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CHAPTER 1 

GENERAL INTRODUCTION 

In analyttcal chem1stry gas chromatography has become one of the 
most widely used techntques for the 1dent1ftcatton and quantttat1ve 
analysis of volattle organ1c compounds. It has been 1mplemented in 
nearly all laboratartes dealtng with the analysts of food and 
beverages, envtronmental samples, chem1cals, medtcal and btolog1cal 
samp 1 es, p 1 astt es, gases, sotl , etc. 

In the past years the samples to be analyzed have become 
tncreastngly complex, the sample through-put has grown enormously and 
the determtnatton of trace concentrations ts demanded. Because of tts 
high efficiency and high separation rate, captllary gas chromato
graphy ts the preferable method. Capillary columns are compatible 
wtth mass speetrometry for the identtf1catton of unknown constttuents 
and very senstttve and selective detectlon systems are also 
ava1lable. These qual1ttes have made captllary gas chromatography an 
tnvaluable analyttcal techntque. In the contemporary practtce of gas 
chromatography packed columns are replaced more and more by capll
lartes, and tn the modern laboratory packed columns are merely used 
for very spectftc types of analyses. 

Most of the fundamentals of thermodynam1cs and peak ·dtspersfon 
models in chromatography were worked out twenty to thtrty years ago. 
Nowadays most work is dtrected to the development of analyttcal 
methods and 1nstrumentatton and thetr appltcatton in practice. 
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The introduetion of fused sllica as the column material [1] 

caused a breakthrough for the large scale application of capillary 
columns. A wide variety of column lengths and inner diameters is now 
available. Moreover, numerous stationary phases of different polarity 
have been synthesized, whlch allows .tuning of the selectivity to the 
separation, eventually in a multi-column system. The analysis of very 
volatile compounds or even permanent gases on capillary columns is 
now feasible using Hall Coated Open Tubular <HCOT> columns with thick 
films of immobilized stationary phases [2], or Porous Layer Open 
Tubular <PLOT> columns coated with hlghly active solld adsorbents [3]. 

For many years split or splltless lnjectlons were the only 
sample introduetion techniques feasible for capillary columns. By the 
Introduetion of the coldon-column injector, the advantageous direct 
injection technlque for packed columns could finally be emptoyed for 
capi11ary columns as well [4,5]. A temperature programmabie , 
spl i-tlsplltle,ss Injector (PTV) has been designed [6, 7], allowing the 
injection of compounds coverlog a wide volatllity range wlth little 
or no dlscrimi.nation. A powerful method to produce nar,row input.bands 
in combination with the introduetion of large sample volumes is 
cryogenlc ,focustng (cold-trapping). followed by flash desorp.tion. Many 
applications and important new developments of this technique can be 
expected in the next few years. 

The flame lonlzation detector Is stiJl the most wldely used 
detector in GC, and ex.cept for the analysis of lnorganlc gases, lt 
has nearly completely replaced the more dgid and less sensltive 
thermal conductivity detector. Several selectlve detectors are used 
In gas chromatography of which the electron capture detector is most . 
frequently applled, especlally in environmental analysh [8]. A 
crltical evaluation of the. detector performance has resulted in a 
reduction of .. the cell volume of concentratlon sensltive detectors 
[91. It Is surprlslng to see that new developments in detector 
technology were rare for several years and only very recently new GC 
detection systems w!re reported, principally based on spectroscopy 
[10, 11]. Mass spectrometr1c prlnclples were ut1llzed in desk top mass 
selective detectors and ion trap detectors [12]. 

Data handllng has foliowed the tumultuous developments In 
micro-electronles and computer sclence of the past few years. Many 
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data systems are obtatnable, ranging from simple stand alone 
integrators up to lab tnformation management systems. The multitude 
and complexity of produced data and the desire to abstract more 
information from it as well as the need to optimize analysis 
scenarios has led to the increasing interest of chemometrics in 
analytical chemistry [13]. 

Despite the tremendoos improvements of the gas chromatographic 
equipment, the analytical problems cannot be solved without the 
application of sample pre-treatment techniques. Samples to be 
analyzed are generally not suitable for the direct introduetion into 
a GC system. The compounds of interest are present in a matrix 
tncompatible with gas chromatography <e.g. soil, waste water, tissue> 
or their concentrattons are far below the detection limit of the 
chromatographic system. In this respect tt is important to apprehend 
that in environmental legtslatton, forensic analysts, medical science 
and qualtty control of foodstuffs, the concentrations that have to be 
determtned are decreasing ever more. At present the reliable analysis 
of even ppt1) concentrations of the individual compounds is 
requested. In these cases, where direct analysis of the sample is not 
possible or extremely low concentrations have to be determined, 
matrix tsolation and sample enrichment techniques have to be applied. 

Numerous methods of sample pre-treatment have been reported in 
ltterature, and roughly the following principles can be 
dtstinguished: liquid extraction, distillation, pre-column sampling, 
headspace sampling, cryogentc sampling, freeze drying and solvent 
evaporation. Only a few techniques are applicable for the reltable 
analysis of solute concentrations down to the ppt-level. One of the 
objecttves of this thesis is to develop, .evaluate and optimize such 
methods for the quantitative analysis of trace concentrations of 
organic compounds in air and water. 

It is evident that the selection of the sample pre-treatment 
technique is determtned by the sample type, the nature of the 
solutes, the required enrtchment factor, ease of operatton, process 

1. 1 ppt. 1:1012 . 
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time and instrument cost, but also by the demands on analytlcal 
accuracy and precislon. As trace analysis Is very sensitive to 
contamlnation and losses, the proper precautions should be taken in 
order to eliminate these sourees of experimental error. 

Besides the employment of sample enrichment techniques, lt was 
found that optimlzatlon of the chromatographic system ltself may 
benefit the analysis of trace concentrations as well. Not only by a 
proper selection of tht~ detector or lnjection technique, but also a 
careful selection of the column parameter.s W·i 11 have a considerable 
effect on the detectability. 

The influence of the chromatographic characteristics on the 
detection limits is extensively discussed In Chapter 2 of this 
thesis. The minimum solute amount that can still be anal~zed with 
sufficient accuracy is determined by the noise and sensitlvlty of the 
detector and by the solute peak width. The peak width, and so the 
miQimum detectable amount <Q

0
>, is a functlon of the column inner 

diameter, the p 1 a te number, the capacity ratio and the i njection band 
width. It is of more pracHcal interest, however, to consider the 
minimum detectable analyte contentration in the sample <C

0
>. This 

concentration is related to the minimum detectable amount via the 
injection volume, whose maximum allowable value is also determined by 
the chromatographic parameters mentioned above, and so a complex 
relationshlp results. Even more complications arise when mass flow 
sensitive and concentratien sensltlve detectors have to be 
distingulshed, as well as large and small values of the column in
and out.let pressure ratlos. 

A theoretical treatment is presentedon the influence of several 
column characterlstics 1ik.e inner diameter, stationary phase film 
thick.ness and input band width on the mintmum detectable amount and 
the minimum analyte concentration. Expresslons for Q

0 
and C0 are 

der1ved at the optimum carrier gas velocity and fora fixed demand on 
peak. resolution. 

In the second part of this thesis analytical methods are 
presented for the determination of trace.concentrations in gases and 
liquids. 
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The quantitative analysis of volatile halocarbons in strato
spherlc air by capillary GC and EC detectlon is presented 1n Chapter 
3. Until now these analyzes were excluslvely performed on packed 
column systems. By the introduetion of thick film capillary columns 
and caplllary columns coated with a layer of a suitable porous 
sorbent, these volatile compounds can now also be analyzed by 
capillary GC. After enrichment on a packed pre-column foliowed by 
thermal desorption, on-column cold-trapping is applied to provide the 
required narrow input band width. The performance of several types of 
capillary columns is studled and a compromise is suggested between 
column inner diameter, film thlckness, stationary phase and oven 
temperature. The callbration of the electron capture detector is 
based on the use of permeation tubes in combination with addit1ona11y 
determined response factors. 

Two methods for the isolation and enrichment of organic com
pounds in aqueous samples are g1ven in Chapters 4 and 5. Volat11e, 
non-polar solutes can be collected by dynamlc headspace sampling and 
consecutive enrichment in a cold-trap. In order to avoid blocking of 
the cold-trap by lee formation, several methods for the selective 
removal of water vapour from the purge gas are applled and evaluated. 
Recovery studies are performed and the 1nfluence of various process 
parameters is studled. The experimental results are compared to the 
pred1ct1ons followlng from suggested theoretical models for the purge 
process and for ice deposition lnside the cold-trap. 

For the introduetion of large liquid sample volumes onto captl
lary GC columns <Chapter S>, the principle of cold-trapplng is 
applied too. The des1gned equipment can be used as an interface for 
the on-line combination of HPLC and capillary GC, where llquid 
chromatography can be applled for pre-contentration as well as 
pre-separation of the sample. The qualitative and quantitative 
performance of this interface is investigated by studying the 
influence of several experimental parameters on the peak shape and 
the peak area. 
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CHAPTER 2 1
'
2 

THE RELATIONSHIPS BETWEEN 

COLUMN CHARACTERISTICS 

AND DETECTABILITY 

2.1. INTRODUCTION 

Expresslons lor the minimum detectable amount and the 

minimum analyte concentratfon as Junctions of the 

chromatographic parameters are derived. They show a 

large in/luence of the column inner diameter, the 

in,lection band width and the stationary phase /Um 

thickness on the detection limits of a column/detector 

system. 

Since the introduetion of gas-ltqu1d chromatography by James and 
Martin 1n 1952 [1]. column technology has constituted a major field 
of actton tn gas chromatographic research. In the past decade 
tremendous progress has been made in improving the quality and 
applicabil1ty of fused sil i ca capi llary gas chromatograph\c columns 
up to their present day performance (2-4]. Important new deve1opments 
1nc1ude the introduetion of narrow bore as well as very wide bore 
HCOT columns <t.d.<lOO pm [5-8] resp. l.d.>500 pm [9-121> and the 

1 T. No1j, J. Curvers and c. Cramers. J. KRC & c. 9 <1986> 752. 
2 T. No1j and C.A. Cramers. Proc. 8th Int. Symp. on cap. Chrom •• Riva 
del Garda, May 1987, p. 1248. Accepted for pub11cat1on In J. HRC & cc. 
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preparatien of capillary columns with stable, very thick. f11ms of 
stationary phases <up to 10 pm [13-171>. 

It can be derive~. from the Golay-Giddings equation, that the 
speed of analysis and the separation efficiency are both favoured by 
decreasing the column inner diameter [181. An example of an ultra 
fast analysis was first presented by Desty and co-workers, who 
separated several organic compounds within a few seconds on a 35 pm 

inner diameter column of 120 cm length [19]. Contrarily, Schutjes 
presented a highly efficient gas chromatographic separation by 
analyzing a natural gas condensate using 95 m lengthof a 65 ~m 
i.d. capillary column, having a theoretical plate number of 106 

[201. An analysls time of nearly six hours was required. 
The increas~d plate number per unit of column length results in 

extremely narrow peaks: peak. widths of 0.2-1 second are common for 
50 ~m i.d. capillary columns of· 5-10 m length. Consequently, narrow 
bore capillary ·ac.mak.es high demands on the injection technique, the 
detector electronics·and the data acqulsit!on sampling rate. Besides 
efficiency and analysis time; the minimum amount that can still be 
detected <Q

0
> is favoured as well, s1nce narrow peak.s result in a 

better signal-to-noise ratio. However, the sample volume Vinj that 
can be injected onto narrow bore columns is much smaller. The minimum 
analyte concentration in the sample, C

0
, is deflned by: 

Qo c --
0 - vinj 

(2.1) 

The influence of the column inner diameter on C
0 

is emphasized in 
thi s chapter. 

Capillary columns with th1ck films of stationary phases are 
advantageously used for the analysi s of volatile compounds as the 
solute capacity ratlos are lncreased without the need of sub-ambient 
oven temperatures. Moreover, large film thlcknesses allow the 
introduetion of larger sample volumes, thus decreasing C

0
. On the 

other hand the separatlon efficiency ts reduced due to a larger 
minimum plat~ hetght [181 elevatlng Q

0
, and thi s counterbalance~ 
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the beneficial effects of the increased injection volume. 
Recently, comparative studies on the performance of capillary 

columns having varlous diameters and film thicknesses have been 
publtshed by Ettre and co-workers [21-23]. 

Apparently, the detectlon limitsof a chromatographtc system are 
influenced by the column inner diameter as well as by the stattonary 
phase film thickness. Misonderstanding and defectiveness of the 
theoretica! aspectsof narrow bore and thick film columns has led to 
erroneous conclusions concerning the detectability of trace compounds. 

In this chapter a theoretica! treatment is presented on the 
relationships between column characteristics, chromatographic 
parameters and detectability, for both mass flow sensitive and 
concentratton sensitive detectors. 

The validity of the theory is evaluated experimentally for thin 
film columns. 

2.2. DEfECTION liMITS IN GAS CHROMATOGRAPHY 

In chromatography much confusion extsts about the expresslons 
used to define detector characterfstics. Although several recommen
dations are found in the ltterature [24-26], nogenerally accepted 
nomenclature exists. Throughout thts thesis the nomenclature proposed 
by Sevcik is adopted [27], although different symbols are used. For 
reasons of convenience some of the detector parameters are re-deftned 
below. 

When the detector is operated within lts linear dynamtc range, 
the detector senslttvity, S, for a mass flow sensitive respectively a 
concentratlon sensitive detector, provlded a Gaussfan shaped elution 
profile wlth a standard deviatlon, at, is glven by: 

R 
Sm~'ll'~x • ~'v Q at 

j 
(2.2) 

(2.3) 
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where Qj is the injected amount, Rmax is the peak height and Fd 
Is the detector gas flow rate. 

The minimum detectable amount, i.e. the lowest quantity of a 
solute that can be detected using a glven column/detector system, 
follows from eq. (2.2) and (2.3>: 

(2.4) 

(2.5) 

The ratio Rn/S is a detector characteristlc Independent of the 
GC column, whereas at is exclusively determlned by the chromato
graphi c parameters .. 

Solute amounts less than Q
0 

wlll glve a slgnal that cannot be 
distlnguished from detector nolse wlth sufflclent reliability. The 
factor of 4 is arbitrarily selected and is determined by the demands 
on the analytica! preelsion [28]. The detector noise Is often taken 
as the envelope around the peak-to-valley fluctuations of the blank 
detector signal <Npv> or, statlstically better defined, as the 
standard devlation of the blank detector slgnal <Nrms• the root
mean-.square of the noise slgnal>. If the noise 1s sufflciently random 
and normally distributed <Gaussian), they are interrelated by [26]: 

(2.6) 

In this thesis the detector response to noise <Rn> is the envelope 
around the positlve baseline fluctuatlons, i.e. 

(2. 7) 

A survey of several GC detectors and thelr maln characteristics 
basedon llterature data (27,29J Is presented in Table 2.1. 
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Table 2.1 
GC Detectors. 
TCD= Thermal Conductivity Detector; FID= Flame lontzation Detector; 
ECD= Electron Capture Detector; TID= Thermtonic Ionization Detector; 
FPD= Flame Photometric Detector; PID= Photo lontzation Detector. 

Det. Type1> s Rn Q 2) 
0 

LDR3> r4> 

TCD c 104 Vml/g 10-5 V 10-9 g 104 ~ 1 

FID m 10-2 As/g 10-14 A 10-12 g 106 - 1 
ECD (C) 1015 Hz ml/ga> 10 Hz 10-14 ga> 104 107 

TID m 10 As/gb> 10-12 A 10-13 gb) 104 104 

FPD m 102 As/ge> 10-11 A 10-13 ge> 104 105 

PID c Aml/gd> 10-13 A 10-13 gd) 107 1-100 

1. mass flow sensitive <m> or contentration sensitive (C} 

2. for at= 0.4s and Fd= 60 ml/min 
3. linear dynamic range 
4. selecttvity re1ative to n-hydrocarbons 
a. for aldrin in the constant current mode of operation 
b. narogen mode 
c. phosphorous mode 
d. for benzene 

The solute contentration in the sample related to Q
0 

\s called 
the minimum analyte contentration [30]. C

0
• and is given in 

eq. <2.1). Both the minimum detectable amount and the maximum sample 
volume. Vinj• are determined by the column parameters. and so C

0 
is no longer proportiona1 to Q

0
• Solute concentrations as low as 

C
0 

can be determined by the given chromatographic system. For the 
analysis of actual solute concentrations below c

0
• sample 

pre-concentratfon techniques have to be applied. 

2.3. BASIC RELATIONSHIPS AND DEFINITIONS 

In the theoretical concept presented here. tt is assumed that 
the chromatographfc process is performed \sothermally at the optimum 
carrier gas veloc1ty. By differentfation of the Golay-Gtdd\ngs plate 
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height equation: 

(2.8) 

Cramers and co-werkers derived expresslons for the optimum carrier 
gas velocity and the corresponding minimum plate height [181: 

(2.9) 

In these equations 8
0

, cm,o and C
5 

are the parameters 
describlog the longitudinal diffusion and the resistances to mass 
transfer in the mobile and stationary phase respectively: 

(2. ll) 

(2. 12) 

(2.13) 

with k the solute capacity ratio, de the,column inner diameter, 
df the stationary phase film thickness and om,o and 0

5 
the 

solute diffusion constants in the mobile respectively stationary 
phase. Furthermore, f 1 and f2 are the column pressure drop 
correction factors after Giddings et al. [31] and James ~nd Martin 
[ 1]: 

(2. 14) 

(2. 15) 
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where P is the ratio of the column in- and outlet pressure. 
The dependences of f 1 resp. f 2 on the carrier gas velocity are 
described by y1 and y2: 

(2.16) 

(2.17) 

It can be deduced that at P=1.93 the ratio y1Jf1 has a maximum 
va1ue of 0.048 and consequent1y y1 can be neg1ected in the 
equations (2.9> and <2.10). 

If the ratio of the pressure corrected Cs and cm,o terms is 
defined by a factor "a", i.e. 

Cs f2 
a=---

cm,o f1 
(2. 18) 

the equations (2.9> and (2.10) can be rearranged to give: 

(2.19) 

1 1 
1 l+za+zaY 

Hmln = 2 fl de IF<k> Ji+ay (2.20) 

where y 1nc1udes the carrier gas velocity dependenee of f 2: 

(2.21) 

It fo11ows that: 

(2.22) 

while 
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F<k> 

and 

2 1+6k+ llk 
3<l+k> 2 (2.23) 

(2.24) 

The ratio "a" describes the influence of the stationary phase 
film thickness on the plate height, relative to the Cm,o term. It 
depends quadratic on the film thickness and is neglig1bly small for 
thin film columns (e.g. a<0.05), whereas it should be accounted for 
when thick film columns are used <e.g. a>0.30). 

F<k> and "a" as a function of the capaclty ratio are shown in 
Figure 2.1 and y and "a" versus the column pressure ratio in 
Figure 2.2. 

1.0 

F(k) 

0.5 

0 
k 

10 0 1~----~5----~P~~,o~ 

Figure 2.1. 
Representation of F<k> and a<k> as a function of the capacity ratio; 
a<k>= 64k/(1+6k+llk2). 

Figure 2.2. 
Plot of y and a<P> as a function of the column pressure ratio; 
a<P>= f2/f1. 

If lt is assumed that the width of the input band, oi, is 
the only souree of extra-column peak broadening, then according to 
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the rule of additivity of variances: 

(2.25) 

where ot is the overall peak width and oe is the band width 
of the ehromatographic proeess. Hhen, as illustrated by Figure 2.3, 

(2.26) 

then 

(2.27} 

and so the actual total plate number, Nt, and the column plate 
number, Ne, are related by: 

column inlet column outlet 

Figure 2.3. 
Schematic representation of the relationship between ot, oe 
and o1. 
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In the practlce of chromatography the theoretical Hmin value 
will seldomly be attalned. By the introduetion of a "Column 
Efficiency Factor" <CE> all additlonal peak broadening processes 
except sample injection are accounted for. Thus the actual total 
plate number is related to the theoretical maximum plate number. 

Nmax' by: 

{2.29) 

2.4. EXPRESSlONS FOR tR. Q
0 

and C
0 

2~4.1. Retentien Time 
The retentien time is determined by the column length <L>, the 

average carrier gas velocity <ü> and the solute capacity ratio: 

(2.30) 

The average carrier gas velocity and the carrier gas velocity at 
column outlet pressure are related by: 

and so for optimum carrier gas condltions: 

H • N 
t • m1n max <l+k> 
R f2 uo,opt 

By using eq. <2.19), <2.20) and <2.29) this changes 1nto: 

2.4.2. Minimum Detectable Amount 
As was already shown by eq. (2.4> and (2.5), the minimum 

detectable amount for a mass flow sensitive detector and a 

- 26 -

(2. 31) 

(2.32) 

(2.33) 



contentration sensitive detector is proportional to at 
respect1vely atFd. When the detector flow rate is equal to the 
column flow rate, i.e. 

and 

(2.35) 

it follows that: 

(2.36) 

(2.37) 

2.4.3. Minimum Analyte Contentration 
Fora Gaussian shaped input band the 1njected sample volume is 

given by: 

(2.38) 

and so after combination with eq. (2.1>. <2.4> and <2.5>: 

(2.39) 

(2.40) 

Rearrangement with the condition that Fd=Fc yields: 
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(2.41) 

(2.42) 

The pressure dependenee of tR, Q
0 

and C
0 

is expressed by 
the quotient f 1/f2 and also by "a" and y, which are functions of 
Pas well <cf. Figure 2.2.). At a minimum pressure drop <P~l> both 
f 11f2 and y equal unity, while for P>>l f 1 equals 9/8 and f2 
approaches 3/2P. According toDarcy's Law the pressure ratio can be 
expressed as [20]: 

p ~ 

where ~ is the dynamic viscosity of the carrier gas. With eq. 
(2.19), <2.20) and (2,29.) for P»l, it fo11ows tnat: 

and y equals ! 

(2.43) 

(2.44). 

Because eq. (2.44> still contalns the pressure dependent factor 
<l+la>Hl+}a>, and "a" ltself is inversely proportional to 
f 11f2 <cf. eq. <2.24)), it follows that "a" and f 11f2 can 
only be determined by iteration. 

2.4.4. The concept of normalized chromatographlc conditions 
The main criterion for selecting the proper chromatographic 

conditions is the separation of a critical pair of compounds. The 
separation depends upon plate number, capacity ratlos and the 
selectivity of the stationary phase <e>. The plate number required 
to obtain a resolution R

5 
can be expressed as: 
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(2.45) 

Once the stationary phase and the GC oven temperature have been 
selected a def1n1te plate number is required tomeet a certain peak 
resolution demand. 

2.5. THIN FILM COLUMNS 

Most of the capillary gas chromatographic separations are 
performed on thin film columns. This implies a considerable 
s1mp11f\cation of the preteeding theory. since a«l and consequently 
the C

5
-term can now be neglected. The right hand factors of the 

presented equations containing "a" and y all change to un1ty and 
relatively straightforward relat1onsh1ps result. omitting th.e need of 
complex iteration procedures. 

Introduetion of the f 11f2 ratio in eq. <2.33>. <2.36>. 
<2.37>. (2.41> and <2.42> yields for a-o: 

for P=l <2.46> 

for P»l <2.47> 

for P·l <2.48> 

for P»l (2.49> 

for P=l <2.50> 
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(?.52) 

(2.53) 

In this section the influence of several parameters on Q
0 

and 
C

0 
will be treated for a fixed demand on peak resolution. Likewise 

the effects of the detector flow rate and non-optimum carrier gas 
veloeities are discussed. Additionally, the effects of oven 
temperature programming and noise filtering are treated as well. 

2.5.1. Influence of the column inner diameter 
A 1 ar.ge effect of the co 1 umn inner diameter on the mini mum 

detectable amount is shown by the curves of Figure 2.4. Dependlog 
upon the column in- and outlet pressure ratio, a second t0 third 
power dependenc!i) exi~ts for concentration sensitive .detectors 
<cf. eq. <2.50 and (2.51)), whereas for mass flow sensitive detectors 
Q

0 
is proportional to de up tod~ <cf. eq. <2.48) and 

<2.49)). By increasing the column inner diameter the Q
0
-dc plots 

of both detector types will intersect, as is the case at 14 !Jm for 
the detectors of Flgure 2.4. This indicates that for extremely narrow 
bore columns a TCD is able of detecting smaller quantities than a 
FID, provided that no extra make-up gas is required. Of course this 
only holds for concentratien sensitive detectors with very small 
internal volumes. The loterseetion is determined by the detector 
characteristics as we11 as by the chromatographic parameters. 

The small Q
0
-values observed for narrow bore columns have 

often been misinterpreted as narrow bore columns should be used in 
trace analysis. However, because a fixed b-value is assumed, the 
allowed injection volume is favoured by large diameter columns. The 
combined effect for the minimum analyte concentratlon shows that for 
a mass flow sensitive detector c

0 
is inversely proportiona1 to 

de• whereas for a concentratien sensitive detector C
0 

is 
independent of de <cf. Figure 2.5). This means that unless a sample 
pre-concentratien technique is employed, diluted samples can best be 
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1000 ,_1 
<lo co 

(pg) (ng/ml) 

100 100 

TCD 

0.1 L----------:-:-:-:::--
10 1oo de (urn) 1000 

0·1 '::::1o:--__,_--....,o'"="o_d_(_u_m_)_,~oo_o_ 
c 

Ftgure 2.4 
Influence of the column tnner dtameter on the mintmum detectable 
amount for a FID and a TCD. 
Rs= 1.84; a= 1.030; k= 4; Nt= toS; b= 0,1. 
FID: Rn/S= 10-12 g/s; TCO: R0 1S= 10-9 g/ml. 

Ftgure 2.5 
Influence of the column 1nner diameter on the minimum analyte 
concentr~t1on for ~ FID ~nd a reg: 
Rs= 1.84, a= 1.030, k· 4, Nt• 10 , b= 0,1. 
FID: Rn/S•l0-12 g/s; TCO: R0 /S. to-9 gJm1. 

analyzed us\ng a wtde bore column in combinatton wtth a FID. Hawever, 
ft should be noted that a large column fnner dtameter has the 
drawback of long analys1s times, stnce tR tncreases proporttonally 

2 to de up to de <cf. eq. (2.46) and <2.47>>. 
As cao be seen from Ftgure 2.5, concentratton senstt1ve 

detectors are preferred to obta:in the lowest C
0 

value wl\en narrow 
bore columns are employed. For the spectfted condtttons th1s holds 
for columns wtth an inner diameter smaller than 14 ~· 
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For the practical use of narrow bore columns it Is very 
advantageous to employ on-column solute focusing technlques llke 
cold-trapplng, the solvent effect or statlonary phase gradient 
focusing. The minimum analyte c_oncentratlon will bè much smaller as 
the sample volume can be very large, whereas the_ re-injectlon band 
width, b, Is st111 very small. 

2.5.2. Influence of the injection band width 
By injecting a larger sample volume, the peak wldth as well as 

the peak helght will increase. Fora certain column with a fixed 
value of Nmax• the b-factor has an effect on both the peak 
resolutlon and the detector response: 

(2.54) 

and, for a mass flow sensltlve detector: 

(2.55) 

where Cj Is the solute concentratien in the sample. 
The demands of a suff1ciently large resolutlon and a maximum 

response are incompatlble. Although the optimum tompromise very much 
depends upon the specific analytical problem, in general the product 
of R

5 
and Rmax should be maximlzed. Thts optimum is achleved for 

b-1 (cf. F\gure 2.6), where the resulting helght-to-width ratio of 
the peak is at a maximum. The same conslderations hold for concentra-
tlon sensltive detectors. 

On the other hánd, for a fhed resolution deinand in agreement 
' . 

with the concept of normalized chromatoqraphic condHions <cf. 
paragraph 2_.4.4), alevation of the b:..ractor w111 re(Juire a· Jonger 
column in order to preserve'/Nt. The effect of'tha iiljection band 
width on Q

0 
arid C

0 
is shown in F'fg\Jre ·2.7, whlch appl'fes for both 

detector types. Sniêi:ll ·va 1 u es Óf b have 'ad i sàdv'antageous trbpàet on 
C

0
, whereas for b>0.5. thE! è

0 
n!ducti'on Is only'moderate, whfle 
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2 

oL---~---------------------r 
b 5 

0 

Figure 2.6 
Influence of the injection band width <b= u1/ac> on peak 
resoluttgn and detector response for a specific column. 
Nmax= 10; u= 1.030; K= 4. 
<Rmax in arbitrary units>. 

1000 

100 

10 

Figure 2.7 

1

1000 

Co 
(ng/ml) 

100 

10 

Minimum detectable amount <Q0 > and minimum analyte concentration 
<Co> versus the b-factor. 
R~= 1.84; ~ 1i030; K• 4; Nt• 105~ de= 50 pm. 
FlD: R0/S• 1o- 2 g/s. 
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Q
0 

and also tR increase rapidly; generally b should be selected 
in between 0.1 and 0.5. The solute retention time, tR, shows the 
same dependenee on b as does Q

0
. 

2.5.3. Influence of the plate number 
When a particular separation problem requires a larger plate 

number a longer column should be employed if all the other parameters 
are kept constant. Figure 2.8 shows. the influence of the plate number 
on the minimum detectable amount for wide and narrow bore columns. 
Depending upon the column pressure drop, Q

0 
increases proportional

ly to the square root of Nt up to linearly with Nt, irrespective 
of the detector type. 

Although C
0 

is not affected by the plate number, excessive 
column lengths should be avoided because of the corresponding 
needlessly long analysis times. Separation of the critica! pair at a 
smal! plate number is enabled by the application of highly selective 
stationary phases. Furthermore, the peak resolution should not be 
better than baseline separation, because of the undeslred effect on 
tR and Q0 . 

