitable for model investigations of the 
adsorption efficiency of a sorbent bed. Application of this method 
enables generation of a broad range of concentrations of the 
measured component as well as generation of multicomponent 
mixtures. 

In the course of the present research, mainly the effect of the 
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172 J. NAMIESNIK, L. TORRES AND J. MATHIEU 

concentration of two volatile organic compounds of different polarity 
such as acetone and n-hexane on BTV of 9 solid sorbents from the 
porous polymers group (Tenax-GC, Chromosorbs and Porapaks) 
has been determined. 

EXPERIMENTAL 

Apparatus 

The investigations were carried out by means of an apparatus for 
examination of sorptive capacity of solids described previously.28 It 
consists of three basic elements: 

- generator of standard gaseous mixtures based on the phenomenon 
of permeation of a measured component through permeable 
membrane made of PTFE (Teflon). The generator consists of two- 
part tightly closed brass housing with a thermostating jacket fed 
with water from a thermostat. Inside the generator, the perme- 
ation tubes are placed, construction and sealing of which are 
p r e ~ e n t e d ~ ~ . ~ ~  in Figure 1 or permeation devices described 
p r e v i o ~ s l y . ~ ~ , ~ ~  It follows from literature data36.40 that the 
change in temperature of the PTFE by 1°C results in variation of 
the permeation rate by ca. 10%. Hence, in order to prepare the 
mixtures with the accuracy of 1%, excluding other sources of 
errors, stabilization of temperature to k 0.1"C is necessary. Placing 
in the generator variable number of permeation tubes or devices 
the concentration of the measured component can be easily varied. 

A 
I 

B 2 

FIGURE 1 Construction and sealing of permeation tubes. (A) I-PTFE tube; 2- 
stainless steel ball. (B) 1--$TFE tube; 2-PTFE plug; 3-front ferrule; &back 
ferrule. 
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SORPTION CAPACITY OF SOLIDS 173 

It is also evident that changing permeation through the change of 
membrane surface area and membrane thickness or generator tem- 
perature a broad concentration range of the measured component 
in the diluting gas can be obtained. The stabilization period 
(Tm), i.e., time necessary to attain a constant permeation rate is 
determined as described earlier4' whereas the permeation rate is 
determined directly by measuring the loss in weight of the per- 
meation tube or permeation device in appropriate time intervals; 

- adsorption trap of a controlled and regulated temperature; 
- flame-ionization detector with a recorder. 

Reagents 

Porous polymers used for preconcentration of vapors of volatile 
organic compounds from a stream of gases were obtained as follows: 
Tenax-GC (8CrlOO mesh)-Alltech Assoc. Inc., USA; Chromo- 
sorb 101, Chromosorb 103, Chromosorb 105, Chromosorb 107 (8G 
100 mesh)-Johns-Manville, USA; Porapak R (SCrlOO mesh)- 
Alltech Assoc. Inc., USA; PorapaksN (50-80 mesh), (8CL100 mesh) 
and (100-120 mesh), Porapaks Q and T (80-100 mesh)-Waters 
Assoc. Inc., USA. The method of packing and preparation of a 
sorbent trap was described Volatile organic com- 
pounds such as acetone and n-hexane used for filling the permeation 
tubes and permeation devices were of Analytical Reagent grade. 

Investigations of the effect of concentration of a 
preconcentrated compound on breakthrough volume 

A stream of nitrogen of known flow rate passed, after purification, 
through a standard gaseous mixtures and subsequent- 
ly through a sorbent bed placed in a trap of special designzo2'* and 
thermostated at 25kO.I"C and through a gas splitter. A stream of 
gas of 50cm3/min rate was directed continuously to a flame- 
ionization detector. Sorbent traps were filled with ca. 1.Og of the 
studied sorbent which was previously preconditioned.'* All the 
investigated sorbents were of 8&100 mesh granulation. The break- 
through was detected by the observation of change in the base-line on 
a recorder tracing. The breakthrough volumes (BTV in dm3/g) were 
determined according to NIOSHI3 recommendations to occur when 
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174 J. NAMIESNIK, L. TORRES AND J. MATHIEU 

