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INTRODUCTION 

The advent of Gas Chromatography (GC) in 1952 (ref.) ef­

fected a breakthrough in the analysis of complex mix­

tures of volatiles. Although a powerful tool in both 

qualitative and quantitative analysis, it should be 

kept in mind that GC primarily is an analytica! separat­

ion method. 

The efficiency of the chromatographic separation, as ex­

pressed. in the "Resolution", increases with decreasing 

sample load. However, with diminishing sample size, the 

sensitivity of the detection system used becomes a limit­

ing factor. When, moreover, an eluting component has to 

be identified by a non-chromatographic procedure, the 

sample requirements are in practice set by the latter. As 

a rule of thumb the following amounts must be considered 

as conservative estimates of the minimum sample size req­

uirements. 

For detection (Flame Ionization Detector) 

For identification (Mass Speetrometry *> 
For accurate injection 

This thesis may be seen as a contribution to bridge the gap 
-11 -4 between the 10 g necessary for detection and the 10 g 

-7 and 10 g required for respectively injection and identif-

ication of one component. 

*Mass speetrometry is the most sensitive general instrument­

al method for structure elucidation of organic substances. 9 



The subject covered can he divided into two sections: 

A. Improving the accuracy and sample requirements of 

injection systems for use with high efficiency 

open hole tuhular columns. (chapters1,2 and 3) 

B. Developing methods to decrease the sample req­

uirements for identification {chapters4,5,6,7 

and 8). 

Chapter 1 gives the theoretica! influence of the injection 

procedure on hoth the resolution and the accuracy of qual­

itative analysis to he ohtained with high resolution col-

umns. 

The injection methods described in literature fail or are 

inaccurate for the smal! sample loadings required for high 

efficiency open hole (capillary) columns. Sample injectors 

for this type of columns therefore are hased upon a "stream 

splitter". The incoming carrier gas, containing the vapour­

ized sample, is distributed over an adjustahle choke and 

the column. The proportion of the carrier gas - and hence 

of the sample - entering the column is in normal practi~e 

0,2-0,5%. The results of quantitative analysis ohtained in 

this way are not quite satisfactory under all circumstances, 

due to the non linearity of the distribution for different 

sample components. Another disadvantage of this system is 

that the actual sample requirement is much higher than 

needed for the analysis proper: this applies particularly 

to analysis in biochemistry. In chapter 2 possible causes 

of alinearity in a "stream splitting" injection device are 

discussed leading to a design with improved quantitative 

accuracy. 

Chapter 3 deals with the development of injection systems 

for use with capillary columns, which avoid the need of 

sample splitting. In this way the accuracy of quantitat­

ive analysis of wide hoiling mixtures can he improved. Al­

sa the sample size is no langer set hy the requirements 

10 of the injection system. 



In chapter 4 the potential value of accurate retentien 

data in the characterisation of volatiles is emphasized. 

Not at least since these can be obtained from only 1o-11 g 

of substance (the practical limit of detection at present). 

A list of accurate retentien data of an odd 150 hydraaar­

bons (up to C-8) on both a polar (di-methyl-sulpholane) 

and apolar (n-octadecene-1) stationary phase is given. 

In chapters5,6 and 7 the potentialities of pyrolysis gas 

chromatography (PGC) as a tool for characterization and 

structure elucidation of volatile organic substances are 

discussed. In pyrolysis gas chromatography (PGC) the 

products of controlled thermal degradation of a sample 

are separa.ted on a chromatographic column. The "pyrogram" 

obtained offers a "fingerprint" characteristic of the 

parent substance; identification is done by camparieon 

with fingerprints obtained from standard substances. The 

analysis of fragmentation products can serve as an aid to 

the structure elucidation of unknown substances. 

For this purpose a PGC-system for volatile components has 

been developed, including a micro flow reactor permitting 

accurate temperature and reaction time control. The ohosen 

reactor dimensions assure a negligible spread in residence 

time of the sample molecules (chapter 5). 

To check the suitability for kinetic measurements of the 

PGC-setup, as described in chapter 5, ethylacetata and 

cyclopropane are cracked. The data for energy and entropy 

of activatien obtained from both pulse - and continuous 

reactant introduetion are compared with literature data. 

(chapter 6) 

The analytica! aspects of PGC such as repeatability, repro­

ducibility etc. are discuseed in chapter 7. The unambiguity 

of a cracking pattern is essential when PGC is going to be 

used as a "fingerprint" method. Inter-laboratory agreement 

of fingerprints, as well as the application of PGC for 

structure elucidation involves knowledge of the parameters 11 



12 

which control the thermal degradation. A study of these 

parameters serves as an aid in the future standardization 

of PGC techniques. 

Chapter 8 deals with the application of the PGC-system to 

the study of reaction ratès and product distribution of the 

thermal degradation of saturated hydrocarbons. 

REFERENCE 

A.T. James and A.J.P. Martin, Biochem. J., 50, 679, 1952. 
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Section A 

Sample introduetion 



Chapter 1 

THE EFFECT OF SAMPLE INTRODUCTION ON COLUMN PERFOMANCE 

Inadequate sample introduetion not onty affects the intr-

ins ia aotumn effiaienay but atso imposes timitations 

on both quatitative and quantitative anatysis. Partiaul­

arly in the operation of aapitlary aotumns, with their 

smalt sample aapaaity, overloading phenomena deserve 

aarefuZ aonsideration. 

1.1 THEORETICAL INTRODUCTION 

If a small amount of sample is used, the influence of 

sampling can be discussed in terms of the varianee and 
maximum value of the input and output functions of the 

sample. These functions describe the concentratien in 
the moving phase in dependenee on time at the inlet and 

at the outlet of the chromatographic column. 

The theoretica! treatment of the chromatographic migrat­

ion is based on the mass balance in a section of the 

model of a chromatographic column (ref. 1 .. 1 ; 1 • 2; 1 • 3 

and 1.4) The resulting differentlal equations can be 

solved for given boundary conditions and expresslons 
for the output functions are obtained. The input curve 

is one of the boundary conditions. If the sample enters 

the column during a time àt at constant concentratien c
0 

the input curve is given by 

c(z=o,t<o)=o 
c(z=o,o<t<àt)=c 

0 
c(z=o,t>llt)=o 

(eqn. 1 .1) 

15 



c is the concentration of the component in the rnaving 

phase, z is the coordinate along the column axis and t is 

the time. 

If àt approximates to zero the output curve approximates 

to the residence time distribution curve, which describes 

the phenomena, that not all molecules of a given type have 

the same residence time in the column. The retention time 

tR corresponds to the average residence time in the column 

and àcrt 2 is the varianee of the residence time distribut­

ion function. The latter approximates a symmetricalgaus­

sian (ref. 1.5) function if the distribution isotherm is 

linear, fluid velocity and the temperature are constant 

and tR2>>Acrt 2 • 

(eqn. 1.2) 
c~.max 

tR=t (1+kA /A ) = t (1+k') o s m o 

àa 2=LH~ (1+k') /wlJ 2 t ~m 

Cl is the concentration of the component in the moving 

phase at the end (z=L) of the column and c~.max is its 

maximum value. Q is the amount of the component and wL 

is the flow rate (ml/sec) of the moving fluid at the 

column outlet. The capacity ratio k' is the distribution 

r.atio of the amount of a component between stationary and 

moving phase at equilibrium and t
0 

is the retention time 

of a component which is nat sarbed (k' = 0) by the stat­

ionary phase. The capacity ratio is related to the distr-

16 ibution coefficient k and the ratio As/Am in which A
5 

and 



Am are the areas of the cross section occupied by the 

stationary and rnaving fluid. The column length, L, and 

the height equivalent to a theoretica! plate, H, charact­

erize the dispersion of the sample in the column •. 

An input function of any form can be conceived as to be 

composed of an infinite number of functions described by 

eqn. 1.1. The overall output function is a superposition 

of all the single output functions and can be calculated 

by integration if the mass balance equation is a first­

order differentlal equation, and k is not dependent on 

concentration. It appears that the varianee otL 2 of the 

output curve is the sum of the varianee ot
0

2 of the input 

function and the varianee hot 2 of the residence time 

distribution function in the column. 

(eqn. 1. 3) 

The integral of the output function is proportional to 

the amount of sample which has entered the column. 

(eqn. 1 • 4) 

The output function approximates to the residence time 

distribution function if the sample enters the column 

duringa very short time. Ïf eqn. 1.2 is valid the 

integral of the residence time distribution curve is 

given by 

(eqn. 1 • 5) 

and the sample size can be expressedas a functionof a 

number of proçess variables. 

(eqn. 1. 6) .17 



1.2 OVERLOADING PHENOMENA 

A certain amount of sample, expressed in v1eight units, 

can be introduced to the column in two extreme ways. In 

the first extreme, it is assumed that the sample goes in­

to the column as a very narrow plug (delta function) of 

high concentration, the width of the sample plug expres­

sed in time or volume units is negligible. In the other 

extreme, it is assumed that the sample plug has a finite 

volume and an accordingly lower concentration of sample 

in the carriergas. In the latter case the overloading 

phenomenon mentioned below under e will become paramount. 

In practice, the delta input function, as expressed in 

eqn. 1.1 is unattainable since both the sample and the 

injection port occupy a finite volume. Therefore the shape 

of the input function usually will lie between the two 

above mentioned extreme cases. 

Experimentally (ref. 1.6 and 1.7) the sample size for 

which ot / approximates the minimum value llot 2 was found 

to be much lower than theoretically predicted (ref.1.8) 

for a rectangular input curve of pure sample discussing 

the influence of band width alone. The discrepancy be­

tween experimental results and theoretica! prediction must 

be attributed to the neglection of concentration induced 

alinearities. 

The residence time distribution at high concentration can­

not bedescribed any langer by eqn. 1.2 for several reasans 

which will be discussed successively in the following 

paragraphs. It should be appreciated, that in practice it 

is impossible to consider these phenomena sepa~ately, since 

they are all mutually interacting. 

a. Condensation Overloading 

When the vapour concentration of a solute entering the 

column is above the saturated vapour pressure at column 

18 temperature, condensation occurs (ref. 1.9). In that 



case the stationary liquid of the first part of the col­

umn will consist of a mixture of the liquid phase and an 

appreciable portion of solute. This leads to erroneous 

values of the partition coefficient, k, and hence to un­

reliable retentien data used for qualitative character­

ization. This is one of the reasens why injection systems 

eperating above column temperature should be avoided. The 

preferred sampling temperature is equal to the column 

temperature. Further temperature reduction unavoidably 

leads to an increase in feed volume, under which condit­

ion the overloading phenomenon mentioned below under e 

may become excessive. Errors of the same nature, ill de­

fined stationary liquid in part of the column, may also 

be expected when introducing samples diluted in a bulk of 
volatile solvent. 

b. Enthalpie Overloading 

Column conditions cannot be considéred to be isothermal in 

the partsof the column occupied by solute (ref. 1.10). 

The heat of salution of solutes from the gas phase is high 

- ca 100 cal/g. The heat effects involved in the mass 

exchange cause the temperature to be higher at the front 

and lower at the back of a sample peak in the column. This 

results in a "tailing" peak as depicted in fig. 1 C3. The 
temperature change of the column is controlled by the heat 

capacity and conduction properties of the column materials. 

Also for this reasen high concentrations at the column in­
let should be avoided. The abovementioned effect will be 

small with sample sizes in the order of microgrammes, but 

not when introducing a salution of such a small sample in 

a bulk of volatile solvent. 

c. Non-linear isotherm Overloading 

Most phase systems do not give a linear distribution iso­

therm except at very low concentrations of solute and there- 19 



fore the mass balance equation becomes non-linear with 

increasing concentration. A curved partition. isotherm must 

lead toasymmetrie peaks emerging from the column. This re­

presents an extra band spreading mechanism. This situation 

- non linear, non ideal. chromatography - is even more un­

desirable since the time of emergence of th.e peak maximum 

is now a function of solute concentration. In this case 

retentien data are of little significanee for the qualita­

tive identification of organic substances. 

The physical background of this phenomenon fellows from a 

brief consideration of binary solutions. If pA0 is the 

saturated vapour pressure of a substance, A, and x the 

mole fraction of A in a nonvolatile solvent, S, then the 

vapour pressure, pA, of this substance above the salution 

can be represented by the general formula 

0 
y(x) x PA ( eqn. 1 • 7) 

where y (x) is the activity coefficient of A in S at the 

concentratien x. From fig. 1.1.A, which shows various 

plots of pA versus x, it may be seen that, in principle, 

three cases may be distinguished. If y = 1 for all values 

of x, the binary mixture of A and S is said to form an 

ideal liquid solution. The formula for pA then reduces to 
Raoult's law 

(eqn. 1 • 8) 

In GLC the situation is generally such that y ~ 1, but, 

since only small values of x (say, below 0.05) have to be 

considered, y {x), although not equal to unity, may often 

be assumed to be constant for these low concentrations of 

the solute. Experiments have shown that in many cases the 

first part of the curves may be replaced by tangents drawn 

20 at the origin. In that case the activity coefficient at 



infinite dilution yA0 is obtained and the following relat­

ion holds true 

(eqn. 1.9) 

By substituting for yA0 pA0 the so-called effective vapeur 

'pressure, pAE' a formula very similar to Raoult's law is 

obtained: 

(eqn. 1 .1 0) 

Partition coefficients may be calculated from activity 

coefficients and vapeur pressure data for the pure solute 

in the following manner: 

The definition of partition coefficient, k, gives: 

(eqn. 1 .11) 

where CL and CG are the volumetrie concentrations of the 

solute in the liquid phase, volume VL, and in the gas 

phase, volume VG, respectively. CL is calèulated as 
follows. If x is the mole•fraction of A inS, the con­

centration, CL = x.NL, where NL is the riumber of rnales 

of solve~t per unit volume. CG fellows from the Ideal Gas 
Law. The vapeur pressure of the solute above the solution, 

p, is equal to yx.p0
, and from pV = RT (one mole of gas), 

the concentratien CG can be calculated 

CG = p/RT yx.p0 /RT (eqn. 1.12) 

He nee 

(eqn. 1.13) 

The effect of solute male fraction, x,on y may be assumed 

to fellow a Hargules relation (ref. 1.11). 

log y(x) = (1-x)2 log y0 {eqn. 1 .14) 21 



For the case y 0 < 1 it follows from the Margules equation 

and the abovementioned expression for the partition coef­

ficient, that high concentrations of solute will have a 

smaller value of k. (fig. 1.1.A and 1.1.B) The result is 

A B 

f c 
t 

2 ll 

c 

Fig. 1.1 A. Deviations from RAOULT'S law. 

B. Distribution isotherms encountered in G.L.C. 

c. Corresponding peak shapes (schematic). 

an asymmetrie peak with sharp front. This "tailing peak" 

is shown in fig. 1 C3. When y0 >1 an asymmetricpeak with 

a sharp tail ("leading peak") will result, as is depicted 

in fig. 1.C.1. The concentra.tion induced asymmetry initial­
ly_impacted to the solute band in the column will persist. 

Although as the band maximum moves down the column, its 

concentratien in the gas phase will decrease. This fall 

of concentratien is inversely proportional to the root of 

the number of plates, n, traversed. Therefore after a cert­

ain column length the maximum moves at the same rate (y 

y0
) as the low concentrations of solute band. Ideally a 

system with y0 ~ 1 would be capable of maintaining peak 

symmetryup to high solute concentrations. Such systems 

are rare, the nearest approach to this ideal situation re­

present apolar solutes on apolar stationary phases. Hydra­

aarbons possess e.g. values of y0 ~ 0,8 on a phase like 

n-hexadecane and n-octadecene-1. Dissimilar solute-solvent 

22 systems usually give large values of y
0

, and hence strong 



deviations from linearity even at low mole fractions of 

solute (fig. 1.1.A and 1.1.B). This means that e.g. in the 

analysis of alcohols, with their intrinsic large values of 

y0 on most liquid phases, the inlet concentratien has to 

be severely limited. 

Adsorption on the support materials, however, gives rise 

to "tailing peaks". This effect, serieusalso for the type 

of components with large values of y 0
, may obscure the 

peak form induced by the non linear distribution isotherm. 

Reduction in sample size (and hence concentratien at the 

column inlet) can be expected to give concentratien indep­

endent partition coefficients. 

d. Flow variations due to mass exchange. 

The flow velocity is influenced by the mass exchange in the 

column and may be considered only as constant at low con­

centrations. 

The combined influence of the non-linearity of the distrib­

ution isotherm and the non-constancy of the flow velocity 

to the output function can be treated theoretically (ref. 

1.4) if longitudinal mass transport in the column by dif­

fusion and convective mixing is neglected and equilibrium 

between moving and stationary phase is assumed (non-linear 

ideal gas chromatography). A simplified mass balance equat­

ion is obtained and an expression for the residence time 

tR of a component in ~he column as function of the concen­

tratien in the moving phase can be derived for an input 

curve described by eqn. 1.1 assuming that àt<<tR. 

t is the residence time of a non-retarded component. The 
0 . 

distribution isotherm f(C)T describes the concentratien in 

the stationary phase as function of the concentratien in 23 



the moving phase at equilibrium. The residence time of a 

given concentratien in the rnaving phase depends on the 

slope of the distribution isotherm at this concentration. 

The factor CL/CzL represents the mol fraction of the sample 

at the end of the column. The term (1-CL/CzL)2takes into 

account the influence of the variatien of the fluid veloci­

ty due to the mass exchange between rnaving fluid and stat­

ionary bed. 

A residence time distribution peak with a perpendicular 

front and a f~at back will result if the distribution iso­

therm is linear or convex. (fig. 1.2.A) The factor df(C)T 

A a 

A B 

Fig. 1.2 Theoretical elution peak shapes in ideal G.C. 

A. Linear as well as convex isotherms. 

B. Concave isotherms~ in this case either the 

front or the tail may be dtawn out, depend­

ing upon the degree of curving, or rather 

depending upon temperature. 

as wellas the factor (1-CL/CzL) 2 produce such a peak 
shape. The peak is the more asymmetricthe larger the sample 

size and the more convex the isotherm is. The factor (1-CL 

/CzL) 2 of eqn. 1.15 decreases approximately linearat low 

values of the mol fraction and amounts e.g. 0,01 for Ct/ 

24 Czl=O,OOS. 



The shape of the residence time distribution curve results 

from two competitive factors if the distribution isotherm 

is concave. The factor df(C)T/dC produces a peak with a 

flat front and a perpendicular back and the factor (1-C~/ 

CzL) 2 produces a peak with a perpendicular front and a flat 

back. In general isotherms with strenger curvature are obt­

ained for the same component and the same phase system at 

lower temperature. For concave isotherms a reverse of the 

peak asymmetry can be observed therefore within a certain 

temperature range. At low temperature the effect of the 

concave curvature of the isotherm is stronger than that of 

the variation of the flow velocity caused by the mass ex­

change. At high temperature the reversed occurs. The .elut­

ion peak at low temperature has therefore a flat fron~ and 

at high temperature a flat back (fig. 1.2.B). Accordingly 

the residence time of the peak maximum decreases with con­

centration in the first case and increases in the second 

(ref. 1.12). 

e. Feed Volume Overloading. 

The degree of separation of two components A and B, which 

are eluted successively from a chromatographic column, can 

bedescribed by their resolution RBA (fig. 1.3), which is 

defined by 

(eqn. 1 .16) 

Fig. 1.3 Definition of "RESOLUTION" 25 



The resolution is meaningful only if the output curve is 

approximatively gaussian. (fig. 1.3). 