Figure 2,8 

100 

qm 
0 

(pg) 

10 

320 u 

50 urn 

Influence of the total plate number on the minimum detectable amount 
for wide.and n~rrow bore co~umns <320_V~· resp. 50 J.lm Ld.>. 
~= 1.030, k= 4, b= 0.1. FID. RniS= 10 g/s. 
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2.5.4. Influence of the capacity ratio 
Varlation of the solute capacity ratio implies s1multaneous 

changes in one or more of the remaining parameters <temperature, f1lm 
thlckness or solute properties), all having an impact on Q

0 
and 

C
0

. As a consequence, studylng the effect of an excluslve varlation 
of k is unfeaslble in practlce. This complexity is treated in more 
detail to thick film columns in the next section. Here, kis varled 
straightforwardly, assuming all the other parameters to be constant. 

Small capacity ratlos requlre very high plate numbers to achieve 
sufficient peak resolution <cf. eq. (2.45>>. which corresponds to 
unfavourable Q

0 
values, as discussed in the preceeding paragraph. 

On the other hand, for large kvalues the peak width is proportional 
to the capacity ratio and broad peaks result in large Q

0 
values. 

The overall effect of kon Q
0 

is shown in Figure 2.9 fora fixed 
value of the peak resolutlon. Related to the detector type and the 
column in- and outlet pressure ratio, optimum k values exist which 
can be determined by differentlation of the k dependent factors of 
Q~ and Q~. These are listen in Table 2.2. 

Table 2.2 
Optimum capacity ratlos for min1mized Q

0 
values 

k-factor 

2 
Q~ (P .. l) F<k.> < l+k) 

k 0.30 

3 
Q~ <P» 1) F< k.) ( 1 +k) 

1<.2 
0.91 

2 
Q~ (p.l) ~ (l;k.> 0.54 

3 
Q~ <P» 1) 

{FW (l+k) 
k.2 

1.40 
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100 

320 um 

50 um 

0.1'-----~----~ 
0 5 k 10 

Figure 2.9 
Effect of the capacity ratio on~ and QÓ for wide and 
narrow bore columns <320 ~. resp. 50 pm i.d.>. 
Rs= 1.84; «= 1.030; Nt= 105; b= 0.1. 
FID: Rn/S· 10-12 g/s; TCD: RniS= lo-9 g/ml. 

Flgure 2.10 
Effect of the capacity ratio on ~ for wide and narrow bore 
columns. 
Rs= 1.84; «= 1.030; Nt= 105; b= 0.1. 
FID: RniS= lo-12 g/s. 

k 

The minimum analyte concentration fora mass flow sensltlve 
detector increases monotonously wlth k. S!nce C~ is not affected 

10 

by the column pressure ratio, the graphof Figure 2.10 is ident!cally 
shaped for w!de and narrow bore columns, d!st!nguished only by a 
factor equal to the ratio of the column inner diameters. 

For a concentration sensitlve detector the minimum analyte 
concentratlon .is independent of the solute capac!ty ratio. 
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2.5.5. Effect of detector flow rates other than Fe 
So far, it was assumed that the detector flow rate is equal to 

the column flow rate, i.e. Fd=Fc <cf. eq. (2.34)). In the 
practice of chromatography, however, this wlll seldomly be true as 
make-up gas is usually added to the detector in order to lmprove the 
sensitlvlty <FIO>, as quench gas <ECD) or to eliminate peak 
distartion by the detector cell void volume <TCO>. 

For a properly connected detector the solute mass flow rate is 
not affected by the make-up gas flow rate, and consequently it is not 
a critlcal parameter for mass flow sensitive detectors. However, the 
solute concentration in the detector cell is altered, and so the 
make-up gas drastically influences the response of concentration 
sensitive detectors. 

Hhen make-up gas is added to give a fixed detector flow rate 
independent of column parameters, contentration sensitive detectors 
behave like pseudo mass flow sensitive detectors wlth the correspon
ding lnfluence of de on Q

0 
and C

0
. In the daily practice of 

chromatography this will often be the case. On the other hand, when 
the make-up gas flow is proportional to the column flow, i.e. Fe 
-Fe, the original relationships for Q~ and C~ remain 
unchanged, except for an additional proportlonality factor. 

To limit peak-distortion due to the detector void volume, 
make-up gas has to be used. The total detector flow rate can best be 
related to the detector cell volume to give a certain value of the 
volumetrie time constant, ~v• defined by: 

(2.56) 

Allowing a fixed relative distartion of the peak shape, ~v should 
be proportional to the width of the eluting peak. E.g. for 
~v < 0.1 crt, the actual detector response exceeds 99.5% of 
lts maximum value, while the retention time shift is less than 
0.1 crt [24]. Assuming 

(2.57) 
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it follows that the requlred detector flow rate becomes 

(2.58) 

For the pre-assumptlon that the detector flow rate Is equal to the 
column flow rate, the maximum permissible detector volume reads: 

and with the relationships foratand Fe, vd,max can be 
expressed in terms of column parameters: 

For small pressure ratlos f 1tf2 equals 1, whereas for P>>1 
eq. <2.44> applies with f 1tf2 - 1/dc. 

(2.59) 

(2.60) 

The relationship between the maximum permissible detector volume 
and the column inner diameter for g. 0.1 Is shown in Figure 2.11. 
When the actual detector volume h larger than vd,max' make-up gas 
has to be added to satisfy eq. <2.58). Contrarily, for detector 
volumes smaller than vd,max• the detector cell is flushed with a 
surplus of carrier gas. If it would technically be possible, 
selective post-column remaval of abundant carrier gas by e.g. a jet 
separator or a membrane could be very advantageous in this respect. 
Doing so, the so1ute concentration in the detector cell is increased, 
while the peak shape remains unaffected. Some calculated examples are 
given in Table 2.3, where Q~ and C~ are tabulated for 
different detector flow options. The benefits of low volume detector 
cells in combination with wide bore columns and post-column carrier 
gas remaval is obvious. 
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Flgure 2.11 

10 

a' t 
r c' ---""·-------- -· . . a• 

I 

I 

1 add: 

0.1 

0.01 

0.0015 

make-u:p gas 
I 

I 

I 
...,... remov:e 

I I 

: carrier g.a s 
I 

I 
I 

I I 

d: d'· --· ___ .. -~--------- -· 
I 

10 50 100 320 1000 

de (urn) 

Influence of the column inner diameter on the maximum permlsslble 
detector volume for concentratien sensltlve detectors, when Fd=Fc. 
k= 4; Nt• 105; b= 0.1; g. 0.1. 
The points a ,b, c, d and a', b', c', d' refer to the detector flow 
optlons of Table 2.3 for 50 ~m respectively 320 ~m l.d. columns. 
For column/detector combinatlens left of the solid 11ne, make-up gas 
should be added and right of the solid line, abundant carrier gas 
should be removed. 
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Table 2.3. 
Q~ and C~ values for 50 ~mand 320 ~m i.d. columns 
related to different detector flow rate options. 
Nt= 105; k= 4; b= 0.1; g= 0.1; 
TCD: Rn/S= 10-9 g/ml. 

Q~ (pg) c~ (ng/ml) 

Option 50 ~m 320 J.lm 50 ~m 320 ~m 

a. Fd=constant (30 ml/min) 8651) 85501) 52391) 8231) 

b. Fd=Fc 
c. Fc=Fc,req; Vd=lO ~1 

d. Fc=Fd,req; Vd=l.5 nl[8] 

6.6 419 40 40 
1000 1) 10001) 60661) 1001) 
0.152) 0. 152) 0.91 2) 0.0152) 

1) Make-up gas is added. 
2) Selective post-column removal of abundant carrier gas. 

2.5.6. Effect of carrier gas veloeities other than uopt 
The theoretical relationships presented in sections 2.3 and 2.4 

proceed on the assumption of gas chromatography performed at the 
optimum carrier gas velocity. At higher veloeities the analysls time 
is reduced, but simultaneously the column plate number will decrease 
due to a larger plate height. In order to restore the ensuing loss in 
peak resolution a longer column has to be selected, thus re
establishing the original plate number. However, this opposes the 
decreased analysls time. It can be concluded that the speed of 
analysis will be improved as long as the increased carrier gas 
velocity overriJles the required column length increment. Besides the 
retentien time, Q

0 
and C

0 
are affected as wel L 

If the actual carrier gas velocity at column outlet conditions 
is v times as large as lts optimum value, i.e. 

uo 
V=-- (2.61) 

uo,opt 
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Then the correspond1ng plate height accordlng to the Golay-Giddlngs 
equation for thin film columns reads: 

(2.62) 

and comparison with the minimum plate height under optimum conditions 
<cf. eq. (2.20)) gives: 

H I 1 fl 
- •- (- +v) --
Hmin 2 v fl,opt 

(2.63) 

Equation <2.32> now becomes 

(2.64) 

and so 

tR = L (l +v) _f_l_ f2,opt 
tR,opt lv v fl,opt f2 

(2.65) 

The minimum detectable amount for a mass flow sensitive detector is 
proportional to the retention time V <Nt is constant>, hence 

Qm 
_o_ 
m 

oo,opt 
(2.66) 

The effect on the minimum detectable amount for a concentration 
sensitive detector with: 

(2.67) 

can be expressed as: 

(2.68) 
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Combination of eq. (2.39> and (2.67) yields for the minimum analyte 
concentratien for a mass flow sensitive detector 

cm 
_o_ 
m 

co,opt 
V 

while once again C~ is not influenced. 
The f 1 and f2 factors in the above equations suggest a 

(2.69) 

strong dependenee of the column pressure gradient. For small pressure 
ratios f 1, fl,opt' f2 and f2,opt all approach unity. Hhen 
P>>l, however, f 1 and fl,opt both become 9/8 and so their 
quotient is 1, while 

f2,opt P 
f2 .. Popt 

(2.70) 

Applying·Darcy's Law for large pressure ratios <cf. eq. (2.43>>. this 
becomes for fixed act~al plate numbers <Nt>: 

f2,opt I H uo 
f2 • 1{ Hmin uo,opt 

(2.71) 

Together with eq. <2.61) and <2.63> this yields for P>>l: 

(2.12) 

A survey of the carrier gas velocity effects on tR, Q
0 

and 
C

0 
for small and. large pressure drops is presented in Table 2.4. 

In order to minimize tR and Q~. H may seem advantageous 
to increase the carrier gas velocity up to values well above 
u

0 
opt· Nevertheless, it is shown by the plots of Figure 2.12 that 

th~ gain is only moderate, even for wide bore columns. Q~ has 
its minimum at or slightly below v-1 with a maximum achievable 
improvement of only 8% (cf. Figure 2.13>. So for minimum Q

0 
values 

for both detector types, tne analyses can best be performed at 

uo,opt· 
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Table 2.4. 
Expresslons for the tR-· Q0 - and C0-ratios under actual and 
optimum carrier gas velocity conditions; the minimum value of the 
ratios and the corresponding optimum value of vare given as well. 

tR/tR,opt 

0
m10m 
o o,opt 

0c10c 
o o,opt 
m m 

Co/co,opt 

or;; 
(pg) 

p = 1 p » 1 

ratio vopt ratiomin ratio 

1 1 0.50 l-J[ (l +v) 1.5 ../2 0.92 - (-+ v) "" 2v v 4 V V 

L (l+ v) ." 
2v v 0.50 l-J[ (l +v) 1.5 

4 V V 
../2 0.92 

1 1 l~ (l +v) 1.5 .}.;2 0.92 - (- +v) 2 V 4 V 2 
1 0 1 0 "" "" V V 

Q~ 
(pg) 
10000· 

320 urn 

1000· 

100-

10• 

0.1 ,---------+--------~ 
V 10 0.1 V 

Figure 2.12 
Effect of the carrier gas velocity on Q~ for 50 ~m i.d. and 
320 ~m i.d. columns. 
Rs= 1.84; «= 1.030; k= 4; Nt= 105. FID: RniS= 10-12 g/s. 

Figure2.13 
Effect of the carrier gas velocity on Oó for 50 ~m i.d. and 
320 ~m i.d. columns. 
Rs= 1.84; «= 1.030; k= 4; Nt= 105. TCD: RniS= lo-9 g/m1. 
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On the other hand, C~ can be reduced conslderably at very 
high carrier gas velocities, however at the cost of extremely long 
columns and correspondingly long analysis times. In practlce, values 
larger than v= 5 are not recommendable. For V= 5 and P= 1, tR 
and Q~ are reduced to 52% while the column length should be 
increased by a factor of 2.6. A further increase of the carrier gas 
velocity will hardly decrease tR and Q~. whereas the requlred 
column length will increase linearly with v. 

2.5.7. Influence of temperature programming 
A second assumptlon made in section 2.3. was the isothermal 

performance of the chromatographlc separation. In the dally practice, 
however, most of the capillary GC chromatograms are run In a llnear 
temperature program <ltp>. 

For columns with different inner diameter but equal separation 
potentials and equivalent temperature program (program rate inversely 
proportional to the column dead time [20]), the influences of de 
and bon Q

0 
and c

0 
are identical for temperature programmed GC 

and lsothermal GC. Because the capacity ratio as well as the plate 
number are meantngless In ltp-GC, thelr effects are leftout of 
conslderation. 

2.5.8. Influence of nolse filtering 
By digital filtering of white noise uslng a matched filter, it 

can be shown that for a gaussian shaped peak the reduced noise level 
<R'n> is inversely proportlonal to the square root of the peak 
width [32]: 

R' - _1_ 
n v'ot (2.73) 

The peak wi dth 1tse l f is proportiona 1 to tR and with eq. <2. 46> and 
<2.47> it follows that for noise filtering: 

R' - _.l 
n de 

for P=l (2.74) 

R' 1 for P» 1 (2.75) n- ïd 
c 
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Thus the slgnal-to-noise ratio can be improved substantially, 
especlally for wide bore columns. The effect of noise filtering on 
C

0 
vs de is shown in Figure 2.14. ~is reduced even further 

by wtde bore columns, while now also C~ is favoured by large 
de values. Contrarily the adverse effect of a large column inner 
diameter on Q

0 
can not be neutralized by noise filtering, although 

the dependenee is also reduced by a factor of /de up to de. 

100 

co 
(ng/ml 

10 

' 

TCD 

',JID 
' ' 

' ', 
' ' ' ', 

' 

0.1 L-----~--~-~--
10 1oo de (urn) 1ooo 

Figure 2.14 
Influence of noise filtering on C0 vs dç fora FID and a TCD 
taking de· 10 llm as the point of comparison. 
------ no filtering, ______ with filtering. 
Conditloos as in Figure 2.5. 

2.6. THICK FILM COLUMNS 

Except for some minor adaptions, the prevlously described 
effects on Q

0 
and C

0 
remain valid for thick film columns as well. 

In this sectlon the influence of the stationary phase film thickness 
on Q

0 
and C

0 
is emphasized. 

2.6.1. Comparlson of thlck and thln film capillary columns 
The influence of the stationary phase film thickness on Q

0 
and 
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C
0 

is comprehensively described by the equatlons <2.36), <2.37), 
<2.41> and <2.42). Instead of calculatlng the absolute values. 
however, ft is often more lnteresting to calculate how Q

0 
and C

0 
change, when a thin film column is replaced by a thick film one. 

By increasing the film thickness for a given column, two options 
occur: (1) increasing df at constant temperature and hence 
increased capaclty ratio, or <2> increasing df at a higher 
temperature ln order to keep k constant. Whatever approach is 
selected, most of the parameters describlog Q

0 
and C

0 
are 

affected. Moreover, the actual plate number requlred to establish a 
certaln peak resolutlon also changes, both by changlng the capacity 
ratio as well as by changing the temperature whlch affects the 
relative retention a. Flgure 2.15 shows a schematic view of the 
mutual influences associated with elther of both options. 

a 

Figure 2.15 
Mutual lnfluences of the parameters descrihing Q0 and C0 , when 
df is changed. 
a. at constant temperature 
b. at constant cipacity ratio .. 
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2.6.2. Option 1: lncreastng df at constant T 
When the film thickness is increased and the temperature is kept 

constant, the capactty ratio increases proportionally to the inverse of the 
phase ratio <13>: 

(2.76) 

The distribution constant K is only a function of the temperature 
according to: 

K = exp <-AG/RT> (2.77) 

where AG is the Gibb's free energy of retentien and R is the gas 
constant. 

For open tubular columns with no extremely thick stationary 
phase film, the phase ratio can be approximated by: 

(2.78) 

So, when the film thickness is increased by a factor OF, it fellows 
from eq. (2.76) and (2.78): 

ktk = DF.ktn (2.79) 

where 
d 

OF = f, tk 
df,tn 

(2.80) 

Apart from the stationary phase influence on Hmin and 
uo,opt' expressed by "a", the increased capacity ratio itself also 
affects the minimum plate height as well as the optimum carrier gas 
velocity by a factor ~F(k) respective1y 1/~F<k> <cf. eq. <2.20) 
and <2.19)). Since F<k> increases monotonously with k <cf. 
Figure 2.1). Hmin wi11 be larger whereas uo,opt will besmaller 
fora thick film column. 

For a fixed demand on peak resolution the required actual plate 
number decreases according to (cf. eq. (2.45)): 
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[ 
l+OF Jç ] 

2 
OF<l+l<> (2.81) 

where I< is the capacity ratio for the thin film column. Changes in 
Nt and Hmin affect the required column length, which, together 
with a different value of the optimum carrier gas velocity will alter 
the column pressure ratio. This affects y and the pressure correction 
factors f 1 and f2. The ratio f 1Jf2 influences "a", and "a" 
together wlth y affects uo,opt and Hmin again. 

Flnally, after raarrangement of the equatlons (2.33), (2.36), 
(2.37), <2.41>, <2.42) and <2.44), relatlonships between the thick 
film and thin film <a=O> values for tR, Q

0 
and C

0 
can be 

expressed explicltly: 

2 F<OF.k) (l+OF.I<) _l (l a) 
F<k> l+k OF + 

Q~.tk = /F<DF.k) (l+OF.k/ L JT+ä 
Qc 1{ F<l<> l+k OF 
o, tn 
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3 1.5 
< 1 +4a> 

< 1 +~a) 

for P=l <2.82> 

for P»l (2.83) 

for P=l (2.84> 

for P»l (2.85> 

for P=l <2.86> 

for P»l <2.87) 



m 
co, tk. _ .JrmF .k> Jl+ay 
cm - F<k> 
o,tn 

(2.88) 

{2.89) 

2.6.3. Option 2: Increasing df at constant k 
In order to keep the capacity ratio constant when the film 

thickness is increased, the GC oven temperature has to be raised. 
Combination of the equations <2.76>-<2.78> yields for constant k and 
equal column inner diameter: 

df,tk exp(-AG/RT>tk = df,tn exp<-AG/RT)tn (2.90) 

with 
AG = AH-TAS (2. 91) 

Hithin a limited temperature range AH can be regardedas a 
constant, and so after elaboration of eq. (2.90) and (2.91> it 
fellows: 

l 1 A(AS) + RlnDF -=-+ 
Ttk Ttn AH 

{2.92) 

{2.93) 

It is supported by the practice of chromatography that: 

A(AS> « Rl nDF (2.94) 

and so if we define a factor t between both column temperatures: 

(2.95) 

lt fellows from eq.C2.92), that: 
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(2.96) 

The temperature influence on the binary gas diffusion constant 
is given by Fuller et al. [331: 

D - D t1.75 
rn,o,tk- m,o,tn (2. 97) 

and so, the temperature considerably affects the optimum carrier gas 
velocity <cf. eq. <2.19)). Very few data are available concerning the 
temperature effect on the diffusion constant in the stationary phase. 
Hawkes and co-workers expressed empirical relationships for n-alkanes 
in various stationary phases [34,351. Fora methyl silicone phase 
<SE-30> it reads: 

Ds,tk = Ds,tn exp [(225-250C><~- ~>1 
tk tn 

(2.98) 

where C is the n-alkane carbon number. 
Sy increasing the temperature, the relative retentien (tt) 

decreases. Considerlng the separation of a critfcal pair <solutes "1" 

and "2"), with solute "2" being the second eluting compound, the 
relative retentfon Is: 

According to the option of constant k, i.e. k2,tk= k2,tn' ft 
follows: 

tttk kl tn 
--~ 
tttn- kl,tk 

and in analogy with eq. <2.90>: 
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Finally, when AH 1 is constant and A(AS1><<RlnDF, this 
yields: 

( 2. 1 02) 

From eq. <2.45> it follows that at a reduced relative retentlon the 
required plate number increases by a factor n according to: 

2 
n = Nt,tk = [ <~> t'tn-

1
)] 

Nt, tn a.tk -l a.tn 
(2.103) 

Apart from the effect of the temperature on diffusion and 
separation, the dynamic viscosity of the carrier gas <~> is a1so 
changed. Its value at the thick film temperature can best be 
approximated by [36]: 

t 0.7 
~tk = ~tn (2. 104) 

Once again, in combination with changed Hmin' uo,opt and ~ 

values, the column length, the column pressure drop and the pressure 
correction factors f 1, f 2 and y change as well. Introduetion of 
these temperature effects in the equations <2.33>, <2.36), <2.37), 
<2.41), <2.42) and (2.43> fina11y yields: 

for P=l (2.105> 

for P>>1 {2.106> 

for P=1 {2.107> 

- 51 -



for P»l <2.108> 

for P=l <2.109) 

n t1.225 for P>>l (2.110) 

(2.111) 

(2.112) 

Note that the condition P=l or P»l in the equations 
<2.82)-(2.87> and <2.105>-<2.110) refers to the column pressure drops 
across both the thick film and the thin film column. However, it may 
occur that by increasing the film thiclc.ness the pressure ratio does 
not meet the thi n film condltion anymore. In such cases a correction 
should be introduced. In the dtscussion presented below the relation
shtps are corrected for this phenomenon by using the eq. <2.33), 
<2.36>, <2.37}, <2.41) and <2.42). 

2.6.4. Discussion 
In the next paragraphs <2.6.5-2.6.7) the influence of DF on "a", 

Q
0 

and C
0 

is evaluated using realistic values of the various 
parameters for n-ClO hydrocarbon. The point of departure CDF=l> is a 
thin film column with a=BOO. Thls phase ratio corresponds toa film 
thlckness of 0.1 ~min a 320 ~m i.d. column, or 0.016 ~min a 
50 ~ i.d. column. Wide and narrow bore columns are distinguished 
and the effect of different compounds is discussed. 
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Optlons 1 and 2 are compared with DF=20 being their joint 
analytlcal condltlon. The changes according to optlon 1 are 
calculated for T=ll0°C and increasing k-values <k=0.2 at DF=l and k=4 
at DF=20), whereas for option 2 the temperature ls lncreased to 
maintaln k=4 <T=40°C at DF=l and T=ll0°C at DF=20>. 

2.6.5. Influence of the film thickness on "a" 
The "a"-factor describing the stationary phase influence on the 

minimum plate height <eq. (2.18) and (2.24)) not only depends 
quadratic on the film thlckness, but "a" ls also determined by the 
column pressure drop, the temperature and the solute capacity ratio. 
For narrow bore columns "a" is smaller because of a reduced f 21f1 
value at a large pressure ratio. Figure 2.16 shows a difference by a 
factor of about 5 when 50 and 320 ~m i.d. columns are compared 
under the speelfled conditions. The temperature effect is included in 

100 

10 

a 

0.1 

o.o 1 ':;-1 --L..J'-----'L.--:;';;""----::-:::-;::-------:1"::'00::-:0:---

DF 

Figure 2.16 
Effect of the film thickness on "a" according to the option of 
constant temperature (T) and constant capacity ratio (k) for narrow 
and wlde bore columns. Conditions as in Figure 2.17. 
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the ratio Dm,o/0
5

, wh1ch decreases on raising of the temperature. 
Th1s results in a reduced "a"-factor. Flnally, "a" rapidly falls with 
increasing k-values after passage of a maximum value at k=0.3 <cf. 
Figure 2.1.>. Soit can be concluded that the detrtmental effect of 
the stationary phase film thickness on the chromatographic perfor
mance is smallest for high pressure ratios, high temperatures and 
large capacity ratios. 

2.6.6. Influence of the film thickness on 2o 
Replacement of a thin film column by one with a thick film will 

drastlcally affect Q
0

, as is shown by Figure 2.17. When the film 
thlckness is increased in agreement with option 2 <constant k>, 
Q~ gradually increases, while for option 1 <constant T) a 
minimum Q~ value is observed. The cortesponding optimum OF value 
is hardly affected by the column inner diameter, but is largely 
determined by the specific compound, as will be shown later. 

Using a concentratien sensitive detector similarly shaped graphs 
are shown in Figure 2.18. For option 1, the 0~-DF plots have 
minima . .too, however, at a s11ghtly larger OF values. 

For Q~ the graphs for the 50 ~ and the 320 ~ i.d. 
columns differ by a factor of approximately 10 <Q~ is propor
tlonal to de up tod~>. whereas for Q~ this is by a 
factor of approximately 50 <Q~ is proporttonal tod~ up to 

3 
de>. . 

The compound influence on Q~ and Q~ for option 1 is 
presented in Figures 2.19 and 2.20, respectively. Not only kIs 
varied, but also differences in the compound related parameters 4H, 

om,o and D5 are accounted for. 
When "a" is not too large, the Q

0
-DF plots have their minimum 

at one spec1fic value of DF.k {i.e. the thick film column capacity 
ratio>. solely determined by the kind of detector and the column 
pressure drop and independent of the compound and the initial thln 
film k-value. Numerical elaboration of the kandOF containing 
factors of equations (2.84)-{2.87) yields the optimum DF.k values 
listed in Table 2.5. The analysis time is minimized as well, however 
at slightly larger DF.k values than for Q~. 
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Figure 2.17 

10000 

Q~ 
{pg) 

1000 

100 

10 DF 100 

Minimum detectable amount for a mass flow sensitive detector as a 
functlon of OF for narrow and wide bore columns; <T>· constant 
temperature; <k>· constant capacity ratio. 
ba 0.1; CE· 1; aH/R= -5200 K; C= 10; a<DF=l>= 800. 
FIO: Rn/S• 1o-12 g/s. 

Option 1 <T>: T= 110°C; ~- 1.0245; Dm o= 2.8.10-5 m2Js; 
Ds= 1.5.1o-9 m2ts; Rs· 1.84; k<DF-1>·'0.2. 
Option 2 (k~: k= 4; Rs• 1.841 for DF-1: T· 40°C; 
Dm,o= 2.10- m2/s; Ds• 4.1o- 0 m2/s; a= 1.03. 

figure 2.18 
Minimum detectable amount for a concentratien sensitive detector as a 
function of OF for narrow and wide bore columns; <T>= constant 
temperature; <k>= constant capacity ratio. 
TCD: Rn/S• Jo-9 g/m1. 
Conditloos as in Figure 2.17. 
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qm 
0 

(pg) 

100 
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O.l '::-1----.,~0----,~00--
DF 

Figure 2.19 

10000 

Q~ 
(pg) 

1000 

100 

10 

10 DF 
100 

Minimum detectable amount for a mass flow sensitlve detector as a 
function of OF for different n-alkanes according to option 1 
(constant n. 
FID: Rn/S = lo-12g/s. 
b·O.l; CE· 1; B<DF·l ),. 800; de== 50 J.l.m; T .. llO"C; a.= 1.0245; 
Rs= 1.84. 

n-C9: aHIR= -4700K; Dm o= 3.3.1o-5 m2Js; 
Ds== 1.8.1o-9 m2ts; k<DF~20>= 1. 
n-ClO: aHIR= -5200K; Dm o= 2.8.1o-5 m2fs; 
Ds= l.S.lo-9 m2ts; k<DF-~0>= 4. 
n-Cll: aH/R· -5700K; Dm o= 2.s.10-S m2Js; 
Ds= 1.2.lo-9 m2/s; k<DF-20>= 16. 

Figure 2.20 
Minimum detectable amount for a concentratien sensitive detector as a 
functlon .of OF for. different n-alkanes according to option l 
<constant T>. · 
TCD: Rn/S= lo-9 g/ml. 
Conditloos as in Figure 2.19. 
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Table 2.5. 
Optimum DF.k values according to option l. 

Optimum 
Parameter OF,k-factor OF.k = ktk 

Qm (Pal) F<DF .I<J (l+DF.I<.> 1 0.3 
0 F<k> l+k OF 

F<OF .k) 3 
Qm <P»D (l+DF.k) _1_ 1.0 

0 F(k) l+k DF2 

_,JF<OF .k) 2 
Qc ( p,.l) cl+DF.k> L 0.5 

0 F(k) l+k OF 

_,JF<DF .I<.) 3 
Qc <P» 1> cl+DF.k) _1_ 1.5 

0 F(k) l+k DF2 

For C9, ClO and Cll in Figures 2.19 and 2.20, the plots of 
Q~ CP>>l) have minima at OF.k=0.8, DF.k=0.9 respectively DF.k=l 
and those of Q~ <P>>l) at OF.k=l.l, Of.f<.,.J.3 respectively 
OF.ka1.4. Expectedly, the deviations from the predicted optimum DF.k 
values are largest for C9, since the "a"-factor is large too CO. 18 
for C9 versus 9.4.10-4 for Cll), invalidating the initial 
assumption of small "a" values. 

Note that the optimum OF.k values of Table 2.5 correspond well 
with the optimumkvalues for thin film columns of Table 2.2. 

It can be concluded that in order to imprave the detection 
limits the only useful application of thick film columns is to 
increase the capac1ty ratio of volatile compounds up to values in 
between 0.5 and 1.5. For all the rest, thin film columns are 
preferred in trace analysis. 

2.6.7. Influence of the film thickness on C 
For option 2· <constant k> the increased carrier gas velocity at 

higher temperatures competes the stationary phase influence on 
C~ <cf. eq. <2.111)), resulting in a minimum C~ value. As 
is shown by Figure 2.21, the optimum for narrow bore columns is 
achieved at a larger value of OF, because the "a" factor is smaller 
due to a reduced f 2Jf1 ratio at high pressure drops. The optimum 
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OF value is a complex tunetion of tand "a", including .!1H, k., 

om,o• os and P, and therefore, nogeneral guidelines can be 
presented. Figure 2.22 shows the ~-OF plots for different 
compounds. Apparently, the optimum OF values increase somewhat wtth 
increasing carbon number (i.e. increasing k., decreasing Dm,o and 
Os and a more negative value of .!1H). 