concentration of the studied component at the outlet from sorbent 
trap (C,) reaches 5% of the concentration at the inlet (Ci). Sorbent 
trap was subsequently heated to 160°C and the concentrated com- 
pound was desorbed. After quantitative desorption (base-line on a 
recorder tracing should reach the same level as before the con- 
centration step) and equilibration at “ambient” temperature (25 
f O.l°C) two additional measurements were carried out for the same 
conditions (kind of compound concentrated, its concentration and 
gas flow rate). The obtained three parallel BTV values formed the 
basis for calculation of average value. The BTV values for 7 various 
concentrations of acetone (21.2, 42.5, 59.1, 74.7, 131.7, 141.8 and 
203.3 ppm v/v) for the flow rate equal to 50cm3/min and for 7 
concentrations of acetone (10.6, 21.3, 29.6, 37.4, 65.9, 70.9 and 
101.6 ppm v/v) for the flow rate equal to 100 cm3/min were deter- 
mined in this manner. The 5G100cm3/min flow rate range is very 
often used during preconcentration of various organic compounds 
from atmosphere.26 Similar investigations were carried out for n- 
hexane. Breakthrough volumes for 8 various concentrations (1 3.4, 
22.3, 45.1, 83.6, 102.0, 141.1, 302.0 and 494.9 ppm v/v) for 50 cm3/min 
flow rate and for the concentrations equal to 6.7, 11.1, 22.6, 41.8, 
51.0, 70.6, 151.0 and 247.4 ppm v/v for 100 cm3/min flow rate were 
determined. 

Investigation of the effect of sorbent granulation 
on BTV 

The investigations were carried out for PorapakN of three various 
granulations (5&80, 8G100 and 100-120 mesh) for the case of 
preconcentration of n-hexane of various concentrations (1 3.4, 22.3, 
45.1, 83.6, 102.0, 141.1, 302.0 and 494.9 ppm v/v) from the gas stream 
of 50cm3/min flow rate. The procedure was identical to the one 
described above. 

RESULTS AND DISCUSSION 

In the course of model investigations, the results of which are 
presented in this paper, standard gaseous mixtures generated by the 
permeation method were employed. The advantages of the method, 
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SORPTION CAPACITY OF SOLIDS 175 

which has gained ever-growing application, need not to be pointed 
out. Both classical permeation tubes made of Teflon and permeation 
devices with Teflon membranes described in our previous papers 
were used for the generation of gaseous mixtures. Common ad- 
vantage of the employed designs was an ease of change of con- 
centration of the measured component at a given flow rate of gas 
through the change of temperature of the gaseous mixtures gen- 
erator. Figure 2 shows an example of a tracing for the recorder 
obtained during investigations aiming for the determination of 
stabilization time” (T,) after temperature change of the generator 
containing permeation devices previously described.”, 39 For the 
temperature range 20-50°C stabilization time reaches several hours. 

After a lapse of time called stabilization time from the moment of 
temperature change of a generator a new, constant concentration of 
the measured component in the generated mixture is reached for a 
very long period of time, since the life-time of the employed 

s4 

Sl 

I s  t ( T I  
3 
r 

t i m e  * 

t l  

FIGURE 2 Typical experimental recorder output showing stabilization time after a 
change in standard mixtures generator temperature. 1,2,3-a moment of temperature 
change; T,---stabilization time. 
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70  

60 

5 0  

LO 

30  

2 0  

10 

FIGURE 4 The effect of concentration of preconcentrated compound (n-hexane) on 
breakthrough volumes of various sorbents from porous polymers group. Flow rate: 
50 cm3/min. I-Tenax-GC; 2-Chromosorb 101; 3-Chromosorb 103; 4- 
Chromosorb 105; 5-Chromosorb 107; 6-Porapak N; 7-Porapak R; 8-Porapak Q; 
9-Porapak T. 

These compounds differ very much in solvent strength polarity, 
which is equal to 0.01 and 0.56 for n-hexane and acetone, respec- 
tively (according to the table published in a catalogue of Alltech 
Assoc. I ~ c . ~ ~ ) .  Besides, acetone often serves as an exemplary, volatile 
organic compound in model investigations of the effect of various 
parameters on breakthrough v o l ~ m e . ~ , ~ ~  In case of acetone, the 
examined sorbents can be divided into three groups (Figure 3): 

- sorbents of relatively low BTV (Tenax-GC, Chromosorb 101, 
Chromosorb 103); 
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178 J. NAMIESNIK, L. TORRES AND J. MATHIEU 

- sorbents of intermediate BTV (Chromosorb 105, Porapaks R, Q 
and T). For both these groups the dependence of BTV value on 
concentration is relatively small; 

- sorbents of relatively high BTV (Chromosorb 107 and 
Porapak N). In this case the concentration of acetone influences 
significantly the BTV values. For all the investigated sorbents at 
the flow rate of 50cm3/min and at the acetone concentration 
higher than 75 ppm v/v the BTV values practically do not depend 
on concentration, while at 100cm3/min the BTV values are 
practically independent on acetone concentration starting from 
concentrations on the order of 40-50ppm v/v. Some of the 
examined sorbents were previously employed6 for much broader 
concentrations range. It can be emphasized that for the same 
concentration level they are arranged in the same order as far as 
BTV values are concerned. 