Substitution of eqn. 1.3 in 1.16 gives an expression which 

describes the dependency of the resolution on the width of 

the input curve presuming that the conditions for the val­

idity of eqn. 1.3 are met. 

R~~x 1 (eqn. 1.17) 

J' 1 +cr tA02/ t. cr tA 2 

The maximum resolution R~~x is obtained if the output 

function approximates the residence time distribution 

function (crtA02<<t.crtA2). The plot of RBA/R~~x against 
crtAO gives a curve which converges to unity for de­

creasing values of crtAO and approximates asymptotical­

ly to zero for increasing values, presuming that t.crtA 

is constant (fig. 1.4). According to eqn. 1.17, the 

0.5 

-
0.5 1.5 

Fig. 1.4 Influence of the width of the input peak on 

26 the resolution. 



ultimate resolution is reached at low values of otAO' 
and amounts about nine tenth of the maximum value if 

otAO is half of AotA or 1/12 of the maximum value if 

otAO = AotA" (ref. 1.13) 

The introduetion of the sample and any ether procedure 

befere the column (pyrolysis, hydrogenation etc.) has 

to be carried out in such a manner that the crt
0
-value . 

is so small that it does not reduce the resolution ap­
preciably.The output curves are measured by a detector 

which is arranged after the column. The varianee of the 

residence time distribution curve in the conneetion tube 

or ether devices (flow reactor, sample splitter) between 

the column and the detector must be small compared to the 
varianee of the output curve of the column to avoid a loss 

of resolution. 

In general the elution peaks become broader if the maximum 

concentratien or the varianee of the input curve increases. 

Their shape changes and they cannot any longer be describ­

ed by one type of equation. For this reasen it is not pos­

sible to obtain a general mathematical treatment of the 

influence of the input curve on the result of the separat-

ion. 
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Chapter 2 

DESIGN OF A "STREAM-SPLITTING" 

SAMPLE. DEVICE FOR USE WITH SMALL BORE COLUMNS 

Capillary columns Pequire sample sizes in the microgram 

and sub microgram region. Sample introduetion systems for 

this type of columns therefore are based upon a "stream 

spUtter". 

A sample in the order of milligrams is introduoed into 

the carrier gas stream. A small fraction, a, of the carrier 

gas, and henae of the sample, is fed to the column (a ~ 

o.oo2J. In practice, however. the splitting ratio a is not 

constant for the individual sample components. Therefore 

quantitative results obtained from capiltary columns are 

often unreliable. In this chapter the faotors whiah pos­

sibly determine the performance of a stream splitting dev­

ice are investigated. The aharacteristics of an optimized 

sampling system, based upon this principle, are presented. 

2.1 INTRODUCTION 

An ideal sampling system should feed a known amount of 

sample in true composition to the column and produce an 

input function, which assures the narrowest possible out­

put function. If a 10% decrease in column resolving power 

is accepted, it can be derived from eqn. 1.17 (fig. 1.4) 

that 

(eqn. 2.1} 

The standard deviation, crot' of the input function must be 

smaller than O.SAot, where Acrt (sec) is the standard dev- 29 



iation of the output function caused by the chromatographic 

process only. 

From chromatographic theory it follows: 

/HL (1+k I) 
u 

n is the plate number of the column 

(eqn. 2.2) 

-1 u is the linear carrier gas velocity (cm sec ) 

The standard deviation Äcrw expressed in (cm3) units is 

given by: 

(eqn. 2. 3) 

r is the radius of the column (cm) 

E is the porosity of the column packing; ~ 0.4 for packed 

columns; 1 for a capillary column. 

If it is assumed, that the input function has the shape 

of a square wave, than it follows for the volume, W
0

, of 

sample that is allowed to enter the column 

(eqn. 2. 4) 

(The standard deviation of a square wave is given by 1/112 
times the width). 

Combining eqns. 2.1; 2.2; 2.3 and 2.4 it can be derived 
that: 

W
0 

<0.5 112 E n ,l'ffL ( 1+k I ) (eqn. 2.5) 

The maximum allowable sample size Q (expressed in grams) 

is found by multiplication of, w
0

, with the maximum al­

lowable concentration, ei, at the column inlet. 

An impression of allowed sample volume, w
0

, and sample 
30 size, Q, in practice, for several column types, can be 



obtained from table 2.1. The maximum allowable inlet con­

centration ei is supposed to be 0.4 ~mol cm-3 according 

to a mól fraction of 0.01 in the carrier gas. The estim­

ation of this value is basedon eqn. 1.15 and considers 
the effect of the variatien of the fluid velocity only. 

Smaller values of ei have to be used, if the distribut­

ion isotherm is curved strongly. 

Table 2.1 THE MAXIMUM ALLOWABLE SAMPLE SIZE OF DIFFERENT 

TYPES OF COLUMN (sample n-heptane). 

Capillary Column Packed Column 

a b anal. prep. 

length L (m ) 2 30 2 4 

diameter D (mm ) 0.1 0.25 2 30 
plate number n 10000 90000 2500 1600 
capacity ratio k' 2 2 5 5 
reten ti on time tR (min) 0.2 30 25 120 
0 ot (sec) 0.05 3 15 90 
w {cm 3 ) 0.003 0.1 25 1100 

0 

0.12x10-6 4x10-6 1x10-3 44x10-3 Q ( g ) 

From table 2.1 it is evident, that sample sizes for capil­

lary columns must be in the microgram or sub microgram 
region, if suitable input functions have to be obtained. 

To introduce such small samples with acceptable precision 

in one step should not be too difficult, but needs devel­

opment. Therefore, up to now, always a two step procedure 

is followed. 

A sample in the order of milligrams is introduced e.g. 

with a syringe into the carrier gas stream. A small fract­

ion, a (in normal practice ~ 1:500), of the carrier gas, 

loaded with sample, is fed to the column wasting the maj­
ority. In practice, however, a number of difficulties 

arises with respect to the splitting ratio, a, of the 31 



individual sample components and the shape of the input 

function. 

An ideal sampling system of the splitter type should pos­

sess the following properties (ref. 2.1) 

a. The standard deviation, oot' caused by the injection 

device should be small compared to ~he standard dev­

iation, 8ot, originating from the column processes. 

b. The splitting ratio, a, must be constant for all sample 

components, independent of properties such as volatil­

ity, diffusivity etc. 

c. The splitting ratio, a, must be constant independent of 

the concentratien of the individual components in the 

sample. 

d. The operability of the must be, within certain 

limits, independent of fluctuations in experimental cond­

itions. 

All of the known injection systems of the splitting type 

tend to distort the concentrations of the components in 

the sample. A consideration of different factors, which 

could possibly effect an alinearity in the sample divers­

ion, has lead to modification of an injection system of 

the "Halasz'' type (ref. 2. 2) • 

2.2 PRINCIPLES FOR THE DESIGN OF A SAMPLING DEVICE INCLUD­

ING A STREAM SPLITTER 

The factors which determine the performance of a stream 

splitting sample device will now be discussed. The system 

is shown in fig. 2.1 (refs. 1.12 and 1.13). 

A liquid sample (in the order of milligrams) is supplied 

by a syringe as droplets in the center of a mixing tube. 

The sample evaporates into the gasstream. The evaporation 

rate depends among other things on the magnitude of the 

32 vapour pressure of the sample components. The temperature 



of the injection chamber will influence the varianee of 

the input curve of the column. Entrainment of sample mist 

is avoided by the insertion of a sintered roetal filter 

disc at the inlet of the mixing tube. A srnall fraction, ~, 

of the gasstream loaded with vaporized sample is split 

off downstream from the injection point and fed into the 

column. 

-'BUFFER VOLUME 

~ 
CONTROL VALVE 

Fig. 2.1 Sampling device including a "stream splitter". 

At the column inlet there are no radial conc­

entration gradients. 33 



The split ratio, a, is given by: 

o: = v/V (eqn. 2. 6) 

3 -1 V (cm sec ) is the flowrate of the gas stream supplied 

to the and v (cm3 sec-1 ) is the flowrate of the 

fraction which is fed into the column. The split ratios, 

o:, of the individual sample components have to be equal 

in order to feed sample of true composition to the column. 

The inlet of the chromatographic column is placed in the 

center of the mixing tube. Therefore, the concentratien 

of a sample component must have the same value over the 

cross section of the mixing tube, otherwise fractienation 

occurs. Any radial concentratien gradient produced at the 

injection point must die out on the way to the splitting 

point by diffusion in order to secure constant split rat­

ios of the different components. This requirement fixes 

the length of the mixing tube. 

The composition of the gasstream in axial direction will 

not be constant at the splitting point during passage of 

the sample plug. Low boiling components will evaparate 

faster in the injection chamber. Consequently, the con­

centration of lower boiling materials will be higher at 

the front of the injection plug, while the contrary is 

true for the high boiling components. For this reason 

selective splitting of the different components is observ­

ed, if the split ratio, a, of the gasstream changes while 

the sample passes the splitting point. The split ratio, a, 

can change for two reasons: 

a. The gasstream which is wasted during the sample proced­

ure is controlled by a valve. The viscosity of the gas 

in the valve changes if it contains sample, the flow 

rate in the valve changes too. 

b. The flow rate at the column is influenced by the sorpt­

ion of the sample. The magnitude of this "suction" ef-

34 fect depends on the type and the concentratien of the 



sample èomponents. According to eqn. 1.15 the velocity 

of. a component in a separation column depends on df(C)T/ 

de (or k). and the concentratien C~ of the component in 

the carrier gas. 

Bath effects can be avoided by the arrangement of buffer 

volumes between the splitting point and the control valve 

resp. the column inlet. The buffer volume in front of the 

column should nat increase the varianee of the input curve 

of the column. 

2.3 DIMENSIONING OF THE SAMPLING SYSTEM 

2.3.1 Mixing tube. 

The time t 1/e' in which a lateral concentratien gradient 
dies out by diffusion to 1/e of its initia! value can be 

calculated according to Taylor (ref. 2.3). 

(eqn. 2. 7) 

AM is the cross sectional area of the mixing tube (cm2), 

and DG is the diffusion coefficient of a sample component 
in the carrier gas (cm2sec-l). 

The retentien time, tM' in the mixing tube is given by the 
tube dimensions and the flowrate. 

(eqn. 2. 8) 

The conditions for a uniform concentratien in the area 
perpendicular to the flow direction at the splitting point 
can be derived from eqns. 2.7 and 2.8. 

tM = a45LMDG >1 (eqn. 2.9) 
t1/e V 

35 



From eqn. 2.9 it fellows, that the required length, LM' 

of the mixing tube is independent of its diameter DM. At 

the end of a mixing tube with a length, LM' given by eqn. 

2.10 ;;tny existing concentratien gradient can be ignored 

completely. 

V 

a DG 
(eqn. 2 .1 ö) 

The varianee fiatM 2 of the residence time distribution curve 

in the mixing tube must be smaller than the varianee fiat 2 

of the residence time distribution curve in the column in 

order to obtain the maximum resolution. 

hotM2 can be calculated according to Golay (ref. 2.4), a 

simplified expression may be used in order to derive the 

conditions for negligible band broadening since the fluid 

velocity in the mixing tube is usually high and the molec­

ular diffusion term therefore can be neglected. 

(eqn. 2 .11) 

The flow rate in the column is set by the requirements of 

the separation process and the consumption of carrier gas 

will be high if only a small fraction is fed to the column. 

In order to avoid a high loss the carrier gas should pref-

. erably be wasted during the sampling procedure only. The 

pressure profile in the column, however, should remain the 

same, independent whether the splitting procedure is perf­

ormed or not. For this reason the cross sectional area of 

the mixing tube should be as large as possible in order to 

obtain a low pressure drop. This requirement is contradict­

ory to the requirements set by eqn. 2.11 and a campromise 

36 has to be found. 



2.3.2. Buffer volumes in front of the control valve and 

the separation column. 

These volumes must be larger than the gas volumes, which 

are supplied during the splitting period. The maximum 

sample volume, w
0

, allowed to enter the column is given 

by eqn. 2.5, and therefore dependent on experimental cond­

itions. The buffer volume, Be, in front of the separation 

column must not seriously increase the varianee of the in­

put curve of the column. A small bore tube must be used 

for this purpose, and for this reason it might be advantag­

eous to leave a small part of the column uncoated. The 

volume of carrier gas containing sample which is supplied 

to the control valve is given by W
0
/a. Since the buffer 

volume, BV' in front of the control valve does not inter­

fere with the separation process, a large safety margin can 

be taken, leading to: 

w 
0 

2.4 TESTING OF THE SAMPLING DEVICE 

The adopted dimensions were: 

Mixing tube 

Bv, Buffer volume valve 

Be, Buffer volume column 

L 

L 

L 

2.4.1 The width of the input function. 

(eqn. 2 .12) 

200 cm; Ld. 0,2 cm. 

400 cm; i.d. o, 6 cm. 

200 cm; Ld. 0,025cm. 

Table 2.2 gives typical values for the width of the input 

function produced by the stream splitter device. The stand­

ard deviation, crot' of the input function is measured by 

connecting the injection port directly to the flame ioniz­

ation detector. The signal of the FID is amplified by an 

Atlas DC 60 CH direct current amplifier and graphically 37 



Table 2.2 THE WIDTH OF THE INPUT FUNCTION. 

Temperature injection system 100°C. 

Flowrate, V, in mixing tube 500 cm 3/min. 

Split ratio a = 1 : 500 

sample amount injected 

met.hane 35J,lg (50pl gas) 

heptane 10pg (50J,ll Nz saturated 

with heptane} 

heptane 140pg (0,2J.ll heptane liquid) 

0 to msec. 

35 

40 

110 

represented on a "Blauschreiber" storage scope. The contr­

ibution of the mixing tube and the conneetion tube to the 

detector to the measured standard deviation are negleetabla 

at the adopted experimental conditions. 

3 

2 

0 

TEMP. INJECTION SYSTEM 100° C 

FLOWRATE V IN MIXING TUBE 500 CM 3 /MIN 

SPLIT RATIO~ 1:500 

180 160 140 120 100 80 60 40 20 

Fig. 2.2 Dependenee of the width of the input peak on 

38 the boiling point of the components. 



From table 2.2 it is clear thàt the injection of gaseaus 

samples is advantageous, but even with the injection of 

liquid samples narrow peaks can be obtained if the temper­

ature of the injection chamber is not too low. The influence 

of the boiling point of sample components (n-alkanes} on 

the measured peak width at a fixed injection temperature 

is graphically represented in 2.2. The temperature of 

the injection system should not be lower than the boiling 

point of the highest boiling sample component if liquid 

samples are introduced. 

2.4.2 Application in quantitative analysis. 

Quantitative data obtained from samples on a packed column 

are compared with the results of the analysis of the same 

mixtures on a capillary column (tables 2.3 and 2.4). In 

Table 2.3 QUANTITATIVE ANALYSIS OF TEST MIXTURES. 

DEVIATION, ö, EXPRESSED IN % ABSOLUTE. 

''Narrow boiling" mixture N. 
3-methyl-pentane b.p. 63 .3°c 

b.p. 68.7°c 
2-4-di-methyl-pentane b.p. S0.5°c 

Injection port temp Sample Number 'N, "r N2 "r 'N3 
si ze of 

pl exp. ' % % % % 

Packed column 0.1 14 32.42 0.49 33.15 0.42 34.44 

Capillary column u A% n 
" 1:225 25°C 0.5 9 0.24 0.13 0.36 0.40 -0.60 

50°c 0.5 8 0.28 0.20 -0.05 0.19 -0.23 
ao0c 0.5 a -0.27 0.56 0.32 0.56 -0.04 

"1:450 25°c 0.5 8 0.34 0.25 0.23 0.30 -0.57 
50°C 0.5 8 0.40 0.13 0.07 0.24 -0.47 

" 1:675 25°C 0.5 7 0.17 0.14 0.47 0.10 -0.64 
25°c 1 6 0.19 0.10 0.48 0.12 -0.67 

Packed column 0,1 12 7.95 0.64 2.43 1 .20 89.62 
Capillary column A% A% A% 

" 1 :225 25°c 0.5 11 0.02 0.73 0.09 0.90 -0.11 
50°C 0.5 10 -0.06 0.50 0.09 1.25 -0.03 
80°c 0.5 6 -0.09 1 • 26 0.01 1.36 -0.08 

" 1 :450 25°c 0.5 15 -0.08 0.98 0.07 2.70 -0.01 
50°C 0.5 a -0.12 1 • 11 0.05 2.80 0.07 

"1:675 25°C 0.5 7 -0.07 0.65 0.06 2.40 0.()1 
25°c 1 6 +0,04 0.34 0.06 1.20 -o .1 o 

a 
r 

% 

0.48 

0.32 
0.19 
0.49 
0.40 
0.31 

0.14 
0.17 

0.06 

0.06 
0.04 
0.14 
0.17 
0.06 
0,06 

0.04 
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the latter case, the samples are introduced by means of 

the stream splitter device of fig. 2.1. The chromatographic 

conditions are listed below. 

Table 2.4 QUANTITATIVE ANALYSIS OF TEST MIXTURES. 

DEVIATION, ~, EXPRESSED IN % ABSOLUTE. 

"Wide boiling" mixture W. 

Injection port temp. Sample Number 
si ze of 
pl exp. 

l?acked column 0.1 10 

Capillary column 

a 1:225 25°C 0.5 6 

55°C o.s 8 

90°C o:s 17 

" 1:450 25°C 0,5 6 

a 1:675 25°C 0.5 8 

90°C 0.5 8 

90°C 1 8 

Packed column 0.1 10 

Capillary column 

"1:225 25°C 0.5 8 

50°C 0.5 7 

80°C 0.5 6 

"1:450 25°C 0.5 8 

50°C 0.5 6 

a 1:675 25°C o.s 6 

25°C 1 6 

w1 3-methyl-pentane 

w2 n-heptane 

w3 n-octane 

w1 "r w2 

% % % 

32.83 0.28 33.97 

A% 11% 

1 .13 0.12 -0,09 

o.ss 0.17 -0.06 

0.56 0.17 -0.09 
1.39 0.30 -o.o8 

1.55 0.36 -0.09 

0.67 0.12 -0.15 

0.64 0.40 -0.20 

7.98 0.71 3.25 

6% 11% 

-0.17 0,26 -0.25 

-0.07 0.38 -0.16 

-0.12 1.10 -0.20 
-0.21 0.78 -0.23 

-0.12 0. 51 -0.22 

-0.19 0.48 -o .16 

-0.20 0.42 -0.19 

b.p. 63.3°C 

b.p. 98.4°C 

b.p. 126.0°C 

"r w3 

% % 

0.13 33.19 

11% 

0.13 -1.04 

0.16 -0.49 

0.18 -0.47 

0.21 -1.29 

0.27 -1.46 
0.10 -0.52 
0,23 -0.44 

0.68 88.77 

11% 

0.96 0.42 

1.44 0.23 

2.20 0.31 
1.80 0.44 

1.56 0.34 

1.22 0.45 

1. 27 0.39 

ar 

% 

0.37 

0.16 

0.18 

0.29 

0.34 

0.57 

0.18 

0.11 

0.06 

0.05 

0.09 

0.16 
0.11 

0.08 

0.08 

0.08 

A capillary column of 30 m lengthand ~ mm i.d., coated 

with squalane was used. The packed column (2 m, 2 mm i.d.) 

contained as the stationary phase 10% w/w squalane Gn Gas 

Chrom S 100-120 mesh. A flame ionisation detector is used. 