15 15 

cm 
0 

(ng/ml) 

10 

0 ~1 ------~,~o------0--F~1~o7o ____ _ 0 ~1--------~,o----D-F----,o-o--

Figure 2.21 
Minimum analyte concentratton for a mass flow senstttve detector as a 
function of OF for narrow and wide bore columns; <T>= constant 
temperature, <k.> constant capaclty ratio. 
FID: Rn/S= Jo-12 g/s. 
Conditloos as In Ftgure 2.17. 

Flgure 2.22 
Minimum analyte contentration fora mass flow sensltive detector, as 
a functton of OF for different n-alk.anes accordtng to optlon 2 
<constant k.>. 
FID: RniS= Jo-12 g/s. 
b= 0,1; CE= 1; B<DF=l>= 800; Rs• 1.84; de= 50 ~m. 
For DF-1: T= 40°C, a= 1.03. 

n-C9: àHIR= -4700K; k=l; 
at 40°C: Dm o= 2;2.lo-5 m2Js; Ds= 5.1o-10 m2Js. 
n-C10: AH/~= -5200K· k=4; 
at 40°C: Dm o= 2.1o-S m2/s; Os= 4.1o-10 m2Js. 
n-C11: AH/~= -5700K; k·l~; 
at 40°C: Dm,o= l.S.lo-S m /s; Ds= 3.lo-10 m2ts. 
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If the film thtckness is tncreased in accordance withoption 
<constant T) ~ tncreases monotonously. 

For a concentratien sensttive detector the minimum analyte 
concentratton, c~. is not affected by any of the varying 
parameters in etther options. 

In all cases where C
0 

can be minimized, the gain is only 
moderate and consequently thin film columns are the best cholce. 

2.7. EXPERIMENTAL 

The two most important column parameters affecting Q
0 

and C
0 

are the column inner diameter and the stationary phase film thick
ness. No experiments were carried out w1th columns of different phase 
ratio, i.e. constant diameter and variable film thickness, since the 
derived relationships descrihing the film thickness effect on Q

0 
and C

0 
are complex functions of not well documented parameters. 

Experiments with estimated values for these parameters would yield 
results having a large uncertainty, covering completely the only 
moderate effects of df on Q

0 
and C

0
. Therefore, these time 

consuming experiments were omitted and only the expertmental results 
of de varlatlens for thin film columns are presented here. 

For thin film columns the inner diameter effect was evaluated by 
comparison of a 50 ~m i.d. narrow bore OV-1 capillary column 
<home-made> and a 320 ~m i.d. wide bore OV-1 captllary column 
<Hewlett Packard, Avondale, PA, USA>. The specific data and the 
expertmental conditions for both columns are listed in Table 2.6. The 
chromatograph used was a Varian, Model 3400 <Vartan Assoctates, 
Walnut Creek, CA, USA> equipped wtth a flame tontzatton detector. The 
electronles were speelfled to have a time constant of 50 msec. 
Chromatographic data were processed by a Shimadzu C-R3A computtng 
integrator <Shimadzu, Kyoto, Japan), sampling at a maximum frequency 
of 100Hz. For accurate peak width measurements a Ktpp recorder, 
Model 8040 was employed <Ktpp & Zonen, Delft, The Netherlands) at a 
chart speed of 10 mm/s. Beçause of the high inlet pressure requtred 
for narrow bore GC, the Varlan carrier gas supply was by-passed ustng 
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a Tescom Model 44-1123-24 pressure regulator <Tescom Corp., Minn., 
USA>. 

In the presented theory a gaussian injection profile is assumed. 
In order to imitat~ this experimentally, the effluent of a dummy tube 
<D in Figure 2.23), installed after the splitter injector, was 
flushed onto the analytical capillary column <CC>. They were inter
connected by a home-made low dead-volume glass T-splltting device. 

The carrier gas velocity through the dummy tube could be 
adjusted by a micro needle valve placed in the second split vent 
<S2>. In this way the wldths of the gaussian shaped injection bands 
were varied. The injection profile was monitored by introducing a 
small amount of the main split stream into the FIO via a short narrow 
bore restrietion <R>. 

By syrlnge injections approximately 20 ~1 of n-decane head
space vapour was lntroduced. 

~ 

INJ 

s 1 

D 

Figure 2.23 
Expertmental set-up. 

FID 

cc 

R 

CC· analytical capillary column, o .. dummy tube, R= capillary 
restriction, p .. pressure regulator, SJ• splitter 1, S2• splitter 
2, INJ= injector, FIO- flame tonization detector, Aux- FIO-gases. 

In order to allow the comparison of the experimental results the 
capacity ratlos of n-ClO on both columns were equalized by adjustment 

- 60 -



of the GC oven temperature. At both temperatures the binary gas 
diffusion constant was determlned fo11owlng the procedure described 
by Fuller et al. [33]. The dynamic viscoslty was obtained from 
tabulated values [37] corrected for devlating temperatures according 
to eq. <2.104>. 

Tab1e 2.6 
Experimental data of the narrow bore and wide bore equipment. 

Narrow bore Wide bore 

Ana1ytlca1 column 
de 50 )Jm 320 JJm 
L 7.5 m 25 m 
stationary phase OV-1 OV-1 
df 0.08 }.lm 0.52 IJ.m 
carrier gas helium helium 
p 13.1 1.7 
ii 0.36 m/s 0.38 m/s 
oven temperature 100°C 95"C 
injector temperature 175°C 115°C 
detector temperature 250"C 250"C 

Dummy tube 
de 0.32 mm 2.2 mm 
L 5 m 1 m 
materlal fused silica stainless steel 

Restrietion eap111ary 
de 25 pm 100 pm 
L 0.6 m 1 m 
material fused s 11 i ca fused silica 

Splitter 1 
flow 1250 ml/min 260 ml/min 

Splitter 2 
flow 0.4-27 ml/min 2.3-75 mllmin 

From separate investigations the column efficiency factor <CE> 
as we11 as the detector sensitivity <S> were calculated, whereas the 
detector noise was determined during the described experiments. No 
changes in the detector performance was observed throughout this work. 
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For the experimental evaluation, the amount of solute flushed 
onto the analytical column was calculated from the peak area measure
ments: 

(2.113) 

By monitoring the injection band width, the maximum concentratien at 
the column inlet can be calcu1ated according to: 

Q 

Cj .. Fe~ ai 

If Cj produces a signal of q times 4R
0

, C~ is given by 
c~ = Cj/q and consequently Q~ .. Qj/q. 

Table 2.7 

(2.114) 

Comparison of theoretical and experimental values of~ and 
C~ fora 50 pm i.d. and a 320 pm i.d. column. 

50 ~ i.d. * 7.5 m 

s .. 10-2 As/g 
Rn= JQ-14 A 
~= 2.28.lo-5 Pa.~ 
Dm.o= 3.0.1o-5 mIs 
k= 2.81 
Ne= 73000 
CE= 0.42 

320 Mm i.d. * 25 m 

s .. 10-2 Aslg 
Rn= JQ-14 A 
~= 2.26.lo-5 Pa.! 
Dm.o• 2.9.Jo-5 mIs 
k= 2.76 
Ne= 85000 
CE= 0.85 

63 0.40 
51 0.65 
35 0.98 
21 1 . 59 
11.7 2.17 

82 o. 19 
80 0.44 
57 0.81 
23 1.8 
8.8 3.1 
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Q~ <pg) 

ca1c. exp. 

2.9 3.2 
3.2 3.6 
3.6 4.4 
5.2 5.9 
6.0 8.9 

9.4 8.5 
11 8. 9 
13 11 
22 16 
32 26 

~ (ng/ml> 

ca1c. exp .. 

1.82 2.2 
1.21 1.6 
0.94 1.2 
0. 78 0.88 
0.73 0.83 

0.57 0.55 
0.26 0.25 
0.17 0.15 
0.12 0.11 
0.11 0.10 



Table 2.7 shows the theoretically calculated and the experimen
tally determined values. tagether with the numerical values of the 
most important parameters. It should be noted that two columns of a 
flxed length are compared. Therefore. for each column Ne is 
constant and Nt varfes with different b-values. 

The expertmental results very welT confirm the derived 
theoretical relationships. As predicted an approximately 6-7 times 
smaller C~-value is observed, when the 320 ~m i.d. column is 
compared with the 50 ~m i.d. column for equal b. For Q

0 
the 

dependenee upon the column diameter is less obvious. since Q
0 

also 
depends on Nt• and in these experiments bas well as Nt vary 
simultaneously. 

2.8. CONCLUSIONS 

It has been shown for a mass flow sensitive detector <FID>. that 
the minimum analyte concentratien decreases inversely proportional to 
the column inner diameter. Therefore, wide bore capillary columns 
should be used for the analysis of highly d1luted samples. For a 
concentratien sensitive detector the minimum analyte concentratien is 
independent of the column inner diameter. Comparison of actual data 
for FID and TCD detectors reveals that the latter is capable of 
detecting lower concentrations at column diameters below ca. 15 ~m 
fora correspondingly small detector cell volume of the TCD. To 
obta1n full benefit of the sensitivity of the GC systems. the 
injection band width should be 10-501 of the chromatographtc peak 
broaden1ng <b= 0.1-0.S>. 

By increasing the stat1onary phase fllm thfckness, most of the 
parametel"'~ describing Q

0 
and C

0 
are influenced. In the concept of 

a fhed demand on peak resolutton, optimum f11m thicknesses exist for 
o: and Qc <for the option of constant temperature> as well 
as for ~ <for the option of constant capacity ratio). For a 
concentrat1on sensittve detector, the minimum analyte concentratien 
<C~> is not affected by the film thtckness. 
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The. gain in C
0 

at the optimum film thickn~ss is only mod~rate 
compared to the values calculated fora thin film column. Therefore, 
it can be concluded that in the general practice of chromatography, 
the most beneficial, C

0 
values are obtained on thin film columns. 

Thick film columns should only be used to increase the capacity 
ratio of volatile compounds up to values in between 0.5 and 1.5. In 
this range of k, Q

0 
is minimized for both detectqr types. 

The minimum analyte concentratien for mass flow sensitive 
detectors, c~. can be reduced considerably by selecting the 
carrier gas velocity well above its optimum value <related to 
Hmin), howev.er, at the costof long columns and long analysis 
times. For Q

0 
the improvements can be neglected, and so the 

analysis can best be performed at uo,opt· 
Hhen Fd= Fe, the maximum permissible detector volume of 

concentration sensitive detectors is proportional tod~ up to 
d~. and so narrow bore columns require detectors of extremely 
small volume. Make-up gas has to be added when the actual volume is 
too large, thus dateriorating the detectability. On the other hand, 
when wide t>or.e colums are used in cqmbinatioQ with small volume 
concentration sensitive detectors, very s\l'all .. values of Q~ and 
C~ are obtainable when the abundant carrier gas can be reJTIOved 
before entering th~ detector ce 1 L 

Di.gital noise fll~:ring can further reduce. the. obtai.nable Q
0 

and ~0 values, especiall.Y, for bro~d peaks and thus for wi.de bore 
columns. 

. 
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CHAPTER 3 1 

TRACE ANAL YSIS OF 
HALOCENATED HYDROCARBONS 
IN CASEOUS SAMPLES 

3 • 1 • I NTRODUCTION 

A methad is presented for the analysis of trace 

concentrations of chlorojluorocarbons in air. The 

procedure includes enrichment on an adsorption trap, 

followed by on-column cryogenic focusing, GC separatlon 

and BC detection. Quantitative aspects of sample 

introduetion are studled and different types of capillary 

columns are evaluated. An ECD calibration procedure is 

presented based on permeation tubes. 

The trace analysis of organic compounds in gases is principally 
related to air polJution control. Air pollution phenomena are very 
well documented in Jiterature and for general information one is 
referred to the numerous books and review articles, of which only a 
few are mentioned here [J-8]. 

Trends in air polJution monitoring are governed by analytica\ 
techniques improving the detectability of very low concentrations of 
organic substances. Much attention has been directed to the analysis 

1T. Noij, P. Fabian, R. Borchers, F. Janssen, c. Cramers and J. Rijks, 
J. Chromatogr., 393 <1987> 343. 
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of sulphur and nitrogen containing pollutants, polyaromattc compounds 
liKe polyaromatic hydrocarbons <PAH's>, nitro-PAH's and azaarenes, 
polychlorodlbenzodloxines <PCDD's> and -furans <PCDF's) as well as 
other chlorinated compounds <PCB's, chlorophenols>, often contained 
in a matrix of particulate matter. The analyses of photochemical 
oxidants liKe peroxy acetyl nitrate <PAN> and aldehydes have also 
been subjects of intensive research. All these pollutants have an 
impact on the earth's biosphere and are directly related to human 
welfare. 

An indirect effect on human environment is concerned wlth the 
anthropogentc release of volatile chlorofluorocarbons in the 
atmosphere <CFC's>. It was first recogntzed by Molina and Rowland in 
1974 that these compounds play an important role in the catalytlc 
destructien of stratospheric ozone [9]. Despite much effort to 
clarify the transport and photochemistry of chlorine containing 
species, until now, there is still unsufficient proof whether CFC's 
cause destructien of the ozone layer or not (10,11]. Because ozone 
depletion is one of the most important global environmental problems, 
techniques~for the reliab1e quantttative ana]ysis of trace compounds 
in stratospheric air are required. 

Most of the GC analyses of volatlle compounds in air have been 
performed on pacKed columns, merely for the ease of sample intro
duetion and because of the advantageous phase ratio of this type of 
column. With the introduetion of thicK film WCOT columns, cryogenic 
techniques and high capacity PLOT columns, very volatile compounds 
<bp < 50°C) can now also be analyzed by capillary gas chromatography. 
In thi s chapter the features of the cap i 11 ary GC ana lysis of trace 
concentrations of volatile halocarbons in air are discussed. A method 
is presented that allows the determination of ppt concentrations of 
CFC's by means of sample enrichment on an adsorptlon trap, thermal 
desorption and cryogenic focusing, foliowed by capillary gas 
chromatography and electron capture detection. First, several aspects 
of the appearance of CFC's in the atmosphere are discussed in the 
next section. 
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3.2. APPEARANCE AND ENVIRONMENTAL IMPACT OF CHLOROFLUOROCARBONS 

3.2.1. Stratospheric ozone 
Ozone, present in the stratosphere at relative concentrat1ons 

between 1 and 10 ppm <cf. Figure 3.1}, is formed by photolytic 
dissociatlon of molecular oxygen at wavelengths beneath 240 nm, 
followed by recombination of atomie oxygen, 0< 1D>, and molecular 
oxygen: 

hv 
02 ... 2 0 (3.1) 

2 0 + 2 02 ... 2 03 (3.2} 

3 02 ... 2 03 (3.3) 

Simu1taneously, in reverse processes, ozone is destroyed by 
photolysis as well: 

03 ... 0 + 02 (3.4) 

0 + 03 ... 2 02 (3.5) 

2 03 3 02 (3.6) 

Finally, a state of dynamic equilibrium is maintained. 
Since the bond energy of o3 is much less than that of o2, 

03 dissociates at wavelengths beneath 1200 nm. The oxygen atoms 
formed by low energetic radlation (À>310 nm> are at the ground 
state <triplet-Por 0< 3P>>. while at À<310 nm singlet-D oxygen 
radicals are formed <0< 1o>>. These 0< 1D> atoms initiate HOx and 
NOx reaction cycles, both playing important roles 1n stratospheric 
photochemical processes as well: 

2 NO 

2 OH 

(3.7) 

(3.8) 

Dwing to the relatively large water content, reactlon <3.8> also 
occurs in the troposphere, where the hydroxyl radical is the key 
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substance in many decomposition processes. 

In additlon to reaction (3.6>. catalytic destruction of ozone 
also occurs by reaction wlth stratospheric trace compounds ("X"): 

03 + x 
xo + 0 

x 
+ 

(3.9) 
(3.10) 

(3. 11> 

Catalysts inducing the reaction <3.9) include NO <"NOx-cycle">, OH 
and H <"HOx-cycle"> as well as Cl radlcals <"ClOx-cycle">. 

Figure 3.1. 

50 

alt. 
(km 

30 

20 

10 
TROPOSPHERE 

o'------::-1o!:":o_c_o_n_c_. --:-2o.-o--,nbar (a bs.) 
o s 10 ppm (rel.) 

Absolute and relative ozone concentrations versus the altitude at a 
geographical latitude of 60°. 
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The above reaction schemes are extreme simp1iflcations of the 
actual processes occurrlng in the stratosphere. Actording to the 
present-day knowledge, about 200 chemlcal reactlons are involved In 
ozone formation and destructien of whlch many are mutua11y connected 
by means of common reactants or products [ 1 Ol. As 1t l s beyond the 
scope of thls thesis, one Is referred to the literature for a more 
detal1ed discussion on atmospheric chemistry [2,10,12-16]. 

The possib1e decrease of the stratospheric ozone concentratien 
has two important effects on llfe for earth. First, 1ess solar 
radlation will be absorbed and transformed into kinetic energy which 
results in a decrease of the local stratospheric temperature. 
Consequently, the transport of tropospheric air masses w111 alter, 
and according1y there wi11 be an effect on the elimate too. Secondly, 
ozone efficiently filters sun11ght from medium frequency UV 
(200<l<310 nm>, and it is this particular frequency range that has 
been re1ated to skin tumorigenesls [171. 

3.2.2. Ozone attack by natural and anthropogenic trace compounds 
The free radlca1 catalysts particlpating in the ozone 

destructien reactions (3.9)-(3.11) are partiy of naturai aná partly 
of anthropogenlc origin. 

The most abundant souree of stratospheric NO is nitrous oxide, 
N2o, of which a nitrogen equivalent of 2-4.1011 kg is re1eased 
each year. It is malnly produced natural1y by microbio1oglca1 
denitrification processes of nitrate in soi1 as we11 as by nitrifi
cation of ammonium salts. It is obvious that the increasing use of 
nitrogen containlng ferti11zers wil1 raise the annua1 N20 release 
[15]. The average atmospheric llfetime of NO amounts over a 100 years 
and so most of it is decomposed in the stratosphere [2]. 

Besides agricultural emissions, anthropogenic sourees of NOx 
lnclude the cambustion of fue1 by sUpersonic aircrafts introducing 
large amounts of nitrogen oxide at high a1tltudes. 

Methane, produced in natura1 anaerobe processes, is the most 
important souree gas for the HOx reaction cyc1e. Having an average 
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tropospheric 1ifetime of 8 years, about 10% of the annua11y produced 
1012 kg CH4 reaches the stratosphere [2]. Man-made CH4 origi-
nates from traffic and èombustion, but also from agricu1ture. 

The sourees and sinks of ha1ocarbons and their impact on strato
spheric ozone via the ClOx destructien cyc1e is discussed in the 
next paragraph. 

Ca1cu1ated re1ative contributions of each of the reaction cyc1es 
to the remova1 of odd oxygen species <O and o3> at different 
a1tltudes are given in Figure 3.2. The non-specified fraction is 
covered by the recombination of o3 and 0 and by some other less 
important processes. Obviously, the NOx reaction cycle is the 
dominant ozone destruction mechanlsm at altitudes below 40 km. The 
HOx cyc1e is on1y important in the near-tropospheric region, 
whereas the C10x reaction scheme is noticeable between 30 and 
50 km, i.e. where the relative ozone concentratien is at a maximum. 

50 

alt. 
(km) 

40 

30 

o~------------~--,-------~--0 0 · 50 contr. 

Figure 3.2. 
The re1at1ve contributton of the NOx. HOx and ClOx cyc1es to. 
the remov"a1 of odd oxygen species at different altitudes (1980; after 
[10]. Recombination reactions of 03 and 0 make up for the 
deviations from 100%. 

Recent investigations show the 1oca1 and temporal ozone decrease 
over Antarctica during spring <September-October>. Thls so-ca11ed 
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"ozone hole" has been attributed to the presence of polar strato
spheric clouds at 15-25 km altitude havlng an effect on both the 
NOx cycle [181 as well as the ClOx cycle [19], but no experimen
tal proof could be rendered yet. 

3.2.3. Halocarbons in the atmosphere 
Varleus halocarbons are being released lnto the atmosphere, both 

from natoral and anthropogenlc sourees <cf. Table 3.1). The chlorlne 
budget of anthropogenic emissions largely surpasses that of the only 
natorally occurring ch1orocarbon, CH3Cl, and the atmospheric 
concentrations of these man-made species are still growlng. 

Fully halogenated hydrocarbons llke CC1 3F or CC1 2F2 are 
almost inert to tropospheric decomposition mechanisms (i.e. 
OH-attack>. So they accuroulate and gradually diffuse into the 
stratosphere. Here they photolyse according to e.g.: 

CCll 
hv 
+ (3.12) 

The chlorine radicals hereby produced participate in the ozone 
destructien scheme of reactions (3.9>-<3.11>. Since UV photolysis and 
0< 1D> attack are the only reactions that can remove these perhalo
carbons, their atmospherlc llfetimes are extremely long. They range 
between 55 to 93 years calculated for CC1 3F [201 ~nd 10.000 years 
estimated for cr4, which is the most stable one [211. Even for 
modest emission scenarios lt can be foreseen that the contribution of 
these compounds to the halogen budget of the stratosphere will 
increase in the course of time. 

Partly halogenated hydrocarbons as well as halocarbons with a 
double bond are less stable. Consequently, they are 1arge1y removed 
in the troposphere by reactfon with hydroxyl radicals. The global 
release rates of CH3Cl, CH3Cc1 3 and CHCtF2, however, are so 
large that they nevertheless contribute consfderably to the chlorine 
budget of the stratosphere. 
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Tab1e 3.1. 
Major tropospher1c ha1ocarbons <after [11,24,25]). 

Species CFC 8p Trop. Atm. Prod. 
Tra de conc .D 11fet1me ratel> 
nr. (oC) <ppt> <yrs> (106 k.g/yr> 

CH 3C1 40 -24 617 2-3 5000 
CC1 2F2 12 -29 300 105-169 400 
CCJ 3F 11 24 175 55-93 300 
CC1 4 10 77 145 60-100 500 
CH3CC1 3 140a 74 130 5.7-10 600 ' 
CHC1F2 22 -40 60 12-20 100 
CF4 14 -129 67 10.000 0.01 
CH2c1 2 30 40 32 0.5 500 
CHC1 3 20 61 30 0.3-0.6 250 
CC1 2=CCI 2 1100 121 26 0.4 1000 
c2c1 3F3 113 48 18 63-122 100 
CH 38r 4081 4 15 1.7 50 
c2c12F4 114 4 11 126-310 20 
CHCh·CC1 2 1120 87 8 0.02 600 
C2C1F5 115 -38 4 230-550 4 

C2F6 116 -79 4 500-1000 ? 

CC1F3 13 -81 4 180-450 ? 

CH3I 4011 43 2 0.01 700 
CHC1 2F 21 9 2 2-3 ? 

CBrF3 1381 .-59 62-112 ? 

CBrC1F2 1281 29-42 4 

1) Figures for 1980. 
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Table 3.l.(continued) 

CFC Main sourees References 
Tra de 
nr. 

40 oceanic emission, biomass burning 26-29 
12 refrigerant, aerosol propellant, foam blowingagent 29-33 
11 refrlgerant, aerosol propellant, foam blowingagent 29-33 
10 solvent 28,29,34,35 

l40a solvent 28,29,32,35 
22 refrigerant, foam blowing agent 28,36,37 
14 natural<?>, aluminium production 
30 solvent 
20 solvent 

1100 solvent 
113 solvent 
40Bl oceanic emlssion, fumigant 

114 . solvent 
1120 so 1 vent 
115 aerosol propellant, refrigerant 
116 aluminium production 

13 refrigerant 
40!1 oceanic emission 
21 ? 

13B1 fire extinguisher 
12Bl fire extinguisher 
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38,39 
29 

. 28,29 
28,40 
28,29,39 
40,41 
29,39,42 
40,43 
38,39 
38.39 
38,39 
28,40,44 
45,46. 
38,39 
47 



In 1980, about 3 ppb organically bound chlorine was present in 
the troposphere. Most of it is of anthropogenic ortgin <78%) being 
contained in CFC-12, CFC-11, tetrachloromethane, 1,1,1-trichloro
ethane, CFC-22 and minor ha1ocarbons such as CFC-113, CFC-114, 
CFC-115 and CFC-13. At the present emission rates of these 
halocarbons, the amount of organically bound chlorine will almost be 
doubled by the end of this century [11]. Contrarily. aftera 
world-wide ratification of the UNEP Protocol on "Substances that 
Deplete the Ozone Layer" <Conference held in Montreal, 1987, Sept. 
14-16), I t can be expected that the CFC emi ss ion rates wi 11 decrease 
signlficantly. In this treaty. all important industrialized countries 
endorsed a plan to reduce their CFC consumption in 1999 to 50% of the 
1986 1 eve 1. 

The most important halocarbons, their CFC trade number and some 
literature data are listed in Table 3.1. Height profiles and local 
and timed varlatloos of CFC-11 and CFC-12 are well documented [22]. 
Most of the other species, however, did not receive considerable 
attention until 1980. The use of some of these CFC's is growing very 
rapidly <e•1l• CFC-22, CFC-113 and CFC-114) [23]. 

Compared to tropospheric halocarbon concentrations presented in 
Table 3.1, the concentrations of halocarbonsin the stratosphere are 
up to 3 decades lower, depending on the substance as well as on the 
altitude. The measurement of halocarbons in the troposphere and 
stratosphere is important for quantifying the sourees of halogen 
radicals. Moreover, measured vertical profiles of these compounds 
provide a powerful tool for testlog photochemical models and thus 
improving our understanding of atmospheric photochemistry and 
dynamics. 

3.2.4. Effect on the elimate 
Apart from their impact on stratospheric ozone, chlorofluoro

carbons have a direct effect on the elimate as well [48]. Until 
recently only the annual increasing co2 budget was held responsible 
for the slow temperature rise of the earth's troposphere ("greenhouse 
effect">. However, other trace gases arealso capable of absorblog 
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the reflected IR radiation. The vibrational frequencies of CFC's 
differ from those for C02 and so they efficiently absorb IR 
radlation of wavelengths that have not been removed by co2. 
Although thelr concentrations are relatively small compared to co2, 
CFC's nevertheless contribute considerably to the greenhouse effect 
[49]. A comparison of pastand future contributions by several gases 
to the overall temperature increment is given in Table 3.2. 

Table 3.2. 
Cumulative temperature effect for the pre-industrial time until now 
and from now until the year 2050, calculated for the principal1y 
contributing species [50]. 

pre-industrial 1986 until 2050 
until 1986 
<K> (%) 

co2 0.54 57 0.67 34 
CH4 0.21 22 0.38 19 
N20 0.03 3 o. 11 6 
NH3 0.06 6 0.17 9 
CFC' s 0.07 7 0.48 24 
Others 0.04 4 0. 16 _! 

TOT Al 0.95 100 1.97 100 

It is beyond doubt that a temperature rise of 2K will drastical
ly influence the climate. The contributlon of halocarbons wlll become 
more significant, stressing once more the importance of monitoring 
their concentrations. 

3.2.5. Halocarbons as atmospheric tracers 
Tracer experiments provide useful information about the 

transport of air masses in the atmosphere and analysis techniques 
similar to the method described in this chapter can be applied. 

Owlng totheir atmospheric stability, low background level and 
high ECD response, various halogenated compounds have been employed 
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in atmospheric tracer experiments [51]. So far, the most frequently 
used is sr6, whlch has in addltion all the properties that make lt 
an excellent tracer: non-toxlc, lnsoluble in water and commercfally 
well available. The average background concentratfon of 0.3 ppt [291, 
however, is gradually growing and the lncreaslng industrial use of 
sr6, e.g. in electrlcal power plants, has led to many local 
sources, thus obscuring long range atmospherlc transport studies. For 
these reasons, as well as fortheneed to use several tracers simul
taneously, other substances have been proposed. CFC's like CBrF3 
[52] and CC1 2F2, CC1 3F and CBrClF2 [53] have been employed, 
although they all have considerably higher background concentrations 
than sr6. Perfluorocarbons like perfluorodimethylcyclobutane, per
fluoromethylcyclohexane and perfluorodimethylcyclohexane <C6F12 , 
c7r14 and c8r16 > have succesfully been applied in long range 
dispersion experiments [54] as well as in lnfiltratfon measurements 
in residences [55,56]. 

3.2.6. Comments 
Theactual contributlon of halogenated hydrocarbons to ozone 

destructien is proved by the stratospheric presence of HF and its 
absence in the troposphere. The local sourees for HF are fluorine 
radicals. Lfke chlorfne they are abstracted photolytfcally from the 
CFC-molecule and they react with H2 or CH4 to give HF. Model 
calculations agree very well to the measured amount of HF [10]. 

Quantftative predictfons of ozone depletion by halocarbons are 
much less reliable. In the past, air transport models and reactfon 
schemes had to be revised frequently, leading to different and even 
contradictory conclusions. About 200 chemfcal reactions are known to 
be involved, all interrelated and all with uncertainttes intheir 
reactfon rate constants. Changes In ozone concentrations at different 
altitudes lead to local varlations of UV adsorption and consequently 
to temperature changes. The tropospheric "greenhouse effect" as 
discussed befere also influences the stratospheric temperature 
profile as well as air transport phenomena. In all an extremely 
complex matri_x of mutually related parameters results, adding a large 
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degree of uncertainty to any prediction. 
Model calculations are based on assumed future emission 

scenarios, which might not be very realistic for one or all of the 
species involved. This complicates ozone depletion predictlons even 
more. 

At present, the anthropogenic effect on ozone decay is still 
very small compared to the naturally occurring ozone fluctuations. 
According to our present knowledge a measurable ozone reduction is 
not to be expected before the year 2000. It should be realized, 
however, that owing totheir long atmospheric lifetimes, accumulated 
halocarbons will affect stratospheric ozone long after their emission 
date. 

Figure 3.3 
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Relative future changes in local ozone concentrations [03l at 
different altitudes, including all three reactions cycles <NOx, 
ClOx and HOx> and temperature feedback [16]. 