In the case of preconcentration of standard mixtures containing 
n-hexane the investigated sorbents can be divided into two groups 
(Figure 4): 

- sorbents of relatively low BTV values (Tenax-GC, Chromo- 
sorbs 101 and 103, Porapak T); 

- sorbents of relatively high breakthrough volume (Chromosorb 105 
and 107, PorapaksN, R and Q). In comparison with the course of 
the BTV = f(C) curves for standard mixtures containing acetone, 
the effect of n-hexane concentration on BTV values is much more 
pronounced. For 50cm3/min flow rate the BTV values are 
practically independent on n-hexane concentration starting from 
120-130 ppm v/v. For the second applied flow rate (100 cm3/min) 
the BTV values are practically independent on n-hexane con- 
centration starting from 8G90 ppm v/v. 

In practice, the concentrations of the preconcentrated organic 
compounds are usually considerably lower (ppb, fractions of ppm) 
than the concentrations used in model investigations. The primary 
limitations are in this case the difficulties in generation of mixtures 
of very low concentration of the measured component, despite the 
existence of a wide variety of methods and techniques36 and the 
detection limit of the detectors employed. The application of a direct 
method of BTV determination is sensible only when the con- 
centration of a measured component of standard mixture is higher 
than the detection limit of a detector employed. Because of this, the 
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SORPTION CAPACITY OF SOLIDS 179 

possibility of relating the results of evaluation of sorptive capacity 
carried out at the relatively high concentrations to the situation 
when the concentration of this compound is much smaller is of high 
interest. An equation presenting the dependence of BTV on con- 
centration giving the possibility of extrapolation can be employed for 
this purpose. It has the following 

BTV= -KlogC+B ( 1) 

where: K and B are constants. 
All the group of results of BTV determination that formed the 

basis for plotting the curves depicted in Figures 3 and 4 were 
extrapolated to the concentration of the measured component equal 
to 1.0ppm v/v which is close to realistic conditions. The BTV,.,,,, 
values obtained in this manner, as well as the constants from Eq. (1) 
and the correlation coefficients (r)  are listed in Table 1: 

In the second part of the presented research, the effect of sorbent 
granulation on breakthrough volume has been evaluated. The ob- 
tained results are presented in the form of BTV=f(C) relationship 
in Figure 5. Due to too large spread of particle sizes of the particular 

0- 0 1 
x-x 2 

7 0  0 - .  3 

I I I I I I I I I I I w 

5 0  100 150 2 50 350 L5O 50' c (ppm v/v) 

FIGURE 5 The effect of granulation of a sorbent. PorapakN on breakthrough 
volumes of the preconcentrated compound (n-hexane). Flow rate: 50 cm3/min. 1- 
5&80 mesh; 2--8&100 mesh; 3-100-120 mesh. 
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types of a commercial sorbent PorapakN (50-80, 8&100, 100-120 
mesh) and unknown percent fraction of the particular granulations, 
plotting of the relationship BTV=f(mesh) for a given, constant 
concentration of a preconcentrated compound (n-hexane) was impos- 
sible. Only comparison of the course of curves BTV=f(C) for three 
ranges of particle sizes was possible; this is illustrated in Figure 5. It 
can be stated that the smaller the particle size of a sorbent, the 
higher the BTV. This seems quite obvious, because maintaining 
constant geometrical parameters of the sorbent bed in a sorbent 
trap, the decrease in grains diameter results in better packing, hence 
in the decrease of void volume and lengthening the way of precon- 
centrated compound molecules in the sorbent bed which results in 
an increase of probability of adsorption. 

FINAL REMARKS 

The problem of selection of an optimum sorbent for precon- 
centration of organic air pollutants is gaining an ever-growing 
importance. In addition to “classical” sorbents such as charcoal, 
silica gel and alumina more and more new sorbents, mainly from the 
porous polymers group, are being used for the purpose. Through a 
judicious selection of a suitable sorbent not only a high enrichment 
factor but also a relatively high degree of selectivity, already at the 
preconcentration step, can be obtained. With this ever-growing 
number of sorbents, the problem of their proper arrangement with 
respect to sorptive capacity (breakthrough volume-BTV) towards 
various types of organic compounds present in the investigated 
atmosphere is gaining importance. Hence, comparative model inves- 
tigations are necessary before the selected sorbent is used for 
preconcentration of definite atmospheric components in situ. 
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