The signal of the f.i.d. is amplified by an electrometer 

amplifier (Atlas DC 60 CH) and fed to the signal channel 

of a magnetic tape recorder (Infotronics CRS43R). The tape 

is subsequently played back (Infotronics CRS40T) . Retent-

40 ion times and areas of the sample constituents are printed 



out by a digital read out system (Infotronics CRS11HB/41). 

The output of the sleetronie integrator or tape recorder 

is connected to a potentiometric recorder. 

From tables 2.3 and 2.4, it is clear that quantitative data 

obtained from the analysis on a capillary column, may dif­

fer considerably from the results obtained from a packed 

column. Variatiens of experimental conditions such as 

split ratio, a, and temperature of the sampling system 

influence the results. The disagreement with the data obt­

ained from a "direct" analysis is particularly noticeable 

when analyzing samples consisting of components differing 

widely in volatility or present in low concentration. At 

this stage, however, it is not possible to distinquish 

between systematic errors caused by the integration system 

and errors caused by the splitting procedure. With respect 

to the integration system the shape of peaks eluted from 

packed and from capillary columns is different; absolute 

peak sizes as expressed in number of counts will differ 

orders of magnitude. 

Chapter 3 deals with the comparison of the stream splitter 

with a new sample introduetion system for use with capil­

lary columns, which avoids the need of sample splitting. 

In this way systematic integration errors caused by peak 

shape and size are equal for bath direct and "split" in-

jection, and the camparisen is more conclusive. At 

this stage it can be concluded that the repeatability of 

qualitative results obtained with a stream splitter is 

acceptable, irrespective of the absolute sample size. Comp­

arison with calibration mixtures of preferably similar 

composition as the sample, will imprave the accuracy of 

quantitative analysis. 

41 
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Chapter 3 

DIRECT SAMPLING ON OPEN HOLE COLUMNS 

The sample requirements of aapiZlary columns are in the 

order of miorograms. Existing sample devioes are on a 

volumetrio base and do not permit the direct introduetion 

of these minute quantities. In the method described in 

this ahapter the sample volume is inareased to values in 

the microliter region maintaining the sample ~eight in 

the microgram range. For liquid samples this aan be done 

by either complete evaporation or by diZution inan exaess 

of non voZatiZe solvent. The Zatter method shoutd aZso 

be suitabte for solid samples, SampZing deviaes have been 

designed suah as to reduoe band spreading in the inZet 

aystem. 

3.1 INTRODUCTION 

It should be emphasized·that a sampling system, including 

a stream splitter, as described in chapter 2,has several 

disadvantages. 

The main disadvantage is that the actual amount of sample 

to be injected on such a device is 100-1000 times the 

amount required for the analysis proper. This is e.g. one 

of t·he reasans, why steraids occurring in very low con­

centrations in body fluids, up till now are analysed on 

packed columns. (Although a better separation of those 

thermolabile components can be anticipated on a capillary 

column in a shorter time and at a lower column temperat­

ure). 

In principle carrier gas has to be wasted only through 43 



the vent line during the actual sampling period, this is 

a few seconds. Closing the vent line, however, will affect 

to some extent the pressure profile in the column, result­

ing in less reliable retentien data. For this reason in 

practice the splitting is usually performed during the 

complete analysis resulting in excessively large carrier 

gas consumption. 

The stream splitter may be discriminatory, i.e. does not 

divide all component of the sample mixture in the same 

ratio if the concentratien and boiling ranges are too 

wide. This non-linearity (not to be confused with non­

repeatability) of the sampling system is one of .the main 

reasans why capillary columns up till now do not find the 

widespread use they deserve. 

It is obvious that a direct sampling method could avoid 

the disadvantages arising from the splitting procedure. 

From table 2.1 it fellows that the maximum allowed sample 

size of a capillary column, expressed in weight units, is 

of the order of microgrammes. In the case of strongly 

curved distribution isotherms much smaller sample sizes 

have to be used for optimum results. It is evident that 

the introduetion of such small sample volumes (<0,001 ~1 

of liquid sample) by conventional techniques is practic­

ally impossible. The smallest microsyringes used gener­

ally for sample injection have a capacity of 1 ~1. Sampl­

es smaller than ~o,os ~1 cannot be introduced reproduc­

ibly with these syringes. Another difficulty to overcome, 

arises from the permitted width (expressed in seconds) 

of the input plug. The band width at the column inlet is 

among other things determined by the carrier gas flow and 

the dimensions of the injection port. 

The carrier gas flow in direct sampling will be some 500 

times smaller than in the case of stream splitting. Hence, 

the internal dimensions of a sampling port for direct in-

44 jeetien must be scaled down appreciably eeropared to those 



of a system as described in chapter 2. Another factor 

contributing to the width of the input function is the 

rate of evaparatien of a liquid sample in the sample port. 

The higher the carrier gas velocity the higher the rate 

of evaparatien will be. Therefore it is to be expected 

that the injection port temperature i:s more critical in 

a system employing direct injection. 

3.2. THE DESIGN OF DIRECT SAMPLING DEVICES FOR USE WITH 

CAPILLARY COLUMNS 

The best existing micro syringes cannot handle in a re­

producible way sample volumes smaller than "-Ü, OS JÜ liquid, 

Introduetion of sample weights of "-10-6 g (or 10-3 JJl liq­

uid sample) as required for an analysis on capillary col­

umns, is therefore not feasible with such devices. 

There are special types of injectors developed for extrem­

ely small sample volumes, down to 10-3 JJl, They fail how­

ever when an accurate quantitative analysis is required. 

Injectors of this type consist of a needle with a cavity 

of extremely small volume at the tip. This cavity is fil­

led by dipping the needle into the liquid sample. The ex­

cess of sample is wiped from the needle. Injection is per­

formed by inserting the needle through the septurn of a 

standard inlet system. It is obvious that among other 

things selective evaparatien of the most volatile compon­

ents from such a small sample is unavoidable. The quant­

itative accuracy of such a system is therefore poor. 

The methad adopted in this chapter is to increase the 

sample volume maintaining the sample weight constant. 

This can be done in two ways. The liquid sample is com­

pletely evaporated, or alternatively the liquid sample 

is diluted in an excess of solvent. The latter methad be­

ing more suited for samples of low volatility. 45 
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3.2.1 Direct sampling of gases or vapeurs. 

The specific volume of vapeurs is broadly speaking 200-

1000 times that of the same substance in the liquid 

phase. Vaporizing 10-6g of liquid sample results in a 

volume of ~o,s ~1, this can be increased to any appr­

opriate size by diluting with carrier gas. The maximum 

volume for a given column type and separation problem 

is set by eqn. 2.5. It should be observed that the 

sample volume calculated according to this equation 

has a realistic meaning only, if mixing between sample 

plug and incoming carrier gas is negligible. Any mixing 

occurring befere the column inlet increases the varianee 

of the input function. 

A sampling device designed to reduce mixing to a minimum 

is described below. 

The vaporized sample (either diluted with carrier gas or 

not) is transferred by a syringe, or by suction to a 

capillary tube of a certain length. The inside·diameter 

of this "sample tube" is equal to the diameter of the 

capillary column. After loading the sample tube is sealed 

off at both ends with silicone rubber septums and insert­

ed into a special inlet system (fig. 3.1). Sample intro­

duetion is performed by connecting the sample tube in 

series with the column. The carrier gas discharges the 

sample tube. The volume between sample tube and column 

is kept to a minimum. Moreover, by using the same dia­

meter for both sample tube and column, gas velocity chang­

es in the injection port are avoided. This actually red­

uces mixing in front of the column. 

The maximum allowed length, L
5

, of the sample tube that 

can be used fellows from equation 2.5, assuming a capac­

ity ratio k' = 2. If d be the internal diameter of both 

column and sample tube and L the column length, it fel­

lows 
(eqn. 3 .1) 



VAPORIZER 

ENTRANCE LOCK 

INLET 

Fig. 3.1 Direct sampling system for gases. 

The inlet system, containing tàe sample tube is a Hamilt­

on Probe Sampling System modified to meet the require­

ments for direct sampling on open hole columns. The or­

iginal system is designed for the analytica! pyrolysis 

of non-volatiles. The modified design consists of a 47 



sample probe and an entrance loek which has to be attach­

ed to the inlet of the gaschromatograph. The entrance 

loek and inlet contain a vaporizer tube. An inlet heater 

allows operatien to 300°C to prevent condensation of 

sample vapour. After loading, the sample tube is connect­

ed by means of a plug to the tip of the probe. The probe 

is then introduced into the entrance loek (fig. 3.2.A). 

When the flow in the capillary column has stabilized, the 

probe is moved down further. The lower septurn of the sam­

ple tube is piereed by the sample capillary ( • 3.2.B) 

at the same time the direct carrier gas flow to the col­

umn is cut off by the silicone rubber. A very short time 

A B c 
Fig. 3.2 Operatien of the gas sampling device. 

A. Flow stahilizing 

48 B and C. Sample introduetion 



later the upper septurn is perforated (fig. 3.2.C). The 

carrier gas now flows through the sample tube and sweeps 

the sample into the column. The temperature limit of the 

aforementioned system (-v200°C) is set by the thermal 

stability of the silicone rubber septums. 

3.2.2. Dilution method for solid and liquid samples. 

The procedure described for the direct sampling of vapours 

gives rise to difficulties when used for components of low 

volatility. Quantitative evaporation and transfer to the 

sample tube appeared to be very unsatisfactory. Moreover, 

the temperature of the inlet system must be high. so as to 

prevent condensation of sample constituents in the sample 

tube. At temperatures above 200°C the silicone rubber 

septums decompose. The degradation products are fed cont­

inuously to the capillary column resulting in an unstable 

base line and deterioration of the resolving power. 

By diluting the s.ample in an excess of solvent (say 1:100 

or even 1:10000), the sample volume can be brought well 

in the oparation range of commercial micro syringes, 

whereas the sample weight remains in the order of micro­

grammes. The low concentratien of the sample components 

in the solvent reduce their vapour pressure according to 

Henry's law. Therefore, the possibility of fractienation 

before the sample introduction, due to selective evapor­

ation,is reduced. The solvent or at least the bulk of 

solvent must be retained in the injection port, among 

other things to maintain accurate ratention data. This 

is accomplished by using a solvent having a boiling point 

well above the boiling range of the sample components. 

In many cases it may be worth while to consider the liquid 

used as the stationary phase as such a solvent. The rate 

of evaporation of the sample from the non volatile solv-

ent must be high, to get an appropriate input function. 49 
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Also the injection port volume must be small to prevent 

excessive mixing befere the column inlet. 

The injection device consiste of a Hamilton inlet system 

(fig. 3.3.A). The standard glass vaporizer tube is re­

placed by an insert as shown in fig. 3.3.B. The glass 

A 

SILICONE RUBBER 
0-RING GLASS WOOL 

,.--------, 

SAMPLE TUBE GASCHROM S 
100-120 MESH 

t 

CAPILLARY COLUMN 

Fig. 3.3 Sampling device for the direct introduetion 

of liquids and solids. 

Standard vaporizer tube (fig. A) is replaced 

by an insert as shown in fig. B. 



or metai sample tube is partly packed with an inert 

support material, usually Gas Chrom S, 100-120 mesh. The 

dimensións of the sample tube are; length 5 cm; 0,7 mm 

i.d., 1 mm o.d. 

A small volume <~ 0,1~1) of diluted sample is introduc­

ed by a microsyringe into the sample tube. The inlet 

system and hence the support material is at high temp­

erature, the sample evaporates from the solvent and is 

swept into the column by the carrier gas. The preferred 

sample temperature, using this system, is appreciably 

higher than in the operatien of a splitting system. In 

the latter case the carrier gas flow in the injection 

port is considerably higher and the vapour pressure of 

the sample components is not recuced by a non volatile 

solvent. 

To reduce sample port dead volume the inlet of the cap­

illary column is inserted into the sample tube. 

3.3 TESTING OF INLET SYSTEMS FOR DIRECT SAMPLING ON 

OPEN HOLE COLUMNS 

3.3.1 Direct sampling system for gases. 

A capillary sample tube of 40 cm length and k mm i.d. is 

used, the volume is ~ 20pl. The capillary (cupro-nickel) 

is coiled around a core of stainless steel. The chromat­
ographic system is described in detail in chapter 2. For 

these experiments a column of 30 m length and \ mm inside 

diameter is used; stationary phase n-octadecene-1, col­

umn temperature 25.0°C. 

A sample of natural gas is analyzed both with the direct 

sampling system shown in fig. 3.1, and the stream splitt­

ing device depicted in fig. 2.1. Identification of the 

sample components is done by camparing values of rel- 51 
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ative retention with data obtained in our laboratories 

on standard substances (listed in table 4.1). The opt­

imal plate number of the column appeared to be 80.000 

{on n-hexane) for both the direct and the dynarnic splitt­

ing method of sample introduction. The quantitative re­

sults for a number of key components, obtained from both 

methods, are listed in table 3.1. Although the relative 

standard deviation for trace components may amount to 

more than 20%, it is clear that the strearn splitting 

system is slightly discrirninatory with respect to volat-

Table 3.1 HIGH BOILING TRACES IN NATURAL GAS. 

COMPARISON OF DIRECT INJECTION AND SA}WLING 

WITH STREA1·1 SPLITTER 

Composition in p.p.m. w/w 

Strearn splitter Direct 
Sample si ze 3 ml a.=1 :150 20 )11 

2-2-di-me-butane 336 320 

2-3-di-rne-butane 75 65 

2-me-pentane 240 209 

3-me-pentane 114 122 

n-hexane 384 379 

me-cyclopentane 13 10 

2-2-di-me-pentane 71 66 

2-4-di-me-pentane 33 29 

2-2-3-tri-me-butane 56 56 

benzene (standard) 632 632 

cyclohexane 155 159 

3-3-di-me-pentane 75 84 

2-me-hexane 83 83 
3-me-hexane 91 86 
n-heptane 181 208 

me-cyclohexane 127 140 

toluene 132 181 



ility. Table 3.2 gives a detailed analysis of a sample 

of natural gas, obtained with the direct sampling method. 

The data on the non hydrocarbon gases and hydrocarbons 

up to 2-2-di-me-propane are obtained fro~ packed columns. 

Table 3.2 ANALYSIS OF NATORAL GAS (average of 5 measure­

ments). 

helium 

nitrogen 

oxygen 

carbon dioxide 

methane 

ethane 

propane 

2-me-propane 

n-butane 

2-2-di-me-propane 

2-me-butane 

n-pentane 

2-2-di-me-butane 

cyclopentane 

2-3-di-me-butane 

2-me-pentane 

3-me-pentane 

n-hexane 

me-cyclopentane 

2-2-di-me-pentane 

2-4-di-me-pentane 

2-2-3-tri-me-butane 

benzene (standard) 

cyclohexane 

3-3-di-me-pentane 

% v/v 

0.05 

14 .1 

<0.01 

0.87 

81.3 

2.73 

0.38 

p.p.m 

w/w 

2700 

2250 

350 

865 

700 

320 

8 

65 

209 

122 

379 

1-1-di-me-cyclopentane 

2-me-hexane 

2-3-di-me-pentane 

3-me-hexane 

1-tr-2-di-me-cyclopentane 

3-et-pentane 

2-2-4-tri-me-pentane 

n-heptane 

me-cyclohexane 

1-1-3-tri-me-cyclopentane 

2-2-di-me-hexane 

et-cyclopentane 

2-5-di-me-hexane 

2-4-di-me-hexane 

2-2-3-tri-me-pentane 

3-3-di-me-hexane 

toluene 

2-3-4-tri-me-pentane 

2-3-3-tri-me-pentane 

2-3-di-me-hexane 

2-me-heptane 

10 4-me-heptane 

66 3-4-di-me-hexane 

29 3-me-heptane 

56 2~2-5-tri-me-hexane 

632 1-tr-4-di-me-cyclohexane 

159 1-cis-3-di-me-cyclohexane 

84 n-octane 

13 

83 

33 

86 

2 

4 

11 

208 

140 

4 

20 

<1 

27 

32 

11 

25 

181 
<1 

13 

18 

18 

57 

64 

22 

5 

10 

134 
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The system described above has been used to concentrate 

high boiling trace components. By coating the sample tube 

with a stationary liquid the sample capacity for a comp­

onent, x, is theoretically increased with a factor of 

1 + k'x· (k'x being the capacity ratio of the coated cap­

illary for the component x) 

The concentratien factor, 1 + k 'x' can be calcul.ated from 

table 4.1, if n-octadecene-1 is used as the stationary 

liquid and the sample tube is flushed with sample at 

25°c. It is obvious thatby means of the relative ret­

entien data all k'x can be calculated if one k' is known. 

3.3.2 Dilution method. 

Silicone oil (S.F. 96 made by General Electric) is used 

as the non volatile solvent. This oil appeared to cont­

ain traces (ppm range) of volatiles that could be re­

moved from the oil by heating under reduced pressure 

(24 hr; 70°C; 10-3 mm Hg). Samples of n-alkanes are 

prepared and analyzed on a capillary column by the dyn­

amic splitting method as described in chapter 2; the re­

sults are compared with the data obtained from an anal­

ysis on a packed column. Part of the prepared samples are 

solved in an excess of silicone oil; vibration is used 

to homogenize the solutions. These diluted samples are 

analyzed on a capillary column by the direct sampling 

method shown in fig. 3.3. 

The experimental conditions are listed below: 

Packed column 

Capillary column 

length 5 m; 2 mm i.d. 

10% w/w silicone oil (S.F. 96 G.E.) 

on Gas Chrom S 80-100 mesh 

column temperature 170°C 

length 30 m; ~ mm i.d.; stainless 

steel. 



Sample tubes 

stationary phase: silicone oil (S.F. 

96 G.E.) 

column temperature 140°c 

length 5 cm; 0.7 mm i.d.; 1 mm o.d. 

bottorn part packed with Gas Chrom S 

100-120 mesh. 

temperature inlet system: 250°C 

After three injections of 0.2 ~1 of the solutions the 

sample tubes are replaced to avoid preseparation and 

peak broadening in the inlet system. The plate number 

of the capillary column appeared to be 70.000 for both 

methods of sample introduction. The detection and int­

egration system used is described in chapter 2. 

The results of the comparative study are shown in table 

3.3. The agreement between the different methods, is 

Table 3,3 COMPARISON OF QUANTITATIVE ANALYSIS ON PACKED 

AND CAPILLARY COLUMNS. (Average value and rel­

ative error of 5 experiments) 

Packed column Capillary column 

Splitting method Direct injection 

Sample si ze 0.1 pl 0.1 pl (>"' 1:500 0.1 pl 0.05% solution 

x x ar % x ar% 
-8 (1 0 g pei component) 

n-octane 
1

18.9 0.65 18.3 3.02 18.5 1.83 

n-nonane 20.2 1.65 20.3 1.36 20.1 0.60 

n-decane 20.8 1. 62 21.3 0.74 20.9 0.82 

n-undecane 20.1 2.02 20.3 1.56. 20.1 0.62 

n-dodecane 20.0 1.68 19.9 2.56 20.4 2.43 

1 .5 pl <1"'1:500 0.2 pl 1% solution 

x ar% x ar % 

n-decane 83.31 0.04 83.22 0.12 

n-undecane 13.20 0.32 13.38 0.47 

n-dodecane 3.49 0 .• 35 3.40 1.68 
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satisfactory. The relative standard deviation of quant­

itative-analysis on a capillary column, crr%, can be de­

creased considerably by increasing the sample size as is 

shown in the bottorn part of table 3.3 and in table 3.4. 