The most recent, generally accepted modelsof ozone varîations 
using fairly reliable emission scenarios and includlng temperature 
feedback, predict an increasing ozone concentratien below 25 km, and 
a decrease in the higher stratospheric regions [16], as pointed out 
in Figure 3.3. 
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3.3. STRATOSPHERIC AIR SAMPLING 

Most of the sample intake technlques reviewed by Klockow [571 
are only fit for ambient air sampling. In the stratosphere, grab 
sampling with and without compression as well as cryogenlc sampling 
technlques are applicable [58,591. 

With grab sampling, air is allowed to flow into a previously 
evacuated caonister until the in- and outside pressures equalize. Due 
to the limited amount of air that can be sampled, it is only suitable 
for the most abundant species in the lower stratosphere. Using a 
compressor, the sampled amount can be lncreased considerably, but it 
bears the risk of contamlnation and because of the power require
ments, lt Is only feasible in aircraft sampling fllghts. 

Starage stability has been studled for different cannisters and 
compounds. Halocarbons are well preserved in specially ,Prepared 
stainless steel containers [60,61]. For more reactive species like 
so2• CO and NO, passivated aluminum containers should be employed 
[62]. 

Stratospheric air analyzed in this work was collected according 
to the well-experienced cryogenic sampling method of the Max Planck 
Instltut für Aeronomle (Lindau, GFR> [33,63]. Nlne up to flfteen 
evacuated sample containers <300 ml, stalnless steel, electropollshed 
and vacuum-baked> placed inslde a metal Dewar vessel filled with 
llquld neon <1.5 bar, 28.6K> are launched in a balloon-borne fllght. 
In order to prevent contamlnation from the balloon and auxtllary 
equipment, air is sampled during the slow descent of the balloon 
<50-100 m/mtn> after passage of the summit at about 35-45 km helght. 
When at a deslred altltude a motor driven valve is opened by tele
command, air is sucked in, which immediately condenses on the cold 
walls of the container. Thus a vacuum is matntained inslde the 
container and the sampled amount of air is solely determined by the 
opening time of the valve and the ambient atmosphertc pressure. For 
instance, at an altitude of 35 km it takes about 20 minutes to 
collect 10 liters of air <STP>, whereas at 15 km only 1 minute is 
required. 

Interference by the vented neon gas was prevented by keeping a 
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distance of at least 12 m between the air Intake and the neon outlet. 
Before entering the container, local ozone Is destroyed by reactlon 
with a sllver- or copper-wool filter. Under slmulated stratospheric 
conditions sampllng of representative air volumes was thoroughly 
tested, and no d1scr1mination effects were observed. The preservatlon 
of sampled constituents in the containers was monitored as well and 
found satisfactory [64]. 

3.4. SAMPLE INTRODUCTION AND ENRICHMENT 

3.4.1. Sample introduetion system 
The extremely low concentratlons of the halocarbons in the 

collected air necessitate sample enrichment prior to GC analysis and 
EC detection. In the schematic design presented in Figure 3.4, 
pre-concentratien on an adsorption trap is followed by on-column 
cryofocusing in order to provide narrow input band widths compatible 
with capillary GC requirements. Hith the cold-trap mounted on top of 
the GC injectlon port outside the gas chromatograph, the GC oven 
temperature can be set independently of the cold-trap operation. 
Owing to this construction, sample introduetion can easily be 
automated by supplying the SIS with actuated valves and an 
electronically timedevents control unit. 

Because the low concentrations of the compounds of interest are 
very sensitive to adsorptive losses and contamination, any contact 
between the sample and plastic materials is avoided. Moreover, the 
contactareasof stainless steel and glass parts are taken as small 
as possible. No adsorption nor contamination by the equipment was 
observed throughout this work. 

A known quantity of air, corresponding toa pressure increment 
in the evacuated reference cylinder (304-HDF4-500, Whitey, Highland 
Heights, Ohio, USA; RC in Figure 3.4> is passed over the home-made 
adsorption trap AT at a flow rate of 100-200 ml/min. After actuation 
of the valves, the compounds are thermally desorbed by backflushing 
of the trap. The released material is cold-trapped in the first part 
of the capillary column. After completion of the desorption the 
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trapped sample is re-injected by flash-heatlng of the cold-trap to 
start the chromatographic separatlon. 

RC 

SB 

cc 
Flgure 3.4 
Sample Introduetion System. 
A-E= metal bellows valves; F= three way ball valve; SB= sample 
bottle; AT = adsorption trap; CT = cold-trap; Re- reference cylinder; 
P= pressure transducer; CC= cap111ary column; CF= charcoal filters. 

Except for the three-way ball valve <Whltey B-41 XS 2> all 
valves are Nupro SS-4H metal bellows valves <Nupro Co., Hllloughby, 
Ohio, USA>. Stainless steel tubing ts used together with Swagelock 
couplings <Crawford Fitting Co., Solon, Ohio, USA>. The pressure 
transducer is a Data Instruments Model AB, 0-50 psla <Data Instru
ments Inc., Lexington, M, USA>. 

The helium carrier gas is first purifie<l by a Molecular Sieve 5A 
trapandthen passed over two charcoal filters (0,8 m x 5 mm ID, 
charcoal 10-18 mesh). These f11ters are immersed in llquld oitrogen 
<-196°C} and placed as close as possible to the sample introduetion 
system. 
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3.4.2. Adsorptlon Trap 
The double walled all-glass adsorption trap (cf. Figure 3.5> 

provides the possibllity of trapping at sub-ambient temperatures. 
Cooled nltrogen gas is blown through the jacket vla the two hose 
connectlons. Thermal desorptlon takes place upon appllcatlon of a 
voltage over the canthal heating wire <diameter 0.25 mm, electrlcal 
reslstance 20 Q/m} whlch is wound around the constricted inner part 
of the trap at about 15 coils/cm. This construction provides a 
minimum reslstance to heat transport during desorption. The thick 
walled ends are connected to the inlet system by 0,25" Swagelock 
fittings, using Vespel ferrules. The temperature is recorded by a 
thermocouple, placed at the centre of the adsorptlon trap. 

HW TC 

Figure 3.5 
All-glass Adsorption Trap. 
TC • thermocouple; HH = heating wlre; XXXX = sorbent; @@@ • sylanized 
quartz wool. The arrows lndlcate the flow directloos of the coolant 
and the sample. 

Many different sorbents have been applled succesfully in 
concentrating organics from gases [65,661 as wellas from water [67]. 
Essentially two approaches occur: enrichment on a small amount of an 
actlve sorbent wlth a large specific surface area, followed by llquid 
extraction with a small volume of a suitable solventor enrichment on 
a larger amount of a less active sorbent that allows thermal 
desorption and consecutive cryogenic focusing. Only the second 
approach is feasible for gaseaus compounds. To eosure quantitative 
trapping, thermally stable adsorbents wlth a large specific surface 
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area are requfred for the quantitative trapping of volatile compounds 
and consecutive heat desorption. Some of the most frequently employed 
sarbents are listed in Table 3.3. In general the porous polymers are 
thermally desorbed, whlle the XAD resins and charcoal can best be 
desorbed by solvent extraction. 

Table 3.3 
Maln characteristics of some sarbents 

Sorbent Polymer Specffic Maximum 
campos lt i on surface area desorption 

(m2Jg> temp. <oe> 

Tenax GC 2,6-diphenyl-p-phenyleneoxide 20-30 450 
Chromosorb 101 styrene-dfvinylbenzene 50 300 
Chromosorb 102 styrene-divinylbenzene 300-400 250 
Chromosorb 105 polyaromatic. 600-700 200 
Porapak P styrene-div.inylbenzene 100-200 250 
Parapak Q ethylvlnylbenzene-divinyl- 600-800 250 

benzene 
XAD-2 styrene-divinylbenzene 300 200 
XAD-4 styrene-dlvinylbenzene 750 200 
Spheron SE styrene-ethylenedimethacrylate 70 280 
Charcoal >1000 500 

As pointed out by Raymond and Guiochon [681, the enrichment of a 
gas stream by trapping on an adsorbent can be regarded as a frontal 
analysis technique. Quantitative trapping will occur until the gas
volume that has passed the trap is equal to the retention volume of 
the compound minus half the base width of the peak in elution chroma
tography, <VR- !w?. Thls is shown in Figure 3.6. 

The maximum sample volume <MSV> at a given temperature can be 
calculated from the retentien volume, VR, and the plate number of 
th~ trap, Ne, atcording to [68]: 
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2 MSV = VR ( 1 - ~ ) 
c 

(3.13) 

This approach has been followed by several workers <cf. Figure 3.6b> 
[68-70]. For traps with a low plate number the direct measurement of 
the maximum sample volume by frontal analysis is to be preferred <cf. 
Figure 3.6a> [71-74]. 

Figure 3.6 
Concentration profile at the column outlet fora. frontal analysis 
and b. elution chromatography. 

For the experimental evaluation of the sorbents in this work, a 
helium gas stream of 100 ml/min containing 1 ppm of CFC-12 was fed 
continuously onto the adsorption trap. CFC-12 was selected as the 
test substance for its high volatility and good ECD response. The 
trap was connected to the electron capture detector via a splitter 
and a short fused-silica capillary. A typical recording of such an 
experiment is shown in Figure 3.7. The maximum sample volume <MSV> is 
taken as the amount of helium that has passed the trap until the 
signal has reached 5% of its maximum value. The MSV's are determined 
at various temperatures for traps packed with different sorbents 
<L= 4 cm, i.d.= 2 mm>: Tenax (3.1 mg>, Porapak Q <12 mg>, Carbopack A 
<22 mg>, Charcoal (16 mg) and Alumlna (43 mg>. The experimental 
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results are glven in Table 3.4. In those cases where after 2 hours of 
loading no breaktrough was observed, the experiment was terminated. 
Thls corresponds toa sample volume of 12 11tres. 

R 

Rmax ----------- ---·---·--·····--····-------

5% ----- ----·------------, 

t 

Figure 3.7 
Detector signa1 in a breakthrough experiment. 
Rmax =maximum sfgnäl; tMsv =time at 5% b.reakthrough. 

Table 3.4 
Maximum sample volumes for CFC-12 on different adsorption traps at 
different temperatures. 
Traps: Tenax, Porapak Q, Carbopack A, Charcoa1 and A1umina. 

MSV (l) 
Temp. Tenax Porapak Q Carbopack A Charcoal A lumina 
(°C) 

150 0 0 0 >12 0 
25 0 0 0 >12 0.04 
0 0 0.3 0 >12 0.14 

-25 0.03 1.2 0.1 >12 3.14 
-50 0.1 12 0.1 >12 >12 
-75 0.6 >12 0.5 >12 >12 
-100 3.3 >12 12 >12 >12 
-125 >12 >12 >12 >12 >12 
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The adsorptlon capaclties of both Tenax and Carbopack A are too 
smal!, whereas for charcoal too high desorptlon temperatures are 
requlred. Porapak Q and AJumina sult well with respect to capacity 
and desorption temperature. In view of the fact that AJumina is found 
to react with not completely halogenated compounds at elevated 
temperatures, as is shown in Appendix 1, Porapak Q wasselectedas 
the most favourable adsorbent for the enrichment of volatile organics 
in air samples. 

The trapping efficiency of Porapak Q at different temperatures 
was determined fora number of halocarbons and the results are listed 
in Table 3.5. As can be seen, a temperature of -5o•c is sufficiently 

Table 3.5 
Relative reeoverles of trapping on Porapak Q at different 
temperatures fora number of volatile halocarbons <reference -15o•c>. 

AT - 5o·c 
AT -1oo·c 

13 

0 

100 

1361 

26 
102 

CFC Trade no. 
115 12 114 

83 
100 

102 
103 

100 
108 

11 

103 
113 

113 

106 
94 

1ow for the quantitative trapping of CFC-12, while e.g. CFC-13 is not 
retalned at all. At -1oo•c all the examined halocarbons are trapped 
quantltatively and no further reduction of the trap temperature is 
needed. Considerlng the effect of cooling and heatlog of the trap on 
the overall analysis time, a temperature of -loo•c was selectedas 
the optimum. 

3.4.3. Cold-Trap 
In order to obtain sufficiently narrow injection bands, the 

compounds desorbed from the adsorption trap are cryofocused on the 
first part of the analytica! column and successively re-injected by 
flash-heatlng. 
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cc 
Figure 3.8 
Cold-Trap for on-column cryofocusing. 
TC= thermocouple; HW= heating wire; S= rubber septum; MR= metal rod; 
I= injectlon bloei<.; AC= auxilliary connection; CC= capillary column. 
The arrows indicate the flow directions of liquid nitrogen and the 
carrier gas. 

The cold-trap is made of a polyimide rod <60 x 12 mm> with an 
axial hole of diameter 2 mm <Figure 3.8>. The column is passed 
through a helix of canthal heating wire <± 35 coils/cm>, placed 
inside the trap. Two hose conneetloos enable entry and exit of the 
coolant. The trap temperature is recorded by means of a thermocouple, 
introduced vta a nut, half-way along the trap. The top of the 
cold-trap is closed by means of a polyimide screwcap and a thln 
silicon rubber septum. The bottorn is screwed onto a metal rod passing 
through the GC-injection block. 

In the trapping mode, temperatures as low as -196°C can be 
reached when nltrogen gas as a coolant is passed through liquid 
nltrogen. 
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On re-injection, a large voltage is applied during several 
seconds, which is then automatically reduced toa lower, preset value 
to avoid over-heating of the trap. Typical values are 25V for 5 
seconds, foliowed by a constant voltage of 8V. 

The trapping efficiency of the cold-trap was studled for two of 
the GC columns that will be evaluated later in Sectien 4.5: an 
Al 20/KC1 PLOT column <de= 0.32 mm> and an OV-101 HCOT column 
<de· 0.22 mm, df= 0.6 ~m). The column was passed through the 
cold-trap and connected toa splitter injector. No losses were 
observed during trapping at -196°C for 30 minutes, when 0.1 ng of 
CFC-12 was introduced onto the OV-101 column. On the Al 2o3 PLOT 
column a representative mixture of halocarbons (quantities ranging 
from approx. 30 pg for CFC-11 up to 10 ng for CFC-13) was trapped at 
-196°C. Reeoverles as a function of trapping time are listed in Table 
3.6. No losses were observed, not even for the most volatile 
compounds aftera trapping time of 15 minutes. 

Tab1e 3.6 
Reeoverles of cold-trapping for the Al203 PLOT column as a 
function of trapping time <CT· -196·c. reference: split injection= 
100%>. The RSO va1ues of -hot- split injections are presented as well 
<n=4>. 

CFC Trade no. 
13 1361 115 12 114 11 113 

5 min CT 92 106 93 104 100 112 133 
10 min CT 92 104 93 96 100 93 133 
15 min CT 89 94 86 91 93 97 142 

RSO <split} 4% 3% 2% 3% 2% 13% 9% 

The partitioning process of the OV-101 statlonary phase stops at 
temperatures below the glass point of the methyl-silicone phase, 
whereas the adsorption mechanism of A1 2o3 remains active, even at 
-196°C. Accordingly, PLOT columns are basically better suited for the 
cryogenic trapping of vo1atlle compounds than HCOT columns. For the 

- 89 -



quantitatlve cold-trapping of CFC's, both column types can be 
employed. 

a b c 

~ 
I I I I I 

1 1 2 1 2 3 

Figure 3.9 
Effect of cryofocusing on the peakshape 
a. split-injection of CFC-12 <20 ~1. 100 ppm, split ratio 100:1>. 
b. as a., with adsorption and therma1 desorption of the Porapak Q 

pre-column, without cryofocusing. 
c. as b., with on-column cryofocusing. 
1 = injection; 2 • desorptlon of AT; 3 = re-injection by flash 
heating of CT. 

The effect of cold-trapping on the peak shape .in conjunction 
with thermal desorption of a packed pre-column is shown in 
Figure 3.9. The injector and detector are interconnected vla the 
adsorption trap, a splitter <split ratio 100:1), the cold-trap and a 
short fused si1ica capillary column. Injection of 25 ~1 of a helium 
sample with 100 ppm CFC-12 results in the peak of Flgure 3.9a, when 
both traps are heated. An ldentical lnjection and intermediate 
trapping at -100°C on the Porapak Q trap foliowed by thermal 

- 90 -



desorption without cold-trapping results in peak tailing and serious 
band broadening <cf. Figure 3.9b>. In combination with on-column 
cryofocusing and flash injection, the result of Figure 3.9c is 
obtained. Obviously, this injection technique produces very narrow 
injection bands, even better than those obtained with split 
injections at high split flows. 

a 

b 

Figure 3.10 
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a. Temperature profile measured inside the capillary cold-trap. 
b. Attendant voltage profile during flash desorption. 

The temperature profile inside the cold-trap during flash 
injection was measured off-line with a thin thermocouple placed 
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lnside a fused-silica capillary of internal diameter 0.25 mm. The 
characteristic temperature profile of Figure 3.10 is measured for an 
initial voltage of 25V during 5 seconds, followed by a reduced 
constant value of 8V. 

3.5. GAS CHROMATOGRAPHY 

3.5.1. Equipment 
A Packard 427 Gas Chromatograph <Chrompack Packard, Delft, The 

Netherlands) was modified for installation of the sample introduetion 
system <cf. paragraph 3.4.1) on top of it. The detector used was a 
Carlo Erba electron capture detector, r.~del 40, in combination with a 
model 400 control module <Carlo Erba Strumentazione, Milano, Italy>. 
For data processing a SP 4000 Data System was employed <Spectra 
Physics, Santa Clara, CA, USA), or a Shimadzu CR 3A Computing 
Integrator <Shimadzu, Kyoto, Japan>. A more detailed description of 
electron capture detection is given in the Sections 3.6 and 3.7. 

It was shown in Chapter 2, that the lewest minimum detectable 
amount is found fora solute capacity ratio in between 0.5 and 1.5. 
Tomeet this criterion for the capillary GC analysis of very volatile 
compounds, various kinds of columns can be used: 

a thin film HCOT column at sub-arobient temperatures, 
a thick film HCOT column at ambient oventemperatures, 
a PLOT column coated with a high capacity sorbent, employed at 
high temperatures. 

In the next paragraphs an experimental evaluation of these column 
types is presented. All columns were obtained from Chrompack, 
Middelburg, The Netherlands. 

3.5.2. Thin-film HCOT columns 
Because of the large phase ratio of thin film columns, the 

analyses have to be performed at reduced temperatures to obtain 
sufn c i ent retentien. In order to es tab 1 i sh these 1 ow temperatures, a 
GC instrument equipped with sub-arobient oven temperature facilities 
is needed. Apart from the extra equipment costs, each analysis is 
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faced with the expense of large amounts of coolant, especially after 
temperature programmingin order to re-establish the initial oven 
temperature. Several instrumental aspects of cryogenic GC have been 
reviewed by Brettell [751. 

The selection of the stationary phase is limited to one that 
still remains viscous at low temperatures. A low viscosity methyl 
silicone stationary phase like OV-101 is well suited for sub-ambient 
gas chromatography. Havlng a temperature range of -60°C up to 250°C, 
compoundsof high as well as medium volatility <c1-c20) can be 
analyzed with this kind of stationary phase. 

An example of a seaparation of a halocarbon mixture on a fairly 
thin film column <L· 50 m, i.d.= 0.22 mm, OV-101, df= 0.6 ~m) and 
an initialoven temperature of -40°C is presented in Figure 3.1la. A 
temperature program was applied from -40°C up to 80°C at 8°/min. The 
cryogenic unit consistedof a Packard 799 Proportional Current 
Control, a Cryoson DR4 Pressure Control Unitand a Cryoson NDA32 
Dewar Vessel <Cryoson Technical Laboratory, Midden Beemster, The 
Netherlands). 

3.5.3. Thick-film WCOT columns 
One way to avoid the needof sub-ambient oven temperatures is to 

use a column with a thick film of stationary phase. As a rule of 
thumb, the film thickness has to be doubled in order to allow a 
temperature iocrement of 10-20°C (cf. Chapter 2). With the results 
for the thin film column of paragraph 3.5.2 this implies a film 
thickness of 5-10 ~min a 0.22 mm i.d. column in order to enable 
gas chromatography at ambient temperatures. However, the GC 
separation on such thick film columns is less efficient due to the 
significant contribution of the stationary phase to peak broadening. 
The overall effect of the film thickness on detection limits has been 
discussed extensively in Chapter 2. 

As a campromise between oven temperature and column efficiency, 
a column with a non-immobilized stationary phase of thickness 
2.3 ~m was selected <CP SIL 5, L= 24 m, i.d. 0.33 mm>. Achromate
gram of a halocarbon standard separated on this column is given in 
Figure 3.11b <temperature program 40°+140°C at l0°C/min). For the 
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analysis of compounds more volatlle than CFC-12 still sub-ambient 
oven temperatures are required or a thicker film should be used. 

Very thick films of non-bonded stationary phases often suffer 
from a reduced stability, which gives rise to elevated background 
levels in temperature programmed analyses. lmmobilization generally 
cures this effect, but we observed many contaminant peaks when such a 
stationary phase was subdued to flash heating after.cold-trapping. As 
a consequence, columns with chemically bonded stationary phases can 
not be used in combination with the sample introduetion system. 

3.5.4. Al 2Q3 PLOT columns 
Compared to thick film WCOT columns, A1 2o3 PLOT columns 

offer a better column efficiency as well as a higher selectivity and 
so the peak resolution is improved [76]. Volatile compounds can be 
separated at high temperatures on an A1 2o3 PLOT column, so that 
forced cooling of the GC oven is not necessary. 

In the course of this study, it was observed however, that at 
high temperatures some halogenated compounds are lost during the 
chromatographic process. According to our findings as reported in the 
Appendix, partly halogenated hydrocarbons like CFC-22, dichloro
methane and di- and tri-chloroethanes are decomposed or irreversibly 
absorbed by the Al 2o3 PLOT column. This phenomenon drastically 
restrains the applicability of Al 2o3 PLOT columns for the 
analysis of halocarbons. 

In this workan Al 2o3/KC1 PLOT column (La 50 m, i.d.= 
0.32 mm> is employed for the temperature programmed analysis of 
volatile halocarbons (80°C up to 200°C at l0°C/min>. Note, that In 
the chromatagram of Figure 3.llc, both isomersof CFC-114 (di-chloro
tetrafluoroethane> are separated, which could not be achieved on the 
WCOT co 1 ums . 

3.5.5. Porous polymer PLOT columns 
No decomposition of the analytes was observed, when the 

Al 2o3 PLOT column was replaced by a PLOT column with aporous 
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Figure 3.11 
Ana1ysis of halocarbon mixtures on different kinds of capillary 
columns. The peak numbers refer to the CFC-trade numbers of Table 3.1. 
a. Thin film OV-101 WCOT column; 

L= 50 m; i.d.= 0.22 mm; df• 0.6 pm; -40° + 80°C at 8°C/min; 
b. Thick film CP SIL 5 WCOT column; 

L= 24 m; l.d.• 0.33 mm; df• 2.3 pm; 40°C + 140°C at l0°C/min; 
c. Al203/KCl PLOT column; 

L· 50 m; i.d.= 0.32 mm; 80°C + 200°C at l0°C/min; 
d. Porap1ot Q PLOT column; 

L= 10 m; l.d.• 0.32 mm; 150°C + 250°C at l0°C/mln; 
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polymer as the stationary phase. Very recently they were introduced 
for the analysis of permanent gases and volatile organics [77]. To 
complete this survey on the gas chromatographic analysls of halo
carbons, we also examined this type of column, coated with a 
styrene-divinylbenzene co-polymer <"Poraplot Q«>. This stationary 
phase requires high oven temperatures for the elution of CFC's. Using 
an electron capture detector, extreme column bleeding is observed 
between 200°C and 250°C <cf. Figure 3.lld>, obscuring all trace 
components of intermediate volatility <bp>60°C). Even by prolonged 
conditioning (65h at 200°C foliowed by 16h at 250°C) the column 
performance at high temperatures could not be improved. 

Although these investigations are merely preliminary, it can be 
concluded that the combination of Paraplot Q columns with EC 
detection is only fit for the analysis of very volatile compounds. As 
many different types of polymers are available, tuning of the chroma
tographic characteristlcs by a careful selection of the stationary 
phase is at hand. 

3.5.6. Recommendations 
Basedon the above investigations it can be concluded that fully 

halogenated CFC's can best be analyzed on an A1 2o3 PLOT column. 
For the simultaneous determination of partly and fully halogenated 
compounds, the volatility has to be considered. Very volatile CFC's 
with boiling points below 60°C can succesfully be analyzed on a 
Poraplot Q PLOT column in combination with EC detection, whereas 
halocarbonsof intermediate volatility (bp>-30°C) can be separatedon 
thick film WCOT columns. When the analysis of all CFC's is demanded 
in one GC run, a thin film WCOT column should be app11ed at cryogenic 
temperatures, or a combination of two different columns should be 
employed in a multi dimensional GC system. 

It was concluded in Chapter 2 that in combination with on-column 
cold-trapping narrow bore columns should be used to obtain the lewest 
Q

0 
values. At present, however, the smallest inner diameter of 

commercially available thick film WCOT columns and PLOT columns is 

0.32 mm. 
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3.6. DETECTION 

3.6.1. Electron capture detection 
Because of the large electron affintty of halogen atoms, the 

electron capture detector is pre-eminently suitable for the detection 
of CFC's. lts detection mechanism involves a large degree of 
selectivity, with a high response to chloro-, bromo- and iodo
compounds, nitro-aromatics and conjugated systems [781. A fairly 
complete treatlse on the theoretica] and practical aspects of ECD 
eperation was published some years ago [79). 

The EC response is enhanced by multiple substitution of halogen 
atoms on the same carbon atom, and increases in the sequence of 
F<<Cl<Br<I. Chlorinated solvents like CC1 4 and CC1 3F are among 
the most strongest electron adsorbing species and their tropospheric 
presence can be determined even without pre-concentration. On the 
other hand, compounds like CF4, CH 3Cl and CHC1F2, which have 
only smal! rate constants for the attachment of thermal electrons, 
are detected by the ECD with insufficient sensitivity. Generally, 
these compounds are analyzed by GC-MS. 

The sensitivity of the ECD for some weak electron absorblog 
species can be improved by doping of the carrier gas with o2 or 
N2o, yleldlng respectively 02 and o- ions in the detector 
cell. The occurrence of ion-molecule reactions insteadof electron 
attachment, favours the detectabllity of CH3CJ and other mono- and 
di-substltuted alkanes, when o2 is used as the dopant in a con
centration of ca. 0,2% [80,811. A response enhancement by a factor of 
100 is feasible, whereas compounds with a normally high EC response 
are hardly influenced. By doping with traces of nitrous oxide 
(-20 ppm N20), the detection of e.g. C02, CH3F, C2H3Cl 
and CHC1F2 is improved, while a reduced sensitivity for other CFC's 
is observed [82,831. 

A qulte different approach to improve the detectabllity of 
CH3Cl is post-column iodination [84). By employing a heated reactor 
tube packed with Nai, the EC response tomethylchloride was increased 
by several orders of magnitude. Quantitative analysis using thls 
technique, however, is very cumbersome [85). Moreover, to avold 
excessive peak broadenlng, a caplllary column coated with Nai should 
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be employed in high resolution GC. This drastically limits the 
reactor's lifetime. 

The above techniques of selective electron capture sensitization 
may be fit for the qualitative analysis of some particular compounds 
with low EC responses. For the reliable quantitative analysis of a 
wide variety of halocarbons common ECD operation is preferred as has 
been done throughout this work. 

3.6.2. Mass speetrometry 
As discussed in the previous paragraph, the ECD Jacks in 

sensitivity for the determination of low concentrations of some 
halocarbons like e.g. methylchloride, CFC-14, CFC-13, CFC-22 and 
CFC-116. For these compounds, mass speetrometry is the detectlon 
technique of choice. 

The MS-technique commonly applied for the detection of chloro
fluorocarbons is electron impact mass speetrometry <EI> with selected 
ion monitoring <SIM>. Bruner and co-workers used a high resolution MS 
with simultaneous multiple ion detection on 5 masses (86.96, 84.96, 
83.96, 66.97 and 68.97>._Due toa reduced background level, ppt 
concentrations of several halocarbons could be determined when 300 ml 
sample is concentrated [84,85]. Ppt detection limitsof methyl
chloride, CFC-22 and CF3-group containing CFC's have also been 
reported by Penkett et al. [27,36,38]. Cronn and Harsch analyzed 
several CFC's in one run by repeatedly changing the mass monitored as 
only one SIM track was available (86]. 

Besides electron impact, chemical looization techniques have 
become widely adopted in mass spectrometry. For halogen containing 
compounds, negative ion chemical tonization <NICI> is the most 
appropriate. With NICI two mechantsms may occur: 
1. Electron capture lonization, or 
2. looization by a negative reagent ion. 
The first corresponds to the electron capture process in EC 
detectors, and so this technique is unfit for compounds with low ECD 
responses. In reagent ion NICI {proton abstraction or displacement 
reactions> a re~ctant gas is introduced into the looization chamber 
of the MS and the looization of the analytes occurs via the reagent 
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ion intermedlate. 
Concernlog the sensltivity of NICl, very little lnformation is 

available and no 1Herature data were found for CFC's. Harr1son 
statas that Cl and EI systems will show equal sensitlvlty for 
efflclent chemical looization reactions, but Cl will appear to be 
less sensitive for reactions with small rate constants <endothermlc 
lonlzatlon reactions) [87]. NICl eausas less fragmentation than EI 
and so less background will be observed, which favours the 
detectability in the SIM-mode. For small molecules llke CFC's, Cl 
and F- will be the produced ions rather than the M--ion. 
Therefore, no identification is posslble. 

Table 3.6 
Comparison of the minimum detectable amount of CFC-12 for different 
MS techniques and EC detection. ,.~ 

Oo <pg> 

ECO 0.5 
HP MSO EI Tota1 Ion <Scan) 500 

SIM <mlz= 85) 5 

Finnlgan El Total Ion <Scan> 500 
SIM <mlz= 85) 2 

PCI<CH4> Tot a 1 Ion <Scan> 1000 
SIM (m/z .. 85) 8 

NICI<NH3) Total Ion <Scan) 50 
SIM <mfz,. 35> 0.6 

In order to provide an Imprassion of the detectability by MS the 
minimum detectable amount of CFC-12 was determined, using a Finnigan 
4000 GC-MS instrument <Finnigan MAT, San Jose, CA, USA> and a HP 5970A 
mass selective detector <Hewlett Packard, Avondale, PA, USA>. The 
experlmentally determined values for varleus modes of oparation are 
summarlzed in Table 3.6. 