In table 3.4 the composition of the sample in % w/w is 

Table 3.4 

Composition 

% w/w 

n-C-9 24.43 

n-C-10 24.73 
n-C-11 25.20 

n-C-12 25.64 

COMPARISON OF SAMPLE INTRODUCTION SYSTEMS FOR 

OPEN HOLE COLUHNS. (Average value and relative 

error of 5 experiments. Salution A and B are 

prepared from the same sample) 

Splitting method Direct injection 

1.5 !ll A B 

1.5 J,ll a= 1:500 0.2 J,ll 1% sol. 0.2 J,ll 1% sol. 

x ar% x a % r x ar% 

24.24 0.20 23.97 0.73 23.98 0.39 

24.87 0.29 24.80 0.30 24.76 0.13 

25.34 0.19 25.62 0.28 25.55 0.28 

25.55 0.21 25.61 0.61 
I 

25.71 0.08 

known with high accuracy. The agreement between the two 

methods of sample introduetion is excellent, no fract­

ienation effect caused by the stream splitter can be ob­

served. The advantage of the direct sampling method, is 
-8 the small amount of sample needed: 10 g/component in 

table 3.3. Salution A and B (table 3.4) were prepared 

from the same sample of n-paraffins on two different days. 

When dissolved at low concentrations in sili<cone oil the 

paraffin samples appear to keep very well. Changes in 

composition cannot be observed after long periods of time 

in spite of the fact that no extra measures were taken. 

The agreement of the quantitative results with the actual 

56 composition of the sample is good, (table 3.4) and will 



be better if correction is applied for relative response 

of components in a flame ionization detector. Retentien 

times measured by the direct sample introduetion metbod 

appeared to be repeatable within 0.5%. 

57 



58 

SECT/ON B 

ldentification of gas chromatographic effluents 



Chapter 4 

PEAK IDE.NTIFICATION BIJ PURE.LY GAS CHROMATOGRAPHIC ME.ANS 

A not too optimistia estimate of the limit of deteation 

of organia substances, eluting from a high resolution 

column, is 10- 12g sea- 1 (Flame Ioniaation Detector). 

Peaks corresponding 10- 10 g and even less aan easily 

be reaorded. Good mass spectra may be obtained if the 

ion souree contains 0.05 pg, all other spectroscopie 

methods require larger samples. However, mass spectra 

are often not sufficiently charaateristic to be of use 

in the identification of e.g. unsaturated hydroaarbons. 

Therefore, in high resolution gas ah!'omatography the 

only information on the identity of a peak often must 

be obtained from its location in the chromatog!'am. 

4.1. INTRODUCTION 

The principle of peak identification by purely gaschr­

omatographic means is the comparison of some retention 

property of the unknown component with those obtained 

from known substances. The relative retention, r 18 , is 

a convenient quantity for the qualitative characterizat­

ion of components. 

(eqn. 4 .1) 

The subscripts refer to components 1 and S, component s 
being the standard. The standards should be added to the 

sample. The determination of r is simple: the distances 

on the recorder chart corresponding to the adjusted ret- 59 



ention time (tR-t0 , see chapter 1) are measured directly. 

Several substances may have (almost) identical retentien 

times (and thus values of r) on a particular column. By 

maasurement on two columns of different polarity the pos­

sibility of coincidence of various retentien data is 

greatly reduced. 

4.2 REPEATABILITY AND REPRODUCIBILITY OF RETENTION DATA 

The repeatability of ratention data on a specific column 

in a particular gas chromatograph depends besides , on 

sample size (overloading phenomena discussed in chapter 

1),on error sourees due to imperfect instrumentation. 

Inaccuracies in the control of oven temperature and car­

rier gas flow will affect the result obtained. Column 

characteristics should not change during use because of 

loss of, or chemical changes of, stationary phase. Oxid­

ation due to traces of oxygen in the carrier gas is one 

of the most common reasens for changes in the nature of 

the stationary phase, remaval of these traces of oxygen 

is strongly recommended. Another important factor is 

that for several reasens shifting of peak maxima can 

occur due to incomplete resolution as discussed by Huber 

and Keulemans (ref. 4.1). This fact stresses the import­

ance of the use of high resolution columns for the deter­

mination of accurate retentien data. 

Even more error sourees have to be eliminated if transf­

er of retentien data between laboratories (reproducibil­

ity) is required. For this purpose the oven temperature 

must be known with sufficient accuracy; the temperature 

must be constant in time and place. The stationary phase 

used should be unambiguously defined. Therefore the use 

of "mixed" stationary liquids like e.g. PEG or Apiezons 

should be avoided. Adsorption by the support material is 

60 also an important souree of error, especially if polar 



samples are run on a non polar column. Alinearities in 

the chromatographic process caused by overloading or ads­

orption on the support result in concentratien dependent 

retention times. To be sure that this effect is neglig­

ible it is to be recommended to determine retention data 

from two successive runs of different sample size. 

As the mixtures to be analyzed are getting more and more 

complex the use of capillary gas chromatography is be­

coming necessary. Retentien data of some 150 hydrocarbons 

have been measured on capillary columns with n-octadecene 

-1 (ref. 4.2) and with dimethylsulfolane as the column 

liquid. Reaction chromatography enables the conversion 

of many classes of organic substances into hydrocarbons, 

this means an important extension of the scope of the 

hydrocarbon retention data. 

4.3 EXPERIMENTAL CONDITIONS 

The measurements are done on metal capillaries. Two dif­

ferent types were used: 30% Cupro nickel 0.020" o.d., 

0.010" Ld., "Annealed" quality Superior Tube Company, 

Norristown, Penna USA, and 321 Stainless steel 0,020" 

o.d., 0.010" i.d., bright finish Handy and Hartman Co. 

Norristown, Penna USA. The column temperature was held 

at 25.0°C <± 0.05°C) in a liquid thermostat {Colora Ul­

tra Thermostat). A Negretti and Zambra precision press­

ure regulator was used to control the carrier gas flow 
-8 -10 rate. Sample sizes varied between 10 and 10 g. Meas-

urements were carried out on different columns and diff­

erent instruments, in all experiments the sample intro­

duetion system shown in fig. 2.1 is used. For n-octadec­

ene-1 as the column liquid n-hexane was used as the 

standard. The high value of the activity coefficient 

of n-hexane in dimethylsulfolane does not allow its use 61 



as standard. Therefore, hexene-1 was used as the stand­

ard in this case. 

4.3.1 Preparatien of the capillary columns. • 

The roetal capillaries (usually of 100 ft length) are sub­

jected to a number of cleaning steps prior to the coat­

ing procedure by forcing several organic solvents through 

the tubing. About 5 ml of trichloro-ethylene, benzene, 

acetone and n-hexane are used subsequently. After wash­

ing, the tube is dried in astreamof inert gas prior to 

coating. A capillary column appears to have retentive 

properties before cleaning; a value of say o.1 at 25°C 

of the capacity ratio for n-hexane is normal. The flush­

ing is continued if after the solvent treatment k' >0.02. 

Experimentally the relative retentien data obtained from 

columns, cleaned in this way, appeared to be reproduc­

ible. 

The dynamic coating method, first described by Dijkstra 

and de Goey (ref. 4.3) is used for the coating of the 

column tubing. In this method, a salution of the stat­

ionary phase in a volatile organic solvent is forced 

through the tubing, with the aid of an inert gas. The 

inside wall of the tubing is wetted by the solution, sub­

sequently the solvent is evaporated by a small flow of 

inert gas through the column for a few hours. The solut­

ions used were: 10% w/w n-octadecene-1 in n-hexane, and 

40% w/w dimethylsulpholane in benzene. Solutions cons-
• isting of dimethylsulpholane in methanol gave rise to 

retentien data dependent on the concentratien of dime­

thyl-sulpholane used. A volume of the coating salution 

equal to the column volume is forced into the capillary 

column. A second capillary column, having a larger vol­

ume, is put in seriès with the tubing to be coated. The 

62 gas pres.sure is chosen such as to give the salution a 



linear velocity of 2-10 cm/sec. (ref. 4.4). This is 

measured with a graduated transparent tube of the same 

inside diameter as the column tubing. 

4.4 RETENTION DATA 

The results are summarized in table 4.1. 

Table 4.1 RETENTION DATA OF HYDROCARBONS AT 25.0°C. 

Relative to n-hexane on n-octadecene-1 {O.O.) 

Relative to hexene-1 on dimethylsulpholane 

(D.M.S.) 

Component Boiling o.o. D.M.S. 

point 0 c 

methane -161.49 0.000 o.ooo 
ethene -103.71 0. 0037 0.011 

ethane - 88.63 0.0064 0.009 
propene - 47.70 0.0214 0.053 
propane - 42.07 0.0242 0.029 
2-me-propane - 11.73 0.057 0.057 

2-me-propene - 6.90 0.0753 0.157 

butene-1 - 6.26 0.0765 0.145 

butadiene-1-3 - 4.41 0.081 0.337 

tr-butene-2 - 0.88 0.102 0.191 

butane - 0.50 0.090 0.089 

cis-butene-2 3.72 0.114 0.226 

2-2-dime-propane 9.50 0.103 0.086 

3-me-butene-1 20.06 0.171 0.256 
2-me-butane 27.85 0.222 0.182 

pentene-1 29.96 0.252 0.377 

2-me-butene-1 31 .16 0.272 0.446 

2-me-butadiene-1-3 34.06 0.312 0.984 

pentane 36.07 0.307 0.242 

tr-pentene-2 36.35 0.319 0.470 
cis-pentene-2 36.94 0.332 0.513 
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Component Boiling o.o. D~M.S. 

point 0 c 

2-me-butene-2 38.56 0.371 0.598 

3-me-butadiene-1-2 40.85 0.364 1.022 

3-3-di-me-butene-1 41.24 0.334 0.410 

pentadiene-1-tr-3 42.03 0.398 1.334 

péntadiene-1-cis-3 44.06 0.434 1.497 

cyclopentene 44.24 0.523 1.035 

pentadiene-1-2 44.85 0.431 1. 249 

pentadiene-2-3 48.26 0.459 1.280 

cyclopentane 49.26 0.603 0.713 

2-2-di-me-butane 49.74 0.453 0.322 

4...:me-pentene-1 53.86 0.555 0.670 

2-3-di-me-butene~1 55.61 0.616 0.814 

4-me-cis-pentene-2 56.38 0.604 0.728 

2-3-di-me-butane 57.98 0.649 0.459 

4-me-tr-pentene-2 58.61 0.649 0.752 

hexadiene-1-5 59.46 0.682 1.527 

2-me-pentane 60.27 0.690 0.459 

2-me-pentene-1 62.11 0.806 1.039 

3-me-pentane 63.28 0.804 0.551 

hexene-1 63.48 0.831 1.000 

2-et-butene-1 64.68 0.924 1.186 
cis-hexene-3 66.45 0.927 1 • 108 

tr-hexene-3 67.08 0.929 1.052 

2-me-pentene-2 67.30 0.990 1.255 

3-me-tr-pentene-2 67.70 1.165 1. 489 

tr-hexene-2 67.88 0.987 1 .131 

hexane 68.74 1.000 0.634 

cis-hexene-2 68.89 1.047 1.286 

3-me-cis-pentene-2 70.43 1.039 1.367 

mé-cyclopentane 71.81 1. 251 1 .139 
4-4-di-me-pentene-1 72.49 1.045 1.038 
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Component Boiling o.o. D.M.S, 

point 0 c 

2~3-di-me-butene-2 73.20 1.341 1. 824 

1~me-cyclopentene 75.80 1. 597 2. 518 

4-4-di-me-tr-pentene-2 76.75 1 .190 1.138 

3-3-di-me-pentene-1 77.54 1. 319 1 • 311 

2-3-3-tri-me-butene-1 77.87 1 .350 1 • 501 

2-2-di-me-pentane 79.19 1.305 0.756 

benzene 80.10 1.525 12.75 

4-4-di-me-cis-pentene-2 80.42 1 .475 1. 504 

2-4-di-me-pentane 80.50 1. 385 0.782 

cyclohexane 80.73 1.784 1 .624 

3-4-di-me-pentene-1 80.80 1.500 1.467 

2-2-3-tri-me-butane 80.88 1.462 0.920 

2-4-di-me-pentene-1 81.64 1.545 1. 617 

cyclohexene 82.97 2 .. 060 3.479 

2-4-di-me-pentene-2 83.26 1.639 1. 614 

3-me-hexene-1 83.90 1. 689 1 .605 

3-et-pentene-1 84.11 1 • 701 1.563 

2-3-di-me-pentene-1 84.28 1.767 1.826 

5-me-hexene-1 85.31 1. 812 1.839 

2-me-tr-hexene-3 85.90 1.745 1 .540 

3-3-di-me-pentane 86.06 1. 838 1 .1 08 

3-me-2-et-butene-1 86.1 0 1. 970 2.017 

4-me-hexene-1 86.73 1.952 1. 946 

4-me-cis-hexene-2 87.31 1.885 1. 778 

4-me-tr-hexene-2 87.56 1.926 1.746 

1-1-di-me-cyclopentane 87.84 2.092 1.608 

5-me-tr-hexene-2 88.11 2. 016 1 • 852 

3-4-di-me-tr-pentene-2 89.30 2.444 2.488 

2-3-di-me-pentane 89.78 2.178 1.286 

2-me-hexane 90.05 2.143 1 .149 

1-cis-3-di-me-cyclopentane 90.77 2.385 
I 

1.638 
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Component Boiling o.o. D.M.S. 

point 0 c 

1-tr-3-di-me-cyclopentane 91.72 2.494 1.740 
3-me-hexane 91.85 2.361 1.300 

1-tr-2-di-me-cyclopentane 91.86 2.55 1 • 820 
2-me-hexene-1 91.95 2.52 2.629 
3-et-pentane 93.47 2.59 1.500 

3-me-tr-hexene-3 93.53 2.69 2.783 

heptene-1 93.64 2.65 2.557 
2-et-pentene-1 94 2.61 2.627 

3-me-cis-hexene-2 94 3.20 3.191 

3-me-tr-hexene-2 95.18 2.93 3.061 

3-me-cis-hexene-3 95.33 2.90 2.857 

2-me-hexene-2 95.44 2. 91 2.901 

tr-heptene-3 95.67 2.80 2.478 

cis-heptene-3 95.75 2.86 2.733 

3-et-pentene-2 96,01 3.07 3.215 

2-3-di-me-pentene-2 97.40 3.27 3. 601 

3-et-cyclopentene 98.1 3.45 4.172 

heptane 98.43 3.20 1.628 

2-2-4-tri-me-pentane 99.23 2.70 1.324 

1-cis-2-di-me-cyclopentane 99.53 3.56 2. 725 

2-2-di-me-tr.-hexene-3 100.85 2.94 2.114 

me-cyclohexane 100.93 3.74 2.665 

2-4-4-tri-me-pentene-1 101.44 3.24 2.840 

2-5-di-me-tr-hexene-3 102 3.05 2.078 

et-cyclopentane 103.46 4.23 3.075 

1-1-3-tri-me-cyclopentane 104.89 3.81 2.188 

2-4-4-tri-me-pentene-2 104.91 3.73 3.226 

2-2-di-me-cis-hexene-3 105.43 3.78 3.069 

2-2-di-me-hexane 106.84 3.86 1. 814 

2-5-di-me-hexane 109.10 4.33 1.975 

1-tr-2-cis-4-tri-me-cyclopentane 109.29 4.73 2.553 
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Component Boiling o.o. D.M.S. 

point 0 c 

2-4-di-me-hexane 109.42 4.46 2.096 

2-2-3-tri-me-pentane 1 09·. 84 4.52 2.355 

1-me-cyclohexene 110.0 5.88 7.972 

2-me-3-et-pentene-1 110.0 5.15 3. 821 

1-tr-2-cis-3-tri-me-cyclopentane 110.2 5.05 2.875 

toluene 110.62 5.31 --
3-3-di-me-hexane 111 • 96 4.98 2.423 

2-me-tr-heptene-3 112 4.64 3.621 

3-4-4-tri-me-cis-pentene-2 112 5.53 4.602 

3-4-4-tri-me-tr-pentene-2 112 5.53 --
2-5-di-me-hexene-2 112.2 5.64 4.642 

2-3-4-tri-me-pentane 113.46 5.41 2. 772 

1-1-2-tri-me-cyclopentane 113.73 5.79 3.731 

2-3-3-tri-me-pentane 114.76 5.69 3.030 

2-3-di-me-hexane 115.60 6.10 2.931 

2-me-3-et-pentane 115.65 6.05 3.023 

2-3-4-tri-me-pentene-2 116.26 6.66 5.862 

1-cis-2-tr-4-tri-me-cyclopentane 116.73 6.62 3.801 

2-me-heptane 117.64 6.69 2.878 

4-me-heptane 117.70 6.81 3.036 

3-4-di-me-hexane 117.72 6.82 3.339 

3-me-3-et-pentane 118.25 6.81 3.476 

3-et-hexane 118.53 7.12 3.299 

cycloheptane 118.79 7.82 6.31 

3-me-heptane 118.92 7.17 3.19 

1-tr-4-di-me-cyclohexane 119.35 7.63 4.13 

1-1-di-me-cyclohexane 119.54 7.42 4. 72 

1-cis-3-di-me-cyclohexane 120.08 7.65 4.25 

octene-1 1 21 • 28 8.37 6.54 

1-et-1-me-cyclopentane 121 • 52 8.25 5.24 

2-3-di-me-hexene-2 121.77 8. 72 7.65 
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Component Boiling o.o. D.M.S. 

point 0 c 

tr-octene-4 122.25 8.43 6.01 

2-2-4-4-tetra-me-pentane 122.28 6.70 3.08 

1-cis-2-cis-3-tri-me-cyclopentane 123.0 8.93 5.38 

1-tr-2-di-me-cyclohexane 123.41 8.94 5.15 

2-2-5-tri-me-hexane 124.08 7.35 2.94 

1-cis-4-di-me-cyclohexane 124.32 9.29 5.64 

1-tr-3-di-me-cyclohexane 124.45 9.32 5. 77 

octane 125.66 10.17 4.25 

isopropyl-cyclopentane 126.42 10.26 6.16 

2-2-4-tri-me-hexane 126.54 8.36 3.54 

1-et-cis-2-me-cyclopentane 128.05 11.28 --
1-cis-2-di-me-cyclohexane 129.72 11 . 92 7.61 

2-2-3-4-tetra-me-pentane 130.01 11 • 31 5.34 

2-4-4-tri-me-hexane 130.64 10.27 4.35 

propyl-cyclopentane 130.94 12.96 7.60 

2-3-5-tri-me-hexane 131.34 10.99 4.62 

et-cyclohexane 131.78 12.91 7.64 
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Chapter 5 

PYROLYSIS GAS CHROMATOGRAPHY OF VOLATILE COMPONENT$;. 

INSTRUMENTAL ASPECTS 

In pyrolysis gas ahromatography (PGC) the produats of 

controlled thermal degradation of a sample are separ­

ated on a ahromatographia column. The "pyrogram" obt­

ained offers a "fingerprint" aharaateristia of the 

araaked substanae; identification is done by aamparis-

on with fingerprints obtained from standard substanc-

es. The analysis of fragmentation products aan serve as 

an aid to the struature eluaidation of unknown substana­

es e.g. effluents of gas ahromatographia columns. For 

interlaboratory agreement of araaking patterns well de­

fined reaation aonditions are required. For this purpose 

a PGC-system for volatile aomponents has been developed~ 

inaluding a micro fZow reactor permitting accurate tem­

perature and reaation time aontrol. The system is des­

igned to give accurate data on reaation rates from milli­

gram quantities of reaatants in relatively short time. 

5.1. INTRODUCTION 

Thermal degradation followed by identification of the 

produ~ts, has always been a valuable tool for the struc­

ture elucidation of organic substances. The possibility 

of analyzing the pyrolysis products by instrumental 

methods, especially gas chromatography, has now consid­

erably increased the potentialities of this technique. 

Since the reaction mixture is often complex, the exam­

inatien of the decomposition productsby gas chromat-

ography has several advantages (ref. 5.1). 69 



a. Separation: 

Gas chromatography is the orily method that can offer the 
separating power needed to enable a detailed analysis of 

all the fragments. 

b. Fingerprint: 

The chromatagram of the decomposition products of a sub­

stance can be used for identification by camparing with 

"pyrograms" obtained from known components. 

c. Product analysis: 

Identification of the degradation products is aften pos­

sible by measuring retentien times. Collecting fractions 

at the column outlet for further investigation is poss­

ible. 
d. Small sample required: 
Samples of 1 pg and less can be analyzed. 

e. Economy: 

The combination of pyrolysis unit and gas chromatograph 

is relatively inexpensive, hence its reputation as "Poor 

rnan's mass spectrometer". 

The combination of thermal degradation and gas chromat­

og:r:aphy has sa far been applied principally tö the char­

acterization of polymers and other involatile materials 
by the fingerprint method .• Reviews have been given for 
applications in petroleum chemistry {ref. 5.1)'for appl­
ications in polymer analysis (ref. 5.2), and for bath 

technique and applications (ref. 5.3). 

Pyrolysis Gas Chromatography (PGC) has also been extend­
ed to the field of volatile materials. It has been shown 

that the decomposition products of a wide range of vol­
atile organic materials are related to.the structure of 

the parent molecule. In this way pyrolysis can be used 
to ascertain structures similar to the use of mass spec­
trometry. The reactor can be directly coupled to the out­
let of a chromatographic column. In contrast with mass 

70 spectrometry, no molecule separator is needed, the PGC 

• 



methad is "transparent" fo:.: the carrier gas (ref. 5.4). 

With certain precautions it is possible to study the 

mechanism and kinetics of thermal degradation reactions. 

In this case more precisely defined reaction conditions 

are required (ref. 5.5). 

5.2 THE DESIGN OF A PYROLYSIS REACTOR 

"Construction of a pyrolysis device is a relatively sim­

ple task, which has encouraged many workers in the field 

to design their own units or modify units previously 

described by others. The number of units described so 

far in literature, therefore, .almost equals the number 

of publications dealing with the technique" says Levy 

in his excellent literature review (ref. 5.3). In fact 

almast any reactor can be used to produce a characterist­

ic fingerprint, which can be compared with fingerprints 

obtained from standard substances. The variety of pyrol-

units hampers possible compilation of PGC data for 

interlaboratory use. 

In gas phase pyrolysis, however, the parameters which 

control the thermal reaction are well defined. In this 

situation a thermal degradation carried out under ex­

actly known conditions must lead to reproducible crack­

ing patterns. Therefore, a reactor should permit accur­

ate temperature and reaction time control. Data, obtain­

ed from such a device can be used also for the study of 

the mechanism and kinetics of a thermal degradation. Two 

types, of reactor, batch and flow reactors, are used for 

obtaining data.on the rates of thermal reactions. 

In a batch system, the compound under investigation is 

placed in a closed reaction vessel and decomposed under 

constant volume conditions. The rate of reaction is fol­

lowed by observation of pressure increase in time, or 

by removing samples from time to time. Accurate data 71 



can be obtained only for relatively slow reaction rates 

(half-live times larger than say 10 min or k<0.0012 

sêt),At much faster rates the time required for heating 

the sample up to reaction temperature and cooling it 

down becomes an appreciable fraction of the total react­

ion time. Forshorter reaction times, it is necessary to 

use a. flow system. A tubular flow reactor can provide 

nearly isothermal conditions, if the diameter is small 

enough (see below). 

The rates of homogeneaus decomposition reactions, which 

can be measured with the required accuracy with a tubul­

ar flow reactor of small diameter, correspond to half­

live-times between 10 min. and 1 sec. (0.0012 sec-1 k< 

< 0.69 sec - 1). The application of pyrolysis gas chrom­

atography to identification of peaks eluting from a 

column makes such short reaction times highly desirable. 

In batch reactors, the whole substance in study is pres­

ent in the reactor for the same time; in tubular react­

ors there is a certain residence time distribution. The 

deviations from the average residence time become relat­

ively smaller as the tube becomes langer and smaller in 

diameter. A discussion of the effect of residence time 

distribution on the measured reaction rate, can lead to 

a design where this effect can be neglected. 

The degree of conversion in a tubular reactor is affect­

ed by a spread in residence time of the reactant molec­

ules. The maximum conversion is obtained in a tubular 

reactor with piston flow (ideal tubular reactor}. 

The residence time distribution, in a non ideal tubular 

reactor, may be considered approximately the result of 

piston flow combined with a longitudinal dispersion. The 

latter can be described by means of an effective longit­

udinal dispersion coefficient o1 • 

A tubular reactor with a plate number N, gives a similar 

72 residence time distribution curve as a cascade of N ideal 



mixed tank reactors. If L (cm) is the length of the re­

actor tube, and u (cm sec - 1 ) is the average fluid veloc­

ity in ~he reactor, N, can be calculated from 

N UL 
= 2D

1 
(eqn. 5.1) 

The effective dispersion coefficient 1 D1 , can be calcul­

ated from the plate heiglit equation for capillary col­

umns (ref. 5.6). 

r2u2 
D1 = DG + 48D 

G 
(eqn. 5. 2) 

DG (cm2 sec - 1 ) is the coefficient of molecular diffus­

ion in the carrier gas; r (cm) the radius of the reactor 

tube. 

The departure of a reactor with plate number N from the 

performance of an ideal tubular reactor can be treated 

theoretically for a first-order chemica! reaction (ref. 

5.7). (Most thermal degradation reactions follow first­

order kinetica, at leasttoa first approximation). The 

result of these calculations is shown in eqn. 5.3. 

(eqn. 5.3) 

k (sec-1 ) = first-order reaction rate constant 

t {sec) = average residence time in reactor system 

c
0

, CL give the concentratien of the reactant at the 

in- and outlet of the reactor respectively. 

The factor (~~) 2 
takes into account the difference in 

performance between a reactor with longitudinal dispers­

ion and an ideal tubular reactor. 

By using a large length/diameter ratio of tlie reactor 

tube a smal! spread in residence time of tlie reactant 

molecules is assured. A disadvantage is the large area/ 

volume ratio created in this way. The possibility of a 73 



catalytic influence of the wall material on the dagrad­

ation has to be considered. 

A cross section of the reactor (ref.·5.8) is shown in 

fig. 5.1. The pyrolysis takes place in a metal tube of 

1 m length and usually 1 mm inside diameter. The tube is 

Fig. 5.1 Cross section of tubular flow reactor. 

coiled around a silver core and surrounded by a silver 

jacket. Reactor tube, core and jacket together constit­

ute a solid piece of material of good thermal conductiv­

ity and thus good temperature homogeneity. The carrier 

gas is preheated to the reaction temperature. The react­

or has a considerable thermal capacity, in this way al­

most isothermal conditions can be achieved for the (en­

dothermic) degradation reactions. The chosen reactor di-

74 mensions assure, in a broad range of reaction times, a 



negligiöle spread in residence time of the sample molec­

ules, as will be shown below. Also, and for similar reas­

ons, the time for heating up and cooling the reactants 

is small as compared to the reaction time. Several mater­

ials have been tested for the construction of the tubul­

ar reactor aswill be extensively discuseed in chapter 7. 

Gold tubes gave the best overall results. There is no 

temperature control, the oven is supplied with a stab­

ilized voltage. The reactor temperature is measured in 

the centre of the core with a thermocouple. At 500°C 

variations in temperature over the length of the core 

could not be observed. This means that they must be less 

than 0.5°C. In these cases, where the samples are intr­

oduced with a syringe into the reactor, the silicone 

rubber septurn at the reactor inlet is cocled with a con­

stant flow of thermostated water. 

A good estimate of the efficiency of the present reactor 

can be ob.tained from the following. The actual dimens­

ions of the reactor are: 

inside diameter 1 mm 

total length 100 cm 

The experimental conditions are approximately: 

reaction temperature T ~ S50°K 

residence time t 5-25 secs 
0 2 -1 DG (hexane in N2 , 850 K) ~0.3 cm /sec (ref. 5.9). 

Substitution of these data in eqn. 5.1 and 5.2 yields 

N ~ 2500 for t 

N ~ 650 for t 
5 secs 

25 secs 

Under .these conditions the difference in performance be­

tween the actual and an ideal tubular reactor is neglig­

ible (<1%) for any conversion between 1 and 99%, accord­

ing to eqn. 5.3. 

The conversion of reactions of higher order is more af­

fected by residence time distribution than of first-ord- 75 
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er reactions. Therefore, the required plate number N, to 

obtain the result of an ideal tubular reactor, is higher. 

5.3 COUPLING OF REACTOR TO CHROMATOGRAPH 

In principle the pyrolysis may be performed separately, 

the reaction products being subsequently transferred to 

a gas chromatograph. Quantitative transfer, however, of­

fers serious difficulties, therefore direct coupling was 

used. This can be performed either in series or parallel. 

Direct series connection, although simple in execution, 

allows the sample introduetion into the reactor to be of 

the plug-type only. A number of parameters, such as reac­

tion time, pressure, nature and flow rate of carrier gas 

are limited within the permissible values predetermined 

by the requirements for optimum gas chromatographic sep­

aration. A somewhat modified coupling of this type, all­

owing almost independent flow control, is shown in fig. 

5.2. An advantage of this setup is the ease in which re-

VENT 

SPLIT 
RE STRICT­
ION 

Fig. 5.2 

Series coupling of 
reactor to chromatograph. 



action times can be measur~d by the simultaneous introd­

uetion of sample into the reactor and methane into the 

column. 

When a pyrolysis unit is connected to the gas chromato­

graph via a valve (paraLLel system} the degradation pro­

cess can be carried out almost independently of the 

chromatographic separation. The sample introduetion can 

be as a plug as well as continuous. By continuous introd­

uetion of reactant unwanted concentration gradients are 

avoided in the reactor and stationary reaction condit­

lans created. A flow diagram of a parallel system is 

shown in fig. 5.3. There are two separate carrier gas 

streams, one for the reactor and one for the chromato­

graph7 they are operated independently. 

VENT 

SPLIT 
RE STRICT­
ION 

G c= :.J 

F 

SAMPLE LOOP 

UPPER POSITION(FULL LINE) 
SAMPLE LOOP IS CONNECTED 
TO REACTOR 
LOWER POSITION(DOTTED LINE) 
CONTENTS OF SAMPLE LOOP TO 
CHROMATOGRAPH 

Fig. 5.3 Diagram showing use of seven port valve to (dis) 

conneet reactor and chromatograph (paraLLeL 

system). 77 



Gas leaving the reactor may follow two paths; it may go 

to vent directly (CH), or it may first pass a sample 

loop and then go to vent (CDEFG). When the reactantsof 

a pulse injected sample have reached the sample loop, a 

seven port valve (Mikrotek) is actuated and carrier gas 

of the column entrains the content of the sample loop. 

The reactants then meet a stream splitter device; about 

0.5% of the gas goes into the analyzer. It is obvious 

that the system can be easily adapted to a continuous 

flow reactor with intermittant sampling. 

There are two disadvantages to this approach. Present 

valves operate only troublefree at relatively low temp­

eratures (<150°C). Furthermore, accurate timing and ex­

perimentation is required to actuate the valve exactly 

when the reactants of a pulse injected sample are en­

closed within the sample loop. The quantitative compos­

ition of the product plug is different from "head" to 

"tail", therefore the complete pyrolysate must be anal­

ysed. 

The pulse-introduction of gases and liquid is almost ex­

clusively accomplished with micro-syringes. Continuous 

(or pulse} injection of microgram quantities of pure 

substances is accomplished in a way as shown in fig. 

5.4a and b, 

The carrier gas stream to the reactor may follow to paths: 

a. It may go directly tothereactor (fig. 5.4a). 

In the meantime the vapour space of the sample bottle 

is purged with a controlled flow of argon to remove 

oxygen from the system;oxygen has an accelerating ef­

fect on the decomposition rate of many hydrocarbons. 

b. The reactor carrier gas passes on its way to the reac­

tor the. vapour space above the sample (fig. 5. 4b) • 

By cantrolling the temperature of the sample battle any 

78 convenient concentratien of the sample in the reactor 



AMPLE BOTTLE 

A PURGE 

SAMPLE BOTTLE 

B INJECTION 

• 5.4 Array for the introduetion of minute quantities 

of reactants. 

gas can be obtained. By actuating the air operated slid­

ing valve (Greenbrier GSP-8) any width of the plug enter­

ing the reactor - and hence the arnount of sample - can 

be chosen. Fig. 5.5 shows the actual setup of the sample 

battle in abovernentioned systern. 

The chrornatograph usually contains a capillary column of 

30 rn lengthand ~ rnrn i.d., coated with n-octadecene-1. 

(In sorne cases a secend column 30 rn long, % rnrn i.d. with 

dirnethylsulfolane as the column liquid is used in par­

allel to the farmer). The column ternperature is held at 

25.0°c. The signa! of each flame ionization detector is 

amplified by an electrometer amplifier (Atlas DC 60 CH) 

and fed to the signa! channel of a rnagnetic tape record- 79 
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Fig. 5.5 Auxiliary elements of the reactant feeding 

system 

er (Infotronics CRS43R) • The tape is subsequently play­

ed back (Infotronics CRS40T) . Retentien times and areas 

of. the fragmentation products are printed out by a dig­

ital read out system (Infotronics CRS11HB/41). Analogue 

type chromatograms are obtained by connecting a potent­

iometer·recorder to the output of integrator or tape 

recorder. Identification of the pyrolysis products is 

done by cernparing relative retentions with data shown 

in table 4.1. 
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KINET/CS OF THE. THE.RMAL DE.COMPOSITION PROCE.SS; 
COMPAR/SON OF CONTINUOUS AND PULSE. FE.E.D 

Chapter 6 

ThePe are in principle two mannePB of introduaing a feed 

into the reactor. The feed may enter the reactor aontin­

uouaZy at a aonaentration C
0

, in thia case there wiZZ be 

a constant concentration CL at the end of the reaation 

zone. The feed introduetion may aZao be in the form oj' 

a puZae, aa e.g. when the outZet of a ahromatographic 

column ia temporariZy aonnected to the reactor inZet, or 

when the reactant molecuZee are introduced with a miaro­

ayringe. In these aases, the concentration at the reaa­

tor inZet wiZZ not be the aame for aZZ portions of the 

plug. However, for a firat-order reaction, the rate con­

stant k does not depend on aonaentration: a aonstan~ 

fraction of the reactant decomposea. Rate constante 

measured with the puZse method therefore have quantit­

ative significanee for first-order reactions. 

6.1. INTRODUCTION 

The accurate measurement of reaction rates, rate con­

stants, activatien energies etc. of homogeneaus gas re­

actions has always been rather cumbersome. These meas­

urements are almast exclusively made in static·test eq­

uipment, the temperature ranges are adju.sted so as to 

give readily measurable rates. For higher temperatures 

and correspondingly faster reaction rates flow reactors 

have to be used. 

Thermal decomposition reactions, although highly complex 

82 kinetically, in general obey a first-order relationship 



over an appreciable pressm.·e range. The first-order ra te 

constant, k, can be calculated from 

kt 1 
ln 1-F (eqn. 6.1) 

The concentration, C
0

, of the reactant at the reactor in­

let, and CL at the exit can be measured both by means of 

gas chromatography. The fraction of reactant R which re­

acts is represented by F. Gas veloeities in the reactor 

are measured with the aid of a soap film flow meter. The 

reaction time, t, is calculated from this velocity and 

the reactor volume, VR, after applying corrections e.g. 

for temperature and pressure in the reaction zone. 

For reactions conducted at constant pressure, however, 

the volume does not remain constant, the reaction time, 

t, depends on the extent to which the number of molec­

ules increases due to the decomposition. 

For reactions of the type R + NP (N is the number of mol­

es of "product formed from the reaction of one mole A) • 

Benton (ref. 6 .1) g.ave the following equation: 

kt= N ln 1 ~F - (N-1)F (eqn. 6. 2) 

This salution is valid only in the case, where the reac­

tant R is undiluted with a carrying gas. If the reactant 

R, entering the reactor continuously, is diluted in an 

excess of carrier gas the derivation of Benton can be 

modified as follows: 

Let VR be the volume of the reactor, V represent the vol­

ume of reactant R, and AV the volume of inert carrier 

gas both at temperature and pressure of the reactor, en­

tering per unit time (fig. 6.1). If there were no change 

in volume, due to the reaction the time of reaction 

would be simply: 

t 
CA+1 >v 83 
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dVR 

I M . -1 V(ml sec ) Reactant I I 
I I I 
I I I 
I I I -I AV(ml sec ) Carrier gas I I 
0 dt -x- L 

Fig. 6.1 Schematic diag.ram of flow reactor. 

However, in the reaction R +NP, the volume V changes 

from: 

V = (RT/P)n~ to V = (RT/P) (nR+np) or, 

since np = (n~-nR)N to V= (RT/P} {Nn~-[N-1]nR), this 
• nR 

is identical to V = V (N- !}1-1] 0 ) (eqn. 6. 3) 
nR 

In which n~ is the number of rnales of R entering the re­

actor per second, and nR is the number passing a given 

cross section x per second. The total volume of gas pas­

sing this cross sectien per secend is given by AV+V. 

If under these conditions VR is treated as a variable it 

fellows: 

V { (N- !}1-1] :~ l + A } 

R 

(eqn. 6 .4) 

The rate of reaction of the first-order reaction R + NP 

can be expressed in the following way: 

(eqn. 6. 5) 

Substitution of dt from this equation in eqn. 6.4 yields: 

-v { (N-ffi-1] n~ l + A } dnR = k 
nR 



On integration: 

Nln - (N-1) 

where n~ is the number of rnales R issuing the reactor 

per second. 

This can be rewritten as: 

kt 

1 
(A+N)ln T=F- (N-1)F 

A+1 
(eqn. 6. 6) 

A comparison of the reaction rate constants, k, calcul­

ated according to eqns. 6.1 and 6.6 respectively is made 

in fig. 6.2 (ref. 6.2}. 

In treating reactions in flow systems, where the react­

ant is introduced pulse-like it is not possible to calc­

ulate the reaction rate constant with the aid of eqn. 

6.6. A mathematica! treatment is impossible, since in 

general the shape of the input function is unknown. How­

ever, in this case the contact time is aften a direct 

measurable quantity. The assumption t is equal for all 

molecules (assumed throughout this chapter) holds true 

only if the spread in residence time can be neglected 

(as discussed in chapter 5}. 