Because the sensitivity in EI-MS is of the same magnitude for 
all compounds, EI-SIM provides the best alternative for EC detection. 
For strongly electronegative species, NlCI-SIM is about as sensitive 
as EC detectlon. 
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3.6.3. Other detection systems 
For analyses where the detectability is less critical, a TCD has 

been applled for the simultaneous determination of CFC's, water and 
organic solvents as well as inorganic gases like N2o and co2 
[88]. The FID response to halocarbons can be enhanced by the addition 
of a surplus of hydrogen gas to the flame, allowing the simultaneous 
determination of CFC's and hydrocarbons [89]. The Helium Ionization 
Detector is very sensitive too, but its eperation is rather com
plicated. Being a universal detector its use intrace analysis of 
CFC's is not very convenient [90]. Other chlorine selective detectors 
like the Electrolytic Conductivity Detector have unfavourable 
detection limits for CFC's [91]. 

3.7. CA~IBRATION 

3.7.1. Preparatien of dilute gaseaus standards 
For the quantitative analysis of trace concentrations of halo

carbons accurate calibration standards should be available. Numerous 
techniques to prepare gaseous standards have been reported and 
thoroughly tested [92,93]. For the preparatien of trace concentra
tions of volatile organics <<1 ppm), however, dynamic dilution 
methods are to be preferred. Among them, the application of 
permeation devices provides an elegant means to obtain precise and 
accurate standards. 

The ECD response is very sensitive to variations of operational 
parameters like detector temperature, standing current, pulse voltage 
and the flow as well as the composition of both the carrier gas and 
the make-up gas. Therefore, frequent calibration is required to 
account for even minor changes in detector sensitivity as well as to 
allow detection at deliberately changed settings. Here a callbration 
gas delivery system is presented basedon permeation tubes that 
enables ECD calibration at regular intervals. 

Permeation devices are based on the diffusion of gases through a 
polymerie membrane. In the original design by O'Keeffe and Ortman, 
the pure gas, in liquid/vapour phase equilibrium, is contained in a 
tube entirely made of the polymerie material, i.c. FEP-Teflon [94]. 
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Later, many adapted devices were introduced such as: glass vials wtth 
a PTFE collar [951 or a silicon rubber stopper [96], Teflon tubing 
lmmersed in the liquid permeant [97] and a permaation wafer [98]. By 
diluting the permeated substance in a stream of inert gas, a gas 
standard with a known concentratien is obtained that can be employed 
for the calibration of analytica] instruments. 

After an tnitial equilibration period, the permeatton rate 
becomes constant and is proportional to the compound's partlal 
pressure difference in- and outside the device, the permeation 
surface area and inversely proportional to the membrane thickness 
[99]: 

r = ( 3. 14) 

As long as a liquid/vapour phase equilibrium is maintained inside the 
permeation tube, pi will be equal to the saturated vapeur pressure 
of the compound, P0

• The temperature is a very important parameter as 
po and B, the permeation coefficient, are both determined by it. A 
typtcal rate change of 10%/°C is observed, emphasizing the importance 
of a proper temperature control of the permeation device. 

Although the permeation rateis well defined by equation <3.14) 1 

inhomogeneity of the membrane material as well as micro-channel 
transport may cause serieus deviations from the mathematically 
calculated values, and hence the permeation rate is preferably 
determined by experiment. This is most conveniently done gravimetrl
cally [100-103], although manametrie calibration methods have also 
been applied [98]. 

The permeation process cannot be stopped occasionally and hence 
each tube has a limited lifetime. In this respect glass vials are 
very advantageous as they can contain a large volume of liquid, while 
the permeation area can be kept to a minimum. Lifetimes of several 
years can thus be obtained. In addition, refillable permeation tubes 
have also been designed [103,104]. 

Apart from the limited lifetime, some more restrictions are to 
be considered. Not every compound is fit for enelosure in a 
permaation tube, because of the high pressure of the liquid/vapour 
phase equilibrium at ambtent temperatures. Explosion of the vial or 
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deformation of the membrane could occur, disrupting the experiment. 
Finally, a newly-found compound cannot be quantifled withln the time 
required to establish a constant permaation rate, ranging from days 
up to several months. 

For the detector calibration we employed five permaation vials 
with different CFC's (CFC-12, CFC-114, CFC-11, CFC-113 and CH 3Cl) 
as primary calibrants, which were diluted in a stream of purified 
helium. Quantitative transfer of a known volume of the permaation gas 
to the GC-ECD combination yields the absolute detector response for 
each compound. 

Additionally, concentrated standard mixtures were prepared 
statically, which contained all the other compoundsof interest as 
well as one or more of the primary callbrants. Split injections of 
the standard mixtures yielded the response factors, and in 
combination with the absolute response data obtained from the 
permeation gas experiments, absolute detector sensitivities were 
calculated for all the compounds studied. 

3.7.2. Permaation system 
The permaation tubes we used were modified GC autosampler vials 

<1.5 ml), provided with a screw-cap. The rubber septurn was replaced 
by a PTFE disc of thickness 1-2 mm, closely fitting in the neck of 
the vial. No additional precautions had tobetaken to provide a gas 
tight seal. In order to allow inside pressures up to 15 bar, the vial 
bottorn was rounded as is shown in Figure 3.12. The vials were filled 
for ca. 50% with the liquefied gas by distillatlon from a lecture 
bottle into the cooled vial. CFC-11 and CFC-113 were both introduced 
as 11 qui ds. 

Six permeation vials containing different halocarbons tagether 
with an empty one ("blank"> are placed in two glass permeation 
holders, immersed in a waterbath <Vitatron, Dieren, The Netherlands) 
kept at 34.90"C with a stability better than ~ o.os•c. The water 
temperature is monitored continuously by a HP 2801A Quartz thermo
meter <Hewlett Packard, Avondale, PA, USA>. The permeation tube 
holders are flushed with helium that passes a glass tube (L= l m, 
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p 

Figure 3.12 
Permeàtion vial (1.5 ml>. 
p = permeation membrane <PTFE-Teflon>. 

-

Figure 3.13 
Glass permeation tube holder. 
a= metal collar and screw-cap; b= PTFE-seals; 1,2= permaation tubes. 
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i.d.= 4 mm> befere entering the main compartment. The design of 
Figure 3.13 provides a well controlled gas flow with a temperature 
stablllty better than O.Ol°C at flow rates between 10 and 200 ml/mln. 
Moreover, it allows easy access to the vials while the dead volume 
downstream the vials is very small, thus reducing the response time 
of the system to altered helium flow rates. 

Every four weeks the tubes were weighed using a Mettler M5 
semi-micro balance with a resolution of 0.01 mg <Mettler, Zürich, 
Switzerland>. 

The helium is supplied by a mass flow controller <Model F-201, 
0-200 ml/min; Control Unit E5514EA; Bronkhorst High-Tech B.V., 
Ruurlo, The Netherlands>. Up to 75% of lts maximum flow, the diluent 
gas is delivered with a deviation of less than 0.25% of lts setpoint. 
The helium is equally divided over the two permeation vial holders, 
and afterwards both streams are mixed again. The permeation gas 
passes through the sample loop of a six-port injection valve, 
incorporated in the carrier gas 1ine of the sample introduetion 
system. The easy exchange of the calibrated sample loops <1 ~~ up 
to 973 ~1, internal va1ve volume 15 ~1> and the flexible adjust
ment of the helium diluting gas flow provide gas standards suitable 
for wide range detector ca1ibration. The entire gas delivery system 
is shown in Figure 3.14. An additional home-made injector of sma11 
internal volume is placed in between the slx-port va1ve and the 
cold-trap in order to allow syringe injections of the concentrated 
gas standards. Besides, by rearrangement of the column and carrier 
gas connections, permeation gas as well as manually injected gas 
mixtures can be introduced by means of a conventional splitter 
injector <cf. Figure 3.14.a). 

The graphof Figure 3.15 shows the weight lossof the CFC-114 
permeation vial as a function of time. About 20 weeks are required to 
establish a permeation rate that deviates less than 5% from its final 
"constant" value. Graphs like Figure 3.15 were obtained for all CFC 
permeation vials. 

For actual calibration purposes the permeation rate was 
calculated by linear regression of four data points preceeding the 
moment of quantitative analysis and two data points after it. For the 
quantitative analyses of CFC's in air performed in week 130 
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a 

He 

Figure 3.14 
Gas delivery system incorporated in the sample introduetion system of 
F1gure 3.4. 
T= thermostrated permaation system; H= permaation tube holders; MFC= 
mass flow controller; v. six-port injection valve; SL= sample loop; 
W= waste; I= injector; CT= cold-trap; CC= capillary column. 
a. replacement of the cold-trap by a conventional splitter injector 
<S>. 

7.5 

m 
(g)' 

7.0 

6.5 

0 50 week 100 

Figure 3.15 
Weight loss diagram of the CFC-114 permaation vial. 
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<cf. Section 3.8), the permeation rates are listed in Table 3.7. Also 
presented are the standard deviations, calculated as the standard 
davlation of the slope of the regression line in each weight loss 
diagram [105]. The tubes' lifetimes for a quantity of 1 ml liquefied 
gas are given as well. Note that the relatively large rsd va1ue for 
CFC-11 is re1ated tothesmaller weight lossesof this vial. 

Table 3.7 
Gravimetrically determined permeation rates, their relative standard 
deviations and the tubes' 1ifetimes <1 ml liquid> for the five CFC 
permeation vials. For the CFC trade numbers see Table 3.1. 

Ra te rsd 1 ifetime 
<ng/s} (%} <yr> 

CFC-12 2.64 0.3 16 
CFC-40 1. 79 0.4 18 
CFC-114 8.48 0.3 5 
CFC-11 0.602 1.8 78 
CFC-113 1.57 0.4 31 

Tab1e 3.8 
ECD response data. 
Permeation gas: 136 ~1 at 40 m1/min <STP>. 
ECD: 250°C, 1 nA, SOV, Ar+ 5% CH4 at 45 ml/min <STP>; electrometer: 
4 ~V/Hz at pu1sewidth 0.1 ~s. 

Ma ss s rsd 
<ng> <Hz mllg> (%} 

CFC-12 0.504 1.50*1014 1.2 
CFC-40 0.342 1.39"'Jo12 1.4 
CFC-114 1.62 3.60"'1013 0.9 
CFC-11 0.115 2.02*1o15 0.6 
CFC-113 0.299 2.52*1ol4 0.6 
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3.7.3. ECD calibration 
A GC-ECD chromatogram of 136 ~1 permeation gas (helium flow 

rate 40 ml/min STP> is presented in Figure 3.16. Table 3.8 summarizes 
the calibration data of 5 consecutive injections. 

Figure 3.16 

12 1 113 

114 

0 

0 2 min 

Chromatogram of 136 ~1 permeation gas <He: 40 ml/min STP>. 
Column: WCOT CP Sil 5, L= 24 m, i.d.= 0.33 mm, df= 2.3 ~m; 
40°+140°C at 10°/min; ECD: 250°C, 1 nA; 50V; Ar+ 5% CH4 at 
45 m1/min <STP>. 

Table 3.9 
Composition of the gaseous and liquid standards and the corresponding 
range of detected amounts. For the CFC trade numbers see Table 3.1. 

Gas Conc. Mass range Liquid Conc. Mass range 
(ml/1> <pg-ng> <mg/1) <pg-ng> 

CFC-115 10.0 750-110 CFC-11 0.590 l.0-0.40 
CFC-13Bl 0.150 11- 1.6 CFC-30 13.4 23 -9.1 
CFC-12 0.300 17- 2.5 CFC-113 6.26 11 -4.4 
CFC-114 1.00 80- 12 CFC-20 5.97 10 -4.0 

cFc:...140a 5.40 9.2-3.7 
CFC-10 0.319 0.5~0.20 

CFC-1120 5.85 9.9-4.0 
CFC-1100 0.649 1.1-0.44 
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A gaseous CFC mixture was prepared in nitrogen, while a standard 
mixture of liquid CFC's was prepared by dilution of a stock solution 
in n-pentane. The concentrations are listed in Table 3.9. A wide 
range of absolute amounts of the components was introduced onto the 
column by varlation of the injection volume and the split ratio. 
The ECD response factors relative to CFC-12 (fj) can be calculated 
from the peak areas and the injected amounts according to: 

A. 
f. = t 

J s 

f' s 
f]2 

( 3. 15) 

When compound j is a gas, CFC-12 is the internal standard <s> and 
fs'/f 12 • =l. Contrari1y, when j is a liquid, CFC-113 is the 
internal standard and fs'/f 12 • is the re1ative response of 
CFC-113 vs. CFC-12, as it was calculated from the permeation gas 
experiments. The mass ratio Qs/Qj is equal to the concentration 
ratio in the standard mixtures. The response factors together with 
the minimum detectable amount <Q

0
> are presented in Table 3.10. The 

chromatographic conditions of these experiments are specified in the 
legend of Figure 3.16. 

The response factors of CFC-11 and CFC-113 obtained from the 
cold-trap injections of Table 3.8 agree very wel1 to those of Table 
3.10: 13.5 vs 13.8 resp. 1.68 vs. 1.69. For unknown reasons the 
corresponding values for CFC-114 deviate more than can be exp1ained 
from the r.sd values: 0.240 vs. 0.256, while a= 1.1%. 

The minimum detectable amount of 0.5 pg for CFC-12 corresponds 
to a minimum detectable concentration of 1 ppt in 100 ml air. 

It shou1d be noted that the response factors of strong1y 
electron capturing species like CFC-11, CFC-10 and CFC-1100 depend on 
the amount injected, as can beseen from Figure 3.17. S-shaped 
response curves have also been reported by others [106] and agree 
with the theory of constant current ECD operation [107]. 

The linear dynamic range of the EC detector exceeded that of the 
3 integrator, and soit will be larger tha~ 4.10. 
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Table 3.10 
ECD response factors relative to CFC-12. 
see Tab1e 3.1. 

f rsd 
(%) 

CFC-1381 2.00 0.2 
CFC-115 0.0171 1.1 
CFC-12 1.00 
CFC-40 0.0092 1.4 
CFC-114 0.256 1.1 
CFC-11 13.8 1.3 
CFC-30 0.0205 2.1 
CFC-113 1.69 2.8 
CFC-20 1.10 1.2 
CFC-140a 3.12 2.2 
CFC-10 9.4 5 
CFC-1120 1.39 3.2 
CFC-1100 6.2 6 

1) a= split injection permeation gas 
b· split lnjection gas standard 
C• split injection liquid standard 
d· splltless injection permeation gas 

15 
CFC-11 

f 

10 

0 

For the CFC trade numbers 

Oo Sourcel> 
(pg) 

0.2 b 
25 b 
0.5 

50 d 
2 b 
0.08 c 

40 c 
0.5 a 
0.8 c 
0.3 c 
0.1 c 
0.8 c 
0.2 c 

0.1 10 Q (pg) 100 1000 

F!gure 3.17 
Experimentally determined relationship between the response factor 
and the !njected amount of CFC~ll. 
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Figure 3.18 
The influence of detection parameters on response and noise. 
a. standing current; b. pulse voltage; c. detector temperature; d. 
plot of ln Ar3/2 versus 1/T. R* is the detector response relativa 
to the response at 2 nA, sov, 250°C. 

The effects of the most important dateetion parameters like 
standing current, pulse voltage and detector temperature on the ECD 
response were studied. A fixed volume of permaation gas was injected, 
foliowed by EC dateetion in the constant current mode <CC> at dif
ferent settings. The detector response <Rj> increases with in
creasing values of the standing current, but this is fully compen
sated by an increasing noise level <R

0
>, so that no improvements of 

the dateetion llmits can thus be achieved <cf. Figure 3.18a}. As 
Figure 3.18b shows, the most beneficia! signal-to-noise ratio is 
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obtalned at high pulse voltages. The influence of the detector 
temperature is shown in Figure 3.18c. Both the detector response and 
the noise level lncrease at high temperatures, and the most 
beneficial signal-to-noise ratlos are found at temperatures below 
250°C. The plot of ln Ar312 vs. 1/T in Hgure 3.18d, where A is the 
peak area, reveals a ltnear relationshlp with a negative slope, 
indicating dissociative electron capture for these CFC's [108]. 

In the constant frequency mode of oparation <CF>, the ECD may be 
employed as lts own calibrant when the stoechiometry of the electron 
capture processis known [109]. Fora 1:1 electron attachment, the 
time integra1 of the detector response <i.e. the peak area in proper 
units: As> is equal to the number of moles times Faraday's constant, 
i . e. : 

JAI dt .. nF <3.16) 

Coulometric response can on1y be achteved for strong1y electron 
capturing compounds [1101 under very specific operational conditloos 
[1111. Hyper cou1ometric response has a1so been observed [102,1121 
stresslog the limited appllcability of coulometry as a calibration 
method. 

The experimenta11y determined efficiencies of the electron 
capture processas for our equipment are 11sted 1n Table 3.11. The 
response is far from stoechlometric, evenfora strongly electron 
capturing compound like CFC-11. Due to the limited 1inearity of the 
ECD response in the constant frequency mode, constant current EC 
detection is employed in this work. 

Tab1e 3.11 
Ionization efficiencies for the ECD in the constant frequency mode of 
oparation <S kHz, 50 V, 250°C). 

CFC-12 
CFC-114 
CFC-11 
CFC-113 

Ionization efficiency (%) 

3.5 
1.4 
32 
11 
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3.8. QUANTITATIVE AHALYSIS OF CFC'S IN AIR 

All stratospheric air samples, provided by the Max Planck 
Institut für Aeronomie (Lindau, FRG), were analyzed two or three 
times using the thick film WCOT column (cf. Seçtion 3.5) In 
combination with EC detection. On thls column CFC-12 could not be 
baseline separated from an unknown component, while the elution of a 
broad peak, most probably water, obscured the presence of CFC-.114. 
For these reasons the analyses were also performed on the Al 2o3 
PLOT column. Agaln it was found that many of the CFC's do not elute 
from the A1 2o3 PLOT column (cf. Appendix). Moreover, the ECD 
response is thoroughly affected by the different chromatographlc 
conditions, so that the callbration procedure had to be repeated for 
the alumina column. 

Table 3.12 
Measured concentrations <ppt's> of several CFC's in stratospheric air 
samples using the thick film WCOT <a> and the Al203 PLOT column 
(b). For the CFC trade numbers see Table 3.1. 

km 18.9 km 23.1 km 28.9 kn\i30. 1 km 

a. thick film WCOT column 

CFC 
ï2 400 360 250 320 210 90 43 59 
114 
11 200 160 170 130 130 31 0.5 0.7 
113 65 37 33 34 29 27 5 11 
20 210 1700 4700 42 
140a 230 140 180 360 35 30 15 19 
10 240 410 570 61 l 
1120 40 
1100 11 2 5 11 

===========··==·===========·=··====··=======·=··===============·===•== 

-----------=b..:..·...:.A.:..:..L.l Q3 PLOT column 

12 
ll4 
11 
113 

375 
39 

237 
72 

300 
. 21 
15.0 

37 
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The precision <reproducibility~ of the entire procedure of 
sample transfer, enrichment and analysis was found to be 10-151. The 
accuracy, composed of systematic errors in the permeation gas flow 
rate and the sample loop volume is better than 31. 

Consirlering ultra trace analysis, the quantitative results of 
both columns agree fairly well as is shown by comparison of Tables 
3.12a and 3.12b. Only in a very few analyses larger differences than 
3a were found for the minor peak of CFC-113 and the not well 
separated CFC-12 peak. 

It was found that the samples denoted as "GAP 3" and "GAP 4" are 
heavily contaminated with CFC-20 <CHC1 3> and probably also with 
CFC-10 <CC1 4>. Sample "84/4" is contaminated wlth CFC-140a 
<CH3cc1 3> which might be present as a contaminant in the other 
samples too. The samples were analyzed in August 1987, i.e. 3-5 years 
after their collection. As a consequence, minor changes of the 
composition might have occurred. 

a b 

1 
11 

10 

12 

0 5 min 

Figure 3.19 
Chromatograms of tropospheric air (10 km a1titude). 
a. thicl<. film WCOT column. 
b. Al203 PLOT column. 
Chromatographic conditions as in Figure 3.11. 
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Figure 3.19 shows chromatograms of tropospher1c air <10 km 
altitude>, analyzed on both columns. The chromatagram obtained from 
the HCOT column shows several not identlf1ed peaks, whereas in the 
chromatogram from the A1 2o3 PLOT column many peaks are missing 
which is in agreement wlth the observations of the Appendix. Measured 
height profiles of CFC-12, CFC-11 and CFC-113 are presented in Figure 
3.20. 

The concentrations found are somewhat larger than those commonly 
reported by others <cf. Tab1e 3.1.). However, they agree fairly well 
to more recent observations when the annual concentratien increase of 
3-10% is taken into account [11,28]. 

3 

km 
20 

10 

0 

30 

km 
20 

10 

0 

Figure 3.20 

'~C-12 

10 c (ppt) 100 1000 

CFC-11 

10 c (ppt) 100 
1000 

CFC-113 

10 c (ppt) 100 1000 

Measured height profiles for CFC-12, CFC-11 and CFC-113. 
• ana1yzed on thick film WCOT column; o analyzed on Al203 PLOT 
column. 

114-



3.9. AHALYSIS OF S2F10 IN ARCED SF6 

The increasing use of SF6 as a dielectric medium in electric 
equipment has led to concern about its decomposition products by are 
discharge in high power switches (e.g. SOF2, CF4, F2, so2F2, 
SOF4, SF4, H2S, HF, S02, s2F10 and S2F10o> [113]. In 
order to determine sub-ppb concentrations of s2F10 and s2F10o 
in SF6 gas with capillary GC and electron capture detection, sample 
enrichment is required. Simultaneously, owing to saturation of the 
detector with SF6, most of this component has to be removed. 

For this purpose, the equipment of Flgure 3.4 was slightly 
modified. The SF6 samples were introduced with a heated six-port 
va1ve <ca. 80°C) with a sample loop volume of 50 pl and they were 
trapped in first instanee on the adsorption trap at -50°C <Porapak 
Q>. It was found that at this particular temperature SF6 largely 
broke through, while s2F10 and s2F10o remained trapped 

1 2 

0 5 min 

Figure 3.21 
Chromatagram of a standard mixture of SF5, S2F1o and S2F1oO 
in helium. 
Column: OV-101, l= 50 m, i.d. = 0.22 mm, df= 0.6 pm; temperature 
program: -40°C up to 60°C at 10°/min. 
Sample volume 20 ~1. split injection 1:100, concentrations 100 ppb 
for SzFlo and SzFJoO. 1= SF5, 2= SzFJo. 3= SzF1oo. 
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without losses. After passage of the bulk of SF6 <of which 99.5% is 
vented via a splitterand only 0.5% is transferred to the capillary 
column and monitored by the ECD>, and consecutive thermal desorption 
of the trap, the compounds are focused on the cold-trap at 
-196°C.Meanwhile the column oven is cocled to -40°C. The separation 
column used in these experiments was a OV-101 column <L= 50 m, i.d.= 
0.22 mm, df= 0.6 ~m), programmed from -40°C up to 60°C at 10°/min 
(cf. Figure 3.21). On completion of the desorption and stabilization 
of the column inlet pressure, the chromatographic process is started 
by flash-heating of the cold-trap. A typical chromatogram including 
all these steps is presented in Figure 3.22. 

a 

11 111 IV 
-20 -10 0 10 

Figure 3.22 
Analysis of 50 ~1 of polluted SF6 on the OV-101 column. For 
explanation of events <I> to <VII> see text. 
a= SF6; b= S2F10· 

20 min 

Switching of the six-port sample valve <I> results in the intro
duetion of the sample. The large peak <II> represents about 0.5% of 
the SF6 that has passed the adsorption trapand which is 
transferred to the column and the detector. At point III the signal 
suddenly decreases due to cooling of the cold-trap, started a few 
minutes before. Thus SF6 is retained. Thermal desorption of the 
adsorption trap is started at IV. Breakthrough of SF6 on the 
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cold-trap occurs at V. Flash-heating of the cold-trap is initiated at 
VI and the recording of the chromatogram <VII> is started. Peak a. is 
the residual SF6 and peak b. coelutes with s2F10, while several 
other pollutants are also present. The peak area of b. corresponds to 
a s2F10-concentration of about 1 ppb. 
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CHAPTER 4 1 

TRACE ANALYSlS OF 

ORGANIC COMPOUNDS 

IN AQUEOUS SAMPLES 

1.DYNAMIC HEADSPACE SAMPLING 

4.1. INTRODUeTION 

The design and features of an on-line purge and cold-trap 

preconcentration device are discussed. Dil/erent 

techniques are compared to remave water vapour Jrom 

the purge gas in order to avoid blocking of the cold-trap. 

The el/iciency and selectivity of water remaval as well as 

the recovery are studled by varlation of several process 
parameters. Theoretical models are presented for the 

recovery of the purge process and the blocicing of the 

cold-trap as /Unctions of time. 

Samples from industrial, biologicalor environmental origin are 
often 1ncompatible with the GC system to permit the analysis by 
direct injection. Isolation or pre-concentratien techniques have to 
be app11ed prior to the analysis. For the analysis of volatile 
organic compounds in water dynamic headspace sampling can be applied. 

1T. Noij, A. van Es, R. Dooper, C. Cramers and J. Rijks, J. HRC & CC, 
10 (1987) 60. 
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In headspace sampling the gas phase above the liquid or solid 
sample is analyzed insteadof the sample itself. Hhen equilibrated, 
the composition of the vapour reflects the composition of the 
volatile compounds in the original sample, as this is determined by 
the solutes• vapour pressures. 

A very efficient method to isolate organics from an aqueous 
sample is the continuous removal of the headspace vapour by means of 
an Inert gas flow with subsequent adsorption or cryogenic trapping of 
the solutes. This technique is preferably called "dynamic headspace 
sampling <DHS>". although many synonyms are currentiy used Cpurging, 
stripping, gas spargingor gas extraction). Extremely low concentra
tions can be determlned within a relatively short perled of time. 

Dynamic headspace sampling was first described by Swinnerton and 
co-workers for the analysis of ppt concentrations c1-c4 hydro
carbons in seawater [1-3]. An extensively documented review on 
proposed procedures and equipments for static as well as dynamic 
headspace sampling techniques has been published recently [4]. Here, 
only general principles and new developments are discussed briefly. 

Dynamtc headspace sampling in a closed circuit <"Closed Loop 
Stripping"> was introduced and evaluated by Grob [5,6] and has since 
then received considerable attention [7-10]. Although the technique 
showed to have a large potentiality, the needof a closed system is 
questionable [10,11]. 

The analysls of solid samples by DHS has been reported [12-14], 
but still most of the workis performed on stripping organic 
compounds from aqueous samples. After being stripped, the analytes 
are concentrated on a packed adsorption trap or directly on a 
capil1ary cold-trap. The adsorption trap is usually fi11ed with a 
porous polymer, a resin, polyurethane foam or charcoal (15]. 

The selection of the sorbent is determined by lts specific 
surface area, the energy effect of absorption Cphysisorption or 
chemisorption>, the nature of the analytes and the total purge gas 
volume. The features of adsorption traps in dynamic headspace 
sampling are similar to air sampling, and a more detailed discussion 
is presented in Chapter 3 of this thesis. 

Thermally stable sorbents like Tenax, Porapaks and Chromosorb 
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can be desorbed at higher temperatures <up to 350°C for Tenax>. In 
combination with high resolution gas chromatography. refocusing on a 
cold-trap is required [16-22]. 

The use of charcoal necessitates solvent extraction, since too 
high desorption temperatures would be required. By carefully 
selecting the extraction solvent [10,111 and miniaturizing the 
charcoal trap [61. the fina1 liquid volume can be limited to 
10-100 pl. As generally 1-5 pl can be injected onto a capillary 
GC column, only a part of the collected solute amount is analyzed. 
Although thls enables repeated injections of the extract, the overall 
sensitivity of the method is not completely utilized. 

Direct enrichment of the purged solutes on a cold-trap has been 
reported recently [23-25]. Very low concentrations can thus be 
analyzed, as the collected solutes are entirely available for separa
tion and detection. When purging aqueous samples, however, blocking 
of the cryogenic trap by ice formation may occur. This can be avoided 
by removal of the motsture from the purge gas before entering the 
cold-trap. Roughly, four principles can be distinguished: 

- the use of dessicants 
- condensation of the water 
- pre-separatien on a packed pre-column 
- the use of selectively permeable membranes. 

A detailed treatment on the removal of water is presented in Sectlon 
4.5. 

In this chapter the technique of DHS is evaluated using a 
commercially available purge and trap equipment. Synthetic mixtures 
are processed containing components from different chemical classes 
in concentrations ranging from tenths totensof ppb's. The effect of 
various process factors on the efficiency and selectivity of water 
removal is studled as well as their effect on the purging recovery. 
Theoretical concepts, both for dynamic headspace sampling and for 
blocking of the cold-trap, are presented and verified against 
expertmental data. 
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4.2. THEORY OF DYNAMIC HEADSPACE SAMPLING 

A schematic representation of dynamic headspace sampling is 
shown in Figure 4.1, where VG and VL (epresent the volumes of the 
gas and the liquid phases, CG and CL are the respective concen
trations of a solute j and FP is the purge gas flow rate. 

Figure 4.1. 
Representation of dynamic headspace sampling. 

The mass balance equation reads: 

(4. 1) 

Note that, owing to the partlal blocking of the cold-trap, the purge 
gas flow rate <Fp> is a function of time as well. 