The rate constant, k, is a function of temperature, the 

relat1on being given by the Arrhenius equation. 

k k e-E/RT 
0 

(eqn. 6. 7) 

A plot of ln k in dependenee on 1/RT, may yield a 

straight line. The activation energy, E, is calculat-

ed from the slope of this line. 85 
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Fig. 6.2 Relation between, k, (calculated acc. to eqn. 

6.1) and, keff' (acc. to eqn. 6.6) in depend­
enee on fractional conversion. 
(First-order reaction R + NP; A is the ratio 
of volumetrie flow rates of carrier gas and 
reactant at the inlet of the reactor) 



6.2 EXPERIMENTAL PART 

To check the suitability for kinetic measurements of the · 

setup, as described in chapter 5, ethylacetate and cyclo­

propane were cracked. The data for energy and entropy 

of activatien obtained from both pulse - and continuous 

reactant introduetion are compared with literature data. 

Gold was used exclusively as the reactor material in 

these experiments. Successive measurements of reaction 

rates are made at slowly increasing temperature of the 

reactor (0.5°c min-1 ). Reaction times are of the order 

of 10-60 seconds, during which the temperature does not 

change more than 0.5°C. The measurement of temperature 

differences between a number of successive experiments 

can be made with good accuracy in this way. 

6.2.1. The thermal decomposition of ethylacetate. 

Ethylacetate is cracked according to: 

At more elevated temperatures·acetic acid decomposes: 

Experimental conditions: 

Stationary reaation aonditions (continuous reactant intr­

oduction). The flow sheet of fig. 5.3 showshow the sev­

enport valve connects or disconnects reactor and chrom­

atograph. The sample loop in this case bas a volume of 

2.5 ml and is thermostated at 50°C. The capillary column, 

including the stream splitter injection device, is re-

placed by a column of 1 m length and 2 mm inside dia- 87 



meter packed with 10% PEG 2000 on Gas Chrom S 100-120 

mesh. The nitrogen starage bottle, pressure controller 

and manometer in front of the reactor as shown in fig. 

5.3 are replaced by a 5 liter glass vessel. In this ves­

sel ethylacetata vapour is diluted in an excess of nitr­

ogen (0.5% v/v ethylacetate). A3 m lengthand 0.25 mm 

i.d. restrietion connects starage vessel to reactor. 

The reaction mixture is fed at a constant speed into the 

reactor by hydrastatic pressure. Reaction times are cal­

culated from the measured flow rate (soap film flow met­

er) and reactor volume and temperature. The low concen­

tratien of ethylacetate in the carrier gas N2 makes the 

application of corrections for volume increases due to 

the reaction not necessary. Both the concentration, c
0

, 

at the reactor inletand,Ct., after reaction are measured 

by gas chromatography. The peak area of ethylacetate, 

produced by the content of the sample loop under cond-

i tions where no reaction occurs, represents c . The peak 
0 

area of ethylacetate in a reaction mixture represents Ct.· 

Non-atationaPy reaation aonditiona (pulse reactant in­

troduction). 

For these experiments a setup as shown in the flow sheet 

of fig. 5.2 is used, the capillary column is replaced by 

a packed column as mentioned above. The capillary restr­

ietion in front of the reactor now consists of a tube 

of 30 m length and 0.25 mm inside diameter. Residence 

times in the reactor are now measured directly. Ethyl­

acetate is introduced into the reactor simultaneously 

with ethene on top of the column, the difference in ret­

entien time of the two ethene peaks represents the res­

idence time. The amount of ethylacetate injected in a 

pulse experiment is ~ 0.05 mg. In fact ~ 0.1 ul of a 

88 mixture of toluene and ethylacetate is introduced. Tol-



uene is used as an intermil standard, it is added to 

ethylacetate in a known proportion. From experiments 

with and without toluene it could be concluded that the 

presence of toluene had no effect upon the decomposit­

ion rates. Toluene is not decomposed under conditions 

where ethylacetate cracks appreciably. Therefore, the 

toluene peak in a chromatagram of a reaction mixture is 

a measure of c , whereas Ct. is calculated from the ethyl-
o 

acetate peak itself. 

Experimental results 

In table 6.1 experimental data are given tagether with 

Table 6.1 THERMAL DECOMPOSITION OF ETHYLACETATE 

Reactor feed 
continuous pul se 

exp. T t C0/Ct. 103k exp. T t C0/Ct. 103k 
oe -1 sec-1 no 1 sec sec no 3 oe sec 

I 

484.0 ,t6.1 2.17 48.4 433.5 56.0 1. 29 4.59 
500.0 15.1 4.26 96.2 440.6 58.2 1.44 6.30 
531.3 14.6 77.83 297.0 447.0 57.0 1.46 6.67 

450.0 57;0 1.75 9,83 

455.8 56.1 2.03 12.64 

461.4 52.7 2.42 16.80 

no 2 456.1 33.6 1.57 13.44 r:o 4 437.4 44.1 1.28 5.61 
467.1 32.6 2.11 23'. 06 440.6 44.3 1.32 6.39 
478.7 32.3 3. 31 37.08 445.1 43,6 1. 41 8,03 
494.4 31.7 9.92 72.03 448.5 42.7 1.50 9.57 

451.8 44.à 1.56 10.05 
454.8 42.6 1. 73 12.10 

457.1 43,0 1.82 13.90 
460_. 7 43.3 2.04 16.52 

I 464.6 43.1 2.20 18.40 
89 



values of k derived from .t:nem. In fig. 6. 3 the logarithm 

of the rate constant is plotted against the reciprocal 

temperature. The parameters freguency factor, k
0

, energy 

1000 

--CONTINUOUS FEED 
----PULSE FEED 

100 

I 0 

-1 /TI o3._ 
1~--~----~--~---L--~--~~--~~~--~ 
1.24 1.26:1.28 1.30 1.32 1.34 1.36 1.38 1.40 1.42 

Fig. 6.3 Arrhenius plots for ethylacetate. (table 6.2) 

(E) and entröpy (8S) of activatien were calculated from 

these data by applying the methad of the least squares. 

Use was made of the Arrhenius eguation (eqn. 6.7) and 

the equation for absolute reaction rates: 

k~eT 
k- -h-

-E/RT (eqn. 6. 8) 

in which k~and h are Boltzrnann's and Planck's constant 

respectively. The results are surnrnarized and compared 

90 .with data obtained from literature in table 6.2. 



Table 6.2 THERMAL DECOMPOSITION OF ETHYLACETATE 

Reactor feed continuous 

Temp. 

E k l!S range 
0 

kcal/male sec -1 
cal/°C male oe exp. 

no 1 46.5 1.44.1012 -6.7 484-531 

no 2 47.6 2.95.1012 -5.3 456-495 

ref.6.3 47.7 3.06.1012 -4.5 514-610 

ref.6.4 48.0 3.86.1012 -4.0 500-603 

ref.6.5 48.3 6.90.10 12 -2.0 386-487 

Reactor feed pul se 

no 3 47.7 2.95.1012 -5.2 434-461 

no 4 47.4 2.39.10 12 -5.6 437-464 

ref.6.6 46.5 1.26.1012 -7.2 450-535 

ref.6.7 47.0 1.60.10
12 

-6.6 433-532 

The attention should be drawn to a number of outstanding 

features of the pulse method. The measurements in one 

ethylacetate run, giving ln k at 9 temperatures, took 

about 2 hr. Only a few milligrams of ethylacetate were 

consumed. The resultsobtained suggest that for first­

order reactions the pulse methad is applicable for kin­

etic measurements. 

6.2.2 The thermal decomposition of cyclopropane 

Cyclopropane isomerizes exclusively to propene, there is 

no increase in number of molecules. 

Experimental conditions 

The experimental procedure is described in chapter 5. For 

both (stationary and non-stationary reactor conditions) 

the parallel system shown in fig. 5.3 was used. 91 
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The continuous introduetion of undiluted cyclopropane is 

accomplished by replacing the nitrogen cylinder in front 

of the reactor by a cyclopropane cylinder. The capillary 

restrietion consists of a 30 m long 0.25 mm i.d. tube. 

The sample loop has a volume of 0.1 ml, and is thermost­

ated at 50°C. In the pulse mode, the sample loop has a 

capacity of 2 ml. The cyclopropane samples (~0.1 ml) are 

introduced by means of a gas tight syringe on top of the 

reactor. 

The measurement from, CL, fellows from the area of the 

cyclopropane peak in the chromatagram of the reaction 

mixture. c
0 

is found by adding the peak areas of cyclo­

propane and propene. The temperature range studied was 

between 500°C - 600°C, residence times varied between 

20 and 25 seconds. Parameters calculated from the ex­

perimental reaction rates are summarized in table 6.3. 

The agreement between pulse and continuous reactor feed 

is satisfactory, however, not excellent. 

Table 6.3 THERMAL DECOMPOSITION OF CYCLOPROPANE 

Reactor feed 

continuous 

E k liS 
Temp. 

exp. 0 -1 range 
kcal/mole sec cal/°C mole oe 

no 1 
64.2 1.08.1015 6.4 500-600 

ref. 6. 8 65.0 1.42.1015 6.9 470-520 (statie) 

pul se 

no 2 66.4 2.05.10 15 7.4 500-600 



6.2.3 Measurements of kinetic data from pulse experim­

ents 

The micro flow reactor, described in chapter 5, has been 

used to study reaction rates of homogeneous gas reactions 

by the pulse method. Cracking was done at increasing 

temperatures and at one reaction time. This is permiss­

ibie only if the reaction follows a first-order relat­

ionship. The excellent straight line relationship of the 

plot of log k against the reciprocal temperature obtain­

ed in these cases suggest this assumption to be reason­

able. The results are summarized in table 6.4. 

Table 6.4 KINETIC DATA ON THERMAL DECOMPOSITION 

Temp. 
Component E ko AS range 

kcal/mole sec -1 caljOe mole oe 

cyclopentane (ref.6.9) 68.6 2.80.1015 + 4.7 630-675 
isobornylacetate (ref.6.10) 39.1 1.45.1012 - 9.0 '346-399 
bornylacetate (ref,6.10) 39.7 2.63,1o11 -12.5 399-440 

In some cases e.g. cyclohexane and dichloroethane the 

plot of log k against 1/RT did not yield a straight line. 

This suggests, that the decomposition reaction does not 

follow a first-order relationship in the temperature/ 

pressure range studied. 

6.3 DISCUSSION OF THE RELATIVE ERRORS 

The conditions with respect to reactor design, as well 

the degree of dilution with carrier gas are such that 

errors due to spread in residence time of the reactant 

molecules, or errors in the residence time caused by 

the volume expansion during the reaction can be ignored. 93 
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For a first-order reaction, the reaction rate constant, 

k, can be calculated from: 

k = 1/t ln P if P = C /CL and thus: 
0 

~k/k =vi(~t/t) 2 + (~P/PlnP)2 

The maximum error in t is about 2%. 

P = C je,, where C = zs. Sis the concentratien of 
0 .. . 0 

the internal standard from which c
0 

is calculated by 

multiplication with the calibration factor z. 
The errors in z and S are ~1% so: 

The error in CL is also ~1% hence. 

~P/P =J(l1C/C) 2 + (l1C /C )2 = 1.7% 
0 0 

Fora conversion of 20%: P = 1.25 

and thus l1k/k = 7.9%. 

lnP = 0.223 

For a conversion of 80%: P 

and thus Ak/k = 2.3% 

5.0 lnP 1 • 61 

It remains to estimate the error in k as a consequence 

of errors in temperature T. From k k e-E/RTit fellows 
0 

dk/dT = k E/RT2 or 

l1k/k = E/RT2 l1T 

E ~ 60000 cal/mole 

T ~ 800°K 

R 1.98 cal/male oe 

t.T ~ 0.5°K 

from which it follows: 

fl.k/k 2.3% 



The total relative error in k caused by variations in 

temperature and errors in t and Pis: 

äk/k =yf2.3 2/104 + 7.92/104 

Ak/k =vf2.3 2/104 + 2.32/104 

8.2% at 20% conversion. 

3.2% at 80% conversion. 

An average value of the error in kof 5.7%. 

The error in E: 

-E/R = Alnk/A 1/T 

AE/E =/[A (A1/T) ]2 
A1/T 

Assuming that: 

it fellows for the relative error in E: 

The relative systematic error in k (k
0 

and AS) is main­

ly determined by the control of reactor volume and the 

absolute temperature. 

95 
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Chapter 7 

ANALYTICAL ASPECTS OF PYROLYSIS GAS CHROMATOGRAPHY 

One of the major probZems in gas ahromatography is the 

identifiaation of aoZumn effZuents. PyroZysis gas ahrom­

atography (PGC) aan be used for identifiaation or char­

acterization of organia materiaZs in a way anaZogous to 

the appZication of speatrometria methode. The sampZe 

size needed for PGC is given by the sensitivity of the 

deteation system. A aonservative estimate for the min­

imaZ sampZe size is 70- 8g, when working with a fZame 

ioniaation detector. The repeatabiZity of PGC appears 

to be of the same order as that of the deaomposition in 

a mass spectrometer. For agreement of fingerprints be­

tween Zaboratories it is important to study how variat­

ions in reaation parameters, Zike pyroZysis temperature, 

pyroZysis time, sampZe size, reactor design (ahapter 5). 

and reactor materiaZ affect the produat distribution. 

The effect of manner of reaatant feed on the overaZZ 

kinetias is extensiveZy disaussed in ahapter 6. 

7.1 INTRODUCTION 

One of the major problems in gas chromatography is the 

identification of column effluents. The sample require­

ments in gas chromatography, in practica, are set by 

the requirements of the identification procedure, if a 

non chromatographic methad is used. Usually chromatogr­

aph:ic effluents are collected and subsequently examined 

by other instrumental techniques such as infra-red, mass 

speetrometry and nuclear magnatie resonance. Pyrolysis 

gas chromatography is a method from which considerable 97 



structural details can be obtained. It is based on the 

controlled thermal degradation of a component and the 

subsequent analysis of the fragmentation products by 

gas chromatography. The sample size needed for PGC is 

given by the sensitivity or the detection system. A con-
-8 servative estimate for the minimal sample size is 10 g, 

when working with a flame ionization detector. This is 

of about the same order of magnitude as the sample re­

quirements of the most sensitive mass spectrometer, but 

certainly smaller. than the needs of other spectroscopie 

techniques. 

The repeatability of a cracking pattern is important 

when PGC i.s used as a "fingerprint" method; identificat­

ion of a cracked substance is done by comparison with 

fingerprints obtained from standard substances under i­

dentical conditions. Inter.,.laboratory agreement of fing­

erprints, however, or the application of PGC for struct­

u~e elucidation involves knowledge of the parameters 

which control the thermal degradation. A study of these 

parameters can serve as an aid in the future standard­

ization of PGC techniques. 

7.2 REPEATABILITY OF CRACKING PATTERNS 

The repeatability of cracking patterns on one instrument 

appears to be of the same order as that of the fragment­

ation taking place in a mass spectrometer. The results 

on the thermal cracking of n-hexane and cis-hexene-2 are 

presented .in. table 7.1 (refs 7.1 and 7.2). The results 

represent the average and absolute standard deviation of 

10 measurentents on each component. For these experiments 

the "parallel" array as described in chapter 5 (fig. 5.3) 

was used. 

It may be concluded from the data presented that the.re-

98 peatability of cracking patterns is not unsatisfactory, 



Table 7.1 REPEATABILITY OF CRACKING PATTERNS 

reactor material Au 

(average and absolute standard deviation of 10 measurements) 

n-hexane 

Sample Size 10 pl sat. vapeur 

(in argon at 25°C) 

Reaction temperature 585°C 

Reaction time 23 secs 

Fraction decomposed 32.0% 

Product 

methane 

ethane/ethene 

propene 

butene-1 

butadiene-1-3 

butane 

tr-butene-2 

cis-butene-2 

3-me-butene-1 

pentene-1 

tr-pentene-2 

cis-pentene-2 

pentadiene-1-tr-3 

pentadiene-1-cis-3 

hexene-1 

cyclopentene 

4-me-pentene-1 

mol. % 

28.39 

38.98 

19.86 

9 .15 

0.40 

0.18 

0.17 

0 .12 

0.08 

2.26 

0.11 

0.08 

0 •. 1 0 

0.04 

0.08 

cr % a 

0.13 

0.25 

0.14 

0.04 

0.02 

0.02 

0.01 

0.02 

0.01 

0.05 

0.02 

0.01 

0.02 

0.02 

0.01 

cis-hexene-2 

0. 5 ul liq. 

64.5% 

mol. % 

29.53 

30.62 

6.30 

4.48 

7.46 

2.70 

2.06 

1.55 

0.65 

1.24 

0.66 

7.82 

3.58 

0.52 

0.83 

0.42 

0.40 

0.18 

0.05 

0.36 

0.03 

0.02 

0.32 

0.04 

0.01 

0.02 

0.39 

0.17 

0.05 

0.05 

particularly in comparison with typical gas chromatogr­

aphy repeatabilities. It will generally be possible to 

apply PGC as a "fingerprint" method, by cernparing pyro- 99 



grams obtained from samples with those of standard sub­

stances recorded underidenticalconditions. 

7.3 REPRODUCIBILITY 

Agreement of fingerprints between laboratories is more 

difficult than repeatability on one instrument. System­

atic differences in reaction parameters, like e.g. tem­

perature, reaction time, concentration, reactor design, 

material of the reactor wall etc. may affect the prod­

uct distribution. In the pyrolysis of volatiles, these 

parameters are well defined and relatively easy to 

measure and control. A systematic study on the influen­

ce of variatien of these parameters can serve as an aid 

to a better understanding of the PGC technique and en­

hance in this way the scope of the method. 

7.3.1 Effect of the material of the reactor wall 

Cracking reactions are invariably accompanied by carbon 

formation. The reactor wall itself or a carbon layer de­

posited on it, may catalyze the degradation reaction and 

influence in this way the reaction rate and product dis­

tribution even the possibility of the formation of dif­

ferent reaction products may not be excluded. To study 

these effects n-hexane (A.P.I. 99,98%) and cis-hexene-2 

(A.P.I. 99,9%)were cracked under different reaction con­

ditions. Reactors with Au, Ag, Pt and Stainless Steel 

(SS) have been tested with and without a carbon layer. 

A standard procedure of obtaining a carbon layer con­

sists of continously introducing hexene-1 vapour into 

the hot reactor (580°C) during 20 hrs. Due to excessive 

C-formation in Stainless Steel tubing this period was 

reduced to 2 hrs. The carbon deposit can be completely 

burnt off with oxygen at 580°C in a few minutes. The 

100 carbon dioxide formed is trapped in acetone and titr-



ated with a salution of sodium methylate in methanol 

with thymol blue as the indicator according to Blom et 

al. (ref. 7.3) The theoretical number of carbon layers 

can be calculated from these data; the results are summ­

arized in table 7.2. 

Table 7.2 AMOUNT OF CARBON IN ARTIFICIALLY "AGED" 

REACTORS 

Construction material mg carbon 
average number 

of carbon layers 

Au 20 hrs aging 0.4 800 

Ag 20 hrs aging 0.5 1000 

Pt 20 hrs aging 0.8 1600 

s.s. 2 hrs a ging 12.8 25600 

• 

The reactants,n-hexane and cis-hexene-2,werecontinuous­

ly fed into the reactor by means of the systems depicted 

in figs 5.4 and 5.5. (thermostat temperature 20°C). The 

experimental conditions are described in chapter 5; use 

is made of the "parallel" coupling system (fig. 5.3). 

The reaction temperature in all cases was 580°C, residen­

ce times of 5.4 and 26 secs were used. 

The effect of reactor material and carbon deposit on the 

product distribution is shown in tables 7.3 and 7.4 and 

graphically depicted in figs 7.1, 7.2, 7.3 and 7.4. For 

the sake of simplicity the product distribution is given 

according to carbon atom number (ref. 7.4). In a reactor 

constructed of Au the product distribution appears to be 

almast independent of reaction time and condition of the 

reactor wall, for bath n-hexane and cis-hexene-2 cracked 

at 580°C. Furthermore, the product distribution obtained 

in a Au reactor for n-hexane appears to follow closely 101 



Table 7.3 PRODUCT DISTRIBUTION OF N-HEXANE AT 580°C 

(continuous introduetion of saturated vapour in Ar at 

20°C.) (%w/w) 

reaction 

time 

reactor sec c-1 C-2 C-3 C-4 C-5 c-6 

Au 26.0 11 • 4 36.3 26.7 19.4 5.4 0.8 

Au + c 26.0 11 • 4 36.3 27.0 19.0 5.9 0.1 

Au 5.4 11 • 7 36.1 25.2 20.0 6.8 0.0 

Au + c 5.4 9.5 35.4 26.1 21 • 0 5.8 1 . 9 

Pt 26.0 6.4 21 .1 15.7 12.5 4.2 39.9 

Pt + c 26.0 9.5 34.3 24.8 18.9 6.0 6.3 

Pt 5.4 2.0 7.2 4.6 4.2 0.5 81.2 

Pt + c 5.4 8.0 23.2 15.6 12 .1 4.3 36.6 

Ag 26.0 11 • 5 36.8 26.2 18.1 4.6 2.6 

Ag + c 26.0 11 . 0 36.0 24.6 17.9 4.8 5.5 

Ag 5.4 11 .1 36.7 25.5 18.7 5.7 2.1 

Ag + c 5.4 7.7 24.0 16.9 13.4 3.5 34.3 

ss 26.0 3.8 6.3 4.6 3.6 0.4 80.2 

ss + c 26.0 100.0 o.o 0.0 o.o o.o 0.0 

ss 5.4 1 . 4 2.1 1. 2 1 • 1 0.0 92.8 

ss + c 5.4 100.0 o.o 0.0 o.o 0.0 o.o 

the distribution predicted by the Rice Kossiakoff the­

ory (ref. 7.5), see figs 7.1, 7.2, 7.3 and 7.4. 

C-7 

o.o 
o.o 
0.0 

0.0 

0.0 

0.0 

0.0 

o.o 

0.0 

0.0 

o.o 
0.0 

0.7 

0.0 

1 • 3 

0.0 

The influence of a carbon layer on the reaction rate con­

stant, k, appears to be large and rather unpredictable. 

During experiments executed at constant residence time 

102 and reactor temperature, k gradually increases;a 50% 



increase during 8 hrs is not seldom. However, immediat­

ely after burning off the carbon layer the values of k 

are reproducible within 10%. 

Table 7. 4 PRODUCT DISTRIBUTION OF CIS-HEXENE-2 AT 580°c 

(continuous introduetion of saturated vapour in Ar at 

25°C.) {%w/w) 

reaçtion 

time 

reactor sec c-1 C-2 C-3 C-4 c-5 C-6 C-7 

Au 26.0 6.3 20.7 6.5 24.7 24.3 16.0 1 • 2 

Au + c 26.0 6.4 21.0 6.5 23.9 23.1 16.7 2.1 

Au 5.4 6.1 21.2 7.1 25.5 22.1 17.9 o.o 
Au + c 5.4 4.3 21.4 7.4 24.7 24.2 17.8 0.0 

Pt 26.0 6.8 19.3 6.8 23.8 22.8 17.3 2.9 

Pt + c 26.0 5.9 18.8 5.6 24.2 24.9 18.0 2.2 

Pt 5.4 4.3 19.7 7.4 23.4 22.7 20.2 1.8 

Pt + c 5.4 4.4 20.6 7.0 24.7 24.1 18.3 0.7 

Ag 26.0 5.9 22.4 8.2 25.6 21.8 12.4 3.4 

Ag + c 26.0 6.5 26.5 8.9 27.1 18.2 9.8 2.7 

Ag 5.4 5.6 22.2 8.4 26.9 21.3 13.6 1. 8 

Ag + c 5.4 5.7 22.9 8.1 27.3 19.8 13.3 2.7 

ss 26.0 4.4 8.5 0.4 0.1 0.0 86.4 0.0 

ss + c 26.0 96.1 2.8 1.0 o.o o.o o.o o.o 
ss 5.4 1 • 4 3.1 1.4 5.0 2.6 78.8 7.4 

ss + c 5.4 95.7 2.4 1.4 0.3 o.o 0. 0· o.o 
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7.3.2 Influence of temperature, residence time and 

sample size. 

To be useful as a tool for qualitative identification, 

a cracking pattern should not depend on sample size. 

Also the product distribution should not be strongly 

influenced by small variations in reactor temperature 

and residence time. Using cis-hexene-2 as the test com­

pound the cracking patterns obtained with a Au reactor 

were studied in dependenee on the above mentioned para­

meters. Cis-hexene-2 was introduced with the pulse 

method, usually as a plug of saturated vapour in argon. 

The experimental conditions are described in detail in 

chapter 5 (figs 5.3, 5.4 and 5.5). 

The results are presented in tables 7.5, 7.6 and 7.7. 

Table 7.5 THE EFFECT OF SAMPLE SIZE ON PRODUCT 

DISTRIBUTION * 

Sample size 

Sample 

Reaction time 

Reaction temperature 

Reactor material 

cis-hexene-2 

23 secs 

577°C 

Au 

saturated vapour in argon atmosphere 

10 pl 20 pi 50 pl 100 pl 150 pl 200 pl 0.1 pl 

liquid 

0.5 pl 1 d 

conversion 63.0% 61.8% 64.6% 63.0% 60.6% 59.4% 65.2% 63.7% 58.8% 
methane 23.3 23.2 25.8 26.4 26.3 26 .o 29.9 29.8 29.8 
ethane/ethene 39.2 35.2 34.3 32.9 32.6 33.2 31.2 30.9 30.1 
propene 7.8 7.3 7.3 6.6 6.9 6.9 6.6 6.4 6.2 

butene-1 4.9 5.3 4.7 4.9 ' 4. 7 4.6 4. 7 4.5 4.5 
butadiene-1-3 11 .1 11.6 10.7 10.2 10.1 10,6 7.5 7.3 7.5 
tr-butene-2 1.0 1.5 1. 4 1 .9 1. 8 1.6 2.6 2.7 2.7 
cis-butene-2 0.8 1.0 1.0 1.3 1.2 1.1 1.9 2.0 2,0 
3-me-butene-1 1.7 1.9 1.6 1.7 1.8 1.7 1.5 1.4 1.5 
pentene-1 0.7 0,7 0.7 0.7 0.7 o. 7 0.6 0.6 0.6 
tr-pentene-2 1.1 1.2 1.2 1.2 1.2 1 .1 1. 2 1. 2 1.2 

cis-pentene-2 0,9 0.9 1 .o 0.8 0.8 0.8 0.7 0.7 0.8 
tr-pentadiene-1-3 4. 7 6.2 6.3 7.1 7.2 7.2 7.3 7.7 8.0 
cis-pentadiene-1-3 2.2 3.2 3.1 3.3 3.4 3.5 3.2 3.5 3.7 
cyclopentene 0.2 0.2 0.3 0.3 0.3 0.3 0,4 0.5 o.s 
4-me-pent.ene-1 0.4 I 0.7 0.6 0.8 0.8 0.8 0.7 0.8 0.8 

108 *in mol % 



Table 7.6 THE EFFECT OF TEMPERATURE ON PRODUCT DISTRIB­

UTION * 

Sample 

Si ze 

Reaction time 

cis-hexene-2 

200 ~1 sat. vapour (in argon 

atmosphere at 25°C) 

23 secs 

Reactor material Au 

Temperature 569°C 577°C 585°C 

conversion 49.4% 59.4% 66.6% 

methane 24.4 26.0 25.9 

ethane/ethene 32.9 33.2 34.0 

propene 6.4 6.9 6.4 

butene-1 4.7 4.6 4.8 

butadiene-1-3 11 • 6 10.6 10.6 

tr-butene-2 1 . 5 1 . 6 1 . 7 

cis-butene-2 1. 0 1 . 1 1. 2 

3 -me-butene-1 1 . 9 1.7 1 . 7 

pentene-1 0.7 0.7 0.7 

tr-pentene-2 1 .. 1 1 • 1 1 . 2 

cis-pentene-2 0.8 0.8 0.9 

tr-pentadiene-1-3 7.8 7.2 6.8 

cis-pentadiene-1-3 3.9 3.5 3 .1 

cyclopentene 0.3 0.3 0.3 

4-me-pentene-1 1. 0 0.8 0.8 

* in mol % 
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Table 7.7 THE EFFECT OF RESIDENCE TIME ON PRODUCT 

DISTRIBUTION * 

Sample cis-hexene-2 

Reaction temp. 577°c 

Size 200 pl sat. vapour (in argon 

atmosphere at 25°C) 

Reactor material Au 

residence time 25.3 se es 18.9 se es 17 .1 se es 

conversion 66.3% 57.0% 54.4%, 

methane 24.8 24.5 23.7 

ethane/ethene 35.0 34.0 34.7 

propene 7.2 6.8 6.9 

butene-1 4.7 4.7 4.7 

butadiene-1-3 11 • 1 11 . 6 11.8 

tr-butene-2 1 . 4 1 • 4 1.3 

cis-butene-2 0.9 0.9 0.9 

3-me-butene-1 1 • 7 1.8 1.8 

pentene-1 0.7 0.7 0.8 

tr-pentene-2 1.2 1. 2 1.2 

cis-pentene-2 0.9 0.9 1. 0 

tr-pentadiene-1-3 6.2 6.9 6.7 

cis-pentadiene-1-3 3.0 3.4 3.7 

cyclopentene 0.2 0.2 0.2 

4-me-pentene-1 0.7 0.8 0.7 

* in mol % 

The relative amounts of some key fragmentation products 

are shown in figs 7.5, 7.6 and 7.7. It appears that the 

product distribution (not the fraction of moles decomp­

osed) is hardly affected by small variations in reaction 

110 conditions. 



Mol.% 

t 

40 

30 

20 

1020 50 
. 

100 150 200 -Sample size 
lll vapeur 

Fig. 7.5 Distribution of some key fragmentation products 

of cis-hexene-2 in dependenee on sample size. 

Reaction temperature 577°C 

Reaction time 

Au reactor 

23 secs 

111 



112 

t Hol.% 

40 

30 

20 

10 

560 

.... .... 
.... ""' 

"" ".. 

-",.. .... -
__ .... 

-

cl--------

570 580 

%Conv. 

70. i 
60 

50 

'Fig. 7.6 Distribution of some key fragmentation products 

of cis-hexene-2 in dependenee on temperature. 

Reaction time 23 secs 

Sample size 

Au reactor 

200 ~1 sat. vapour 



t Mo 1.% 

40 

30 

20 

I 0 

1 0 

c ... 
Cs 

15 

----

c1 ",_--

----

20 

- ... -
%Conv. 

70 t 
60 

50 

25-+ 

t sec 

Fig. 7.7 Distribution of some key fragmentation products 

of cis-hexene-2 in dependenee on reaction time. 

Reaction temperature 577°C 

Sample size 

Au reactor 

200 ~1 sat. vapour 

113 



7.3.3 The presence of an extraneous component 

It appears that the cracking patterns obtained in the 

pyrolysis of mixtures are these expected from the pyro­

grams of the individual components by linear combinat­

ion of the corresponding signals. In this way PGC can 

be applied to the quantitative analysis of multi~comp­

onent mixtures. This application is analogous to the 

use of mass speetrometry for this purpose. An example 

of such a procedure is shown in table 7.8 and fig. 7.8. 

A mixture (0.1 ~1 liq.) of known composition of cis­

hexene-2 and 2-me-pentene-2 is analyzed on a packed 

column. The relative retentien r of the two components 

is such that na separation occurs. The outlet of the 

packed column is directly connected to the reactor in­

let. ("parallel" coupling fig. 5.3) The pyrogram of 

this mixture is compared with the cracking patterns 

obtained from the pure components under identical react­

ion conditions. 

Table 7.8 PYROLYSIS OF HYDROCARBON MIXTURE 

Composition composition from pyrogram 

% w/w % w/w 

run a run b 

cis-hexene-2 38.2 

I 

38.6 41.8 

2-me-pentene-2 61 . 8 61.4 58.2 

7.4 COMPARISON WITH MASS SPECTROMETRY 

The sample size needed for PGC is in the same order of 

magnitude as the sample requirements of mass spectromet­

ry. An advantage of pyrolysis over mass spectroscopy is 

that the farmer can be directly coupled to a chromato-

114 grapbic column (see e.g. fig. 7 .8). No molecule separ-
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ator is needed to concentrate the reaction products in 

the column effluent since the PGC-method does nat see 

the carrier gas as is demonstrated in table 7.5. A dis­

advantage is that the retentien data obtained in PGC 

are nat as easy to interpret as the mass numbers obtain­

ed in mass spectroscopy. In some cases PGC gives more 

information than a mass spectrometer does, as in the 

case of isomerie olefins where the mass spectra are 

very similar (ref. 7.6). Probably the most attractive 

feature of PGC is its ability to differentiate between 

components of close molecular structure. Pyrograms of 

two closely related isomers: 2-methyl-pentene-2 and 

4-methyl-cis-pentene-2 differ con.siderably more than 

the mass spectra of these isomers as is demonstrated 

in tables 7.9 and 7.10. The pyrograms are shown in fig. 

7.9. 



Table 7.9 PRODUCT DISTRIBUTION OBTAINED FRON THE PYROL-

YSIS OF 2-ME-PENTENE-2 AND 4-ME-CIS-PENTENE-2. 

Reaction temperature 580°C 

Reaction time 23 secs 

Sample size 0.1 ~1 liq. 

2-me- 4-me-cis-

pentene-2 pentene-2 

Peak no Major pyrolysis mol. % mol. % 

products 

(fig 7. 9) 

1 methane 48.9 44.1 

2 ethene 6.5 5.0 

3 ethane 7.0 4.5 

4 propene 3.4 8.4 

5 propane 

6 isobutene 5.4 1. 6 

butene-1 

7 butadiene-1-3 1.1 6.6 

8 tr-butene-2 0.4 1 • 7 

9 cis-butene-2 0.2 1.2 

10 3-me-butene-1 0.5 0.8 

11 pentene-1 1 • 2 0.2 

12 2-me-butadiene-1-3 14.8 3.5 

13 tr-pentene-2 0.3 2.0 

14 cis-pentene-2 0.5 1.2 

15 2-me-butene-2 6.1 0.5 

16 pentadiene-1-tr-3 1.2 6.6 

17 pentadiene-1-cis-3 0.5 2.9 

18 4-me-cis-pentene-2 

19 4-me-tr-pentene-2 0.4 7.8 

20 2-me-pentene-1 0.5 

21 2-me-pentene-2 
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Table 7.10 MASS SPECTRA OF 2-ME-PENTENE-2 AND 4-ME-CIS­

PENTENE-2 (70eV) 

m/e 

27 

28 

29 

39 

41 

42 

43 

55 

56 

69 

84 

7.5 PRODUCT STUDY 

Relative intensity 

2-me­

pentene-2 

19.0 

2.8 

6.3 

23.1 

95.0 

8.8 

5.8 

14.0 

8.2 

100 

38.8 I 

4-me-cis­

pentene-2 

15.9 

2.4 

5.1 

22.8 

97.9 

8.8 

7.0 

10.2 

7.8 

100 

35.0 

Ovèr 100 hydrocarbons have been cracked under "standard 

conditions". ("parallel"-system fig. 5.3, pulse inject­

ion) The fragments were analysed. (The results on satur­

ated hydrocarbons are given in chapter 8) All the comp­

onents studied gave a different fragmentation pattern; 

the only exceptions were cis-trans isomers. The complete 

results will be published separately, some data on C-6 

olefins are shown in table 7.11. The results show that 

the obtained decomposition pattern is closely related to 

the carbon skeleton and double bond position of the par­

ent molecule. 119 



Table 7.11 MAJOR PRODUCTS OBTAINED FROM THE PYROLYSIS 

OF C-(i OLEFINS * 

Reaction temperature 

Reaction time 

Sample size 

Au reactor 

577°C 

23 secs 

0.1 )Jl liq. 

(For typographic reasans 2-me-butadiene-1-3 

is written as 2mec~-1-3 etc.) 

"' .... u.!. "' "' ~~ u' ... .~ '""' ... a .. +I"' a.!. .tj~ u u ..-u u 0 u 
+ + I <IJ I ~ ~ 

Q) -~ !" 
~ "' "' ...... a; a 

0 u ON u N "' OU 

2-me-pentene-1 3.8 6.4 25.1 0.2 6.2 6.2 0,8 0.2 

4-me-pentene-1 11.5 51.5 8.6 1.6 0.1 0.8 0,3 2.9 

2-me-pentene-2 13.6 3.7 5.4 1 .1 1.2 14,8 6.1 1.7 

3-me-cis-pentene-2 48.9 4.2 2.2 1 .2 0,2 3.3 19.4 3.0 0.3 

3-me-tr-pentene-2 50.3 3.8 2.1 1.3 0,3 3.2 20,5 2.6 0.3 

4-me-cis-pentene-2 44.1 9.5 9.2 1.6 6,6 0,2 3.5 0,5 9.5 

4-me-tr-pentene-2 44.0 8.8 8.9 1.6 6.3 0.3 3.7 0.7 9.2 

hexene-1 17.5 32.1 28.2 6.8 4.7 0.1 0.2 2.6 

cis-hexene-2 29.9 31.2 6.6> 4.7 7.5 10.5 

tr-hexene-2 29.1 30.8 6,5 4.6 7.3 10.9 

cis-hexene-3 47.3 11.5 2.8 2.4 6.4 0,3 22.2 

tr-hexene-3 49.3 11.4 2.9 2.5 5.8 0.3 23.2 

2-3-di-me-butene-1 44.4 7.6 8.7 4.7 0.3 2.4 6.5 10,5 0.3 
3-3-di-me-butene-1 45.1 6.1 5.2 8,7 0.7 1.8 8.6 9.7 0.9 
2-3-di-me-butene-2 26.0 2.7 1 .6 0,4 1.4 17.5 
2-et-butene-1 60.8 7.4 3.2 2.4 6.3 14.0 2.1 0,6 

*in mol % 

7.6 COMBINATION OF PGC WITH ONLINE HYDROGENATION 

The complex,mainly olefinic,pyrolisate of a hydracarbon 

can be converted into the corresponding saturated hydro-

120 carbons, which are more readily identified by retentien 



data. Of course there is some information lost by this 

procedure, but such a simplified pyrogram (compare figs 

7.10a and b) can provide information about the carbon 

skeleton of the cracked components. 