For thermadynamie equilibrium, the liquid-gas distribution 
constantfora solute j is defined by: 

Kj = [ ~~ ]j (4.2) 

and 

(4.3) 

where pl and ML are the density respectively the molecular 
weight of the liquid <generally water}, po is the saturated vapour 
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pressure and y the activ1ty coefficient for solute j at temperature T. 
Substituting eq. (4.2) into eq. <4.1) and subsequently integrating 
with CL<t>= CLo and CG<t>= eGo at t= 0, it is found that: 

and, since Kj is constant, 

-JFP<t>dt 
CG<t>= CGo exp ( VG+KjVL 

The amount of solute j still present in the purge vessel is 

The recovery is the ratio of the trapped solute amount 
<Ov

0
-0v<t>) and the amount initially present in the sample 

<Ovo>: 

Ov<t> 
Rec<t> = 1 - -

Ovo 

and with equations (4.4}, <4.5> and (4.6> this becomes: 

-JFp<t>dt> 
Rec<t> = 1 - exp <---.~~

VG+KjVL 

(4.4} 

(4.5) 

(4.6) 

{4.7) 

(4.8) 

Note that the time integral of Fp<t> represents the total purge gas 
volume. 

For volatile non-polar compounds Kj is smal! due to large 
values of both pjo and Yj· Eq. {4.8) slmplifies to: 

-/Fp<t>dt 
Rec<t> • 1 - exp < V . > 

G 
(4.9) 

showing an equal recovery for all solutes, irrespective of the 
temperature or the sample volume. 
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For non-volatile and polar compounds Pjo and Yj wfll be 
small and a large purge gas volume is required to counterbalance a 
large Kj value. For these compounds a considerable effect of the 
sample temperature can be expected. 

4.3. THEORY OF BLOCKING OF THE COLO-TRAP 

In practice the cold-trap is maintained at cryogenic tempera
turas <e.g. -50°C down to -196°C) and so the water vapour entrained 
by the purge gas will be frozen out. A possible sftuation during thls 
process is shown in Figure 4.2. 

Figure 4.2. 
Schematic representation of lee deposition inside the capillary 
cold-trap. 
Fp= purge gas flow; Fe= column flow; Fs• split flow; dt= trap 
inner diameter; de= column inner diameter; dj max= maximum 
thickness of the lee layer; Lt= trap length; lc= column length; 
Tt= trap temperature; Tc= column temperature; Tp= initial purge 
gas temperature. 

Water vapour is deposited as ice, when the temperature of the 
trap c.q. of the already existing ice layer is lower than the dew 
point temperature of the purge gas. In the model it is assumed that 
in the first part of the cold-trap an axial temperature gradient 
exists <from TP to Tt> and here the thickness of the lee layer 
will increase linearly. As aresult of heat transport limitations a 
maximum thickness, di,max' will be attained <at xmax> and behind 
this point the lee layer only grows in the axtal direction and no 
longer radially. 
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The flow resistance of the cold-trap increases with the growing 
lengthand thickness of the ice layer. According toDarcy's law, the 
local gas velocity <ux> fora constant inlet pressurE) is: 

B dn u=--(=) x n dx (4.10) 

with n the dynamic vlscosity of the gas. For a smooth surface the 
permeab111ty <B> of a capillary column is given by: 

where de= column inner diameter. 
And so equation (4.10) yields after integration: 

with 

G<t>= 
0 J Lt s de 2 T t llt 

<-> -- dx 
dx Tc Bx 

(4. 11) 

(4.12) 

(4.13) 

In these equations is P the ratio of the trap inlet pressure and the column 
outlet pressure <P

0
), G<t> expresses the ,ov~rall resistance to gas flow in 

the cofèl-trap, nc and nt are' tlle viscosnies ~of the ?as in t~e G~ .. 
column respectively in the cold-trap, dx is the localopen channel 
diameter in the cold-trap and Bxis the local permeability. The factor 
s<dc/dx>2<TtfTc) is the' pressure corl!ected flow ra,te ratio of. ~he 
purge gas in the cold-trap and; the carder gas at the column outlet for 
ideal gases, i.e. 

(4.14) 

The factor s is the ratio of the purge gas flow <Fp> and the GC 
column flow <·Fe>• both take-n at column outlet conditions: 
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F 
S -~ - F 

C,O 

Rearrangement gives 

(4.15) 

(4.16) 

and in combination with eq. <4.12) this expresses the purge gas flow 
rate related to the obstruction of the cold-trap. 

Two separate situations have to be considered: 
1. di,max has not yet been reached, i.e. only a conical ice layer 
exists; G(t) can be written as: 

G<t> ! l 

d. (d _2 1,max 
t xmax 

<a> 

{4~17) 

(b) 

2. di,max has been reached, i.e. a conical and a tubular ice layer 
exist; G<t> becomes: 

+ 

<a> 

(4. 18) 

<c> (b) 
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The complicated equations (4.17> and <4.18> are composed of 2 
respectlvely 3 parts: <a>, the flow reststance of the conical lee 
layer; (b) the flow resistance of the non-blocked cold-trap and <c> 
the flow reslstance of the tubular lee layer. These contributtons are 
indlcated under eq. (4.17) and <4.18) by <a>. (b) and (c). 

Due to the blocking of the cold-trap FP will decrease in the 
course of time and less water will enter the cold-trap. The volume of 
lee supplied by the purge gas is related to the volume of ice 
deposited ln the co1d-trap according to: 

(4.19) 

where Cw ls the water concentration in the purge gas and p1 is 
the density of the ice. After integratlon this resu1ts in an expres
sion of the purge flow as a function of time. 

Fora mathematical solution of eq. (4.19) the shape of the lee 
layer and therefore xmax and di,max• should be known. Fora 
calculation of these parameters from the theory of heat transport 
phenomena, insufficient data are available. Therefore, another 
approach is necessary. In this study xmax and di,max are 
iteratively determined by curve fitting of expertmental data to 
theoretical curves of the purge flow vs. time. The results of this 
procedure will be treated in paragraph 4.5.2. 

4.4. EQUIPMENT FOR PURGE AND COLD-lRAP AHALYSIS 

4.4.1. Egulpment 
In this work a commercially available purge and cold-trap <PCT> 

injeCtion device was used <Chrompack, Middelburg, The Netherlands>, 
which is schematically shown in Figure 4.3. 

With the switching valve (13) in position II the prepurified 
purge gas <Helium, also the GC carrier gas> enters the sample flask. 
(1) via a glass frit <2>. The purgeable organlc compounds are 
transferred together with water vàpour to the condenser <L= 10 cm, 
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i.d.= 3 mm) (3), which is cooled by means of a cryostat <model MC3, 
Colora Messtechnlk, Lorch, GFR>. Via a heated glass tube <4> the gas 
enters the cold-trap (5). Thls cold-trap consistsof 30 cm lengthof 
a fused silica capillary column, i.d.= 0.32 mm, coated with CP SIL 5 
CB of film thickness 1.2 ~m. To enable desorption the capillary is 
surrounded by an electrical resistance heating tube. In the trapping 
mode approximately 10 cm of the capillary is cooled by the nitrogen 
gas. 

Figure 4.3. 
Purge and cold-trap injection system <Chrompack>; for explanation of 
the numbers: see text. 

A metal rod <8> placed in the heated GC injection port guldes 
the bottorn part of the fused silica capillary into the oven 
campartment of the gas chromatograph. The conneetion to the capillary 
analyti~al column <7> is made by a low dead volume glass-lined 
T-splittlng device (9). The vent line (10) incorporates a solenoid 
valve <11) and a needie valve (12). 

The time and temperature functions, the switchlog valve and both 
the solenoid valves are governed by the PCT control unit. 
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The PCT-unit was mounted on top of a Packard Becker gas chroma
tograph, type 427 <Chrompack Paèkard, Delft, The Netherlands>, 
equipped with a flame lontzation detector. In order to improve the' 
purging efficiency the original design of the sample flask was 
modified <cf. Figure 4.4). The GC analyses were performed on a CP-Sil 
5 CB fused silica column <L= 24 m, i.d.= 0.32 mm, df= 1.1 pm; 
Chrompack, Middelburg, The Netherlands>. A Spectra Physics SP 4000 
system <Spectra Physics, Santa Clara, Ca, USA> was used for data 
handling. 

1 

Figure 4.4 

. .. . .. . . • ... ':· . .. · .. " ..... .. . · .... -.... 
···"·"' 

2 

Schematic design of the original (1) and the modified <2> sample flask. 

4.4.2. Procedure 
Hhile the switching va1ve <13> is in position I, up to 8 ml sample can 

be introduced into the sample flask. During a preset time the cold-trap is 
coo1ed to its minimum attainable temperature of -120°C and after that the 
switching valve is automatically turned to the purge position IL At the 
same time the solenoid valve <11) in the split vent is opened. The purge 
flow rate, commonly,between 10-80 ml/min, can be adjusted by the needle 
valve <12> of the splitter. During purging of the sample the cold-trap is 
continuously cooled while the oven campartment (4) is heated (e.g. 50°C). 

Most of the entrained water vapour is frozen out in the condenser, thus 
avoiding the blockage of the caplllary cold-trap. After passage of the 
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condenser the organic compounds are cryofocused in the cold-trap. 
At the end of the purge period the switching valve returns to posftion 

I and the splitter valve (11) is closed. Simultaneously the nitrogen cooling 
is stopped and within a few seconds the cold-trap temperature is raised to 
200"C by electrical heating. As a result a narrow injection band width is 
obtained. During the successive GC analysis the organic residues in the 
condenser are removed by backflushing with a stream of helium gas <S ml/min) 
regulated by a needie valve (14). 

4.5. SOME METHOOS FOR THE REMOVAL OF HATER FROM PURGE GAS FLOHS 

4.5.1. Dessicants 
The prevalling methad to remove moisture from gas flows is the 

application of dessicants, usually dehydrated inorganic salts. Russell and 
Shadoff compared several sulfates <Na, Ca, Mg and Cu> as well as Na2wo4 
and COC1 2 to dry ambient air prior to the analysis of volatile halo
carbons. At least 95% of the compounds of interest was reeavered from 
MgS04.7H20, while the air was sufficiently dry [26]. Molecular Sieve 4A, 
Caso4, Mg(Cl04>2, Ba<Cl04>2 and K2co3 were examined by 
Farrington and co-workers in analyzing oxygenated compounds in polluted 
atmospheres [27]. Potasslum carbonate appeared to have the smallest effect 
on the sample composition. K2co3 was also used by Cox and Earp, but they 
observed significant losses of some aromatic compounds other than benzene 
and toluene [28]. Methanol and acetone are also absorbed by K2co3 [29]. 
Others found no change in the composition of a sample containing c2-c6 
hydrocarbons after passage over a potasslum carbonate drying tube [30,311. 

An elegant application of water removal by means of a dryingagent is 
the reaction with calcium carbide. No losses were observed for several 
volatile halocarbons [32]. 

It can be concluded from literature data that water is efficiently 
removed by most of the inorganic dessicants. This method is restricted to 
the a na 1 ys is of vol atn e non-po 1 ar compounds, because i t is reported in 
literature that non-volatile and polar compounds show incomplete recoveries. 
Furthermore, dessicants require regeneratien or replacement after each or a 
few analyses. 
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In the past, the use of dessicants has fairly well been investigated by 
varlous researchers. In this thesis new and less commonly applied drying 
technlques are emphasized, and therefore, the expertmental evaluation of 
dessicants Is renounced. 

4.5.2. Condensation 
Removal of the abundant water in gas flows by condensation at reduced 

temperatures is a very useful approach [33,34]. Recently, Badings and 
co-workers integrated the cryogenic removal of water in a fully automated 
purge and trap system, used for the determination of volatile flavour 
compounds in food products [24,25,35]. 

In the equipment of Sectlon 4.4 a condenser identical to the one used 
by Badlngs was installed and several experimental parameters were varled in 
order to study the efficiency of the water removal. 

At the ultimate efficiency of the condenser, the dew point of the 
outflowlog purge gas is expected to be equal to the condensar temperature. 
The results presented in Table 4.1 confirm this. Actual water concentrations 
wera determined by reaction with calcium carbide [36] and consecutive 
monitoring of the formed acetylene concentrations by FID detection. 

It was also observed that increased water concentrations in the purge 
gas at higher sample temperatures do not affect the water concantration at 
the condanser outlet. Vtsually, lee formation is seen only In the initia! 
0.5-1 cm of the condenser tube. 

Table 4.1 
Comparison of expertmental and calculated water concentratlons at the 
condenser outlet for different condenser temperatures. 

Water concentratlon 
Tçond Calculated Experimental 
< C> <mg/1 > <mg/1> 

-20 0.42 0.40 
-15 0.68 0.70 
-10 1.07 1.08 
- 5 1.65 1.78 

0 2.50 2.55 
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Blocking of the cold trap Is determined by the condenser 
temperature, the cold-trap temperature and the purge gas flow rate. 
The effects of these parameters on the obstruction of the capillary 
during trapping are investigated by continuously monitoring the split 
flow, which is a direct measure for the flow resistance of the 
cold-trap <cf. eq. <4. 16) and (4. 12)). 

For condenser temperatures between -20 and 0°C, the decrease of 
the purge gas flow rate was measured. By a curve fitting program the 
experimental data at -15"C were matched to eq. (4.19) of the 
theoretica! model. Doing so, the maximumlengthof the conical ice 
layer <xmax> was calculated to be 2.5 mm, while the maximum 
thickness of the tubular layer <d 1 m ) was 0.138 mm. Using these , ax 
values, the theoretica! curves of Figure 4.5 were constructed for 
different temperatures. As can be seen, the shape of the experimental 
curves is very well predicted by the theoretica! model. Obviously the 
trap does not block completely, but a narrow open capillary path 
remains, which is in agreement with the assumption of axial growth of 
the lee layer. The deviations at o•c are probably caused by the 
increased water concentration in the purge gas resulting in a 
different shape of the lee layer. 

0~------------~------------~--------
10 20 t (min) 

Figure 4.5 
Effect of the condenser temperature <•c> on the decrease of the purge 
gas flow rate. experimental; ----theoretica!. 
Initial flow: 16.5 ml/min <STP>, cold-trap: -loo•c. 
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Ft gure 4. 5 reveJi 1 s that the pur.ge flow does not decrease untll 
d1 ,max has been reached. This lndicates that the lnltial part of 
the ice layer with the increasi.ng thickness hardly contributes to the 
overall resistance of the cold-trap. 

According to the theoretica] model, both the slope and the 
maximum thickness of the deposited lee layer will increase wlth 
decreasing cold-trap temperatures. This results in an increased 
reslstance to gas flow. This is confirmed experimentally for 
cold-trap temperatures between -60°C and -100°C <cf. Figure 4.6>. An 
unexpected deviation from this trend, however, is seen at -120°C, 
which is possibly caused by aerosol formation at this extreme 
temperature. 

10 

Figure 4.6. 

·60 

-120 

-80 
-100 

20 t (min) 

Effect of the cold-trap temperature <oe> on the purge gas flow rate. 
Initial flow 16.5 ml/min <STP); condenser: -15°C. 

It will be shown later (cf. paragraph 4.6.3) that by purging at 
a higher flow rate, the process time can be reduced proportionally. 
This however, mayalso have an effect on the blocking ráte. of the 
cold-trap. In order to observe exclusively the effectofflowrate 
variations, one has to ensure that the mass flow of water entering 
the cold-trap is constant. As the mass flow is determi~e~ by the 
water contentration in the gas and the purge gas flow rate. two 
comblnat.ions are possible: purging at a high flow. rate and ~ low. 
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condenser temperature, or a low flow rate and a higher condenser 
temperature. The water mass flows are listed in Table 4.2 with the 
corresponding condenser temperatures and purge gas flow rates. 

Table 4.2. 
Combinations of condenser temperatures and initial flow rates. 

Mass flow Low flow High flow 

l. 
2. 
3. 

Figure 4.7 

vgls oe ml/min 

0.11 -15 10.5 
0.30 -10 16.5 
0.72 0 16.5 

1t-~,~~~----------~-~,----
• • 
\ 

\ 
\ 
\ 
\ 

\ 
'\ 

' ' 

oe 

-20 
-15 
-15 

... ... 

1 

0~---------------~------------------~-----------
10 20 t (min) 

ml /min 

16.5 
26.0 
62.0 

Decrease of the purge gas flow rate at different initia! flow rates, 
condensar temperatures, and water mass f1ows. 
Cold-trap: -100°C; __ low flows, ---- high flows. 
The numbers refer to the combinations of Table 4.2. 

It is shown by Figure 4.7 'that the blocking of the cold-trap 
proceeds somewhat faster at high flow rates, although this can not be 
explained by the theoretica! model. Before it was observed too that 
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the validity of the model is reduced for a fast supply of water 
vapour <cf. Figure 4.5). 

The experimental evaluation of the selectivity of water removal 
by the condanser is treated in a comparative study, reported in 
Section 4.6. 

4.5.3. Selective membranes 
Selective permeation of water through perfluorosulfonlc acid 

polymerie membranes is the third methad to dry gas flows. Commer
cially available under the narnes Nafion <DuPont de Nemours Co., 
Wilmington, DE, USA) and PermaPure <Perma Pure Inc., Farmingdale, 
NJ, USA>. these dryers were succesfully applied for the analyses of 
halocarbons in gases [23,37-39], sulphur dioxide in humld air [401 as 
well as for hydrocarbons, ethers andestersin air [41,421. Burns and 
co-workers, however, report the incomplete recovery of alcohols, 
ketones and aldehydes, as well as the appearance of reaction products 
after passage of monoterpenes [43]. The technique was found impracti
cable too for the analysis of certain oxygenated inorganic gases (44]. 

In this comparative study we investigated the efficiency and 
selectivity of water removal by a Hafion tube. The selectivity of 
this methad is discussed in paragraph 4.6.1. 

In the equipment of Figure 4.3 a Nafion tube <l= 120 cm, 
i.d.= 0.5 mm, wall thickness 0.25 mm> is placed in between the 
condensar <at room temperature) (3) and the oven campartment {4). The 
Nafion permaation tube is pre-assembied inside a secend tube 
(i.d.= 2.5 mm> which is flushed with dry nitrogen gas <100 ml/min, 
driedover Molecular Sieve SA>. 

This new configuration results in a water concentratien of 
0.36 mg/1 at the cold-trap inlet, independent of the purge gas flow 
rate or the sample temperature. This corresponds toa dew point of 
-22°C. A similar decrease of the purge flow is recorded experimental
ly as in Figure 4.5 for the condensar at -20°C. 
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4.5.4. Pre-column separation 
The application of pre-columns in order to dry gas streams is 

based on the selective chromatographic separation of water and 
organic compounds. On hydrophobic porous polymers like Tenax or 
Porapakas well as on charcoal, water has a small retentien volume 
and so it is vented before the compounds of interest break through 
<see also Chapter 3, paragraph 3.4.2) [5-10,15-20]. Volatile 
organics, however, pass the serbent bed concurrently with the water 
and they can not be trapped quantitatively. For these compounds Tyson 
and Carle suggest the pre-separatien on a packed hydrophilic 
Sorbitol-Igepal column, on which many compounds like terpenes, pyrans 
and furans elute before the water [45]. 

In this work the performance of Tenax <Enka, Arnhem, The 
Netherlands> was evaluated. The auxillary oven cernpartment (4) of 
Figure 4.4 was originally designed to contain an adsorption tube in a 
thermal desorption cold-trap unit [25]. Here, we inserted a 
}" o.d. glass tube containing 80 mg Tenax, 80-100 mesh. With the 
condenser at room temperature, the dynamic headspace sampling was 
performed analogous to the procedure described in Sectien 4.4. After 
the purge process it appeared necessary to flush the adsorption tube 
foranother 15 minutes in order to remove all of the remaining 
moisture. Following this procedure no obstruction of the cold-trap 
was observed on thermal desorption of the adsorption tube even after 
passage of 300 ml purge gas. 

4.6. EFFICIENCY AND SELECTIVITY OF PURGE AND COLO-TRAP ANALYSIS 

The introduetion of a condenser, a Nafion tube or an adsorption 
tube in between the purge vessel and the cold-trap bears the risk of 
undesired lossesof compounds due totrapping in the cold condenser, 
dissolution in the condensed water, trapping in the room temperature 
tubing, adsorption by the Nafion, breakthrough of the adsorption trap 
or incomplete desorption from the adsorption trap. Final reeoverles 
always include a combination of the incompleteness of the purge 
process and the losses mentioned above. In this work, the effect of 
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several process parameters on the overall recovery is evaluated by 
purging standard aqueous samples at different expertmental condi
tions. Comparison of the results with Closed Loop Stripping yields an 
insight of the losses due to the drying processes. 

4.6.1. Selectivity of water removal 
The reeoverles of the three gas drying techniques and the 

results of Closed Loop Stripping (CLS) at corresponding experimental 
condltions {lOl are compared to theoretically predicted values 
according to eq. (4.8). The experimenta1 condltions of the different 
purge techniques are summarized in Tab1e 4.3, whi1e the reeoverles 
are presented in Tab1e 4.4. 

For the vo1ati1e non-polar compounds a very good agreement 
exists between the reeoverles obtained with the condenser, the Nafion 
dryer, the Tenax tube and the CLS measurements. Moreover, it is found 
that the theoretical model very we11 prediets the experimenta11y 
determined values. 

Table 4.3 
Experimenta1 conditlens of the purge techniques. 

Tenax Sample: 25°C, 8 ml, Fp= 16.5 ml/min <STP), 
P;= 1.75 bar, t= 10 m1n, 15 ppb. 
Tenax: 80 mg, 80-100 mesh, desorption 250°C, 
dry helium 250 ml. 

Condensar Sample: 25°C, 8 ml, Fp= 16.5 m1/min <STP), 
Pi= 1.75 bar, t= 10 m1n, 15 ppb. 
Condenser: -15°C. 

Samp1è: 25°C, 8 m1, Fp= 16.5 ml/min (STP), 
Pt= 1.75 bar, t=10 min, 15 ppb. 
Nafion: L= 120 cm, i.d.= 0,5 mm, o.d.= 1 mm. 

Sample: 25°C, 1 ltr, FD=330 ml/min <STP), t=30 min, 
Pi= 1 bar, 200 ppt [10J. 
Trap: 5 mg charcoal, extracted with 200 ~1 CHzC12. 

Sample: 25°C, 8 ml, Fp= 16.5 ml/min (STP), 
Pi= 1.75 bar, t- 10 m1n, Vg= 3.5 ml. 
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Table 4.4 
Overall reeoverles of different purge techniques. 
*= insufficient data available. NS= not studled. 

Recover,ï <%> 
PCT CLS 

Tenax Condens er Nafion tube Theory 

Acetone 19 9 0 * NS 
1-Butanol 33 9 0 * NS 
Ethylacetate 12 5 0 8 NS 
1,2-Dichloroethane 51 49 49 45 NS 
To1uene 95 93 87 95 90 
n-Hexylchloride 91 94 83 * 104 
3-Heptanone 15 11 0 * 8 
1-Heptanol 0 0 0 2 1 
p-Chlorotoluene 83 81 76 * 81 
1,2,4-Trimethyl-
benzene 87 89 84 92 85 

o-Dichlorobenzene 64 58 49 59 51 
2-Nonanone 28 0 0 * 20 
1-Nonanol 9 0 0 * 3 

H,ïdrocarbons 
n-C8 100 100 100 100 101 
n-C10 100 99 100 100 116 
n-C12 95 0 86 100 100 
n-C14 87 0 13 100 86 
n-C16 21 0 0 100 71 

S1ight1y po1ar compounds can only be reecvered partly by the 
stripping process <eg. ketones and alcohols). After purging they are 
completely removed by the Nafion tube while considerable amounts of 
them are also lost in the condenser. This was confirmed by the 
behaviour of 2-nonanone, when the purge process was restarted for 
another 10 minutes after replacement of the purge vessel by an empty 
one and simultaneously raising the condenser temperature from -l5°C 
to +l5°C. A recovery of 25% was found for 2-nonanone, which compares 
well to the reeoverles for Tenax and CLS <28% resp. 20%>. For the 
Nafion tube no such memory effect was observed as polar compounds are 
lrreversibly absorbed. 

Finally, non volatile compounds represented by n-C12 to n-C16 
remain trapped in the cold condenser (-15°C) and some of them are 
also lost in the Nafion tube. Comparison of the CLS data with serbent 
trapping on Tenax shows that n-C16 is partly lost in the the PCT 
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equipment, probably by trapping in the room temperature connecting 
tubes between the purge vessel and the Tenax tube. 

4.6.2. Repeatability 
The repeatab\lity was determined, not only by replicates using 

the same sample flask, but also by consecutive purging using four 
different sample flasks of the same design. No significant dif
ferences were observed and Table 4.5 shows the collected results of 
all eight experiments. Large standard deviations are found for 
compounds with a small recovery. Hhen the recovery exceeds 30% the 
standard deviation decreases rapidly. 

Table 4.5 
Repeatability data. 
n= 8; Purge time: 5 minutes; fp= 16.5 ml/min; condenser: -l5°C. 

Ree<%> 

Toluene 
3-Heptanone 
p-Chlorotoluene 
1,2,4-Trimethylbenzene 
o-Oichlorobenzene 

4.6.3. Effect of the purge gas volume 

73 
4 

50 
56 
30 

RSD<%> 

3.2 
20 
2.5 
2.1 

18 

The theoretical model prediets a large dependenee of the recovery on 
the purge gas volume. The recovery can be calculated by substitution of the 
proper values of the process parameters in equations <4.3) and <4.8). Hardly 
any values of the activity coefficients (y) have been published in 
literature and therefore, approximate values forsome compounds presented in 
Table 4.6 were calculated from their solubility in water. Vapour pressures 
were calculated using the Clausius-Clapeyron equation <eq. (4.20>>. 

Experimental results are obtained by purging synthetic samples 
containing 15. ppb per compound for different process times at an. înltial 
purge flow rate .of 16.5 ml/min. The condenser temperature wàs -15"C. The 
total volumes are corrected for the decrease of the purge flow rate due to 
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blocklng of the cold-trap. Flgure 4.8 shows an excellent agreement 
between experimenta1 and theoretlcal reeoverles for the three 
representatlve components. Slmi1ar experimental relationships were 
found for the other compoundsas wel1. 

By increasing the purge flow up to 80 m1/min and simultaneously 
reducing the purge time in order to keep the total gas volume 
constant, the same reeoverles were found. This indicates that at high 
gas rates the thermadynamie equilibrium in the purge vessel is 
maintained, which offers the possibi1ity of a fast and efficient 
purge process. 

Table 4.6 
Approximate values of the activity coefficients and saturated vapour 
pressures of some compounds at 25°C. 

Yj p.o 
J 

<bar> 

Toluene 9.9 .103 3.7 .10 -2 

o-dichlorobenzene 5.5 .104 2.0 .10 -3 

1,2-dichloroethane 6.8 .102 0.10 

1 

Ree 

0.5 

0~--~----------------------~--
100 500 

Figure 4.8 
Comparison of ca1culated <----> and experimental ( ____ } reeoverles 
as a function of purge gas volume. 
1= toluene; 2= o-dichlorobenzene; 3= 1,2-dichloroethane. 
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4.6.4. Effect of the concentratien 
Variatiens of the concentrations in the range of 15 ppb-150 ppt 

do not significantly affect the overall recovery. 
Assuming 100% recovery and a minimum detectable amount of 10 pg 

fora peak of ct• 1s for the FID detector (cf. Chapter 2), a 
minimum concentratien of 1 ppt in a sample volume of 10 ml can be 
detected. 

4.6.5. Effect of the sample temperature 
Accordlng to the theoretica! model, purging at higher tempera

tures will drastically improve the recovery, because the solutes' 
saturated vapour pressure is increased. This is shown by the 
Clausius-Clapeyron equation: 

(4.20) 

In our experiments the sample f1ask was wrapped with heating 
tape and the temperature was measured by a thermocouple, stuck on the 
outer glass wal1. The reeoverles obtained at different temperatures 
are listed in Tab1e 4.7. 

The effect of an increased sample temperature is most c1ear1y 
demonstrated for 3-heptanone. It is completely reecvered at 95°C, 
whereas its recovery is only 11% at 25~C. An inverse phenomenon, 
however, is observed for the hydrocarbons: Going from 45°C to 95°C, a 
reduced recovery is observed for n-C10, n-c11 and n-c12 . A . 
possible explanation is that at 95°C a larger quantity of the high 
boiling compounds in the sample <which contains C7-C20 hydrocarbons> 
is removed. Afterwards these compounds will be trapped in the co1d 
condenser, where they forma kind of stationary phase film, which 
will retain the more volatile C10-C12 n-hydrocarbons. 

At 95°C no excessive deposition of ice inside the condenser 
occurred, as most of the evaporated water condenses before entering 
the condenser. 
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Table 4.7 
Recoveri es at different sample temperatures. 
Conditions as in Table 4.4. 
NS= not studied. 

Sample temperature 

25°C 45°C 65°C 95°C 

3-Heptanone 11 30 64 101 
p-Chlorotoluene 81 87 94 99 
o-Dichlorobenzene 58 79 95 103 
2-Nonanone 0 0 2 10 
1-Nonanol 0 0 0 0 

Hydrocarbons 
n-C8 100 100 NS 100 
n-C9 100 99 NS 99 
n-ClO 99 108 NS 92 
n-Cll 86 100 NS 56 
n-Cl2 0 6 NS 0 

Table 4.8 
Recoveries at different condenser temperatures. 
Conditions -as in Table 4.4. 
NS= not studied. 

Condenser temperature 

-20°C -15°C -l0°C -5°C ooc 

3-Heptanone 9 9 11 10 7 
p-Chlorotoluene 77 75 75 75 75 
o-Dichlorobenzene 59 58 57 56 50 
2-Nonanone 0 0 0 0 0 
n-ClO NS 99 NS NS 100 
n-Cll NS 86 NS NS 96 
n-Cl2 NS 0 NS NS 80 
n-Cl3 NS 0 NS NS 1 

4.6.6. Effect of the condenser temperature 
The influence of the condenser temperature on the recovery is 

shown in Table 4.8. Apparently the losses in the condenser are 
limited tonon-polar compoundsof moderate volatility. For n-c12 a 
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sudden increase is observed, when the condenser temperature is 
changed from -l5°C to 0°C. N-hydrocarbons less volatile than n-C12 
are lost completely, even at 0°C. 

It can be concluded that low condensar temperatures favour the 
removal of water, but simulataneously polar and high bolling com
pounds are trapped as well. The condanser temperature hardly affects 
the recoveries, and so a value of -20°C is the best choice. 