The hydrogenation reactor is situated in the first part 

(D) of the sample loop depicted in fig. 5.3. Hydrogen is 

used as the carriergas in the reactor. The catalyst used 

(5% Pd on kiezelguhr. Heraeus, Hanau Deutschland) occup­

ied a volume of 100 ~11 this appeared to be sufficient 

for complete hydrogenation of the pyrolysates. The sam­

ple loop (and hence the catalyst) is thermostated at 

80°C. At this temperature the pyrolysis products are 

adsorbed to some extent by the catalyst. This results 

in a considerable broadening in time of the reactant 

11 
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Fig. 7.10 Online hydrogenation of complex pyrolysate 

(A) of cis-hexene-2 into corresponding satur-

ated hydrocarbons (B) (Schematic) • 121 
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plug. In the "parallel" coupling system, however, this 

does not impair the subsequent analysis on a capillary 

column. By actuating the seven port valve to the lower 

position the carriergas' entrains the content of the 

sample loop very fast (~0.20 sec). Experiments on test 

compounds showed that skelet isomerisation did not oc­

cur during the hydrogenation. 

7.7 DISCUSSION 

PGC is applicable to any material if the pyrolysate (or 

a portion of it) can be separated by gas chromatography. 

It is believed that the main application in the near 

future will be on PGC as a method for the characterizat­

ion of non volatile materials of widely different nature. 

The literature already reveals the succesful application 

of pyrolysis gas chromatography to e.g. synthetic and 

natural polymers, to bacterial strains and in the foren­

sic field. A great amount of work has already been done 

in these areas. However, it is nat unlikely that a sit­

uation will arise comparable to the babylonic confusion 

of tongues since there are almost as many pyrolysis de­

vices as there are workers in the field. In many cases 

this has brought the method into disrepute. (best dem­

onstrated by the expression "pyromania" once used for 

PGC) • The main objection against the methad is the ir­

reproducibility due to the ill defined conditions of 

the pyrolysis of non volatiles. In this thesis the em­

phasis has been laid on a number of the fundamental as­

pects of PGC. The experiments on volatiles described may 

serve as an aid to a better understanding of the less 

defined pyrolysis of non volatile materials. 
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Chapter 8 

THERMAL CRACKING OF PURE ALIFATIC HYDROCARBONS 

The thermal araaking of paraffins is best described in 

terms of a free-radiaal ahain meahanism. This theory 

developed by Riae and eoworkers expZains i.a. the ap­

proximateZy first-order kinetias, and provides a set 

of rules for the predietion of produet distribution. 

Various artiales have been pubZished on the deeomposit­

ion of straight ehain paraffins; onZy seattered data 

are availabZe on the thermal eraaking of branahed ehain 

paraffins. Improved anaZytiaaZ teahniques suah as gas 

ehromatography enable an improved aeeuraay in determin­

ing reaation rates and give a better insight in the na­

ture of the produats. 

8.1 INTRODUCTION 

The theory of Rice et al. (refs 8.1 and 8.2) gives an ex­

planation for the distribution of products found in the 

thermal cracking of hydrocarbons. This theory can be sum­

marized as follows (ref. 8.3). As a first step it is as­

sumed that a hydragen atom is removed from a paraffin 

molecule by attack by an alkyl radical. The large radie­

al thus formed decomposes rapidly and unimolecularly in 

certain definite ways. Since c-c honds are much weaker 

than C-H honds, the split is always at a c-c bond and not 

at a C-H, or double or triple c bond. Finally, a small 

free radical is formed that continues the chain. The fol­

lowing additional assumptions are made: 

124 a. The decomposition reaction of the large alkyl radical 



is faster than bimolecular reaction with another hydra­

carbon. 

b. The kind of radical initially formed depends upon the 

relative ease of abstraction of a hydragen atom from the 

hydrocarbon. Taking the same preexponential factor for 

all reactions, remaval of a secondary hydragen is assum­

ed to require about 2.0 kcal of activatien energy less 

than that of a primary hydrogen: a tertiary hydragen is 

assumed to require about 4 kcal less of activatien en­

ergy than a primary hydrogen. The rate of initia! form­

ation of each type of radical is taken to be proportion­

al to the number of C-H bonds of that type present. 

c. In order to bring the theory into closer harmony with 

the facts, the above simple theory is amplified to as­

sume that a free radical of C-6 or higher may, prior to 

rupture, isomerize by a coiling mechanism to a carbon 

atom four or more carbon atoms from the original carbon 

.atom having the vacant position. This involves movement 

of a H-atom but not a change in the carbon skeleton. The 

shifting between a primary, secondary, and tertiary pos­

ition is assumed to require an activatien energy twice 
that taken for initia! abstractionof ahydrogen atom; e.g., 

shifting from a primary to a secondary position is assum­

ed to require an activatien energy of 2 x 2 = 4 kcal. The 

probability of callision of the free-radical site with 

an H atom is taken to be the same for all H atoms on C 

atoms four or more C atoms from the position of the H 

vacancy. 

d. The free radical formed above undergoes carbon-carbon 

bond rupture at the 6 bond relative to the carbon atom 

from which the hydragen is missing. If more than one 

such .bond exists, the mechanism leading to a radical of 

greater stability wil! occur preferentially; e.g., a 

tertiary radical will be formed more readily than a sec­

ondary, a secondary more readily than a primary. 125 



The above mentioned assumptions are somewhat arbitrary, 

therefore the theory cannot be expected to yield a de­

tailed predietien of product distribution. The effect 

of structure on reaction rate and nature of the prod­

ucts can be studied by pyrolysis gas chromatography; 

the method is rapid, accurate and requires minute quant­

ities of material only. To decrease the possibility of 

self inhibition (decrease in first-order rate constant 

with increasing conversion) the reactions were carried 

out at low conversions (< 4%). 

8.2 EXPERIMENTAL CONDITIONS 

The rate of decomposition and the product distribution 

of a number of pure hydrocarbons (A.P.I. purity >99.6%) 

were studied under the following conditions. 

Reactor temperature 500°c 

Reaction time 

Sample size 

Reactor material 

9.5 secs 

0.1 Jll liq. 
Au 

The reactor was coupled in "series" to the chromatograph 

(fig. 5.2 chapter 5). The column used for the measurem­

ents of conversion (reaction ratel and distribution of 

the high boiling products (b.p. >100°) was: 2 meter long, 

4 mm inside diameter, and packed with 2% w/w Apiezon L 

on Gas Chrom S 100-120 mesh. A capillary column of 30 m 

length, 0.25 mm inside diameter coated with n-octadecene 

-1, was used at 25°C for the analysis of the C-1 - C-7 

fraction of the products (Split ratio: a = 1 : 100). 

Samples of ~ 0.1 Jll liq. of each hydrocarbon were dis­

pensed into the reactor by means of a micro syringe. The 

reaction rate constant, k, is calculated from the meas­

ured degree of conversion according to eqn. 6.1, assum-

126 ing first-order re action kinetics. 
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2-2-di-me-hexane 23.4 !0.9 39.7 26.3 17.1 24.6 113.1 5.0 

2-3-di-me-hexane 36.9 30,3 73.1 37.5 13.6 56.0 8.1 0. 7 13.2 7.9 0.2 0.3 4. 9 8, 3 s.o 1.2 27.6 0.4 12.9 

2-4-di-me-hex.ane 36,9 28.7 74.0 5.2 6.9 80.7 7.2 52.5 5.9 4.1 1.0 o.e 23,4 1. 7 

2-5-di-me-hexane 3f;.9 23,6 76.2 9. 2 83.6 10.3 67.6 5.6 24,0 0.8 

3-et-hexane 25.6 24.3 sa. 8 36.7 37 .s 33.4 32,9 0.9 1.5 10.8 5.5 0.4 11.5 4.8 22.3 

3-4-di -me-hexane 36,9 27.4 78. a 12.8 28,0 55.1 11.1 31,1 22.0 2.2 0.6 11.2 

3-3-di-me-hexane 23,4 25.5 86,9 38.1 17.2 58.0 57,1 6.7 16,1 3.1 8.9 

2-3-3-tri -me-pentane 24.6 28,9 57.4 19,3 21.8 46.8 1.0 25,5 0.2 0.3 10.7 17.- o.s 1.6 22,8 
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3-et-3-me-pentane 23.4 25.1 56.0 62.5 44.4 38.3 5.5 19.0 

2-2-4-tri-me-pentane 24.6 19.7 42.5 15.6 143.9 7.2 0.3 7. 3 1.1 

2-me-3-et-pentane 36.9 24.2 39.9 15.3 28.1 30.0 11.8 0,2 23,8 12.8 2.0 0.5 28.7 1.0 

2-2 ... 3-3-tetra-me-butane 12.4 12.2 26.3 2.1 139.0 27.9 1.1 

n-heptane 32,3 32.2 41.4 78.5 51.7 45.9 31.7 1,4 17.5 6.5 
2-me-hexane 33.6 21.3 58.6 51.1 7.7 42.1 12.6 59.6 2.2 1.4 9,5 1.2 0.7 0.4 4.1 1.8 

3-me-hexane 33,6 22.6 62.7 39.9 22.2 67.8 3. 7 8,8 5.9 1.8 0,3 2.1 6.1 3.2 20,0 0,6 2.2 0.6 5.5 

2-2-di-me-pentane 20.2 22.5 49.9 15.9 61.5 63.6 0.5 0.3 3.3 0,3 0.2 3.1 15.3 

2-3-di-me-pentane 35.0 30.4 54.3 15.6 .6 .s 49.1 8.3 14.6 10.2 1.2 1.2 1.5 27.3 7,5 5,2 5.9 

2-4-di-me-pentane 35,0 27 .o 29,0 ).2 64.1 16.7 81.1 2.6 2.5 

3-3-di-me-pentane 20.2 20.2 56.3 68.7 22.7 o. 7 33,8 0,6 14,5 36.4 4.2 

3-et-pell'tane 33.6 29.8 49.4 42.8 36.8 o. 8 o. 7 18.9 1.0 0.1 38.1 18.9 0,2 18 .a 

2-2-3-tri-me-butane 21.5 21.5 54.4 0.6 0.9 46 .a 45.8 4.9 0.2 2.6 0.9 0,5 37,4 

n-hexane 28.3 28.6 59.7 74.1 20.2 60.7 31,5 0.7 8.5 0.1 0.3 

2-me-pentane 29.7 20.9 32.6 19.9 25.5 59.2 8.3 36.9 1.7 1.0 1.2 6.6 3.1 6. 3 o. 8 1.5 

3-me-pentane 29.7 29,3 63.8 34.7 26.6 19.1 7.8 21.3 13.6 o. 7 5.1 2.2 28,4 

2-2-dJ.,-me-butane 15,5 11,5 56.3 44.5 8.8 0.7 0,5 48.8 1.1 7.1 37 .a 
2-3-di-me-butane 31.1 29.7 78,4 0.6 0,7 54.8 4.9 0,9 0,7 0.2 0,9 61.4 1.2 1.8 

n-pentane 22.8 39.1 37.5 49.7 63.6 22.1 0.7 0.9 ! 

n-hexane 28.3 59.7 74.1 20.2 60.7 31.5 0.7 a.5 0.1 0.3 

n-heptane 32.3 41.4 78.5 51.7 45;9 31.7 1.4 17.5 6.5 

n-octane 34,5 40.4 79.8 59.2 49.4 26.9 o.8 20.8 19.0 

n-nonane 37.9 49.6 96.1 37.3 52.3 4.4 24.3 1.5 20.7 0.3 17.5 

n-decane 42.8 49,0 84.8 53.2 45.9 9.4 25.2 1.5 19.0 18.3 

n-undecane 45.6 54.8 100 .o 45.8 49.9 7.1 26.1 2.1 20.9 0.6 22.3 

n-hexadecane 65.1 52.8 101.2 34,0 47.8 3.9 27,0 1.6 19.7 o.s 23.5 

~~ 

P.T.O. 



8.3 RESULTS 

Table 8.1 (ref.8.4) gives the reaction ~ate constant, 

k, and the amounts of the various reaction products form­

ed after 9.5 sec. heating at 500°C, part of these re­

sults have been publisbed (ref. 8.4). It appeared to be 

difficult to reproduce values of k from day to day, pos­

sibly due to the influence of deposited carbon on the 
reaction rate. Therefore, the reaction rate constants of 

the individual hydrocarbons were measured relative to 

the value of k of n-octane. The rate constant of n-octane 
-1 0 was postulated to be 0.0035 sec at 500 C (the average 

value of 20 experiments on several days). The average 

value of three measurements on each individual component 

is given in table 8.1. Fig. 8.1 gives the experimental 

k JO" 
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Fig. 8.1 Rate constants of thermal decomposition of n­

paraffins. The experimental values have been 

obtained from "pulse" experiments at 1 atm. 

(diluted with N2 ) 127 



rate constant of n-paraffins in dependenee on the nurnber 

of carbon atoms/mole. Literature data (refs 8.5, 8.6 and 

8.7) are shown in the same figure. Applying the set of 

rules given earlier in this chapter Fabuss et al. (ref. 

8.3) calculated the distribution of products of n-hexade­

cane thermally cracked at 650°C. The large C-16 radical 

initially formed may undergo c-c bond fission or being 

converted to a paraffin by H-abstraction. The number of 

these fission steps is one of the variables in this cal­

culation. After four decomposition steps the calculated 

number of rnales product per 100 rnales decomposed is 387. 

(356/100 after 3 steps, and 288/100 after two steps) Ex­

perimentally, a ratio of 389/100 was found. Furthermore, 

the experiments show no saturated hydrocarbons above C-2 

again in good agreement with the calculated results for 

a four step decomposition. The assumption of 5 or more 

fission steps affects the product distribution only 

slightly, but increases the ratio of rnales of product 

per mole cracked. Therefore, it is assumed that four fis­

sion steps occur befare the radical becomes converted in­

to a paraffin. The calculated and experimental product 

distribution are given in fig. 8.2. This type of calcul­

ation, however, is very time consuming and especially 

in the case of branched chain paraffins the original Rice 

theory may be oversimplified. 

The experimental rate of cracking of branched chain par­

affins can be compared to the rate of the corresponding 

n-paraffins. Also, the relative rates of free radical 

formation by abstraction of a H-atom from branched and 

straight chain hydrocarbons can be calculated according 

to the Rice theory. At 500°C the relative rate of H-ab­

straction from a tertiary, secondary and primary carbon 

atom is 13.4 : 3.66 : 1. For each hydracarbon the calc­

ulated rate is taken to be proportional to the number of 

C-H bands present of each type. The result of these calc-

121 ulations, standardized to the experimental value of k 



of the corresponding n-paraffin, is shown in table 8.1 

Bath experimentally and in theory, the pres­

enee of a quarternary c-atom decreases the rate of de­

composition compared to that of the corresponding n­

paraffin. The increased reaction rate of hydrocarbons 

containing a tertiary carbon atom, predicted by the 

Rice theory, is not confirmed by the experiments. The 
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Fig. 8.2 Experimental and calculated product distribut-

ion of the thermal cracking of n-hexadecane. 129 
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only hydracarbon experimentally found.to have a value 

of k significantly over that of the corresponding n-par­

affin is 2-2-3-tri-me-hexane. 

The experimental product distribution shows the occurr­

ence of a predominant rupture 6 to a tertiary carbon 

atom (in agreement with the Rice theory). Also c-c bond· 

fission a to a quarternary c-atom occurs frequently, 

leading to formation of isobutylene. 
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SAMENVATTING 

De eerste publicatie over gas chromatographie, in 1952 

door James en Martin, betekende een doorbraak in de 

analyse van complexe mengsels van vluchtige verbinding­

en. Het succes van de methode werd niet in de laatste 

plaats veroorzaakt door een voor die tijd ongekend hoog 

oplossend vermogen. Het is gebleken dat dit oplossend 

vermogen verder opgevoerd kan worden naarmate men in 

staat is kleinere hoeveelheden aan het scheidingspro­

ces te onderwerpen. Chromatografische kolommen met zeer 

hoog scheidend vermogen (bijv. capillaire kolommen) 

worden reeds overladen met monsters in de grootte orde 

van microgrammen. 

Het rechtsstreeks doseren van dergelijke kleine hoeveel­

heden was tot op heden niet mogelijk. Injektie syste­

men voor capillaire kolommen zijn dan ook gebaseerd op 

een "stroomverdeler". Een relatief groot monster(bijv. 
-4 10 g) wordt verdampt in het draaggas. Van het totale 

gas wordt een klein gedeelte (bijv. 0,2%) in de kolom 

gevoerd; de overgrote meerderheid echter wordt afge­

voerd via een parallel aan de kolom. geplaatst naald­

ventiel. De kwantitatieve resultaten verkregen met een 

dergelijk systeem zijn vaak niet representatief voor 

de samenstelling van het monster. De verdeling over ko­

lom en naaldventiel blijkt afhankelijk te zijn van aard 

en concentratie van de componenten. Vaak is de hoeveel­

heid beschikbaar monster ruim voldoende, waar dit niet 

het geval is (bijv. in biochemische toepassingen) is de 

toepassing van een stroomverdeler ten enen male niet 

acceptabel. 131 



De hoeveelheid monster kan om verschillende redenen niet 

onbeperkt verlaagd worden. Karakterisering van de kolom 

uittredende stoffen kan vaak geschieden aan de hand van 

de lokatie van een component in het chromatogram. De 

minimale hoeveelheid stof benodigd voor het vaststellen 

van een retentie tijd wordt o.a. bepaald door de ge­

voeligheid van het gebruikte detektie systeem. 

In die gevallen, waar chromatografische grootheden onvol­

doende informatie geven over de identiteit van een com­

ponent moeten supplementaire methoden voor struktuurop­

heldering gebruikt worden. De hoeveelheid stof die hier­

voor vereist is, wordt bepaald door de keuze van supple­

mentaire techniek. 

De volgende getallen hebben geen absolute betekenis, zij 

dienen een indruk te geven van de stofhoeveelheden in 

kwestie. 

Benodigd voor chromatografische identificatie: 1o-11 g 

.(vlam ionisatie detector). 

Benodigd voor een struktuuropheldering d.m.v. 

massa spectrometrie (MS) 

{MS) is de meest gevoelige algemene methode 

voor de struktuuropheldering van organische 

stoffen) 

Benodigd voor nauwkeurige dosering 

Dit proefschrift beoogt een bijdrage te leveren tot het 
-11 overbruggen van de kloof tussen de 10 g vereist voor 

detektie en de 10-7 en 10-4g benodigd voor respectieve­

lijk struktuurbepaling en injektie. 

In het proefschrift zijn twee delen te onderscheiden. 

Deel A behandelt de invloed van de monsterdosering op 

het chromatografisch proces; de verbetering van stroom-

132 verdeler injektie systemen en de ontwikkeling van do-



sering systemen, waarbij met voldoende nauwkeurigheid 

zeer kleine monsterhoeveelheden de kolom ingevoerd 

worden, zonder dat van een stroomverdeler gebruik ge­

maakt behoeft te worden. 

Deel B is gewijd aan de mogelijkheden, die pyrolyse gas 

chromatografie (PGC) kan bieden als method~ voor de 

karakterisering van componenten, die uit de scheidings­

kalom treden. PGC is een methode, waarbij de produkten 

van een gedefinieerde thermische ontleding van een or­

ganische stof gas chromatografisch geanalyseerd worden. 

Het chromatagram van de ontledingsprodukte~ is karak­

teristiek voor de gekraakte stof (fingerprint} en kan 

tevens dienen als hulpntiddel bij de struktuuropheldering 

van onbekende stoffen. De monstergrootte vereist voor 

een fingerprint wordt bepaald door de detektor gevoelig­

heid en de samenstelling van het pyrolysaat; de grootte 

orde komt overeen met de eisen die een massa spectro­

meter stelt. 
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