4.6.7. Examples of purge and cold-trap analyis 
Some representative chromatograms of wine and beer samples as 

well as aqueous standards are given in Figure 4.9. 
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Figure 4.9 
Chromatograms of various samples. 
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a. Beer. PCT: 8 ml, 10 minpurgedat 16.5 ml/min, condenser -15"C. 
b. Hine. PCT: conditlans as in a. 
c. Reference solution. 100 ppm, split-injection. 
d. Synthetic aqueous salution of c. 15 ppb; PCT: conditloos as in a. 
1= Toluene; 2= n-Octane; 3= n-Hexylchloride; 4= 3-Heptanone; 5= 1-Heptanol; 
6= p-Chlorotoluene; 7= 1,2,4-Trimethylbenzene; 8= o-Dichlorobenzene; 
9= 2-Nonanone; 10= n-Undecane; 11· 1-Nonanol; 12= Benzylacetone. 
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4. 8. CONCWSIONS 

Oynamic headspace sampling is a very suitable technique for the 
trace analysis of volatile organic compounds in water. Concentrations 
down to the ppt-level can be determined within a short time. Purging 
at high temperatures drastically impraves the recovery of slightly 
polar compounds and accordingly the process time can be reduced 
considerably. Since the required process time is inversely propor
tional to the purge gas flow rate, the latter should be selected as 
high as possible. 

Hhen the purged solutes are concentrated directlyontoa 
cold-trap, water should be removed from the gas stream in order to 
avoid blocking of the capillary cold-trap by ice. Using a condanser 
or a Nafion tube, the purge gas can be dried to a dew point of -20°C, 
which is sufficiently low to allow the passage of at least 400 ml of 
gas without blocking of the cold-trap. The same results can be 
obtained when the water and the organic compounds are separated on a 
Tenax pre-column. Ooing so, additional drying of the tube by flushing 
wlth helium gas is required. 

Both a condenser and a Naflon tube cao be applied for the 
analysis of volatile non-polar compounds, whereas compoundsof inter
mediate volatility <e.g. n-c14H30> or polarity <e.g. 2-nonanone) 
are lost in these devices. For the analysis of these solutes, 
adsorption on .a Tenax pre-column is to be preferred, foliowed by 
thermal desorption and cold-trapping. 

Theoretica! roodels describlog the purge process and the blocking 
of the cold-trap give fairly good predictions of the reeoverles of 
the solutes respectively the decrease of the purge gas flow rate as a 
result of the increasing reststance of the cold-trap. 
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CHAPTER 5 1 

TRACE ANALYSIS OF 

ORGANIC COMPOUNDS 

IN AQUEOUS SAMPLES 

2.0N-liNE COMBINATION OF 

LIQUID CHROMATOGRAPHY AND 

CAPILLARY GAS CHROMATOGRAPHY 

5.1. INTRODUCTION 

An. inJection device is presented that allows the 

. introduetion of large volumes ofliquid sample onto a 

capUlary GC column. The procedure consists óf 

evaporation of the entire sample followed by selective 

remaval of the solvent vapour and simultaneously 

cold-trapping of the solutes. splitless transter to the GC 

column. on-column focusing. separation and detection. 

The device can be applied tor the on-line combination of 

HPLC and capillary GC. 

Volatile organic compounds in water can be analyzed by dynarilic 
headspace sampling as was discussed extensively ln Chapter 4. The 
trace analysis of non-volatfle organic compounds in water. however, 
has become increas1ngly important. Trace concentrations of such 
components are often obscured by an intertering background of a 
complex co-eluting matrix. Thérefore, trace enrichment and 

1T. Noij, E. Heiss, T. Herps, H. van Cruchten .and J. Rljks, Proc. 8th 
Int. Symp. on Cap. Chrom., Rivadel Garda, May 1987, p. 1248. 
Accepted fot publication in J. HRC & CC. 
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pre-separatien technlques have to be applied. 
In thls respect, the combination of liquid chromatography and 

capillary gas chromatography has a large potentiality. Employed as a 
pre-separatien technique, the selectivity of liquid chromatography is 
added to the high efficiency of capillary gas chromatography, and so 
the separation of complex mixtures can be improved considerably. In 
many cases the solutes of interest can be trapped in the LC pre
column while the solvent <e.g. water> is passing. By a proper 
selection of the stationary phase, aqueous samples can thus be 
concentrated. The trapped compounds can be eluted by solvent 
swltching. Followed by capillary GC analysis, a very sensitive 
analytical technique is obtained. 

The GC analysis of off-line LC pre-separated fractions is a 
universally adopted analytical procedure [1-31. Generally only a 
small part of the total volume of the LC fraction is used for GC 
analysis. Direct introduetion of the entire LC fraction, however, 
would drastically improve the detectability of trace compounds, while 
the possibility of contamination and losses can be reduced con-
si derab 1 y. In additjon, on.,..li ne equi pment is eas ily automa ted. 

For the on-line combination of LC and GC two possible approaches 
occur: the adjustment of liquid chromatography to GC requirements, 
resulting in a micro-LC version [4-61, or the adaption of the capil
lary GC instrument to the introduetion of very large volumes of LC 
effluent, typically 20-1000 pl. As was discussed in Chapter 2, very 
low solute concentrations can be detected when a large sample volume 
is injected while the column efficiency is preserved. Injection 
techniques appropriate for the introduetion of such large sample 
volumes include PTV-injections [7-91, injections on pac~ed pre
columns [10,11] and several on-column injection techniques using very 
long retentien gaps [121 or applying concurrent solvent evaporation 
[13-161. The latter has .been used successfully in the on-line 
combination of HPLC and capil1ary GC [14,17]. The on-column 
injections, however, require long sampling times and so far the 
applications are limited tonon-polar solvents. 

This chapter describes the design, optimization and evaluation 
of an LC-GC interface that allows the fast introduetion of large 
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sample volumes onto a capillary GC column. Model studies were 
performed for non-polar organic compounds. The methad is still a 
subject of further research ànd the results presented here are merely 
exploratory. 

5.2. EQUIPMENT AND PROCEDURE 

5.2.1. System design 
A schematic design of the LC-GC interface is given in Figure 5.1. 

----, 
LC I 

EFFl 

I 
I 

-- __ .J 

F1gure 5.1. 

SPL 
He 

sv CT 

Schematic design of the LC-GC interface. 

NV 

----------1 

I 

s 
COl 

EFFL= LC effluent, SV= sampling valve, VAP= vaporizer, S= all-glass 
low dead volume T-splitting device, CT= cold-trap, COL= GC-column, 
SPL= splitter valve, NV= needle valve, FID= Flame lontzation detector. 

The interface consistsof a sampling valve conneetlog the LC and 
GC instruments, a vaportzer, a short fused siltca captllary cold-trap 
and a specially designed low dead volume T-splitting device. 

Two different sampling valve systems were used in this work, 
g i ven in deta t1 in Ft gure 5. 2. The 4-port switcht ng va 1 ve <cf. Fi gure 
5.2a> was used in most of the experiments. The cold-trap captllary is 
passed through the vaportzer and connected dtrectly to the 4-port 
valve. The 6-port valve system of Figure 5.2b was designed to enable 
back flushing of the swttchtng valve by helium gas in order to avoid 
memory effects. In addttton, the mixing of the sample wtth helium 
provides a more gentle evaporation of the solvent. During sampling, 
the carrier gas flow through the cold-trap is limited by a restrictor 
<R1>. In this way the chance of an early breakthrough of volatile 
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compounds is reduced. A memory- and dead volume free mixing and 
splltting device was constructed by sliding a 50 pm i.d. capillary 
into a 320 '11m i.d. column, as shown schematically in Figure 5.3. 

a 
~ ~ 
VAP VAP 

He--r--..... 

b 

11 
Figure 5.2. 
Sampling valves. a. 4-port switching valve. b. 6-port switching valve. 
I. Sample introduction. II. GC-analysis and back flush. 
S= sample; R1, R2= restrictors; MS= mixing+ splitting device; 
VAP= vaporizer. 

11 

Figure 5.3. 
Mixing and splitting device of .the 6-port valve system <SwagelockR 
1/16" union-n. 
I. Sample introduction. II. GC analysis and back flush. 
S= sample; VAP· vaporizer. 
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a b 

FS-
1 

Figure 5.4. 
Schematics of <a> the vaporizer and <b> the all-glass low dead volume 
T-splitter. 
FS= fused silica capillary (i.d.= 0.25 mm>; I= GC injection port; W= 
GC oven wall; B= brass insert <L= 10 cm, o.d.= 6 mm>; U= reducing 
union (l/8"xl/16">; F= Vespel ferrule. 

The vaporizer and the low dead volume T-splitting device are 
schematically presented in Figure 5.4. The cold-trap capillary 
closely fits in the brass insert of the vaporizer, which is placed in 
the heated GC-injection port. The column connections to the 
T-splitter can be made either by SwagelockR reducing unions. (1/8" x 
1/16"> or by polyimide glue. 

5.2.2. Gas chromatography 
The equipment was built on top of a HP 5880 gas chromatograph 

<Hewlett Packard, Avondale, PA, USA> provided with a FID and an ECD 
detector. Throughout this study two different separation columns were 
used: a. a home-made fused silica SE-54 column <L= 15 m, i.d.= 0.31 
mm, df= approximately 0.3 ~m), temperature program: 70°C up to 
280°C at 8°/min, and b. a cross-linked OV-1 fused silica column 
<L= 12 m, i.d.= 0.2 mm, df= 0.11 ~m> <Hewlett Packard, Avondale, 
PA, USA>, te.mperaturé programmi ng from 70°Ç up to 280°C at 20° /min. 

Stock solutions containing n-hydrocarbons in redistilled 
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n-hexane were prepared in concentrations of 100 ng/ml (100 ppb m/v). 

5.2.3. Sample transfer 
After evaporation of the entire sample in the vaporizer <VAP in 

Figure 5.1), the solutes are retained in the cold-trap <CT>, while 
the solvent vapour is passing and is largely removed via the split 
vent. The cold-trap is a coated or uncoated short fused silica capil
lary column installed in the GC oven compartment, which connects the 
valve system to the T-splitter. In order to avoid condensation of the 
solvent, the trap temperature (i.e. the initialoven temperature) is 
maintained slightly above the solvent boiling point. 

When the desired sample volume has been introduced, the sample 
valve is switched and simultaneously the splitter valve <SPL> is 
closed and the GC oven temperature program is started. On increasing 
the oven temperature the trapped solutes are transferred to the GC 
column via the T-splitting device <S>. Back dlffusion of solvent 
vapour to the column is prevented by a parallel split line incorpora
ting a needle valve <NV>, thus establishing a very small constant 
split flow. 

Unless stated otherwise, the analyses were performed according 
to the standard experimental conditions of Table 5.1. 

Table 5.1: 
Standard experimental conditions 

Sample 

Cold-trap 

Vaporizer 

solvent: 
volume: 
injection rate: 
type: 
stationary phase: 
dimensions: 
temperature: 
temperature: 

n-hexane 
40-100 v.l 
40 v.l/min 
fused silica capillary 
uncoated 
2 m x 0.25 mm i.d. 
70°C 
250°C 

Because an easy exchange of stock solutions was desired when 
studying the introduetion of large sample volumes, the samples were 
delivered by a pressurized glass container insteadof using an LC 
pump. The sample container was connected either to the 4-port valve 
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or the 6-port valve by means of a flexible fused silica capillary 
(0.6 m x 50 ~m i.d.>. The amount of liquid introduced in this way 
was determined gravimetrically. 

5.3. EVALUATION OF THE LC-GC INTERFACE FOR NON-POLAR SOLVENTS 

5.3.1. Recovery and precision 
In order t9 examine the quantitative aspectsof sample transfer, 

the sample introduetion was compared toon-column injections of 
1 ~1 of a more concentrated stock solution. For this purpose the 
cold-trap capillary was connected toa HP on-column injector. During 
on-column sampling the splitter valve was closed. 

The reeoverles as well as the relativa standard deviation <RSD> 
of repeated sample introduetion are given in Table 5.2. 

Table 5.2. 
Recovery and reproducibility <n= 5) of sample transfer by the LC-GC 
interface for <a> the 4-port and <b> the 6-port valve system. 

Hydrocarbon Ree (%) 

n-Cl5 14 
n-C16 22 
n-C20 102 
n-C22 99 
n-C24 99 
n-C26 98 

<a> 

5.6 
8.6 
1.7 
2.0 
1.1 
0.6 

RSO <%> 

(b) 

2.7 
2.8 
5.2 
3.4 

Solutes with a volatility less than n-C20 are retained quantita
tively by the uncoated cold-trap, whereas more volatile compounds are 
partly vented via the splitter. The reproducibility is good for 
non-volatiles and still reasonably good for the incompletely 
recovered solutes. In agreement with this, the peak areas of 
non-volatile compounds correlate very well with the sample volumes 
introduced by the 4-port valve <cf. Figure 5.5). The corresponding 
correlation coefficients are 0.999 for n-C20 and 0.96 for n-C·16. 

Si mil ar results were obtai ned for the 6-port vaive · system: for 
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hydrocarbons with 20 up to 30 carbon atoms, the correlation 
coefficients exceeded the value of 0.998. 

100 

A 

nC16 

Figure 5.5. 

V (ui) 

100 

A 

0 

nC20 

V (ui) 250 

Correlation between sample volume <V> and the peak area <A> for n-C16 and 
n-C20; -----are the 95% reliability intervals. 
Peak areas in arbitrary units. 

5.3.2. Influence of the cold-trap temperature 
As was already shown by Table 5.2, quantitative sampling at a 

cold-trap temperature of 70°C is possible for compounds which are 
less volatile than n-C20. Increasing the temperature results in a 
faster solute transport along the cold-trap capillary and consequent
ly more of it will be lost. The trapping efficiency is determtned by 
the difference between the cold-trap tempenture and the solute 
boiling point. Accordingly, when n-C20 starts to elute at 70°C, this 
wtll also be the case for n-Cl9 at 57°C and n-C21 at 83°C, since the 
boiling points of these hydrocarbons differ about l3°C with n-C20. 
This trend is confirmed in Figure 5.6 showing the effect of the 
cold-trap temperature on the recovery of some hydrocarbons. Even a 
small temperature rise results in a considerable increase of the 
losses for the more volatile compounds. 

On the other hand, a decrease of the cold-trap temperature below 
the boiltng point of the solvent results in serious. losses and/or bad 
peak shapes. as demonstrated by the example of Figure 5.7b. Thts is 
caused by recondensation of the solvent, foTlowed by dtssolutton of 

- 160 -



the so)utes and a fast elution through the cold-tra~ capillary. 
' ' ' 

It can be conclyded that .~he cold-trap, temperature ~hould he 
select~d as low as ~ossible, but higher th~n the boillng point of the 
solvent. For this reason, low balling so1vènts are to b.e preferred. 

't 

a b c 
1.00 

Ree 

I I 0 
15 16 20 22 24 26 

C·nr 

15 16 20 2 2 2 4 2 6 

C·nr 

15 16 20 22 24 26 

C·nr 

Figure 5.6. 
Recoveries of several n-hydrocarbons at different co1d-trap 
temperatures. 
a= 70°C; b= 80°C; C= 100°C. 

a b 

Figure 5. 7'. . . 
The effect of recondensation of the solvent. 
a:. co1d-trap at 70°C~ no condensation; b: cold-tr,:ap at'6S"è:.: 

, The numbers refer to tne n..:.hydrocar·bon· C-number. · ·· · 
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5.3.3. Influence of the cold-trap stationary phase ft1m thtckness 
So far, uncoated cold-traps have been used. In thfs paragraph 

the effectof a stattonary phasecoattng on the quant1tative sample 
transfer and the peak. shape w111 be dtscussed. 

By tncreasing the stationary phase ftlm thickness the retention 
time of the solutes in the cold-trap is tncreased as we11. Ftgure 5.8 
shows considerable tmprovements for the reeoverfes of volatile 
solutes when the uncoated cold-trap is replaced by a cold-trap with a 
stationary phase coating. The 1tmiting carbon number for quantitative 
trapping shifts from n-C20 to n-Cl2, when a short thin film capi11ary 
column ts used <2 m x 0.25 mm i .d .• dr 0.14 llm. immobi ltzed 
OV-l, home-made} in combination with the 4-port valve system. 

1.00 

Ree 

0 

a 

10 12 14 16 20 22 24 26 

C-nr 

Ftgure 5.8. 

b 

I I 
10 12 14 16 zo 22 24 29 

C-nr 

Comparison of the reeoverles on a coated and an uncoated captllary 
cold-trap for n-ClO- n-C26 <4-port valve system>. 
a: Z m x 0.25 mm t.d •• 1mmob1ltzed OV-1, df• 0,14 ~; 
b: 2 m x 0.25 mm i.d •• uncoated and non-deact1vated. 

The appltcabtltty of coated cold-traps is determined by the 
trapping efftciency as well as by the refocustng capac1ty of the GC 
column. Thts so called "phase gradtent focustng" 1s the reductton of 
the band wtdth of the depos\ted solutes tn the cold-trap by the 
stationary phase film fnstde the GC column. It ts dtrectly propor
ttonal to the retentfon ratio on the separatton c~lumn and the 
cold;.trap capt llary [171. 

Ftgure 5. 9 shows a chromatagram of a different expert ment. where 
compounds down to n-CJ4 are trapped quantttatfvely on a coated 
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cold-trap in combinatton wi.th the 6-port sample valve system. 
Components with a volati11ty higher than n-Cl4 are partly lost during 
trapping. Because the film thickness of the cold-trap a,nd the 
analytical column are of the same order, no phase,gradient focusing 
can be expected. Apparently n-Cl4 is deposited along a considerable 
lengthof the cold-trap cap11lary and this large input band width is 
not restored by the stattonary phase of the GC column. The less 
volatt1e hydrocarbons are deposited as reásonably narrow bands in the 
co1d-trap .. The peak shape of n~Cl4 can be improved by addttional 
on-column cryogenic focusing. 

These expertments also reveal that when t~f 6~port sample valve 
is used wtth helium flushing. insteadof the 4:port valve, 6;eaktr9ugh 
of vo 1 a ti 1 e compounds wt 11 occur sooner < comJ?àre e.g. t.he recovery of 
n-C12 of Ftgure 5.8a and Ftgure 5.9). 

18 
16 

20 22 

24 26 

14 28 

13 

12 

~ 11 
~ I ll I A 

10 I 

I 
0 10 20 min 
Figure 5.9. 
Chromatogram of 100 ~1 of a n-hydrocarbon so1ution (100 ppb 
component in n-hexane> using a coated co1d-trap <5 m x 0.31 mm i.d., 
CP SIL 5 CB, dfa 0.11 ~m> in combination wtth the 6-port valve 
system. The numbers refer to the n-hydrocarbon C-number. 

The use of coated cold-traps in this equipment requires a very 
careful selection of the i mmobil ized stattonary phase. In contact 
with the liquid solvent the stationary phase swells and becomes very 
vulnerable. He assume that in the environment of boiling solvent 
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sheets of the stationary phase film are torn off the inner column 
wall and are deposited further downstream fn the cold-trap capillary, 
in the T-splitter or even in the GC-column. Apart from the reduced 
trapping capacity, this irregular stattonary phase distributton 
causes peak splttting or extreme peak broadening <Figure 5.10). Using 
a coated cold-trap like the one of Figure 5.8a, connected to the 
4-port valve system, clogging of the GC column was observed 
repeatedly. 

Ustng the 6-port sample valve, a more gentle evaporation of the 
solvent occurs (film evaporation>. As a consequence, none of the 
above problems ~as observed during a period of 4 months when the 
coated cold-trap was connected to the 6-port valve syste•. 

26 

26 
24 24 

20 22 20 22 

Figure 5.10. 
Chromatograms after darnaging of the cold-trap stationary phase film. 
The numbers refer to the n-hydrocarbon C-number. 

5.3.4. Influence of the vaporizer temperature 
The LC-GC interface performance ts hardly affected by the 

vaporizer temperature. Only when it is far below the solute elution 
temperature, compounds may remain trapped in the vaporizer since this 
part of the equipmen~ is not submitted to the GC oven temperature 
program <e.g. at a vaporizer temperature of 150°C a recovery of less 
than 25% was found for n-C30 hydrocarbon, eluting at 280°C). As a 
rule of thumb, the vaporizer should have a temperature equal to or 
slightly below the elution temperature of the least volatile 
component. 
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5.3.5. Influence of the sample flow rate 
Hhen the sample flow rate is too high, incomplete evaporation 

occurs and the solutes are transported with the liquid solvent along 
the cold-trap. Similar to the observations on recondensation at too 
low cold-trap temperatures, bad peak shapes result <cf. Figure 5.11>. 
For the 4-port valve a sample flow rate of 100-150 ~1/min is the 
upper limit. Using the 6-port sample valve, no problems occurred 
until a flow rate of 200 ~1/min. 

a b 
20 22 24 26 

26 

22 24 
20 

Figure 5.11. 
Effect of the sample flow rate on the peak shape in combination with 
the 4-port valve system. 
a: 100 ~1/min, b: 300 ~1/min. The numbers refer to the 
n-hydrocarbon C-numbers. 

5.3.6. Introduetion of extremely large sample volumes 
Figure 5.12 shows a chromatagram of 1000 ~1 of a n-hexane 

solution containing 10 ppb of even-numbared n-hydrocarbons (C20-C30). 
Introduced at a flow rate of approx. 100 ~1/min a large solvent 
peak appears. Contaminant peaks appear as well corresponding to 
concentrations of 1-50 ppb w/v. Obviously the redistllled hexane was 
not sufflciently pure or the glassware was cóntaminated. This example 
illustrates one of the most important limitations of ultra-trace 
analysis: the ava11abi11ty of highly pure solvents and gases and 
extremely clean gla.ssware, tubing, syringes, etc. 

' ' 
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Figure 5.12. 
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Chromatogram of 1000 pl of a diluted n-hydrocarbon sample <n-C20-
n-C30, 10 ppb w/v /compound>; the hydrocarbons are indica~ed by 
arrows. 

5.4. THE USE OF REVERSED PHASE HPLC SOLVENTS 

Injection techniques employing the solvent effect for solute 
focusing [12-16] are lim1ted tonon-polar solvents due to wettability 
problems of the coated column inner wall by polar solvents. Conse
quently, LC-GC interfaces based on on-column sampling can only be 
app11ed for straight phase LC effluents. Nowadays, however, reversed 
phase HPLC has become the predominant LC-technique. 

In our equipment the entire sample is evaporated, followed by 
cold-trapping and on-column phase gradient focusing. This process is 
not influenced by the solvent polarity. This is shown in Figure 5.13, 
where chromatograms are presented of hydracarbon solutions in 
methanol respectively n-hexane introduced under equal conditions. The 
peak areas as well as the peak shapes are not affected by the solvent 

. type. 
Although it was not experimentally investigated, it ts to be 

expected that also aqueous eluentia can be 1ntroduced in this way, 
provided that no buffer salts or non-volatile modifiers have been 
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added. It should realized, however, that the volume iocrement on 
evaporat1on of water is extremely large compared to organic solvents, 
which wtll restriet the speed of sample introduction. 

Figure 5.13. 

a 
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2022 24 28 

30 

b 

20 

22 26 
28 

24 

30 

Chromatograms of 10.0 ppb solutions of n-hydrocarbons in <a> n-hexane 
and <b> mtthanol; 
sample volume. 100 ~1. sample flow rate = 100 ~1/min in 
combination with the 6-port valve system. 
The numbers refer to the n-hydrocarbon C-numbers. 

5.5. APPLICATION OF THE ON-LINE COMBINATION OF LC AND GC 

The purpose of this work was the accompl1shment of the on-line 
combination of LC pre-separatienor LC pre-concentratien and capil
lary GC separation. Although additional research is required for 
further impravement of this system, a preliminary example of the 
analysis of a diluted aqueous sample of chlorinated pesticides is 
presented. The equ1pment for pre-concentration, extraction and sample 
transfer is shown in Figure 5.14. 

A six-port valve incorporating a C-18 modified silfca pre-column 
<10 mm x 2 mm i.d., dp= 20 ~> is added to the equipment of 
Figure 5.1 <4-port sample va1ve>. A 12 ml sample volume of the 
aqueous solution containing approximately 100 ppt/compound was passed 
over the pre-column. After drying of the pre-column by the com
bination of He-flushing and applying vacuum, it was extracted by a 
small amount of n-hexane (ca. 70 J.ll). Thfs extract was fed into the 
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F1gure 5.14. 
Equ1pment for the on-line combination of LC pre-concentration and 
cap111ary GC separation. 
AQ= aqueous sample, PC= pre-column, H= waste, HEX= n-hexane, 
CT= cold-trap, VAP= vaporizer, 5= T-splltting device, SPL= splitter 
valve, NV= needle valve, COL= GC column, ECD= electron capture 
detector. 
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Figure 5.15. 
Chromatagram of chlorinated pestleides concentrated from 12 ml 
aqueous sample conta1n1ng 100 ppt/compound, and extracted with 
70 pl n-hexane. Cold-trap: L= 2 m, i.d.= 0.25 mm, uncoated. 
1= y-HCH; 2= heptachlor; 3= aldrin; 4= heptachlorepoxide; 5= 
o,p-ODE; 6= p,p-DDE; 7 = endrin; 8= p,p-DDD; 9= p,p-DDT. 
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GC system. As the boflfng points of the solventand the componentsof 
interest dfffer very much, a non-coated cold-trap could be used. The 
resultfng chromatagram is shown in Ffgure 5.15. Although no accurate 
quantitation was performed, this example clearly shows the potentials 
of the on-line combination of HPLC and HRGC and the performance of 
the presented interface. 
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APPENDIX 

PROSLEMS 

CAUSED BY THE ACTIVITY 

OF Al2o
3 

PLOT COLUMNS 

A.l INTRODUCTION 

On the very active stationary phase of Al2o 3 PLOT 

columns certain compound& are irreversibly absorbed or 

decomposed at the separation temperature. It is observed 

that partly halogenated compoun.ds cannot be analyzed on 

this column. 

In environmental monitoring often the analysis of volatile 
organic compounds by capillary gas chromatography is requested. 
Porous Layer Open Tubular <PLOT> columns with A1 2o3 as the 
stationary phase have proven to be very suitable for the separation 
of 1 ight hydrocarbons [f-6], c1-c2 halocarbon.s [6, 71 and per-
fl uoroa lkanes (81. The combi nation of PLOT col t.imns with packed or 
HCOT columns in multidimensional GC systems has been reported as well 
[9, lOl. 

On an A1 2ó3 PLOT column volátile compounds can be separated 
at considerably higher temperatures than on a thin film WCOT column. 
Thus the need of sub-ambient oven temperatures is avoided. Compared 
to th1ck. fnm WCOT columns A1 2o3 PLOT .column·s offer a bettf;!r . 
column èfficiency and a higher selecHvity, and so the peak resolu
tion is improved. 

On the other hànd, th.e highly active a lumina restrièts ;the , , 
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applicability of this type of column in gas chromatographic analyses. 
The practical use is limited to compounds eluting before n-decane. 
Polar solutes like ethanol and methanol do not elute at all, while 
slightly polar compoundsoften elute with bad peak shapes. The 
retention mechanism is very sensitive to the water content of the 
carrier gas, although the effect is reduced by a KCl deactivation of 
the Alumina stationary phase [3]. 

It was observed that at high temperatures some halogenated 
compounds reacted during the chromatographic process [11]. Moreover, 
under supercritical chromatographic conditloos <T> 200°C, P> 30 Bar> 
Asche observed the decomposition of eertaio halocarbon mobile phases 
<c2c1 3F3, CC1 4, CH2c1 2 and c2H4c1 2> on alumtna 
statlonary phases in packed columns [12]. This has led to great 
concern about the quantitative results of the analyses of traces of 
halogenated organic compounds on thls type of column <cf. Chapter 3>. 
Here general rules are provided with respect to the'catalytic 
destructien of organics on Al 2o3 PLOT columns. For thls purpose, 
several volatile organic compounds were examined by comparison of 
their peak areas after separation on a WCOT and a PLOT column at 
various temperatures in a two-dfmensional GC system. A possible 
reaction mechanism is suggested and experimentally confirmed. 

A.2 EXPERIMENTAl 
Gas standards were prepared by the addition of an internat 

standard <CC1 2F2 or c3H8, "s"> and 2-4 organtc compounds to 
100 ml of helium contained in a glass vessel. Ftnal concentrations 
ranged between 0.5 and lOt <vlv>. In order to eliminate errors due to 
contentration changes during storage, the tnjected sample was divided 
into two parts with the gas chromatographic equipment shown in 
Figure A.l <Sichromat-2, Siemens AG, Karlsruhe, GFR). One part 
<-6~) is separatedon the flrst column <HCOT, L· 26 m, t.d.• 0.32 
mm, CP SIL SCB, df• 1.1 ~m; Chrompack, Middelburg, NL) and 
detected by the first fl[} in order to determine the actual compound 
concentrations in the sample. After passage of the NOOT column, the 
other part is transferred to the second column <A1 2o3/KC1 PLOT, 
L· 50 m, i.d.• 0.32 mm; Chrompack, Middelburg, NL) and detected by 
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He 

Figure A. 1 
Experimental configuration of the two-dimensional capillary GC system. 
I= splitter injector; S= "Life switching system"; CC1= WCOT column; 
CCz· Alz03/KCl PLOT column; FID1. FIDz· Flame Ionisation 
Detectors; DATA= data system. 
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Chromatograms of a hydracarbon gas standard; (a) WCOT column, (b) 
PLOT co 1 umn. 
1= CzH4; 2= C3Ha<s>; 3= cyclo-C3H6; 4= CzHz. 
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the second FID. The ratio of the observed relative response factors 
reveals the effect of the Al 2o3 PLOT column on the composltlon of 
the gas sample. An example of the separations on both columns is 
shown in Figure A.2. 

A.3 RESULTS AND DISCUSSION 
Ca1cu1ations 

The stability factor Ks is a measure for the inertnessof the 
compound with respect to the reactivity of the A1 2o3 stationary 
phase and can be expressed as: 

K - <AJ'As)2 
s - (Aj/As>l <A.l) 

where A is the peak area of the compound studled (j) resp. the 
interna1 standard compound <s> for the WCOT/FID system (1) and the 
A1 2o3 PLOT/FID system <2>. It fellows that Ks is equal to the 
ratio of the observed relative response factors for both systems: 

<A.2) 

Catalytic decomposition or 1rreversible adsorptlon by the A1 2o3 
PLOT column is indlcated by Ks· 0 or by Ks decreasing with 
increasing column temperatures. 

In a separate study it was shown, that the internal standard 
compounds, i.e. c3H8 and CC1 2F2, are not destructed by the 
A1 2o3 statlonary phase. 

When no reaction occurs the factor Ks is not necessarily equal 
to unity. It was shown by Gough and co-workers [13,141 as well as by 
Dressler [15], that the detector response of e.g. halogenated hydro
carbons depends on the hydragen flow rate of the FID, and this will 
defin1tely be different for bot.h detectors used here. For the inert 
compounds K

5 
ranged from 0.6 up to 1.3. Consequently, changes of 

K
5 

have to be regarded rather than dev1atfons from unity. 
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Reproduel b11 ity 
The reproduc I bil ity of the Ks -factor was de term! ned when no 

sample degradatlon occurred <c2H2 at l15°C; n= 8). as we 11 as 
when decompos1tion reactlons were observed <C2H2 at 250"C; n= 8>. 
The corresponding relatlve standard devlatlons were 1.6% respectively 
5.6%. Although the standard devlation is lncreased s1gnlflcantly, a 
value of 5.6% lndlcates a very reproducible reactlon. 

Although it was not recognlzed as a result of decompositlon 
processa-s, si m11 ar observatlons were reported by Re i neke and Bächmann 
[6]. At an elution temperature of 265"C, they found a bad rep~o
duclb111ty for the c2H2 peak areas as well as a poor FID response. 

Inf1uence of the temperature 
For a selected number of compounds the K

5 
va1ues at different 

temperatures of the A1 2o3 PLOT column are presented In Tab1e A.l. 

Tab1e A·.l 
The influence of the column temperature on Ks .. 

Temperature <"C> 
Cat. Cómpound 75 100 125 ' 150 175 200 . 225. 250 

A. 

B. 

c. 

• 
** 

CHClFz ·o.6 0.3 0.1 0 0 
CHC12F 0 0 0 
CH2C12 0 0 0 
CHCl3 0.5 0.2 0 
CH3CC13 0 0 0 

C2HC13 1.0 1.0 
C2H2 0.9 0.9 0.9 

CClt 0.8 1.0 0.9 
c2c 2F4 1.0 0.9 0.9 1.0 1.0 
C2C13F3 1.1 1.0 
C2C14 1.1 1.0 1.0 
C2H4** 0.7 0.6 0.6 
cyclo-C3H6** 0.9 0.9 0.9 
n-CsH12 1.2 1.3 1.2 
n-C6H14 1.3 1.2 
n-C7H16 1.1 

CCl4 o.5 0.3 0.4 

peak area of a reaction product. 
.S= C3H8; S= CCl2f 2 for a l1 other components. 
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0 
0 
0 0 0 
0 
0 1.0* l. 1 * 

1.0 0.8 0.7 
0.8 0.7 0.6 

0.9 0.8 1.0 
1.0 
1.1 1.0 1.0 
1.1 1.1 1.2 
0.7 0.6 0.6 
0.9 0.9 0.9 
1.3 1.3 
1.3 1.3 
1.3 1.3 
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Roughly, three categories can be distingulshed: A. components that 
react strongly, even at moderate temperatures; B. compounds that 
react only at higher temperatures; C. compounds that do not·react at 
the temperatures studi~d <Note that for cc1 4 no clear tendency is 
observed). 

Apparently partly halogenated compounds Interact strongly with 
the Al 2o3 statlonary phase, whereas completely halogenated and 
saturated hydrocarbons are not affected. Apart from the compounds 
listed in Table A.l, it was also shown by separate investigations 
using a different experimental set-up that SF6, CC1F3, CBrF3 
and c2ctF5 are not decomposed. 

Of special interest is the behaviour of CH3cc1 3 on the 
A1 2o3 stationary phase at high temperatures. Flgure A.3 clearly 
shows the formation of a reaction product when the temperature 
increases. By using a Mass Selective Detector <Hewlett Packard, 
Avondale, PA, USA>, this compound was 1dent1fled as CH2cct 2. 

Although lt is far beyond the scope of thts thesis to present a 
deta11ed d1scuss1on on the catalytic act1v1ty of alumina, a short 
outline is given here. It Is a well-known fact in catalysls that 
alumina behaves as an acldlc catalyst [16]. The ac1dlty of alumtna is 
enhanced by the presence of water or chloride, thus forming a strong 
Brönsted acid. Such an acidic catalyst may abstract HCl from halo
genated hydrocarbons and thus forming pos1t1vely charged carbenlum
tons, e.g. 

<A.3> 

Through Intra- or lntermolecular rearrangements, several products may 
be formed, both as flnal reactlon products or as 1ntermediates. In 
lndustrial processes these princlples are applled in hydrocracklng, 
polymerization and alkylation [17]. 

A possible explanation for the presence of CH2cct 2 as a 
reaction product is the HCl abstractton from CH3cc1 3. Simtlar 
reactions were observed for CHC1 2CH3 <to g1ve CHC1CH2> as well 
as for CH2C1CHC1 2 <to give CH2cc1 2>. For the other compounds, 
however, no react1on products could be 1dent1f1ed. 
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Chromatograms showing the formation of CH2CCl2 from CH3CCl3 
on Al203 at different temperatures. 
a= 175"C; b· zoo•c; c= 22s•c; d .. 2so•c: 
1= CClzFz <s>; 2· CCl3F; 3= CH2CCl2; 4= CzCl4. 

Inf1uence of the 1njected amount 

4 

The influence of thecompound concentration at the alumina 
surface on the reaction rate was stud1ed by injecting different 
amounts of c2H2 at an A1 2o3 PLOT column temperature of 2so•c. 
From 0.2 up to 106 ng of c2H2 a fairly constant value of Ks was 
obtained <mean K

5
- 0.61; RSD· 3.31; n- 10). 
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A.4 CONCLUSIONS 
Although A1 2o3/KC1 PLOT columns are very suitable for the 

gas chromatographic separation of vo1at11e organic compounds, the 
actfvfty of alumfna may cause false identiflcatlons as well as 
erroneous quantftative results. It was shown that at high 
temperatures part1y halogenated compounds are decomposed by the 
At 2o3/KC1 stationary phase. The proposed mechanism of catalytic 
HCl abstraction was conflrmed for 1,1,1-trichloroethane. 
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LIST OF SYMBOLS 

Letters 
a = ratio of the Cs- aod Cm-terms 
A = peak area 
Ap = permeation membrane surface area 
b • ratio of the Input band width and the chromatographic peak 

broadening 
B = permeabillty 
B • permaation coefficient 
B

0 
= term of the Golay-Giddings equat)on describlog the longitudlnal 
diffuslon 

c • solute carbon number 
C = concentration 
CG = contentration In the gas phase 
CL = concentratlon in the liquid phase 
C

0 
• minimum analyte concentratlon 

CE • coating efflcJency factor 
cm,o • term of the Golay-Giddlngs equatlon desc:rlblng the reststance to 

mass transfer In the mobile phase at column outlet condltlons. 
Cs • term of the Golay-Giddlngs equatlon descrlblng the reststance to 

mass transfer In the stationary phase. 
= water concentratien in the purge gas 
= column inner diameter 
= stationary phase film thickness 
.. maximum thlckness of the lee layer inside the cold-trap 
= permeatlon membrane thickness 
= cold-trap Inner diameter 
= solute .dlffl!sion constant in the moblle phase at column outlet 
condltlons 

D
5 

= solute dlffuslon constant In the stationary phase 
DF =ratio of the thlck and thln film df-values 
f = response factor 
f 1 = pressure correction factor after Glddlngs 
f2 = pressure correctton factor after James &. Martin 
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F 

F<k> 

G<t> 
4G 
H 

k 

K 

n 

= Faraday constant 
= capac1ty ratio functlon 
= volumetrie column flow at outlet cond1t1ons 
= volumetrie detector flow 
= purge gas flow 
= ratio between the volumetrie time constant of the detector and 
the overall peak w1dth 
= flow reststance function of the cold-trap 
= Glbb's free energy of retentlon 
= plate helght 
= minimum plate height 
= enthalpy of retention 
= enthalpy of vaporizatlon 
= detector current 
= solute capacity ratio 
= solute distributton constant 
= stab111ty factor 
= column length 
= cold-trap length 
= molecular we1ght of the 11quid phase 
= maxtmum sample volume 
= ratio of the requlred actual plate number for the thick and thin 
film columns 

N = number of moles 
Ne = column plate number 
Nmax = theoretical maximum plate number 
Npv = peak-to-valley nolse 
Nrms = root-mean-square nolse 
Nt = actual total plate number 
pi = partlal vapour pressure of the solute 1ns1de the permaation tube 
p

0 
= partlal vapour pressure of the solute outs1de the permaation tube 

P = ratio of the column lnlet and outlet pressures 
po • saturated vapour pressure 
P

0 
• column outlet pressure 

Q • injected amount 
Q

0 
= minimum detectable amount 

Qv = solute amount present in the purge vessel 
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s 
4S 

t 

tR 
T, Tc 

Tb 

Tt 
u 

uo 
uo,opt 
vd 
VG 

VL 
vtnj 
VR 
w 
y 

= permeation rate 
= gas constant 
= peak height 
= detector noise 
= peak resolution 
= ratio of the purge gas flow and the column fl9w at column ?Utlet 
conditions 
=detector sensitivtty 
= entropy of retentien 
= ratio of the thtck and thin film column .temperatures 
= solute retentien time 
= column temperature 
= solute boiling point 
= cold-trap, temperature 
= average carrier, gas velocity 
= carrier gas ,velocity at column outl~t condttfons · 
= optimum carrier gas velocity at col.umn outl,et conditlens 
=detector cell volume 
= volume of the gas phase 
= volume of the liquld phase 
= injected sample volume 
= retentien volume 
= width at peak base 
= correction factor descrlbing the carrier gas velocity dependenee 
of f 2 
= dependenee of f 1 on the carrier gas 
= dependenee of f2 on the carrier gas 

subscripts 
j = of compound j 

s = of the internal standard compound s 
tk • for the thlck film column 
tn = for the thln film column 
x = coordlnate of place 

= for the flrst eluting solute of the critical pair 
2 = for the secend eluting solute of the critical pair 
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superscripts 
c = for concentratton senstttve detectors 
m • for mass flow senstttve .detectors 

Greek letters 
a: • relattve retention 
~ • column phase ratio 
y • acttvt.ty coefftctent 
1'1 • dynamtc vtscostty 
v • ratio between the actual and. the optUnum carrier gas velocf.ties 

at column outlet cond1tions 
Pt · •· denstty of the tee in the cold-trap 
pl • density of the ltqutd phase 
ac • s.tandard dev1at1on of the chromatographtc peak broadentng process 
a1 • standarddevtatton of the input band 
at • overall standard devtatton of the peak 
-cv • volumetrie ttme constant 
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SUMMARY 

In gas chromatography there is an increasing demand for the 
analysis of very low concentrations of organic compounds in,complex 
samples. Desptte the high separation efficiency of capil1ary'GC and 
the ava1lability of very sensitive and selective detectors, sample 
pre-treatment techniques are often required. In this thesis some 
methods are presented for the quantitattve analysls of trace concen
trations <down to the 1:1012 level> of organics in air and water. 
In a theoretical tre,atment the tnfluence of the chromatographic 
parameters on the detection of trace compounds is discussed. 

In Chapter 2 relationships are presented for the minimum 
detectable amount <0

0
> and the minimum analyte concentratien in the 

sample <C
0

> that can be determined without the use of pre-conten
tration techniques. It is found that the most important parameters 
are the column inner diameter <de>, the solute capacity ratio (kJ, 
the stationary phase film thickness <df>' the resulting column 
plate number <Nt> and the input band width <b>. 

Q
0 

is proportional to <dc>z, where l<Z<3, dependent on the 
column in.,. and outlet pressure ratio and the detector type <mass flow 
sensitive or concentratton sensithe>. The smallest Q

0 
values are 

obtained with narrow bore columns for both detector types. The 
allowable injection volume, however, is in favour for wide bore 
columns. C

0 
is found to be proportional to 1/dc for mass flow 

sensitive detectors <e.g. FID>. So wide bore columns should be used 
for the FID detection of trace concentrations. For contentration 
sensitive detectors <e.g. TCD> C

0 
is independent of de. 

Considering the speed of analysis, narrow bore columns are then 
preferred, provided a small detector cell volume. A further reduction 
of C

0 
can be accomplished by the application of on-column solute 

focusing techniques. This allows the introduetion of a large sample 
volume while a small input band width is preserved. 

The stationary phase film thickness has only a marginal effect 
on Q

0 
and C

0
. It is shown that the optimum detectability is 
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obtained for O.S<k<l.S, and so thick film columns should only be used 
to increase the capacity ratio of very volatile compounds. 

The derived theoretica] relationshlps are exper1mentally 
verlfied for th1n film columns. 

In Chapter 3 a method is presented for the analysls of trace 
concentratlons of volatlle halogenated hydrocarbons in air. Sample 
introduetion inciudes enrlchment on a cooled adsorptlon trap, thermal 
desorption followed by on-column cryogenic focusing in order to 
provide a narrow input band. The trapping and re-lnjection 
characterlstlcs of both traps are studied. Two types of caplllary 
columns are evaluated: Porous Layer Open Tubular <PLOT> columns and 
Hall Coated Open Tubular <WCOT> columns. Very specific problems are 
observed for A1 2o3 and Porapak Q PLOT columns. Therefore, WCOT 
columns are the best choice. 

The performance of an electron capture detector <ECD> is 
optimized by a careful selection of the pulse voltage, standing 
current and the detector temperature. A very accurate ECD callbratlon 
procedure 1s presented basedon the preparatien of d1luted gas 
standards by means of permeat1on tubes. 

The method 1s applled for the determ1nation of chlorofluoro
carbons in stratospherlc air, sampled between 10 and 30 km altltude. 
The analytlcal precision has a relatlve standard deviatlon of 10-15~ 
and an accuracy better than 3~. The wlde app11cab111ty of the 
analytical method is also demonstrated by the determination of ppb's 
of s2F10 in bulk SF6 gas. 

For the analysls of volatile compounds 1n water an on~line purge 
and cold-trap pre-concentratlon device is evaluated in Chapter 4. A 
major problem of th1s technique ls blocking of the caplllary 
cold-trap with lee. For the removal of water vapour from the purge 
gas a cryogen1c condenser and a water permeable membrane are 
compared. Several process parameters like the condenser temperature, 
the cold-trap temperature, the purge gas flow rate and the sample 
temperature are varled 1n order to evaluate the efficiency and 
selectivlty of these water removal techniques. It is shown that the 
recovery of the purge process as well as the blocking of the 
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cold-trap can be predicted fairly well by the proposed theoretica! 
models. The recovery of polar and non-volat1le compounds can be 
enhanced by purging at high temperatures and high gas flow rates. 

Although the gas can be dried sufficiently to avoid blocklng of 
the capillary cold-trap, s~rious lossesof polar and non-volatile 
compounds are observed for the condensar as well as the membrane. For 
these compounds, pre-separation of the water and the organics on a 
Tenax tube shows better results. 

The on-line combination of liquid chromatography and capillary 
gas chromatography lnvolves the introduetion of large volumes of 
liquid sample onto a capillary GC column. This is enabled by the 
injection device described in Chapter 5. In succession it is based on 
the evaporation of the entire sample, selective removal of the 
solvent and simultaneously cold-trapping of the solutes, splitless 
transfer of the solutes to the GC column, on-column focusing, GC 
separation and detection. 

The cold-trap temperature should be slightly above the boiling 
point of the solvent. At this particular temperature the solutes to 
be analyzed should be trapped completely. Replatement of the uncoated 
cold-trap by a coated one is in favours the quantitative trapping of 
compounds of higher volatility. 

Two sample valve systems are presented that can be employed as 
interfaces for the on-line combination of HPLC and capillary GC. 
Sample volumes up to 1000 pl can be introduced and the devices are 
compatible with reversed phase solvents. A preliminary example of the 
on-line LC-GC combination for trace enrichment is given for the 
isolation and analysis of chlorinated pestleides in water. 

In the Appendix it is shown that partly halogenated compounds 
can not be analyzed on Al 2o3 PLOT columns as they are 
irreverslbly adsorbed and/or decomposed at the separation tempera
ture. A possible reaction mechanism is suggested and confirmed for 
1,1,1-trichloroethane. 
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SAMENVATTING 

Steeds vaker worden gas chromatografische analyses vereist van 
zeer lage concentraties van organische verbindingen in komplexe 
monsters. Voor deze analyses zijn monster voorbewerkingstechnieken 
meestal noodzakelijk, ondanks het hoge scheidend vermogen van kapil
laire GC en de beschikbaarheid van gevoelige en selektleve detek
toren. Dit proefschrift behandelt enkele analysemethoden voor zeer 
lage concentraties van organische verbindingen in lucht en water <tot 
op het nivo van l:lo12 >. In een theoretische beschouwing wordt de 
invloed van de chromatografische parameters op de detekteerbaarheid 
van sporen komponenten besproken. 

In hoofdstuk 2 worden de relaties afgeleid voor de minimaal 
detekteerbare hoeveelheid <Q

0
> en de minimale concentratie in het 

monster <C
0

>, die nog bepaald kan worden zonder gebruik te maken 
van voor-concentreringstechnieken. De belangrijkste parameters zijn 
de inwendige diameter van de kolom <de>• de kapaciteitsverhouding 
<k>. de filmdikte van de stationaire fase <df>• het schotelgetal 
<Nt> en de injektiebandbreedte <b>. 

Q
0 

is evenredig met <dc>z. waarbij 1<z<3. De waarde van z 
hangt af van de verhouding van de in- en uitgangsdrukken van de kolom 
en van het type detektor dat gebruikt wordt <massastroom-gevoelig of 
concentratie-gevoelig>. Voor beide types is Q

0 
het kleinst bij 

gebruik van kolommen met een kleine inwendige diameter <"narrow 
bore">. Op zogenaamde "wide bore" kolommen <grote inwendige diameter> 
kan echter een groter monstervolume geYnjekteerd worden. Het blijkt 
dat voor een massastroom-gevoelige detektor (bijv. een FID> c

0 
evenredig Is met 1/dc. Nide bore kolommen zijn dan ook te prefere
ren voor de bepaling van sporen concentraties met behulp van een FIO. 
Voor een concentratie-gevoelige detektor zoals de TCD is C

0 
onaf

hankelijk van de. In verband met de analysesnelheid hebben narrow 
bore kolommen de voorkeur, mits het celvolume van de detektor klein 
genoeg is. Een verdere verlaging van C

0 
kan bereikt worden door 

middel van focuseren van de komponent in het begin van de scheidings
kolom. Op deze manier kan een groot monstervolume geYnjekteerd 
worden, terwijl de injektiebandbreedte klein blijft. 
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De filmdikte van de stationaire fase heeft slechts een marginaal 
effekt op Q

0 
en C

0
. Het blijkt dat een optimale detekteerbaarheld 

verkregen wordt bij O.S<k<l.S en dit betekent dat dikke film kolommen 
alleen nodig zijn om de kapaclteitsverhoudingen te verhogen van zeer 
vluchtige verbindingen. 

Enkele experimenten met dunne film kolommen zijn uitgevoerd 
teneinde de afgeleide theoretische betrekkingen te verifiëren. 

In hoofdstuk 3 wordt een methode beschreven voor de analyse van 
sporen vluchtige gehalogeneerde koolwaterstoffen in lucht. Monster
introduktie omvat concentrering op een gekoelde adsorptiebuis, 
thermische desarptie gevolgd door on-column cryogene focusering, om 
op deze manier een kleine injektiebandbreedte te verkrijgen. De 
concentrering en herinjektie eigenschappen van beide onderdelen 
worden bestudeerd. Twee typen kapillaire kolommen worden geëvalueerd: 
de zogenaamde "Porous Layer Open Tubular" <PLOT> kolommen en de "Hall 
Coated Open Tubular" (WCOT> kolommen. Het gebruik van Al 2o3 en 
Porapak Q PLOT kolommen levert bepaalde problemen op, zodat WCOT 
kolommen de voorkeur hebben. 

Een electron çapturl:! detektor <ECD> wordt geoptimaliseerd door 
de juiste kombinatie van het pulse voltage, de stroomsterkte en de 
detektor temperatuur. De ECD kalibratie is uitgevoerd met behulp van 
permeatiebuisjes. 

De techniek is toegepast voor de analyse van chloorfluor ver
bindingen in stratosferische lucht van 10 tot 30 km hoogte. De. 
analyseresultaten hebben een relatieve standaard afwijking van 10-15% 
en een absolute fout kleiner dan 3%. Met de bepaling van ppb-concen
traties (1:109> van s2F10 in SF6 gas wordt de brede inzet-
baarheid van deze analysetechniek aangetoond. 

Voor de analyse van vluchtige organische verbindingen in water 
wordt in hoofdstuk 4 een zogenaamde "purge en koude val" monster 
concentreringstechniek beschreven. Een belangrijk probleem bij deze 
techniek is het dichtvriezen van de koude val met tjs. Om waterdamp 
uit het purge gas te verwijderen worden een cryogene condensar en een 
water permeabel membraan vergeleken met betrekking tot hun effektivi
teit en selektiviteit. Hiertoe worden diverse proces parameters 
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gevarieerd, zoals condanser temperatuur, koude val temperatuur, purge 
gas stroomsnelheld en de temperatuur van het monster. Het blijkt dat 
de recovery van het purge proces alsmede het dichtvriezen van de 
koude val goed door de voorgestelde theoretische modellen beschreven 
worden. De recovery van polaire en niet-vluchtige componenten kan 
verhoogd worden door te purgen bij hogere temperaturen van het 
monster en bij hoge gassnelheden. 

Het purge gas kan met behulp van de bovengenoemde technieken 
afdoende gedroogd worden om dichtvriezen van de koude val te voor
komen. Er treden echter verliezen op voor polaire en niet-vluchtige 
verbindingen bij gebruik van zowel de condensar als het membraan. 
Voor dergelijke komponenten is de scheiding van water en organische 
verbindingen op een Tenax voorkolom te prefereren. 

De on-line kombinatle van vloelstof chromatografie en kapillaire 
gas chromatografie houdt in dat grote volumina vloeibaar monster 
geYnjekteerd moeten worden op een kapillalre GC kolom. Dit is 
mogelijk met behulp van het injektiesysteem zoals dat beschreven is 
in hoofdstuk 5. Het is achtereenvolgens gebaseerd op de verdamping 
van het gehele monster, selektleve verwijdering van het oplosmiddel 
en gelijktijdig cold-trapping van de komponenten, gevolgd door split
loos transport naar de GC kolom. Hier vindt focusering plaats in het 
begin van de kolom, waarna de chromatografische scheiding en de 
detektie volgen. 

De temperatuur van de koude val moet iets hoger zijn dan het 
kookpunt van het oplosmiddel. Bij deze temperatuur moeten de te 
analyseren komponenten kwantitatief in de koude val vastgehouden 
worden. Als de ongecoate koude val vervangen wordt door een gecoate 
heeft dit gunstige gevolgen voor de analyse van de meer vluchtige 
verbindingen. 

Twee kraansystemen worden beschreven die gebruikt kunnen worden 
als koppeling tussen HPLC en kapillaire GC. Monstervolumes tot 
1000 ~1 kunnen geYnjekteerd worden alsmede reversed phase oplos
middelen. Een voorbeeld van on-line kombinatie van LC en GC ten 
behoeve van monster concentrering wordt gegeven voor de isolatie en 
analyse van gechloreerde bestrijdingsmiddelen in water. 
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In de Appendix wordt aangetoond dat gedeeltelijk gehalogeneerde 
verbindingen niet met behulp van een Al 2o3 PLOT kolom geanaly
seerd. kunnen worden. Bij de temperaturen van de chr~matografische 
scheiding worden zij namelijk irreversibel geadsorbeerd en/of ont
leed. Een mogelijk reactiemechanisme wordt gegeven en dit wordt 
bevestigd voor 1,1,1-trichloor ethaan. 
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NAWOORD 

Dit proefschrift is tot stand gekomen dankzij de inzet en mede
werking van een groot aantal mensen. 

Allereerst Carel Gramers en Jacques Rljks, die mij de gelegen
heid hebben geboden om dit onderzoek te verrichten bij de vakgroep 
Instrumentele Analyse. Bovendien hebben zij In het concept van dit 
proefschrift met een grote mate van efficiency en selektiviteit de 
zin van de onzin weten te scheiden. 

The Max Planck Institut für Aeronomie in Lindau <GFR> supported 
the workof Chapter 3, not only financially but also by provldlog us 
withalotof "thin air". Especially the pleasant cooperation with 
Peter Fabian and Reinhard Barehers has been invaluable. Een prettige 
samenwerking was er ook met Frans Janssen <KEMA, Arnhem), René Dooper 
<Chrompack, Middelburg> en met Frans Marls <VU, Amsterdam>. 

De praktische uitvoering van delen van dit onderzoek is verricht 
in samenwerking met een aantal studenten, te weten Andrew van Es, Tom 
Herps en Eric He1ss. Huub Leuken en Jan Hanique hebben uiterst vak
kundig diverse metalen, kunststof en glazen accessoires vervaardigd, 
terwijl Huub van Cruchten en Chris van Tilburg bronnen van Instrumen
tele slimmigheidjes bleken te zijn. Voor een prima werksfeer zorgden 
de medewerkers en studenten van de vakgroep Instrumentele Analyse, en 
vooral mijn dlrekte kollega's, kamergenoten en mede-promovendi: Ron 
Bally, Jos Curvers, Andrew van Es, Martien Hetem, Hans-Gerd Janssen, 
Elly van Noorden. Gerard Rutten en Kees Schutjes. De vele diskussies 
over ayatollah's tot en met diffusiecoëfficiënten zorgden voor 
bijzonder levendige lunchpauzes. 

In dit nawoord past ook een prive opmerking. Zonder de morele 
steun van Henny was het niks geworden met het onderzoek, en vooral 
niet met het schrijven van dit proefschrift. Ondanks de drukte en 
"nooit tijd voor iets" is ze gelukkig nog steeds niet g1llend 
weggerend .... Ook mijn vrienden hebben zich keurig gedragen door in 
de afgelopen maanden niet te vaak koffie te komen drinken, rustige 
verjaardagsfeestjes te geven, vaak te passen en 6 in plaats van 8 km 
hard te lopen. Hopelijk gaat dit na 12 januari weer veranderen. 

Van onschatbare waarde bij de verwezenlijking van dit proef
schrift was de typevaardigheld van Denise Tjallema, die zoveel aan
passingen in de tekst te verwerken kreeg, dat een tennisarm begin 
november niet te vermijden was. Ook de lay-out is In samenwerking met 
haar uitgevoerd. Ton Lips korrlgeerde een groot aantal van de engelse 
onvolkomenheden In de tekst. Martien Hetem heeft als speelale koerier 
heel wat afgerend door de straten van Eindhoven. Tenslotte heeft mijn 
nieuwe werkgever, KIHA N.V. in Nieuwegein, en met name Frans 
Schultlng, mij In de gelegenheld gesteld om dit proefschrift "In de 
baas z'n tijd" af te ronden. 

Iedereen heel erg bedankt, ~ 
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STELLINGEN 

1. Ten onrechte stelt Sevcik dat er geen onderscheid gemaakt dient 
te worden tussen concentratie gevoelige en massastroom 
gevoellge detektoren. 

J. Sevcfk., "Detectors in Gas Chromatography", Elsevier, 
Amsterdam, 1976, pp. 30. 

2. B1j cryogene focusering dient de temperatuur gradient zo steil 
mogelijk. te zijn. 

S. Berg en A. Jonsson, J. HRC & CC, 7 (1984> 687. 

3. Het berekenen van de retentie in koude vallen uit meetgegevens 
verkregen bij de elutietemperatuur is niet toegestaan. 

B. Kolb, B. Liebhardt en L.S. Ettre, Chromatographia, 21 (1986) 
305. 

4. Het door Ka i ser ge"fntroduceerde "Dos i ergUtekennzah 1" is niet 
bruikbaar voor de karakterisering van de injektiebandbreedte 
bij koude val injekties. 

R.E. Kalser, Chromatographia, 9 (1976> 463. 

H.U. Buser, R. Soder en H.M. Widmer, J. HRC & CC, 5 (1982> 156. 



5. De konklusie, dat bij OTLC de afwijking van de gevonden 
schotelhoogte ten opzichte van de met behulp van de Golay
vergelijking berekende waarde, toegeschreven moet worden aan de 
verlaging van de diffusiecoëfficiënt in de stationaire fase ts 
niet juist. 

s. Folestad, B. Josefsson and M. Larsson, J. Chromatogr., 391 
(1987) 347. 

6. De huidige betekenis van SFC is vooral gelegen in het 
verkrijgen van fysisch-chemische informatie ten behoeve van 
industriële processen onder superkritische kondities. 

7 .. De gevoeligheid van de PID moet uitgedrukt worden in A.ml/g. 

C.F. Pooleen S.A. Schuette, "Contemporary Practice of 
Chromatography", Elsevfer, Amsterdam, 1984, pp. 169. 

8. Het gebruik van de termen <GC> 2 en FSOT fn de 
chromatografische nomenclatuur dient ontraden te worden. 

M. Verzele, J. HRC & cc. 2 (1979) 647. 
M. Verzele, J. HRC & CC, 10 <1987> 331. 

9. Het opstellen van wettelijke normen voor de maximale 
concentraties van contaminanten in drinkwater is alleen dan 
zinvol als betrouwbare analysemethoden beschikbaar zijn. 

10. Lekkende waterkranen zijn goed voor de volksgezondheid. 

Eindhoven, 12 Januari 1988 T.H.M. Noij 




